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Abstract: Analytical expressions for the floor spectra evaluation play a key role for a correct definition of the 10 

seismic input induced to non-structural elements or local mechanisms in existing buildings. They have to be 11 

able to properly assess the possible amplification phenomena, but also to correctly describe the effects of 12 

nonlinearities due to structural damage. Due to the complexity of such phenomena, data on existing structures 13 

hit by earthquakes constitute a precious source for a better understanding of the topic and the validation of 14 

analytical expressions. In this framework, the paper aim is twofold. On one hand, it evaluates the entity of 15 

seismic amplification through experimental evidence from in-situ measurements on existing monitored 16 

structures. On the other hand, it presents the application of an analytical expression for the floor spectra already 17 

developed by the Authors to two unreinforced masonry (URM) buildings. The case-studies are the former 18 

Fabriano courthouse (Ancona, Italy) and the Pizzoli’s town hall (L’Aquila, Italy). They were both hit by the 19 

2016/2017 earthquake in Central Italy and are permanently monitored by the Italian seismic monitoring system 20 

of the Italian Department of Civil Protection (DPC). With the aim of the validation, the paper shows the 21 

comparison between experimental and analytical floor spectra for various minor events and mainshocks of the 22 

Central Italy earthquake. Since the two case-studies exhibited different damage level (from slight to moderate, 23 

respectively), the comparison allowed to verify the reliability of the expression both in the pseudo-elastic and 24 

moderate nonlinear fields. 25 

 26 

Keywords: floor spectra; masonry; buildings permanently monitored; seismic analysis; non-structural 27 

elements 28 

 29 

1 Introduction  30 

In the seismic assessment of existing buildings, a crucial and tricky aspect is the proper definition of the seismic 31 

input to be used for the verification of acceleration-sensitive non-structural elements or local out-of-plane 32 

mechanisms in masonry buildings. Traditionally, the approach recommended by Codes (e.g. Eurocode 8, 2004; 33 

ASCE/SEI 7-10, 2010; New Zealand Code, 2017; Commentary of the Italian Technical Code, 2019) refers to 34 
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the definition of the seismic action in terms of floor spectra that, as known, assume licit the decoupling between 35 

main and secondary structures (Chen and Soong, 1988; Muscolino, 1991).  36 

The seismic input on an element housed at a certain level of a building is greatly influenced by the properties 37 

of both the primary structure and the element itself, that act as two filters connected in series. Due to this 38 

filtering effect, the characteristics of floor acceleration motions (i.e., the induced motions at the base of the 39 

element) are markedly different from those of typical ground acceleration motions. The main parameters 40 

affecting the phenomenon are the characteristic of the ground motion (amplitude, frequency content and 41 

duration – Rodriguez et al., 2021), the dynamic response of the primary structure, the lateral load resisting 42 

system, the floor level and the level of nonlinearity of both primary structure and secondary element (Anajafi 43 

et al., 2019; Kazantzi et al., 2020a; Kazantzi et al., 2020b). Moreover, many additional parameters, such as 44 

diaphragm flexibility, torsional responses and also uncertainties in the inelastic behavior, can further amplify 45 

the seismic demands on secondary elements (Anajafi and Medina, 2019; Derakhshan et al., 2020). This 46 

research field is topical; thus, many numerical and experimental studies are available in literature, whose main 47 

findings are briefly summarized below. 48 

Baggio et al. (2018) compare the ground with the floor acceleration time-histories computed in a Finite 49 

Element (FE) model of a complex masonry building (i.e. the Palazzo dei Musei in Modena, Italy). This 50 

comparison shows an important amplification phenomenon; moreover, the acceleration floor spectra 51 

numerically evaluated show that the host building acts as a filter, by amplifying the frequency content of the 52 

seismic input at the structural fundamental period. Analogous results were also experimentally observed in 53 

many shake-table campaigns (e.g. Senaldi et al., 2014; Magenes et al., 2014; Beyer et al., 2015; Senaldi et al., 54 

2020). Furthermore, the results obtained by Baggio et. al. (2018) confirm that, in case of complex structures, 55 

the simplified expressions typically suggested by Codes for the evaluation of the fundamental period does not 56 

seem to be adequate.  57 

A reduction in the acceleration amplification with an increasing nonlinear behavior is documented for 58 

unreinforced masonry (URM) buildings, e.g. in the numerical studies by Menon and Magenes (2011a) or in 59 

the experimental studies by Bothara et al. (2010) and Beyer et al. (2015). In the two latter works, the dynamic 60 

identification performed after each test highlighted that the fundamental frequencies gradually reduced when 61 

the prototype was exposed to excitations of increasing severity, while at the same time the structural damping 62 

increased; moreover, the transfer functions for the eaves level response acceleration computed by Bothara et 63 

al. (2010) shows a clear shift in frequency from a higher to a lower value during the shakings. This shift was 64 

ascribed by the authors to the decreasing of stiffness due to cracking but also due to inelastic rocking behavior 65 

of some piers in the prototype. Derakhshan et al. (2020) reviewed empirical data from nine buildings obtained 66 

from the Centre for Engineering Strong Motion Data (CESMD 2019) for a qualitative evaluation of the effects 67 

of diaphragm flexibility. The building height of the considered samples varied from 6.7 m to 12.6 m, while the 68 

horizontal diaphragms were made of timber sheathing on timber joists and/or steel framing. The acceleration 69 

amplification at the top of the walls (Ampw) and at the mid-span of the diaphragms in short direction (Ampd) 70 

was plotted as a function of the peak ground acceleration (PGA). The results showed an overall decrease in the 71 
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amplification with an increase in earthquake intensity; a lack of correlation between amplifications and 72 

building height was instead found, mainly attributed by the authors to the diaphragm effects which have 73 

overshadowed the effect of building height on wall accelerations. Moreover, the large Ampd/Ampw ratio 74 

highlights the importance of considering diaphragm vibration effects when amplifying acceleration input to 75 

secondary components. Finally, the results of pushover and incremental dynamic analyses of equivalent frame 76 

(EF) models of four building typologies showed that the accelerations in buildings with flexible diaphragms 77 

are amplified by up to 3 when compared to the case of buildings with rigid diaphragms.  78 

Another important parameter that can affect the floor spectra is the torsional response of the main building. 79 

For example, a study on instrumented buildings in California (USA) showed that the torsional responses of the 80 

supporting structure and/or the in-plane flexibility of floor diaphragms can increase by not negligible factors 81 

the seismic-induced force demands on elastic acceleration-sensitive non-structural components (Anajafi and 82 

Medina, 2019). Similarly, it is known that soil-structure interaction (SSI) can affect the acceleration response 83 

of the buildings (e,g, Karapetrou et al., 2015; Karatzetzou  et al., 2015; de Silva et al., 2019; Fathi et al., 2020; 84 

Oz et al., 2020, Hamidia et al., 2021; Brunelli et al., 2021). 85 

Available results of experimental tests are no doubt very useful to investigate the amplification phenomenon 86 

because they guarantee a detailed knowledge on both prototype and input. At the same time, numerical 87 

analyses on models allowed quantifying parametrically the effects on floor acceleration and floor spectra of 88 

many uncertainties, which are inherent in the characteristics of input ground excitation, primary structure and 89 

secondary elements themselves. However, experimental or numerical prototypes necessarily imply 90 

simplifications when compared to actual structures (due to lab or computational limitations, instrumentation 91 

needs, etc.). Thus, accurate data on existing structures hit by real seismic events are very valuable to understand 92 

the complexity of the phenomenon and to validate analytical expressions proposed in literature. The latter is a 93 

research field that gained increasing interest in the last years due to its important repercussion on the 94 

engineering practice (e.g. Menon and Magenes, 2011a-b; Sullivan et al., 2013; Calvi and Sullivan, 2014; 95 

Petrone et al., 2015; Vukobratović and Fajfar, 2016; Lucchini et al., 2017; Vukobratović and Fajfar, 2017; 96 

Surana et al., 2018; Degli Abbati et al., 2018; Merino et al., 2019; Di Domenico et al., 2021). 97 

Within this context, the paper firstly describes the physics of the amplification phenomenon (§3) by means of 98 

the post-processing of some recordings on two unreinforced masonry (URM) buildings (§2), that are the former 99 

Fabriano courthouse (Ancona, Italy) and the Pizzoli’s town hall (L’Aquila, Italy). They were selected within 100 

the aims of ReLUIS project founded by the Department of Civil Protection (DPC, Cattari et al., 2019), because 101 

they are permanently monitored by the Italian seismic monitoring network (Dolce et al., 2017), hereinafter 102 

briefly named as “OSS” (from the Italian name “Osservatorio Sismico delle Strutture”). The monitoring system 103 

includes accelerometers placed at the different levels plus a three-axial sensor at the foundation in order to 104 

measure the seismic excitation applied to the structure. Thus, records from different mainshocks, secondary 105 

seismic events and ambient noise are available as well.  106 
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Secondly, these data are used to validate the analytical expression proposed in 2018 by the Authors for the 107 

floor spectra definition (Degli Abbati et al., 2018). This expression allows evaluating the floor spectra in 108 

different points of the building and at different levels by considering the contribution of the more relevant 109 

modes, properly combined (§4). For the aim of the validation, the comparison of the experimental floor spectra 110 

(i.e. evaluated from the recorded accelerations) with the analytical ones is presented in the paper for the two 111 

above-mentioned case-studies (§5 and §6). Both were hit by the 2016/2017 Central Italy earthquake exhibiting 112 

from negligible to moderate damage levels, thus the comparison allowed validating the expression both in the 113 

pseudo-elastic field and for a slightly higher level of nonlinearity. 114 

2 Dataset of monitored URM buildings hit by the Central Italy earthquake 115 

The two examined case-studies are URM buildings built in the first half of ‘90s and characterized by external 116 

masonry façades with openings generally aligned and quite stiff diaphragms. Both are regular in elevation but 117 

with an irregular in plan configuration. 118 

The former Fabriano courthouse (Fig. 1a) is a quite complex structure with four storeys (three completely 119 

above ground and one partially embedded) and a T-shaped plan; the total height is equal to 16.8 m and the 120 

average story area is equal to 1220 m2. In 1999, after the Umbria and Marche earthquake (1997), the building 121 

was subjected to some strengthening interventions aimed to restore the damage and improve its seismic 122 

response. The most significant ones were: replacement of the original stairwell with a reinforced concrete (RC) 123 

one, disconnected from the main building through a seismic joint; strengthening interventions with reinforced 124 

plaster to vertical walls; local interventions of horizontal floors (sometimes replaced, sometimes reinforced 125 

with an additional RC slab); strengthening of the roof by means of a steel X-bracing; improvement of the wall-126 

to-wall connections through reinforced riveting. The identification of the main structural interventions together 127 

with more data on geometry and constructive details are illustrated in Cattari et al. (2021).  128 

Instead, the Pizzoli’s town hall (Fig. 1b) presents a C-shaped floor plan, whose dimensions are about 38 x 12.5 129 

m. It has two levels, a basement and a non-habitable attic characterized by a pavilion roof, composed of RC 130 

joists and hollow clay units and a 3 cm thick slab. The total height of the building is approximately 8.6 m. 131 

More details about geometry and constructive details can be found in Degli Abbati et al. (2021a). 132 

Both case-studies were permanently instrumented by OSS as strategic buildings with a permanent 133 

accelerometric monitoring system. The latter is suitable for recording both strong-motion earthquakes and low 134 

vibrations and tremors, with accelerations from 10−4 to 2g. The sensor layout is shown in Fig. 1. Some 135 

accelerometers are bi-axial and were placed at different levels of the structure. One three-axial sensor was 136 

placed at the foundation level in order to measure the seismic input applied to the structure. The latter 137 

instrument is important to evaluate the amplification effects of the floor accelerations with respect to the 138 

ground/base excitation. 139 

 140 
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 a) 

 
 b) 

Fig. 1 Pictures and sensor location in the two examined case-studies: a) the former Fabriano courthouse; b) the Pizzoli’s 141 

town hall. 142 

The buildings were hit by the 2016/2017 Central Italy earthquake and exhibited very different levels of 143 

damage. A slight to negligible structural damage occurred on the Fabriano courthouse, while the Pizzoli’s town 144 

hall was mostly hit by the mainshock of January 18, 2017 which induced the damage pattern sketched in Fig. 145 

2.  146 

 147 

Fig. 2 Damage survey detected on the Pizzoli’s town hall during the in-situ inspections after the mainshock of 148 

18/01/2017– figure adapted from Degli Abbati et al., 2021a. 149 

	

DL ≤ DL2 DL2 < DL ≤ DL3 ≥
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Such damage was mainly concentrated in masonry piers at both levels and it was characterized by the presence 150 

of both pseudo-horizontal cracks (mainly associated with a flexural mode) and diagonal cracks (associated to 151 

a shear failure mechanism). In Fig. 2, the damage pattern detected on the building during an in-situ survey 152 

made by the ReLUIS research group (Cattari et al., 2019) was rated as follows: DL < DL2: negligible to low 153 

(cracks in grey); DL2<DL<DL3: moderate (cracks in red). 154 

Starting from the data on geometry, constructive details and materials available from OSS, it was possible to 155 

set up a numerical model of each structure (Fig. 3a). The models were developed with the Tremuri software 156 

(Lagomarsino et al., 2013), that is based on the EF modelling approach, and calibrated and validated in 157 

previous studies (see Degli Abbati et al., 2021a for the Pizzoli’s town hall and Cattari et al., 2021 for the former 158 

Fabriano courthouse). The EF approach considers only the in-plane behavior of masonry walls and 159 

concentrates the deformability and the nonlinear behavior into specific portions of URM walls, namely piers 160 

(vertical elements) and spandrels (masonry beams that connect piers). The approach can be considered reliable 161 

when the box behavior is guaranteed. This assumption is licit for both the case-studies, as demonstrated by the 162 

exhibited post-earthquake damage and deduced from the analysis of the constructive details.  163 

The numerical models were calibrated in the elastic field using as target some dynamic identifications available 164 

in literature and performed with the ambient vibration data acquired by the OSS accelerometers, with a 165 

sampling frequency of 250 Hz. In particular: 166 

- for the Fabriano courthouse, the target of the calibration process was the dynamic identification 167 

performed under operational conditions with the SSI-Cov algorithm and using the ambient noise of 168 

December 7, 2016 (Cattari et al., 2021); 169 

- for the Pizzoli’s town hall, the target was the dynamic identification provided by Sivori et al. (2021) 170 

performed using the ambient vibration data acquired on October 1, 2016 for one hour and employing 171 

the frequency domain decomposition technique with a frequency resolution of 0.05 Hz (Degli Abbati 172 

et al., 2021a). 173 

The results of the elastic calibration of the numerical models are illustrated in Fig. 3b and c where a comparison 174 

between the measured (labeled “experimental”) and numerical data (labeled “numerical”) is reported in terms 175 

of frequencies (Fig. 3b) and MAC indexes (Fig. 3c - Allemange and Brown, 1982), respectively. The 176 

frequencies errors are expressed in percentage and reported in brackets on the X-axis of the histograms of Fig. 177 

3b. After the model calibration, nonlinear dynamic analyses were performed through both models, using as 178 

input the accelerograms recorded by the sensors placed at the base of the buildings. The comparison between 179 

simulated and recorded response performed at global and local scales (e.g. in terms of hysteretic shear-180 

displacement curves, damage pattern, accelerations on sensors and floor spectra) allowed also the models 181 

validation in the nonlinear range. For further details on model calibration and validation, interested readers 182 

may refer to Cattari et al. (2021) and Degli Abbati et al. (2021a). In the following, these models are used to 183 

assess the parameters useful to apply the analytical expression adopted for the computation of floor spectra. 184 

 185 
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former Fabriano courthouse Pizzoli’s town hall 

 

 a) 
 

 a) 

 

b) 
 b) 

 c)  c) 

Fig. 3 For the two case-studies: a) Calibrated EF models; b) Comparison between measured and numerical frequencies 186 

(errors expressed on the X-axis in brackets); c) Comparison in terms of MAC indexes. 187 

3 Physical interpretation of the amplification phenomenon for the investigated structures  188 

Fig. 4 shows some post-processing of the recordings acquired by the permanent monitoring system on the two 189 

buildings presented in §2. In particular, Fig. 4a) compares, for the Fabriano courthouse and the Pizzoli’s town 190 

hall, the response spectrum recorded at the base (dotted plot) with the floor spectra obtained from some sensors 191 

placed along the same vertical alignment, but at increasing height (thicker plot lines). In particular, the numbers 192 

of sensors are: 30, 10, 16 and 23 in the Y direction for the former Fabriano courthouse (sensor layout in Fig. 193 

1a); 15, 1 and 12 in the X direction for the Pizzoli’s town hall (sensor layout in Fig. 1b).  The recordings refer 194 

to the two main events which mainly hit the structures during the Central Italy earthquake, i.e.: the second 195 

shake of the main event of 26/10/2016, for the Fabriano courthouse, and the mainshock of 18/01/2017, for the 196 

Pizzoli’s town hall. This comparison clearly highlights the amplification phenomenon, which is in both cases 197 

more pronounced at the top and in correspondence of the fundamental periods in the direction of interest, that 198 

(1.22%)

Experimental

Numerical

(-3.04%) (-0.17%) (6.30%) (2.38%)

Experimental

Numerical

(-3.17%) (6.99%) (-4.08%) (-20.05%)
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are: T1,Y= 0.424 s, for the former Fabriano courthouse (this corresponds to mode 1 in Fig. 5, that is the main 199 

period in the Y direction); T1,X= 0.197 s, for the Pizzoli’s town hall (this corresponds instead to mode 3 in Fig. 200 

12, that is the main period in the X direction). The values of these periods were identified through an input-201 

output analysis using the time-histories recorded during these two mainshocks in Cattari et al. (2021) and in 202 

Cattari et al. (2018), for the former courthouse and the town hall, respectively. If compared with the dynamic 203 

parameters identified under operational conditions, these values are higher. In fact, it can be observed that, in 204 

both cases, frequencies decrease systematically with the increase of the amplitude of the shaking at base for 205 

all the principal structural modes of the building (Michel and Guéguen, 2010; Lorenzoni et al., 2019; Cattari 206 

et al., 2021; Martakis et al., 2022). 207 

former Fabriano courthouse Pizzoli’s town hall 

   

a) b) 

Fig. 4a) Amplification phenomenon recorded by the monitoring system on the former Fabriano courthouse (main event 208 

of 26/10/2016-19:18) and on the Pizzoli’s town hall (main event of 18/01/2017); b) Effects of nonlinearity on the floor 209 

spectra shape for the Pizzoli town hall. 210 

For the Pizzoli’s town hall, Fig. 4b) shows the effects of the nonlinearity on the floor spectra shapes. To this 211 

aim, the floor spectrum (normalized to the PGA) obtained after a minor event (in black) is compared with that 212 

derived from the main shock of 18/01/2017 (in blue). Actually, the floor spectra obtained from in-situ 213 

measurements have shapes more irregular than those obtained from the experimental tests mentioned in §1, 214 

but anyhow the same trend  can be recognized (see for example Beyer et al., 2015). Indeed, in the case of 215 

experimental campaign carried out on shaking table, the same record was scaled at the base up to inducing 216 

increasing damage in the prototype: thus, this trend emerged in a more systematic way from the results of the 217 

experimental campaign. Conversely, interpreting the same phenomenon on existing buildings is more difficult, 218 

since the floor spectra come from different seismic events and it is known a dependence of its shape on the 219 

frequency contents and characteristics of the ground motion as well (Rodriguez et al., 2021). However, one 220 

can observe that, with increasing nonlinearity of the building, the main structure amplifies the ground motion 221 

around elongated periods. This is clear for the town hall in Pizzoli that exhibited a moderate level of damage. 222 

In fact, it is possible to see a peak of spectral acceleration around T1,X=0.153 s (mode 3 as identified under 223 

operational condition - Fig. 12) when the floor spectrum is obtained before the Central Italy earthquake; 224 

instead, this peak is reduced and in correspondence of a higher value of T1,X= 0.197 s, as it is possible to 225 

observe from the floor spectrum evaluated during the mainshock of 18/01/2017. 226 
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4 Basics of the practice-oriented floor spectra formulation proposed by the Authors 227 

The expression applied in this paper to analytically compute the floor spectra was the one originally proposed 228 

by the Authors in Degli Abbati et al. (2018). The interested reader can refer to the original publication for all 229 

the details while the main basics of the proposal are briefly recalled below.  230 

The expression follows a floor spectrum approach, that is based on the simplified assumption to neglect the 231 

dynamic interactions between primary and secondary structures. It was verified that this assumption is licit 232 

when the secondary element has a negligible mass with respect to the one of the primary system (Degli Abbati 233 

et al., 2018; Muscolino, 1991). The expression allows to evaluate the seismic input in terms of floor spectra in 234 

different points of the building and at different levels, by properly combining the contribution of the relevant 235 

modes. The expression is easy-to-use, because it depends on few parameters, that are: the seismic input at the 236 

base, expressed in terms of response spectrum; the main dynamic parameters of the selected modes; the 237 

damping features of the main structure and of the secondary element/local mechanism to be verified. These 238 

data can be obtained directly from a numerical structural model or applying simplified expressions available 239 

in literature and codes (Degli Abbati et al., 2017; Degli Abbati et al., 2021b). 240 

Eq. (1) summarizes the used expression, which gives the acceleration floor spectra at the level Z of the main 241 

structure (where the element to be verified of period T and damping is placed) as: 242 

  

 

 
(1) 

where Sa(T) is the acceleration response spectrum of the ground motion, N is the number of considered modes 243 

and SaZ,k(T,Z) is the contribution of the kth mode that is given by: 244 

 

(2) 

In particular, in Eq. (2): 245 

 PFAZ,k  is kth peak floor acceleration that depends on the modal parameters of the main structure in 246 

terms of natural periods (Tk), modal participation coefficients (k) and modal shapes (k (X Y Z)) and 247 

its viscous damping ξk. Furthermore, it depends on the ground spectrum Sa(Tk) calculated in 248 

correspondence of the structure natural period Tk and properly reduced through the damping correction 249 

factor (ξk): 250 
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(3) 

 AMPk is an amplification factor of the PFAZ,k, defined by two contributions: fk that depends only on the 251 

viscous damping of the main structure, and fs that depends only on the one of the secondary element. 252 

The expressions proposed to calculate fk and fs are: 253 

 
(4) 

 

(5) 

The damping k associated to the main structure allows to account for the regime in which it works, if still 254 

pseudo-elastic or nonlinear. More specifically, it is possible to consider its nonlinear behavior through an 255 

equivalent nonlinear system, taking into account the period elongation and an increased damping k of all the 256 

modes for which the nonlinearity occurs.  257 

4.1 Criteria adopted for the validation of the floor spectra formulation 258 

In order to validate the expression recalled at §4, the experimental floor spectra obtained from the monitoring 259 

system were compared with the analytical ones. While the first ones were evaluated through a step-by-step 260 

integration of the floor acceleration time histories recorded by the sensors at each story, the second ones were 261 

computed by using the parameters hereinafter defined: 262 

 the response spectrum at the ground floor calculated in correspondence of the structural natural periods 263 

- namely, Sa(Tk) - was determined from the accelerations applied to the structure and recorded by the 264 

three-axial sensor at the base. In particular, in both case-studies, Sa(Tk) were computed as the integral 265 

in a proper range of periods around Tk, assumed equal to Tk ± 0.06 s. This was done to reduce the 266 

sensitivity to the estimation of Tk that is usually present when the floor spectra are computed starting 267 

from a response spectrum derived from an actual record. In fact, the latter is characterized by an 268 

irregular shape due to the presence of peaks and valleys (see for example the response spectra at the 269 

foundation in Fig. 4a); thus, the value of Sa(Tk) can significantly differs if the computation of Sa(Tk) 270 

occurs in correspondence of a peak or a valley. 271 

 All the structural dynamic parameters were directly obtained from a modal analysis performed on the 272 

calibrated EF models, once selected the number of modes considered representative to describe the 273 

structural response. This is coherent with the procedure typically followed in the engineering practice, 274 

where monitored data are usually not available, and the practitioner evaluates the necessary parameters 275 

from a numerical model. 276 
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 The damping factor of the building k, associated to each mode, was instead evaluated following a 277 

two-step procedure. Firstly (a), the structural damping was obtained from the experimental data in 278 

order to guarantee the best fitting in terms of peaks between analytical and measured floor spectra. In 279 

particular, it was obtained for each sensor and on the dominant mode. The dominant mode is the one 280 

characterized by the major contribution in terms of the product P (Eq. (6)) normalized to the maximum 281 

one (hereinafter defined Pnorm). Then (b), it was determined only a value for each mode, evaluated as 282 

the mean of the damping factors obtained in the previous step.  283 

𝑃 = 𝑆𝑎(𝑇𝑘)|Γ𝑘𝜙𝑘(𝑋, 𝑌, 𝑍)| (6) 

 finally, a damping factor  equal to 5% was assumed in all cases, since the aim of the paper was to 284 

evaluate the seismic input for the verification of an atop non-structural element assumed to be still in 285 

an elastic phase. 286 

5 Application to the former Fabriano courthouse 287 

5.1 Assessment of data used as input for the analytical computation of floor spectra 288 

This section presents how the parameters necessary to analytically compute the floor spectra were evaluated 289 

for the former Fabriano courthouse.  290 

The ground response spectrum was computed from the accelerations recorded by the sensors n.29 and n.30 291 

placed at the building foundation (Fig. 1a). In particular, the recordings of the secondary event of the 19th April 292 

2014 (with PGAX= 0.00126g and PGAY= 0.00136g) and of the main shock of 26th October 2016 - 19:18 293 

(PGAX= 0.082g; PGAY= 0.088g) were used.  294 

The contribution of the first eight modes was considered, since the building has a quite irregular in plan 295 

configuration and it is expected that the dynamic response could be affected also by the presence of higher 296 

modes. Fig. 5 shows the modal shapes obtained from the numerical model of the first four modes, that are the 297 

ones activating the most significant participant mass (overall close to 70%). In particular, the first (T=0.293 s) 298 

and second (T=0.286 s) modes activate the transversal response of the two wings in the Y direction, the third 299 

mode (T=0.226 s) is in the X direction, while the fourth mode (T=0.191 s) is torsional. 300 

For each mode, to apply the expression of §4, it is necessary to compute the periods, the modal shapes and the 301 

participation coefficients, assumed as described below. 302 

 303 

 304 

 305 

 306 
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1st Mode (MX=0%, MY=53%) 2nd Mode (MX=0%, MY=16%) 

  

3rd Mode (MX=70%, MY=0%) 4th Mode (MX=3%, MY=0%) 

  

Fig. 5 Numerical modal shapes of the first four modes of the former Fabriano courthouse (each color refers to a 307 

different story). 308 

As far as the periods concern: 309 

- for the floor spectra evaluation of the secondary event, the numerical periods obtained from the modal 310 

analysis of the model calibrated in the elastic field were used; 311 

- instead for the mainshock, the periods used were those identified in Cattari et al. (2021) using the 312 

examined seismic event (namely, E3 in Table 1) and employing the CSI input–output technique. The 313 

input was represented by the signals measured from the three-axial sensor at the base of the structure, 314 

while outputs were the response of the building which were recorded by sensors installed at the 315 

different storeys.  316 

In fact, despite after the earthquake the building response was in the pseudo-elastic field (as also numerically 317 

confirmed by the nonlinear dynamic analyses), the frequency identified during different mainshocks and 318 

aftershocks present a noticeable variation across the entire set of observed seismic events, as one can see from 319 

Table 1 (adapted from Cattari et al., 2021).  320 

Table 1. Frequencies [Hz] identified during the seismic events (table adapted from Cattari et al., 2021) 321 

Modes 
Event ID 

E1 SE1 E2 E3 SE2 E4 SE3 AN E5 SE4 

1 3.20 - 3.30 2.36 - 2.40 - 3.37 2.81 3.16 

2 - 3.91 - - 3.46 2.81 3.17 3.60 3.23 3.52 

3 4.31 4.78 4.24 3.91 4.34 3.48 4.29 4.44 4.26 4.50 

4 4.63 5.33 4.82 4.05 4.82 3.99 4.58 4.91 4.90 5.06 

5 - 5.53 - - - 4.37 4.88 5.39 5.09 5.42 

6 5.12 5.94 - - 5.37 - 5.00 5.61 - 5.52 

7 5.82 6.83 - - - - - 6.61 5.93 6.87 

8 6.63 - 6.79 - 6.89 5.74 6.26 7.51 6.51 - 

Abbreviations: E: mainshock; SE: secondary event; AN: ambient noise 

E1: 24/08/2016 01:36; E2: 26/10/2016 17:10; E3: 26/10/2016 19:18; E4: 30/10/2016 06:40; E5: 18/01/2017 10:14 

SE1: 08/10/2016 18:11; SE2: 28/10/2016 13:56; SE3: 03/11/2016 00:35; SE4: 03/02/2017 05:40; AN: 07/12/2016 15:14 

 322 
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In general, the maximum frequency values (for all the vibration modes) can be observed from the analysis of 323 

the ambient noise (AN in Fig. 6a), even if this record was acquired after the most significant seismic events of 324 

the earthquake swarm. Furthermore, the frequencies tend to decrease with increasing maximum PGA recorded 325 

at the building base, following an inverse linear correlation (Fig. 6b), even if no damage was detected on the 326 

structure. This frequency wander in buildings is a phenomenon well-known in literature (Clinton, 2006; Celebi, 327 

2007; Ceravolo et al., 2017), that can be observed with or without structural damage, in case of strong 328 

earthquakes and also during weak forced vibrations and seismic motions (Spina and Lamonaca, 1998; Ceravolo 329 

et al., 2017), where it may be governed by the frequency characteristics of the input (Michel and Gueguen, 330 

2010). In particular, it is an amplitude-dependent phenomenon, that can be composed of a transient (reversible) 331 

contribution and a permanent (irreversible) contribution. As already highlighted by Ceravolo et al. (2017) and 332 

Lorenzoni et al. (2013), the reversible phenomenon is mainly ascribable to many sources, e.g. reversible 333 

material and geometrical nonlinearities, SSI, interaction between structural and non-structural elements. 334 

Indeed, if no structural damage occurs, the frequency shift gradually vanishes in time and the pre-seismic 335 

values of natural frequencies are completely recovered.  336 

 
a) b) 

Fig. 6 a) Natural frequencies wandering of the first four modes obtained by data analysis from main shocks and ambient 337 

vibrations; b) Seismic wandering of the modal frequencies as a function of PGA. A linear fitting of data is assumed 338 

(figures adapted from Cattari et al., 2021). 339 

Concerning the modal shapes and the participation coefficients, they were assessed from the calibrated EF 340 

model, by assuming no change in the modal shapes during the seismic shock of 26th October 2016. The latter 341 

assumption is licit as demonstrated by the modal displacement at the nodes where sensors are installed that 342 

keep unchanged, meaning that no significant variation of the corresponding mode shapes occurred (Cattari et 343 

al., 2021). 344 

Table 2 collects the values of periods used in the floor spectra computation and the damping used for each 345 

mode and for each seismic event; the latter was obtained from the two-step procedure described at §4.1. It has 346 

to be pointed out that, for the modes from 4 to 8 (i.e. those with a negligible contribution in terms of product 347 

P  as better clarified in the following) the damping was assumed equal to 5%. The values obtained for the other 348 

modes are around 5%, as expected in the elastic or pseudo-elastic response; only for mode 3 and in the 349 

mainshock of October a higher value was obtained. However, this result is in line with the experimental 350 

damping (see exp in Table 3, evaluated as the ratio between the peak and the PFAexp) and with the damping 351 

identified with input-output analysis (even if the latter are in general lower). 352 
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Table 2. Periods and structural damping used for each mode in the floor spectra evaluation (step 2) 353 

Event Input 

data 
Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 Mode 7 Mode 8 

19th April 

2014 

Tk [s] 0.293 0.286 0.226 0.191 0.139 0.136 0.128 0.108 

k [%] 5 4 5 5 5 5 5 5 

26th 

October 

2016 

Tk
* [s] 0.424 0.356 0.256 0.247 0.186 0.178 0.151 0.133 

k [%] 4 5 10 5 5 5 5 5 

* Note: Periods identified with the examined event (E3 in Table 1) using input-output analysis. Modes from 5 to 8 (not identified 

during the mainshock) are the one obtained from the analysis of the ambient noise (AN in Table 1) acquired after the earthquake 

swarm. 

5.2 Floor spectra evaluation 354 

Fig. 7 shows the PFA/PGA profiles along the longitudinal direction and for the sensors placed along the same 355 

vertical alignments (VA as identified on the axonometry in Fig. 9). The dashed plots refer to the values of PFA 356 

analytically obtained and compared with the experimental ones (continuous plots).  357 

 358 

    a) 

  b) 

Fig. 7 PFA/PGA profile along the height of the building: comparison between analytical (dashed plot) and experimental 359 

profiles (continuous plot) for the two examined seismic events: a) minor event of 19/04/2014 and b) mainshock of 360 

26/10/2016. 361 
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Some considerations can be drawn: 363 

- the maximum value of PFA/PGA measured by the monitoring system is generally between 2 and 6 364 

and it is registered at the top floors. The amplification is reduced in the X direction of the mainshock, 365 

while it is quite similar comparing the two events in the Y direction;  366 

- analytical profiles tend generally to underestimate the experimental ones; 367 

- despite the complexity of the building, the shape of the profiles is roughly linear for all the VAs, since 368 

the dynamic response of the structure is mainly dominated by the contribution of the fundamental 369 

modes in the two main directions (mode 3 in the X direction and modes 1 and 2 in the Y direction – 370 

see also Table 3).  371 

Fig. 8 instead illustrates, for both the seismic events and for each sensor, the comparison between the 372 

experimental and analytical values of PFA (Fig. 8a); moreover, also the periods T are reported (Fig. 8b). In 373 

particular, the analytical PFA are evaluated alternatively considering only the contribution of the dominant 374 

mode (i.e. the one characterized by the highest value of the product P - Eq. (6) in §4) or combining the 375 

contribution of the selected modes with a SRSS rule. The analytical plots of PFA are respectively colored in 376 

blue and magenta, while the experimental ones are in red. Fig. 14a is drawn on a semi-logarithmic scale for 377 

more clarity. Instead, in Fig. 14b, the experimental periods (in red) are those evaluated in correspondence of 378 

the maximum recorded spectral acceleration peaks, while the analytical ones (in blue) are those which 379 

correspond to the modes with the highest contribution again in terms of P. It has to be recalled that the sensors 380 

underlined on the X-axis in Fig. 8b are the ones in the X direction. The sensors placed at the foundation level 381 

(from 1 to 7) are not reported, since not interesting within the aims of this paper. 382 

 a)  b) 

Fig. 8 Comparison, for each sensor and for the two considered events, between: a) analytical and experimental PFA; b) 383 

analytical and experimental periods T. 384 

From this figure, it is possible to see that: 385 

- the major contribution to the floor spectra is due to the fundamental mode in the direction of analysis 386 

for all the sensors except for the ones aligned along VA2y (sensors n. 12, 18 and 26): here, in fact, the 387 

dominant mode is mode 1, but the dynamic response is also affected by the contribution of mode 2, 388 

even if to a lesser degree (Pnorm around 60% - see Table 3); 389 
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- the correspondence between analytical and experimental periods is quite good for both the events in 390 

the Y direction and for the minor event in the X direction, while the analytical periods underestimate 391 

the experimental ones in the X direction and for the mainshock; 392 

- passing from the minor to the main event, it is possible to observe a period elongation, due to the “co-393 

shift” phenomenon already described in §5.1. 394 

Fig. 9 shows instead the comparison between the recorded (continuous plot, labelled as “exp”) and analytical 395 

(dashed plot, labeled as “an”) acceleration floor spectra for the two events at the sensors located along the 396 

same VA. In this case, the experimental floor spectra are characterized by irregular shapes, probably due to 397 

the major complexity of this case-study. However, the comparison appears satisfying. 398 

Table 3 shows the damping factor obtained for each sensor from the experimental data (step 1 of the procedure 399 

explained at §4.1). It has to be specified that the values of fit, exp and PFA/PFAexp presented in brackets refer 400 

to the mainshock of 26th October 2016, while the others to the minor event of 19th April 2014.  In particular, 401 

the table collects, for each sensor and VA: 402 

- the dominant mode; 403 

- the secondary mode, that was the one characterized by a contribution in terms of Pnorm respectively 404 

higher than 60% (if the number in the table is positive) or higher than 30% (if the number is negative); 405 

- the fitted structural damping (fit), obtained to guarantee for each sensor the best fitting between the 406 

analytical peak determined on the dominant mode and the experimental one;  407 

- the experimental structural damping (exp), obtained from the ratio between the experimental peak and 408 

the experimental PFA; 409 

- the ratio between analytical and experimental PFA. 410 

Concerning the ratio PFA/PFAexp, it has to be pointed out that when this ratio is higher than one, it means that 411 

the numerical calibrated model (from which the values of  and were calculated) overestimates the 412 

experimental response. Thus, a higher damping factor is necessary to compensate for this overestimation. On 413 

the contrary, if the ratio is lower than 1, the experimental response is underestimated, and the fitted structural 414 

damping is lower. In other words, when the PFA/PFAexp ratio is around 1, it means that the numerical model 415 

catches well the experimental response; as a consequence, fit is almost equal to exp. This would be completely 416 

rigorous if exp would be evaluated as the ratio between the peak and the contribution of the PFA due to that 417 

mode; otherwise, when the PFA is influenced by many modes, the obtained damping is overestimated, because 418 

the experimental ratio becomes lower than that one we would use to evaluate exp. Thus, when the floor 419 

spectrum is influenced by the contribution of many modes, the ratio PFA/PFAexp is affected by the 420 

underestimation of exp, as well. 421 
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Fig. 9 Floor spectra for the minor event of 19/04/2016 and the mainshock of 26/10/2016: comparison between 422 

experimental (continuous plot) and analytical ones (dashed plot). 423 
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As one can see from the table, for the sensors placed in the X direction, the dominant mode is usually mode 3, 424 

while for the sensors in the Y direction, the dominant modes are mode 1 (for the sensors placed along VA2 425 

and VA4) and mode 2 (for the sensors placed along VA1). Moreover, sometimes the response is also affected 426 

by higher modes, whose contribution can affect more (as for VA2y) or less (as for VA4x and VA4y) the final 427 

floor spectra. For example, this is evident from Fig. 10 for the sensor 12 where a not negligible contribution is 428 

due to modes 1 (the dominant mode) 2, 8 (secondary modes with Pnorm higher than 60%) and 7 (secondary 429 

mode with Pnorm lower than 30%).  430 

Table 3. Damping evaluation for each sensor (step 1): secondary event of 19th April 2014 and mainshock of 26th 431 

October 2016 (values in brackets). 432 

Dir X Level Sensor id 
Dominant 

mode 

Secondary 

mode 
fit [%] exp [%] 

PFA/PFAexp 

[-] 

VA1 

1 9 3 0 4.4 (7.9) 7.9 (12.2) 0.71 (0.77) 

2 15 3 0 4.6 (9.7) 6.2 (9.6) 0.84 (1.01) 

3 22 3 0 5.0 (11.4) 5.9 (8.9) 0.90 (1.17) 

VA2 

1 11 3 0 3.5 (7.1) 5.1 (9.9) 0.80 (0.83) 

2 17 3 0 4.2 (10.2) 4.2 (10.2) 1.00 (1.01) 

3 25 3 0 4.2 (11.2) 4.2 (10.2) 1.01 (1.06) 

VA4 

1 13 3 0 (-4) 3.6 (4.4) 7.1 (10.1) 0.69 (0.64) 

2 20 3 0 (-4) 4.0 (6.1) 6.1 (9.1) 0.80 (0.83) 

3 27 3 0 (-4) 4.1 (6.7) 7.0 (10.0) 0.76 (0.83) 

VA3 

1 8 3 0 7.4 (14.0) 5.3 (10.4) 1.27 (1.28) 

2 19 3 0 6.9 (18.2) 4.5 (10.5) 1.35 (1.50) 

3 24 3 0 6.3 (17.6) 4.8 (10.6) 1.23 (1.45) 
 

Dir Y Level Sensor id 
Dominant 

mode 

Secondary 

mode 
fit [%] exp [%] 

PFA/PFAexp 

[-] 

VA1 

1 10 2 0 3.8 (4.68) 7.9 (6.6) 0.68 (0.83) 

2 16 2 0 3.8 (5.4) 5.7 (5.8) 0.80 (0.97) 

3 23 2 0 3.9 (5.9) 6.1 (6.0) 0.78 (1.01) 

VA2 

1 12 1 2,8 3.0 (2.6) 12.7 (9.3) 0.55 (0.60) 

2 18 1 2 4.2 (3.8) 11.5 (9.3) 0.65 (0.72) 

3 26 1 2 4.1 (4.5) 11.1 (10.0) 0.68 (0.78) 

VA4 

1 14 1 0 (-2) 5.5 (4.4) 9.1 (4.5) 0.79 (1.06) 

2 21 1 0 (-2) 5.6 (4.8) 9.0 (4.4) 0.79 (1.11) 

3 28 1 0 (-2) 5.7 (4.9) 11.4 (4.9) 0.70 (1.07) 

 433 

It has to be pointed out that, from the analysis of the experimental data, it is quite clear that the structure filters 434 

also the frequency in correspondence of the peaks present in the seismic input. This is for example highlighted 435 

in the floor spectrum of sensor 22 of Fig. 10, which has two peaks: one at the fundamental period and the other 436 
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at a lower period with a not negligible frequency content present in the input. Indeed, this aspect cannot be 437 

taken into consideration by the proposed formulation, which instead considers the value of the ground response 438 

spectrum only at the fundamental periods of the building.  439 

Secondary event of 19/04/2014 

   

   

a) b) c) 

Fig. 10 a) Contribution of modes in terms of Pnorm; b) Floor spectra evaluated for each mode; c) Final floor spectra 440 

computed with Eq. (1). 441 

Finally, Fig. 11 shows the sensibility of the proposed expression to the choice of the natural periods of the 442 

selected modes. Since, as above-mentioned, no appreciable structural damage occurred on the courthouse, it 443 

could be considered reasonable also using the modal parameters of the numerical model for the floor spectra 444 

evaluation of the mainshock of October 2016. This would be the strategy followed by practitioners, who could 445 

not necessarily benefit from the results of the dynamic identification with input-output technique to estimate 446 

the structural parameters. The application of the analytical expression with the elastic modal periods obviously 447 

would be not able to properly describe the “co-shift” phenomenon of frequency. In Fig.11, the analytical floor 448 

spectra evaluated using the modal parameters computed from the numerical Tremuri model (labeled as “Num” 449 

– continuous plot) are compared with the ones identified with the examined event (labeled as “Id” – dashed 450 

plot). The latter are compared with the experimental ones obtained from the monitoring system (labeled as 451 

“Exp” and drawn in red). The comparison is shown for the three VAs with sensors in the Y direction (namely 452 

VA1, VA2 and VA4). From Fig. 11, it is possible to see that the floor spectra computed with the periods 453 

identified with the seismic event (dashed plot) fit better the experimental ones, which have a maximum 454 

amplification peak in correspondence of a period longer than the ones computed from the numerical modal 455 

analysis.  456 
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a) b) c) 

Fig. 11 Comparison between experimental (labeled as “Exp” and plot in red) and analytical (in black) floor spectra for 457 

the mainshock of 26/10/2016. The latter were respectively obtained using: the numerical modal parameters (labeled as 458 

“Num” – continuous plot) and the ones identified with the examined event (labeled as “Id” – dashed plot): a) VA1Y; b) 459 

VA2Y; c) VA4Y. 460 

6 Application to the Pizzoli’s town hall 461 

6.1 Assessment of data used as input for the analytical computation of floor spectra 462 

This section describes the application to the second case-study. In particular, the results will be presented 463 

following the same outline already illustrated for the former Fabriano courthouse. In order to avoid repetitions, 464 

only the peculiar aspects and the main differences obtained will be commented in the text. 465 

As for the previous case-study, the ground response spectrum was computed from the accelerations recorded 466 

by the three-axial sensor placed at the building foundation (sensors n.15 and n.16 of Fig. 1b). In particular, the 467 

recordings of the secondary event of the 25th July 2015 (with PGA values around 0.001 g) and of the mainshock 468 

of 18th January 2017 (PGAX=0.112g; PGAY=0.100g) were used for the floor spectra evaluation.  469 

Unlike the previous case-study, in each direction, the dynamic behavior is dominated by the first translation 470 

one (with participant mass higher than 80%, see Fig.12). Despite that, in the floor spectra evaluation the 471 

contribution of the first four modes were considered in order to highlight the differences with the former 472 

Fabriano courthouse. 473 

Periods, modal shapes and participation coefficients of each mode were computed as follows: 474 

- as far as the periods concern, for the floor spectra evaluation of the secondary event, the numerical 475 

periods obtained from the modal analysis performed on the model calibrated in the elastic field were 476 
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used. Instead, for the floor spectra evaluation of the main shock, the analysis of the occurred damage 477 

(Fig. 2) and of the numerical dynamic response simulated during the seismic event (Degli Abbati et 478 

al., 2021a) showed that the structural response was in the moderate nonlinear field. Thus, an 479 

elongation of the fundamental periods was assumed, coherently also with the experimental evidence 480 

(§3). In particular, the elongated periods were computed accounting for a degradation of stiffness 481 

properties of masonry. The values were calibrated considering as target the values obtained from the 482 

dynamic identification performed by means of input-output techniques by employing the examined 483 

recording (ReLUIS projects, Task 4.1 – Cattari et al., 2018); 484 

- concerning the modal shapes and the participation coefficients, also in this case they were assumed 485 

from the calibrated EF model developed in Tremuri, by assuming no change produced by damage 486 

induced by the seismic shock of 18th January 2017. Again, it was checked that the modal 487 

displacements obtained for the different main shocks keep almost unchanged, meaning that no 488 

significant variation of the corresponding mode shapes occurred (Cattari et al., 2018; Lorenzoni et al., 489 

2019).  490 

Finally, the damping factor of the building k (associated to each mode) was evaluated following the two-step 491 

procedure already described in §4.1.  492 

Fig. 12 shows the modal shapes of the first four modes obtained from the numerical model. In particular, from 493 

the figure, it is possible to see that mode 1 is a translational mode in the Y direction, while mode 3 is a 494 

translational mode in the X direction. Table 4 collects instead the values of periods assumed in the floor spectra 495 

computation and the damping used for each mode and for each seismic event. For those modes with a negligible 496 

contribution in terms of product P, a damping equal to 5% was assumed (this is the case of modes 2 and 4). 497 

As one can see, the values of damping in Table 4 are coherent with the expected variation in the response, 498 

being around 5% in the linear response and a bit higher (around 7%) during the slight nonlinear phase of the 499 

response. 500 

Mode 1 (MX=0%; MY=82.7%) Mode 2 (MX=0.02%; MY=0.13%) 

  

Mode 3 (MX=89.01%; MY=0 %) Mode 4 (MX=0.03%; MY=3.17%) 

  

Fig. 12 Numerical modal shapes of the first four modes of the Pizzoli’s town hall. 501 
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Table 4. Periods and structural damping assumed for each mode in the floor spectra evaluation (step 2) 502 

Event Input data Mode 1 Mode 2 Mode 3 Mode 4 

25th July 2015 

Tk [s] 0.225 0.181 0.142 0.115 

k [%] 3 5 5 5 

18th January 2017 

Tk [s] 0.283 0.224 0.184 0.113 

k [%] 6 5 7 5 

6.2 Floor spectra evaluation 503 

Fig. 13 shows the PFA/PGA profiles along the longitudinal direction, as obtained from sensors placed along 504 

the same vertical alignments (VA as identified on the axonometry in Fig. 16).  505 

    a) 

  b) 

Fig. 13 PFA/PGA profile along the height of the building: comparison between analytical (dashed plot) and 506 

experimental profiles (continuous plot) for the two examined seismic events: a) minor event of 25/07/2015 and b) 507 

mainshock of 18/01/2018. 508 

Comparing these data with the ones obtained for the first case-study, it is interesting to notice that: 509 

- here the maximum value of PFA/PGA measured by the monitoring system is generally slightly lower 510 

(being between 2.5 and 4), but it is registered again at the top floors; observing the PFA/PGA profiles 511 

obtained from the recordings of 18/01/2018, it is possible to observe that this amplification is reduced, 512 

due to the damage induced by the earthquake on the structure; 513 
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- analytical profiles tend to underestimate the experimental ones in both directions for the minor event 514 

of 25/07/2015, while they are able to catch the actual profiles in case of the mainshock of 18/01/2017; 515 

- the shape of the profiles differs depending on the considered vertical alignments: it is roughly linear, 516 

as expected for a 2-storys building quite regular and with quite stiff diaphragms like the examined one, 517 

thus dominated in the dynamic response by the contribution of the fundamental modes in the two main 518 

directions. However, it is interesting to observe that this almost linear shape becomes bi-linear for 519 

VA2 and VA4: this is probably due to the position of the sensors at the two edges of the plan and, 520 

consequently, to the influence of the torsional mode that here is maximum. 521 

Fig. 14 instead illustrates, for the two considered events and each sensor, the comparison between experimental 522 

and analytical values of PFA (Fig. 14a); also the periods T (Fig. 14b) are reported. As for the previous case-523 

study, the sensors underlined on the X-axis in Fig. 14b are the ones in the X direction. From this figure, it is 524 

possible to see that: 525 

- the major contribution to the floor spectra is due to the fundamental mode in the direction of analysis 526 

(Fig. 14a). For this reason, the analytical PFA obtained computing only the main mode (blue plot) and 527 

the ones obtained considering the first four modes combined with the SRSS rule are almost identical; 528 

- the correspondence between analytical and experimental periods is quite good, especially for the X 529 

direction. Moreover, a period elongation is observed passing from the minor event of 25/07/2017 530 

(continuous plot) to the mainshock of 18/01/2017 (dashed plot) that is properly captured by the 531 

analytical expression (Fig. 14b). Only for sensor n.5 the experimental period is significantly lower 532 

than the ones detected in the other sensors and analytically evaluated as the period of the mode with 533 

the major contribution.  534 

  a) b) 

Fig. 14 a) Comparison, for each sensor and for the two considered events, between: a) analytical and experimental PFA; 535 

b) analytical and experimental periods T. 536 

In order to explain the mismatch on sensor n.5, looking at the results presented in Fig. 15b, it is possible to 537 

observe that in correspondence of this sensor  the structure amplifies the input in correspondence of two range 538 

of periods: the first one around T=0.066 s (this is the maximum spectral peak detected in Fig. 14b for the event 539 

of 25/07/2015); the second one (which is a bit lower) is instead approximately around the fundamental period 540 

in that direction, coherently with what obtained for the other sensors. The same shape characterizes the floor 541 
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spectrum of the sensor obtained during the event of 18/01/2017 (see Fig. 15c). However, in this case, the two 542 

periods with the maximum values of amplification are: T=0.096 s and T=0.3 s; the latter is plausibly the 543 

fundamental period, elongated due to the structural nonlinearity. Indeed, it is interesting to observe that a fifth 544 

mode with T=0.082 s was experimentally identified by Sivori et al. (2021) and ascribed to the shear mode 545 

which activates the local response of diaphragms. Thus, it seems reasonable to conclude that in correspondence 546 

of position of sensor n.5, the Pizzoli’s town hall filters the ground motion in correspondence of two 547 

frequencies: the one which characterizes its global dynamic response and the one which characterizes the local 548 

response of diaphragms. 549 

   
a) b) c) 

Fig. 15 a) Sensor 5 location; Experimental floor spectra and identification of the maximum peaks: b) minor event of 550 

25/07/2015; c) mainshock of 18/01/2018. 551 

Fig. 16 shows the comparison between the recorded (continuous plot, labelled “exp”) and analytical (dashed 552 

plot, labeled “an”) acceleration floor spectra for the two events computed for the sensors located along the 553 

same VA at the two levels. It should be pointed out that in the figure VA4 comprises sensors 2-3 at the first 554 

level and 8-9 at the second one, even not strictly aligned along the same vertical axis. The comparison shows 555 

a very good correspondence.  556 

Finally, analogously with what already presented for the former Fabriano courthouse, Table 5 reports the 557 

details of the analyses in terms of: dominant and secondary modes, damping factor for each sensor which 558 

guarantee the best fitting with experimental data (fit), experimental structural damping (exp) and ratio 559 

PFA/PFAexp. Again, the values in brackets refer to the mainshock of 18th January 2017, while the values directly 560 

collected in the table refer to the secondary event of 25th July 2015. As one can see from the table, for the 561 

sensors placed in the X direction, it is interesting to observe that the only dominant mode is always mode 3, 562 

while for the sensors in the Y direction, the dominant mode is mode 1 and sometimes the sensors is affected 563 

by the contribution of mode 4, as well. This can be observed also from Fig. 17, which shows for two sensors 564 

placed at the second level of the building (sensor n.12 and n.9): a) the importance of the selected modes in 565 

terms of Pnorm; b) the floor spectra evaluated for each mode; c) the final floor spectra, evaluated by the SRSS 566 

combination. 567 

 568 

 569 
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Fig. 16 Floor spectra for the minor event of 25/07/2015 and the mainshock of 18/01/2017: comparison between 570 

experimental (continuous plot) and analytical ones (dashed plot). 571 
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Table 5. Damping evaluation for each sensor (step 1): secondary event of 25th July 2015 and mainshock of 18th January 572 

2017 (values in brackets). 573 

Dir X Level Sensor id 
Dominant 

mode 

Secondary 

mode 
fit [%] exp [%] 

PFA/PFAexp 

[-] 

VA1 
1 1 3 0 5.3 (9.0) 7.6 (8.0) 0.81 (1.08) 

2 12 3 0 4.2 (7.4) 6.0 (7.4) 0.82 (1.01) 

VA2 
1 6 3 0 4.4 (7.7) 5.0 (8.1) 0.94 (0.97) 

2 13 3 0 3.6 (6.3) 4.8 (7.5) 0.85 (0.90) 

VA3 
1 4 3 0 4.9 (7.4) 4.6 (8.0) 1.04 (0.96) 

2 10 3 0 3.8 (5.9) 3.6 (7.1) 1.03 (0.90) 

VA4 
1 2 3 0 4.4 (6.5) 7.4 (9.1) 0.74 (0.83) 

2 8 3 0 5.0 (8.4) 4.3 (7.7) 1.10 (1.05) 
 

Dir Y Level Sensor id 
Dominant 

mode 

Secondary 

mode 
fit [%] exp [%] 

PFA/PFAexp 

[-] 

VA2 
1 7 1 4 2.2 (9.0) 4.6 (10) 0.75 (1.07) 

2 14 1 4 1.8 (7.0) 4.9 (12) 0.60 (0.84) 

VA3 
1 5 1 -4 5.7 (6.0) 9.5 (7) 0.79 (0.87) 

2 11 1 -4 4.7 (7.0) 6.5 (9) 0.89 (0.87) 

VA4 
1 3 1 4 1.2 (3.0) 6.0 (9) 0.45 (0.63) 

2 9 1 4 2.0 (6.0) 5.6 (9) 0.65 (0.89) 

 574 

 575 

 576 

 577 

 578 

 579 

 580 

 581 

 582 

 583 

 584 

 585 

 586 
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Secondary event of 25/07/2015 

   

   

a) b) c) 

Main event of 18/01/2017 

   

   
a) b) c) 

Fig. 17  – a) Contribution of modes in terms of product Pnorm; b) Floor spectra evaluated for each mode; c) Final floor 587 

spectra computed with Eq. (1). 588 

7 Conclusions  589 

Floor spectra are the tools currently prescribed by codes to evaluate the seismic demand on acceleration-590 

sensitive non-structural elements and local mechanisms in masonry buildings. For this reason, the validation 591 

of expressions available for their definition can significantly affect the results of seismic assessment procedures 592 

and, more generally, the engineering practice. 593 
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In this framework, this paper aims to validate a practice-oriented formulation proposed by the Authors in 2018 594 

through the data acquired on two existing URM buildings hit by the last Central Italy earthquake. The two 595 

case-studies were selected because interesting for several reasons: 596 

- the buildings were characterized by geometrical configuration of increasing complexity, allowing to 597 

investigate also the effects of higher modes contribution on the seismic response; 598 

- dynamic identification data were available for a detailed calibration of numerical models. The 599 

numerical models were then used to accurately interpret the dynamic response of these structures 600 

through nonlinear dynamic analyses;  601 

- recordings from different mainshocks and minor events were available from the permanent monitoring 602 

system and allowed an accurate comparison between measured and analytical floor spectra for the aim 603 

of validation of the practice-oriented approach proposed by the Authors; 604 

- the two case-studies exhibited a different damage level after the 2016/2017 Central Italy earthquake, 605 

allowing to verify the reliability of the analytical approach both in the linear and moderated nonlinear 606 

fields. 607 

The main parameters influencing the shape of floor spectra were identified and discussed in the paper, as 608 

obtained by the review of some numerical and experimental studies presented in literature and further 609 

corroborated by the analysis of the two investigated case studies. These parameters are the characteristic of the 610 

ground motion, the expected PGA demand, the dynamic response of the considered building (i.e. the vibration 611 

periods and the shape of its vibration modes), the lateral load resisting system, the floor level. Floor spectra 612 

shape is strongly influenced also by higher vibration modes and by the nonlinearity demand experienced by 613 

both hosting and hosted structures. Moreover, other additional parameters, such as diaphragm flexibility or 614 

torsional responses, can further amplify the seismic demands on secondary elements.  615 

The expected influence of some of these parameters on floor spectra has been confirmed by the monitoring 616 

data acquired by the OSS on the two buildings presented in the paper and by comparing these outcomes with 617 

the prediction of the literature formulation proposed by the Authors. The expression turned out to be adequate 618 

to properly describe the amplification phenomenon and the effects of nonlinearity. The approach is easy-to-619 

use, because it requires only the basic structural dynamic properties and the expected seismic input. Results 620 

have proven that, provided a reliable estimate of dynamic properties, the analytical expression leads to a 621 

satisfactory matching with experimental floor spectra both in the linear and moderately nonlinear field. The 622 

need of the reliable estimate of dynamic properties highlights the usefulness of the monitoring or ambient 623 

vibration tests and that of efficient numerical models.  624 

The recorded data from the two investigated structures showed that the building may amplify the input also in 625 

correspondence of those periods characterized by a not negligible spectral content. This aspect is not included 626 

in the proposed formulation that only considers the value of the spectral input at the base in correspondence of 627 

the natural period of the structure or at least in a small range around it. That could be improved in the future. 628 

Moreover, two further area of investigations are identified: the deepening of the co-shift phenomenon, to 629 
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provide also some easy-to-use approach to estimate it by engineers; a robust validation of the analytical 630 

expression also in a strong nonlinear field, possibly supported by nonlinear dynamic analyses carried out on 631 

calibrated models (since in this case accurate data on real structures able to document the phenomenon are 632 

very rare).  633 
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