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necessary to overcome other uncertainties (i.e., wall-to-wall connections or floor

support seismic assessments. In fact, they allow for the identification of dynamic
structural properties, which are useful in refining the calibration of numerical
models. In addition, they address solutions for the aforementioned uncertain-
ties. In this context, the paper presents how to efficiently exploit AVT data by
using the case study of the former Courthouse of Fabriano (Ancona, Marche).
This structure has been monitored since 2010 by the Italian Department of Civil
Protection with a network of 28 seismic accelerometers. As a result, the equiv-
alent frame (EF) model was calibrated in the linear field thanks to the dynamic
identification provided under operational conditions. Subsequently, nonlinear
dynamic analyses were performed using the recordings acquired during the Cen-
tral Italy earthquake in 2016/2017. Even if the building experienced only a slight
nonlinear behaviour, this comparison between the simulated and actual seismic
response made it possible to validate the EF model, especially with reference to
the capability in reproducing the amplification phenomena, which is extremely
important for the assessment of structural and non-structural components.
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1 | INTRODUCTION

A crucial aspect in the seismic assessment process of unreinforced masonry (URM) structures is the design of reliable
numerical models able to accurately simulate natural seismic behaviour.
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FIGURE 1 (A) A recent picture of the former Courthouse in Fabriano. (B) Historical photo before the raising
(http://www.fabrianostorica.it/vecchiefoto/mestieri/lapesa.htm)

This constitutes the preliminary step in quantifying safety levels and supporting the design with proper strengthening
interventions.

Historically, existing URM buildings were built by following the rule of thumb and not by standardized procedures.
As a result, the modelling of URM structures is even more challenging due to all the uncertainties involved. In-situ tests
allow for the acquisition of data on a local scale by providing details on the mechanical properties of materials, actual
decay condition as well as structural information.! Unfortunately, these tests are often in short supply due to a lack of
financial resources or conservation restrictions within the building. Moreover, other uncertainties, such as those related
to the quality of wall-to-wall and wall-to-floor connections or the diaphragms’ stiffness, are more effectively investigated
by evaluating the issue directly on a global response scale. In this context, data from ambient vibration tests (AVTs) can
be very useful to support seismic assessment procedures and to address the modelling choices.”* In fact, they define
a target for the numerical model’s calibration thanks to the identification of the dynamic properties in terms of modal
parameters. While literature reports several applications for reinforced-concrete (RC) or steel structures, especially bridges
and other strategic infrastructures,>® the examples on masonry buildings are very few. The latter are mostly addressed to
monumental buildings,”'” especially towers and churches, and they usually adopt the finite element (FE) approach as a
modelling strategy.!" ' In addition, very few instrumented structures actually experienced an earthquake which allowed
the model to be validated in the nonlinear field'>~'” and also towards different inputs.'®

This paper illustrates the calibration and validation of a numerical model of the former Courthouse of Fabriano
(Ancona, Marche) (Section 2). This is a strategic URM building selected as a case study in the ReLUIS project Task 4.1,
funded by the Italian Department of Civil Protection (DPC) from 2017 to 2018. A permanent monitoring system was imple-
mented in 2010 by the Italian Structural Seismic Monitoring Network (referred to as OSS in the following, i.e. through
the Italian acronym of Osservatorio Sismico delle Strutture'®). Moreover, it was struck by the Central Italy earthquake
sequence in 2016/2017.2° The equivalent frame (EF) model of the building has been developed by using the Tremuri soft-
ware package.”’! The EF approach was advantageous due to its limited computational effort and efficiency to execute
nonlinear static (NLSA) and dynamic (NDLA) analyses as well, which is useful for seismic assessment aims. The model
has been firstly calibrated in the linear field (Section 4) through an iterative process, mainly based on the use of sensi-
tivity analysis (Section 4.3). The target of the calibration process was the experimental modal parameters identified from
some ambient noise (AN) recordings provided by OSS (Section 3). Then, the reliability of the EF model was validated also
in the slight nonlinear range, by performing NLDA with some recordings acquired by the system during the 2016/2017
earthquake. In particular, the following entities have been adopted as targets for the validation (Section 5): the estimate
of the activated inertial forces and the comparison in terms of accelerations and floor spectra on local sensors.

2 | CASE STUDY DESCRIPTION AND AVAILABLE DATA
2.1 | Geometrical data and structural details
The former Courthouse of Fabriano was originally built around 1940 (Figure 1A). Initially, it hosted the G.B. Milani Indus-

trial School and later it became the seat of the court. Currently, a change of use is pending but it is expected to serve as
a preservation site for strategic means. The structure is characterized by a T-shaped plan (average storey area equal to
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FIGURE 2 Main strengthening interventions realized in 1999 after the 1997 Umbria and Marche earthquake

1220 m?, Figure 2) and is composed of three storeys and one basement (total height equal to 16.8 m). Originally, the build-
ing had only two storeys and a basement (Figure 1B); as a matter of fact, the last storey was raised in 1950.

The structure has regular masonry walls, horizontal slabs and a gabled trussed roof. In 1997, the Umbria and Marche
earthquake damaged the building and exposed some structural weaknesses. Strengthening interventions were set in
motion in 1999 to restore the damage caused and improve its seismic response. Figure 2 depicts the main structural inter-
ventions implemented viz. replacement of the original stairwell with a RC one, disconnected from the main building
through a seismic joint; execution of local interventions on vertical walls (strengthened with reinforced plaster) and on
horizontal floors (in some cases replaced, in others reinforced with an additional RC slab); strengthening of the roof by
means of a steel X-bracing; the improvement of the wall-to-wall connections through reinforced riveting.

Thanks to the working drawings made available by OSS, a huge amount of data about the materials, geometry and
structural details have been collected and used to set up the model. Moreover, all data were further verified by the authors
during some in-situ inspections. These inspections were conducted within the research activities of Task 4.1 of the ReLUIS
project.?’ The most important information to set up the numerical model is summarized in Figure 3.

In particular, Figure 3A illustrates the location of masonry typologies present in different stories of the building while
Figure 3B depicts the vertical cross-sections. There are three main masonry typologies (M1, M2, and M3) that can be
further classified depending on the realized strengthening interventions as follows:

- M1: Stone masonry (from 40 to 125 cm thick), widespread both in the internal and external walls of the basement, second
floor and attic. The intervention with reinforced plaster (from 3.5 to 10 cm thick) was performed alternatively only on
the internal side of the walls (M1_C1) or both sides (M1_C2).

- Ma2: Solid-brick masonry (from 25 to 65 cm thick), only present in the longitudinal internal wall of the last storey and
some internal walls of the lower ones. The intervention with reinforced plaster (from 3.5 to 10 cm thick) was always
performed on both sides of the wall.

- Ma3: Stone masonry with external brick face (from 50 to 90 cm thick), present in the perimeter walls of the first two
levels. In this case, the intervention with reinforced plaster was performed only on the interior of the walls. Due to
the significant thickness variation of the stone masonry leaf, in the analysis phase, M3 will be divided into two classes
(M3_A and M3_B) to define equivalent mechanical parameters’ values as described in further detail in Section 4.2.2.

Figure 3C in contrast shows the typologies of horizontal diaphragms:

- S1: slabs with H steel beams, small brick vaults and a 6 cm thick RC slab above added during the 1999 restoration.
This stratigraphy is present in the diaphragms of the first two levels. An intervention through @16 bars guarantees the
connection with the perimeter walls.

- S2: slabs with H steel beams, hollow clay blocks and an additional RC slab above. In this case, as well, the diaphragms
were connected to the perimeter walls through ®16 bars.

- S3: slabs with H steel beams, corrugated sheet and a 6 cm thick RC slab above. This typology was realized during the
1999 strengthening interventions to substitute the original horizontal floors. Since the in-situ inspections highlighted
the presence of steel beams of two different dimensions (depending on the span), two subclasses were distinguished:
S3_A (with IPE 240 beams) and S3_B (with IPE 160 beams). S3 slabs are connected with the masonry walls through a
chemical anchorage.
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cross-sections (C) in the building (units in cm). In (B), the thickness range of masonry leaves is indicated, too

- S4: in the attic exclusively. It is made of Q-shape steel elements with on-centre spacing equal to 145 cm and wood
flooring. Depending on the dimensions of the Q -shape steel elements, S4 was distinguished in S4_A (if the steel element
was 160 mm high) and S4_B (if it was smaller). For S4, the strengthening intervention was: (i) replacement of the old
boarding; (ii) creation of ®20 steel X-bracing; and (iii) improvement of the connection with the perimeter walls through
steel bars injected with chemical anchorage.

In addition, the following data on soil type and the foundation system was available: the results of an MASW test
performed close to the Courthouse, and the results of a video-endoscopy from which an embedment of foundation equal
to 1.90 m was estimated. All these tests were performed by a company just before the OSS installed the accelerometers for
the permanent monitoring of the structure. According to these data, the soil type was assumed to be B according to the
classification criteria in Eurocode 8.7

2.2 | Data from the permanent monitoring system

As briefly introduced in Section 1, the former Courthouse of Fabriano was permanently instrumented by OSS by means
of 28 accelerometers placed at different levels and one three-axial sensor located at the foundation (Figure 4A).

The dynamic monitoring system allows for the recording of acceleration time series at predefined intervals every day.
It is also equipped with a trigger-based algorithm set to register the response if the acceleration values exceed some pre-
defined thresholds (e.g., in case of a seismic event). Acceleration signals are acquired at a sampling frequency of 250 Hz
and length of 3600 s (for the ambient vibrations noise) or 60 s (if the record exceeds the acceleration threshold).

Table 1 presents the recordings made available by the OSS for Task 4.1 Workgroup within the ReLUIS project.’’ The
available data are distinguished among main shocks (E in the table), secondary events (SE), or AN. Furthermore, Table 1
provides synthetic data related to the date/time UTC and the peak ground acceleration (PGA) recorded in the two main
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FIGURE 4 (A) Locations of the Osservatorio Sismico delle Strutture (OSS) sensors at the different stories (VA stands for Vertical
Alignment). (B) Epicentres of the 2016/2017 earthquake sequence in Central Italy (main shocks)

TABLE 1 Available events for the model calibration and validation of the former Courthouse of Fabriano

Main Date and time PGA (g) Other Date and time PGA (g)

shocks (UTC) X Y events (UTC) X Y

E1 24/08/2016 01:36 0.042 0.054 SE1 08/10/2016 18:11 0.001 0.001
E2 26/10/2016 17:10 0.029 0.026 SE2 28/10/2016 13:56 0.001 0.001
E3 26/10/2016 19:18 0.082 0.088 SE3 03/11/2016 00:35 0.007 0.006
E4 30/10/2016 06:40 0.054 0.039 SE4 03/02/2017 05:40 0.001 0.001
E5 18/01/2017 10:14 0.008 0.007 AN 07/12/2016 15:14 - -

Abbreviations: AN, ambient noise; E, event; PGA, peak ground acceleration; SE, secondary event; UTC, coordinated universal time.

directions of the building (as identified in Figure 4A). All main shocks refer to the 2016/2017 Central Italy earthquake
sequence, whose epicentres are identified in Figure 4B. In particular, in the paper:

- the results of the dynamic identification (Section 3.1) performed using the ANs of December 7, 2016 (AN in Table 1) has
been adopted as a target to calibrate the structural model in the elastic field (Section 4);

- the recording of the main shock of October 26, 2016 — 19:18 (E3 in Table 1) was adopted to perform the NLDA with the
aim of validation (Section 5). In fact, shock E3 was the seismic event that hit the structure the most significantly due to
its proximity to the building (Figure 4B);

- the other events have been used to corroborate further evidence on the dynamic characterization of the building
(Section 3.2).

3 | DYNAMIC IDENTIFICATION

Time histories acquired under operational conditions (i.e., the AN of December 7, 2016) were processed using different
output-only techniques both in the frequency and time domains. Thus, the modal identification was performed using
only the 21 accelerometers installed at the second, third and fourth level of the building (from no. 8 to 28 in Figure 4A),
excluding the triaxial sensor at the foundation (no. 29-30-31) and the sensors at the ground floor (from no. 1 to 7). The
main aim was to extract modal parameters to verify the variability of results obtained and to corroborate the estimate of
target values. The outcomes have been then adopted for the model calibration. Before analysing the signals, a high-pass
filter with cut-off frequencies of 1 Hz was applied. The frequency domain modal analysis techniques include:

- the frequency domain decomposition (FDD)?* and the enhanced frequency domain decomposition (EFDD),** both
based on the singular value decomposition of the spectral density matrix of the acquired signal;
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TABLE 2 Frequencies and modal assurance criterion (MAC) identified with different output-only techniques

f(Hz) MAC

Mode EFDD pLSCF SSI-Cov FDD PLSCF - SSIcov pLSCF -EFDD
1 3.32 3.30 3.37 3.32 0.99 0.98

2 3.62 3.45 3.60 3.62 0.91 0.81

3 - 4.45 4.44 4.49 0.98 -

4 5.00 4.99 4.91 4.98 0.97 0.98

5 5.42 5.41 5.39 5.41 0.99 0.98

6 5.58 5.59 5.61 5.59 0.99 0.99

7 6.59 6.66 6.61 6.64 0.73 0.84

8 7.42 7.45 7.51 7.50 0.98 0.98

Abbreviations: EFDD, enhanced frequency domain decomposition; FDD, frequency domain decomposition; pLSCF, poly-reference least squares complex fre-
quency; SSI-Cov, stochastic subspace identification covariance-driven.

15t Mode . 2nd Mode 314 Mode . 4 Mode

FIGURE 5 3D graphical representation of the modal displacements in the monitored points for the first four identified modes

- the poly-reference least squares complex frequency domain (pLSCF), a parametric technique to reduce the dependency
of identification results on the user’s choices (thanks to the stabilization diagram?®).

Regarding the time-domain techniques, the stochastic subspace identification covariance-driven (SSI-Cov)**?” has been
used. Through the combined use of the aforementioned output-only techniques, the first 8 modes of the building were
identified, as discussed in more detail in Section 3.1.

Finally, the recordings acquired after the seismic events were processed with input-output techniques. Achieved by
the use of the parametric method in the time domain called combined deterministic stochastic subspace identification
(CsD).%8

3.1 | Dynamic identification under operational conditions (output-only techniques)

Table 2 presents the natural frequencies obtained by the various techniques introduced in Section 3. Furthermore, it
summarizes the modal assurance criterion (MAC) index*’ calculated alternatively between the couples of eigenvectors
obtained through the aforementioned algorithms (namely pLSCF, EFDD, and SSI-Cov). As can be observed, the values of
the identified frequencies are all very close to each other, also for the higher modes. Moreover, the MAC index highlights
the excellent correlation between the mode shapes (with values higher than 90%). This correlation was confirmed through
the application of various techniques.

Figure 5 presents a 3D graphical representation of the eigenvectors’ components of the first four identified modes. The
blue dots indicate the modal displacements of the monitored points. This schematic 3D view was created to avoid the
introduction of any hypotheses on the relationship between the points of the structure, at least at this stage. In particular:
the first (f = 3.30 Hz) and second (f = 3.45 Hz) modes activate the transversal response of the two wings in the Y direction;
the third mode (f = 4.45 Hz) is in the X direction, while the fourth mode (f = 4.99 Hz) is torsional.
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TABLE 3 Frequencies (Hz) during the seismic events

Event ID

Mode El 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 - - - N - 6.61 5.93 6.87
8 6.63 - 6.79 - 6.89 5.74 6.26 7.51 6.51 -

Abbreviations: AN, ambient noise; E, event; SE, secondary event.
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FIGURE 6 (A)Natural frequency wandering of the first four modes obtained by data analysis from main shocks and ambient vibrations.
(B) Normalized modal displacements of mode 1 for each degree of freedom (DOF) of the structure for the same recordings

3.2 | Analysis of the dynamic response during the seismic events (input-output analysis)

Modal parameters were also identified using the time histories recorded during the main shocks and aftershocks. In
this case, the input-output CSI technique was adopted. The input is represented by the signals measured from the
three-axial sensor at the base of the structure. Outputs, however, are the response of the building which were recorded
by sensors installed at the different storeys (Figure 4A). Table 3 summarizes the natural frequencies identified from the
accessible recordings, i.e. the five main shocks (E) and the four aftershocks (SE) listed in Table 1 plus the AN recording,
highlighted in bold. The identified frequencies present a noticeable variation across the entire set of observed seismic
events (Figure 6A). Moreover, it is possible to observe an irregular change in these frequencies when their layout is
chronological. The maximum frequency values (for all the vibration modes) can be observed from the analysis of the AN,
even if this record was acquired after the most significant seismic events of the earthquake swarm.

An additional representation of the amplitude variation of modal parameters on seismic events is presented in Figure 7,
in which natural frequencies are plotted in function of three earthquake severity indexes. They consist of (A) PGA, the
maximum peak ground acceleration recorded at the building base; (B) PSA, the maximum (over all the channels) absolute
value of the peak structural acceleration recorded on the structure; and (C) the maximum recorded- drift, derived from
the displacement time histories at various levels of the structures obtained through a double integration of acceleration
signals. An inverse linear correlation between the modal frequencies and the adopted indexes was found for the first four
modes.

This "wandering” of fundamental frequencies of vibration in buildings is a known phenomenon in literature.>~*? This
is observed in the presence but also the absence of structural damage.* In particular, such a variation is an amplitude-
dependent phenomenon, that can be composed of a transient — reversible- contribution and a permanent -irreversible
- contribution. As already highlighted by Ceravolo et al.** and Lorenzoni et al.,>* the reversible phenomenon is mainly
ascribable to: reversible material (e.g., temporary micro-cracking and sliding effects) and geometrical nonlinearities; soil-
structure interaction (SSI); interaction between structural and non-structural elements. If no structural damage occurs,
the frequency shift gradually vanishes with time and the pre-seismic values of fundamental frequencies are completely
recovered.
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FIGURE 7 Seismic wandering of the modal frequencies as a function of (A) peak ground acceleration (PGA), (B) peak structural
acceleration (PSA), and (C) drift during the main shocks of the earthquake swarm. A linear fitting of data is assumed

In the specific case of the former Courthouse of Fabriano, the in-situ surveys carried out did not detect any significant
structural damage (none that would produce any noticeable variations in dynamic behaviour). Nonetheless, it did suggest
that the "wandering” of the modal properties can be mainly attributed to the reversible nonlinear phenomena of the overall
system with respect to the shaking level rather than a global stiffness decay of the structure caused by damage.

In order to confirm this hypothesis, the variation of normalized modal displacements (D,,,,,) at different locations was
analysed. This variation is illustrated in Figure 6B, by way of example for the first mode but analogous results have been
obtained for the other modes, as well. In particular, the figure shows that: in the X-axis, the degrees of freedom (DOF) of
the structure are associated with the points where accelerometers were installed (see Figure 4A); in the Y-axis, the normal-
ized modal displacement is assessed using the dynamic identification values (normalized to the maximum displacement
component). The displacements are illustrated to represent the different available recordings in order to highlight possible
variation from one event to the next (due to seismic damage or degradation effects). It is possible to observe that, for each
DOF of the structure, the corresponding modal displacement remains almost unchanged, meaning that no significant
variation of the corresponding mode shapes occurred (e.g., ascribable to stiffness degradation of diaphragms).

4 | MODEL CALIBRATION IN THE ELASTIC FIELD
4.1 | Criteria adopted for the calibration

Thanks to the detailed data on the geometry, structural details and materials (Section 2.1), it was possible to set up a
preliminary structural model. However, despite the accuracy of the available data, the modelling process is still influenced
by both aleatory (i) and epistemic (ii) uncertainties:

(i) Aleatory uncertainties associated with mechanical properties of materials. They are hereinafter identified as X; (with
i =1...N), where X can alternatively collect either a single variable or a set of fully correlated variables. The aleatory
uncertainties are treated as random variables by defining a plausible range of variation (X; 15w — Xi, up)-

(ii) Epistemic uncertainties associated with the effectiveness of structural details. Since, in most cases, the latter can barely
be quantified through continuous variables, they are dealt with by taking into consideration alternative structural
models. They are hereinafter identified as Y; ,, (with j = 1...M and where m are the alternative considered models).

To address the model calibration process while dealing with the uncertainties, a variety of model updating methods
could be used,**° for example, direct (non-iterative) techniques (direct matrix updating or method and error matrix)
or iterative techniques (eigen-dynamic constraint, inverse eigen-sensitivity or response function methods). The first ones
directly update the stiffness and mass matrices, computing a closed-form solution through the structural equations of
motion and taking advantage of the orthogonality properties of modes. These techniques are computationally very efficient
but can bring to parameters that are not always physically meaningful.
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Conversely, in the examined case, the model calibration was performed by implementing an iterative technique based
on the use of sensitivity analysis. This estimates the effects caused by the different uncertainties and identifies those which
affect the global response the most. The target for the model calibration in the elastic field is the results of the dynamic
identification carried out with the AN of December 7, 2016, and with the SSI-Cov algorithm (Table 2). Although this
method can be computationally less efficient, the results are generally more consistent on a physical basis.
In particular, the calibration procedure used consists of three consecutive steps:

1. The execution of simplified sensitivity analysis for the epistemic variables, to identify the most reliable modelling
choice, and for the aleatory variables, to understand those affecting the elastic response most. The results of this prelim-
inary sensitivity analysis identify the variables to be taken into account in step 2, with little computational effort and
the possibility to directly verify the consistency between numerical results and physical meaning from an engineer-
ing perspective. More specifically, when it comes to the aleatory uncertainties, the “star design with a central point
approach” has been adopted.®” This approach limits the numerical analyses to be performed to 2N + 1 (where N is the
number of uncertain variables or group of variables). Each one of the 2N models is obtained by considering the median
values of all the uncertainties except for one (namely the investigated aleatory variable). It is set once at the lower value
of the range (Xj ,y) and once at the upper one (X; ;). The additional analysis (“+1”) is instead performed by setting
all the parameters to their median values. For the epistemic uncertainties, alternative models were considered, where
all the mechanical parameters were set to their median values (as in the “+1” analysis).

2. The execution of a complete factorial analysis on the sub-set of aleatory variables set in step 1. It aims to understand
the setting of variables (e.g., increasing or decreasing their value) and to identify their most efficient combination (e.g.,
increasing some variables, while decreasing others). In this step, 2V analyses were performed, where N’ (<N) are the
only aleatory variables found to be significant in step 1.

3. The final optimization of the model calibration. In this last step, the parameters identified in step 1 were modified
according to the rules defined in step 2. This was done in order to obtain the best fit between the numerical model and
the experimental data, that is, minimizing the error with respect to the target solution.

In the following section, the basic assumptions made to set the model are discussed, including the list of examined
uncertainties (Sections 4.2.2 and 4.2.3). The results of the three aforementioned steps are illustrated in Section 4.3.

4.2 | Setting of the numerical model
4.2.1 | Modelling approach and variables assumed as deterministic

The structural model was set up with the 3Muri software.*® The software is based on the EF modelling approach, which
considers only the in-plane behaviour of masonry walls and concentrates the deformability and the nonlinear behaviour
into specific portions of URM walls, namely piers (vertical elements) and spandrels (masonry beams that connect piers).
This approach is assumed to be reliable when the box behaviour is guaranteed. In the examined case, the data acquired on
structural details, the results of the dynamic identification and the analysis of the damage that occurred after the 2016/2017
earthquake unanimously highlight that it is possible to assume a global behaviour.

The first step in EF modelling is the idealization of URM walls into equivalent frames (Figure 8A-B). Therefore, each
wall is discretized by a set of masonry panels modelled as beams (piers and spandrels), connected by rigid areas (nodes).
In Figure 8B, the dashed lines connect the barycentre of the structural element with the nodes to which it is linked.

This step affects not only the nonlinear phase of the response (by assuming a priori the regions where cracks and non-
linearity will develop), but it also influences the elastic field. The definition of rigid areas can also potentially alter the
actual deformability of the walls. Although different criteria have been proposed in the literature for the mesh geometry
definition,?"**~*! no shared rules have yet been unanimously outlined. Recent research*? parametrically analysed the sen-
sitivity due to these criteria and compared the results of detailed FE and EF models. It highlighted that, in general, the dis-
persion of the results considerably increases with a pronounced irregularity in the opening patterns, especially in the non-
linear field. Moreover, both Cattari et al.*’ and Ottonelli et al.** recognized that the criteria proposed in Lagomarsino
etal.”! and Dolce*’ give reliable results. For these reasons, in the examined case, the dimensions of piers and spandrels have
been considered as a deterministic variable, defined according to the criteria proposed in Lagomarsino et al.”! Hence, it
has verified that the resulting rigid areas were not too big to limit the alterations induced in the walls’ stiffness (Figure 8B).
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FIGURE 8 Structural 3D model of (A) the former Courthouse in Fabriano and (B) mesh of one wall. Modelling strategies for the flange
effect: (C) full kinematic coupling or (D) intermediate coupling through calibrated beams
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FIGURE 9 Load percentage assumed for diaphragms at the different levels (the first percentage refers to the main orientation, the
second one to the orthogonal direction)

Once defined, the 2D modelling of the walls was used to construct the whole 3D model by introducing the diaphragms.
The latter are modelled in 3Muri as 3- or 4-nodes finite orthotropic membrane elements,?! identified by the Young modulus
Ej.q along the principal direction (floor spanning orientation), the Young modulus along the perpendicular direction Es,,
the Poisson ratio v and the shear modulus G,

In the examined case study, the uncertainty associated with the diaphragm load was treated as a deterministic variable,
since an accurate stratigraphy was available for all the diaphragms (Figure 3C). The diaphragm mass is not dominant
(about 30%), since masonry walls are massive. Concerning the stiffness properties, Ej,, and Ej,, were considered deter-
ministic and set to a value ranging from 5122 to 18690 MPa, as a function of the diaphragm typology. Conversely, only
G, has been considered as an epistemic uncertainty, being the most significant parameter in influencing the tangential
stiffness, coupling walls and redistributing seismic forces (both in linear and nonlinear phases).

The loads are transferred to vertical walls according to the floor spanning orientation identified in Figure 2. It was
assumed that a small load percentage is also supported by the orthogonal walls, considering that the diaphragms were
strengthened with a RC slab. This percentage was set between 5 and 10% (depending on the floor typologies) and treated as
a deterministic variable (Figure 9). Indeed, preliminary analyses highlighted that the effects of different load percentages
on the modal response are irrelevant and insignificant in the nonlinear field, where different mass repartition modifies
the stress on the piers and, consequently, their strength.

Finally, the model was considered as fixed at the base. Some preliminary analyses were carried out to investigate the
possible effect of the SSI on the structural response, as this could be significant even in the elastic field.'®** To this aim,
a shear modulus equal to 194 MPa was first assumed for the soil in the elastic condition. A compliant base model in
which equivalent linear springs - calibrated according to Gazetas*> — were placed under each pier at the base of the EF
model was then made. The dynamic identification carried out on this model suggested a possible elongation of the period
(around 15%) due to the SSI interaction, which was confirmed by also adopting the more simplified replacement oscillator
approach proposed in Maravas et al.*° It was also verified that the change in the mode shapes produced by the SSI was
negligible.

These results substantially confirm that this uncertainty is less significant than the others examined in this paper and
justifies neglecting it. This assumption is further corroborated by the fact that the soil properties around the building are
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TABLE 4 Range of variation of the aleatory uncertainties assumed in step 1 of the calibration process and values adopted in the final
model (step 3)

Step 1 of the calibration phase Final values adopted after
E (N/mm?) G (N/mm?) the calibration
X; (i=1...16) Xijow Xiwp  Xiow Xiwp k() k() EMN/mm’) G (N/mm?)
Piers X, =X;=ML_C1 1500 3089 500 1030 1.2 1.3 3089 1030
X, =X;3=MI1_C2 1500 3861 500 1287 1.5 1.3 3089 1030
X;=X,=M2 1200 4050 400 1350 1.5 1.5 4050 1350
X, =M3_A 1412 3006 471 1002 1.2 1.3 1412 471
Xs=M3_B 1372 2969 457 990 1.2 1.3 2969 990
Spandrels X;=X;s=MILF 1500 2574 500 858 - 13 2574 858
X; =X, =M1_C1_F 1500 3089 500 1030 1.2 1.3 3089 1030
Xg=X;5=M1_C2_F 1500 3861 500 1287 1.5 1.3 3089 1030
Xg=M2_F 1200 4050 400 1350 1.5 1.5 4050 1350
Xio=M3_F 1200 2700 400 900 . 1.5 2700 900

not particularly poor. In addition, the analysis of the H/V spectral ratio values provided by the MASW test did not suggest
any resonance frequency caused by the soil properties.

4.2.2 | Definition of the uncertainties described through continuous variables

According to Section 4.1, 16 aleatory variables X; (i = 1...16), associated with the masonry mechanical properties (Young
Modulus E and Shear Modulus G) were considered. The values are differentiated for each masonry typology (Figure 3A-B),
and piers and spandrels. The masonry of the last storey raised in 1950 has been considered as an independent variable,
as well. Table 4 summarizes the range of variation of E and G assumed for piers and spandrels in step 1 of the sensitivity
analysis, and the values assumed in the final calibration of the numerical model, at the end of step 3. In Table 4, the
variables from 11 to 16 refer to the raised level; the ID assigned to each masonry typology corresponds to that introduced
in Section 2.1.

The range of variation of E and G has been defined according to the reference values proposed in the Commentary of
the Italian Technical Code,*’ as well as the values of corrective coefficients (k; and k, in Table 4) that account for the
presence of constructive details, such as strengthening interventions or good quality mortar, etc. The values have been
also confirmed by some experimental tests available in the literature.'*8

Concerning the piers:

- For stone masonry (M1) and solid bricks masonry (M2): the minimum value (X; jo) corresponds to the minimum one
proposed in the Commentary of the Italian Technical Code*’ for the corresponding masonry typology, while the max-
imum value (X; ;) corresponds to the maximum one proposed in the Commentary of the Italian Technical Code?’
multiplied by k;, to take into account the intervention with reinforced plaster of 1999, and k,, to consider the presence of
good quality mortar. Concerning k;, the value of 1.5 was assumed for the walls strengthened on both sides (in agreement
with the above mentioned Commentary*’), while the value of 1.2 for those strengthened only on one side.

- For M3 (stone masonry with an external brick face, masonry type not covered by the Commentary of the Italian Tech-
nical Code*), the elastic modulus was estimated as a weighted mean accounting for the two masonry types and their
actual thickness. As a result, two classes were considered depending on the actual thickness: M3_A (thickness range:
78-90 cm) and M3_B (thickness range: 50-65 cm).

Concerning the spandrels:

- For those characterized by the same thickness of the adjacent piers, the same mechanical properties of the corresponding
pier were considered (M1_C1_F, M1_C2_F and M2_F).

- For those placed in the perimeter walls, which were strengthened with reinforced-plaster only on the interior of the
wall, the assumed parameters are those of the corresponding pier without the application of corrective coefficient k;
(M1_F and M3_F, this latter assumed to have been built with bricks).
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TABLE 5 Thickness and stiffness properties assumed for orthotropic

membranes
Set of parameters Membrane teq (cm) Geq (N/mm?)
Set A s1 6.0 12540
S2
S3 9.0 13125
Set B S4 3.5 700
4.2.3 | Definition of the uncertainties described through alternative models

According to Section 4.1, four epistemic variables Y; , (j = 1...4) were considered, including Y; = Flange effect, Y, = role of
the basement, Y; = effectiveness of the seismic joint between the RC staircase body and the building, and Y, = horizontal
diaphragms’ stiffness.

Regarding the flange effect (Y; in Table 6), the sensitivity analyses were mainly aimed at investigating the effects con-
nected to the actual length of the orthogonal pier where stress redistribution is possible.

In general, different solutions can be implemented in the software packages to model the coupling between orthogonal
walls. 3Muri (Figure 8C) adopts by default a perfect coupling, by defining 3D nodes that provide a full kinematic coupling
of the vertical displacement component in orthogonal walls. This is computationally effective, but it may lead to an over-
estimation of the flange effect in presence of flanges with significant width, as it takes the full width into account. Despite
this, it is possible to introduce a proper equivalent beam (Figure 8D) with stiffness calibrated to account for the actual
stiffness of the interacting piers. To this aim, the default equivalent idealization provided by 3Muri (Figure 8C) has been
modified by introducing some extra nodes (n; and n;, in Figure 8D) and a beam element (b marked in blue in Figure 8D)
connecting the two orthogonal piers.

Thus, the following cases were investigated as alternative options: (a) full kinematic coupling; (b) calibrated equivalent
beam; (c) effect of a poor wall-to-wall connection simulated by an equivalent beam of negligible stiffness. In case (b), the
beam stiffness has been computed on the basis of the piers geometry (tp; and lp; in Figure 8C) by considering only the
contribution of the length expected to be involved in the stress redistribution (i.e., by eventually considering a length Ip;
lower than the actual one, computed according to Eurocode 6*7).

Indeed, the third case (c) is not representative of the former Courthouse of Fabriano, as the quality of the wall-to-wall
connection was guaranteed by previous retrofitting interventions (as described in Section 2.1), but it was analysed anyway
to investigate this effect which can be relevant to existing URM buildings.

As far as the role of the basement is concerned (Y, in Table 6), two alternative models were studied: (a) only the above-
ground part (1.55 m height) has been modelled; (b) all the height of the basement has been modelled (3.66 m height),
assuming negligible restrain effects from the ground.

The effectiveness of the seismic joint (Y3 in Table 6) is associated with the connection between the main body of the
building and the RC stairwell and was modelled through equivalent orthotropic membranes. Three alternative cases were
considered: (a) full effective seismic joint, in which the staircase body was not modelled; (b) not effective seismic joint, in
which the orthotropic membranes are considered infinitely stiff; (c) intermediate condition, with a finite value of stiffness
for the orthotropic membranes.

As far as the diaphragms shear stiffness concerns (Y in Table 6), only the modulus G, has been considered as an
epistemic uncertainty. The value of G, allows accounting for two contributions: the actual floors stiffness and the effec-
tiveness of the wall-to-floor connection. Table 5 collects the values of thickness t,, and the shear stiffness G,, assigned
to the orthotropic membranes. The values refer to the following assumptions: diaphragms are well connected to walls,
and representative of actual homogenized values of the materials that characterize the stratigraphy of the diaphragms
(option a in Table 6). In particular, Set A collects the diaphragms of the first three levels (S1, S2 and S3 in Section 2.1)
retrofitted with a RC slab, while Set B refers to the timber floors of the upper level (S4), retrofitted with steel X-bracing,
and the roof. Starting from option a, three additional cases were considered, characterized by G4 values representative
of (b) infinitely rigid diaphragms; (c) flexible diaphragms; and (d) different stiffening roles of the various wings of the
T-shaped plan. Options (b) and (c) were simulated to increase or decrease, respectively, by two orders of magnitude the
Geq values (see Table 5). In contrast, option (d) includes two alternatives: (d1) stiffening the diaphragms of areas A4/A5
(see Figure 9, named as part “T”), while the others were set to the values of Table 5; (d2) stiffening the diaphragms of areas
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TABLE 6 Considered epistemic uncertainties (in bold the ones assumed in the validation phase)

Option (m)
Y; a b c d
Y, = flange effect Full kinematic coupling Calibrated equivalent Poor wall-to-wall
beam connection quality
Y, = role of basement Restrain effect of the Restrain effect of the
ground considered ground neglected

Y; = effectiveness of Seismic joint fully Seismic joint ineffective Intermediate condition

the seismic joint effective
Y, = diaphragm Actual values Infinitely rigid Flexible Values differentiated

stiffness for T and R parts

Y, } Y, : Y, .

o
SHohoncns

s

FIGURE 10 Resultsin terms of error per cent (err%)

A1/A2/A3/A6 (see Figure 9, named as part “R”). This further study is justified by the fact that portions of the floors of part
"T" are smaller than those of part "R"; thus, the stiffening effect could be bigger. In this case, the stiffening was simulated
by increasing the values listed in Table 5 by only one order of magnitude.

Table 6 summarizes all the considered epistemic uncertainties Yj ,. The most reliable results obtained from step 1 of
the sensitivity analysis are highlighted in bold (as discussed more in detail in Section 4.3). The latter are those assumed
in steps 2 and 3 and, finally, in the validation phase.

4.3 | Results of sensitivity analysis

This Section presents the results of the sensitivity analysis performed following the three steps described in Section 4.1.
Numerical results were compared to the target ones assessing the percentage error (err%) on the natural periods and
calculating the MAC index? between experimental and numerical mode shapes. The effects on the dynamic response of
the epistemic uncertainties are presented separately (step 1, Section 4.3.1) and so are the influences of the aleatory variables
(steps 1, 2, and 3, Section 4.3.2).

4.3.1 | Influence of uncertainties described through alternative models

Figures 10 and 11 show the err% on the first eight natural periods and the MAC index for the four modal shapes respectively.
A variation of models was considered for each epistemic variable. The results refer to models set at the mean values of the
parameters treated as aleatory uncertainties and defined in step 1 (see Table 4).

Concerning the flange effect (Y7), it is interesting to note that option (a) (full kinematic coupling) produce the lowest
error in terms of the period (Figure 10), but also the highest discrepancy in terms of mode shapes (Figure 11). Taking
into account a more realistic coupling among walls through the calibration of the equivalent beam produces the right
inversion of the first two modes. This results in a better agreement in terms of MAC; for this reason, option (b) has been
considered to be the most reliable, also because moving from option (b) to (c), the results steadily get worse due to the
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FIGURE 11 Results in terms of modal assurance criterion (MAC) index

fact that the wall-to-wall connection is rather good in this structure. Concerning the height of the basement floor (Y>),
the results of the sensitivity analysis demonstrated that this uncertainty does not noticeably affect the mode shapes. As
expected, modelling the whole height of the basement determines a more flexible model, with percentage error on the
fundamental period equal to -14.35% for Y, , and -21% for Y, },, respectively. The strategy assumed as the most reliable is
the one in which only the part of the basement placed above-ground is modelled (Y3 , in Table 6).

Concerning the role of the seismic joint (Y3), the results of the sensitivity analysis reported that, when considered
effective (Y3, in Figure 11), higher values of the MAC matrix on the diagonal are observed as well as the stabilization of
the global response. Despite that, the uncertainty of this variable does not significantly affect the results in terms of err%
on the periods (Figure 10). During further analyses, the seismic joint was considered fully effective.

Finally, the results of the sensitivity analysis based on diaphragm stiffness (Y;) showed that infinite stiff membranes
(Y,p) or flexible membranes (Y, ) resulted in an unfavourable correlation between the experimental target in terms of
mode shape. Indeed, although the MAC values of the first two modes are quite high, the MAC matrixes are not completely
diagonal. Focusing on the effects of stiffening, when stiffening only part "R" (Y} 4,), the MAC matrix is not diagonal, simi-
larly to what occurs in the case of option Y . For this reason, Figure 11 presents the MAC values obtained by using option
Y, 41- In the analyses presented hereinafter, the Y, variable is adopted by assuming the values of parameters summarized
in Table 5, and by increasing the stiffness of the "T" part only.

4.3.2 | Influence of uncertainties described through continuous variables and calibration
optimization
Concerning step 1 of the sensitivity analysis, Figure 12 illustrates the sensitivity factors S,, calculated as:

S = Rmax - Rmin X 0.5 (Pmax + Pmin)
B 0.5 (Rmax + Rmin) Pmax - Pmin

€))
where:

- Rp.x and Ry, are, respectively, the maximum and minimum response of the model in terms of frequency.
- Phax and P, are, respectively, the maximum and minimum values adopted for the parameter.
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FIGURE 13 Errors per cent obtained from factorial analysis (step 2 of sensitivity analysis)

Results highlight that the dynamic response is more sensitive to the differences among the three predominant masonry
types (M1-stone masonry, M2-brick masonry and M3-stone masonry with external brick face) rather than the differences
individuated within each sub-category. Moreover, as expected, the role of piers was dominant with respect to that of
spandrels.

Hence, in step 2, all the masonry typologies first defined were grouped into three groups of variables (M1, M2, and
M3), in which all the sub-categories were characterized by the same materials used. The latter was treated as correlated
variables, thus in the factorial analysis (step 2), they were varied between their respective minimum or maximum values
simultaneously. Figure 13 presents the results of the complete factorial analysis on the first three modes in terms of err%
with respect to the experimental target. From these results, it is possible to observe that better results are generally obtained
by setting the mechanical parameters to the maximum value of the range for all the masonry typologies. However, to obtain
the best fitting in terms of modal shapes it is necessary to decrease some parameters.

Finally, passing to step 3, the numerical model was optimized by varying the values of parameters on basis of evidence
from step 2 to guarantee the best fit in terms of both natural periods and modal shapes. The comparison between the
calibrated model and the experimental target are summarized in Figure 14 that presents for the final model: the percentage
of participant mass and periods (Figure 14A); the err% of the periods compared to the experimental target (Figure 14B);
the MAC index (Figure 14C). The mechanical parameters assumed in step 3 are summarized in Table 4. Finally, Figure 15
shows the mode shapes of the calibrated model; due to the high values of the MAC index, they also provide an in-plan
overview and a more comprehensive reconstruction of the experimental modes depicted in Figure 5.

It is interesting to point out that the correlation between modes two and four (which one can see in Figure 14C) has
also been highlighted in the AutoMAC calculated on the basis of experimental results, underlining a further coherence
with the numerical model. From Figure 14 it is possible to see that err% and MAC on the first four modes, which are the
ones that activated the most significant participant mass (close to 70%) are quite good. Moreover, it was verified that the
higher modes are local modes and that they do not activate significant participant masses.
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FIGURE 14 Final model resulting from the calibration process: (A) participant masses and experimental and numerical periods for the
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VALIDATION OF THE EQUIVALENT FRAME MODEL IN NONLINEAR FIELD

The validation of the calibrated model in the nonlinear field is described hereinafter by simulating the dynamic response
of the structure during the shock of October 26, 2016 (19:18 earthquake). NLDA were performed by using the three com-
ponents of the accelerogram (recorded by the monitoring system at the base of the building, that is, sensors no. 29, 30, and
31 of Figure 4A) as input. To perform the NLDA, the following assumptions were made:

- The nonlinear response of panels was modelled by adopting the piecewise-linear constitutive laws formulated by Cat-
tari et al.°’ and implemented in the research version of the software package Tremuri.?"! Such constitutive laws are
based on a phenomenological approach. They are able to simulate the nonlinear response through progressive strength
degradation in correspondence with assigned drift values and to describe different hysteretic responses.

- A Rayleigh damping was introduced. The damping coefficient was set to 3% in the range of the following conventional
periods: the first period of the modal analysis (7;) and the secant period (T..) computed by assuming a ductility value of
4 (i.e., Ty, = 2T7). The latter allows to take into account the evolution in the nonlinear range of the structural response
and to avoid excessive overestimations of the visco-elastic damping during nonlinear dynamic analyses.

Concerning the strength mechanical parameters, Table 7 presents the assumed values, differentiated for piers and span-
drels. The latter was defined on the basis of the results from the sensitivity analyses, starting from the reference values
proposed in the Italian Technical Code*” and choosing the minimum or maximum value coherent to the assumed value

for the elastic stiffness parameters after calibration.
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TABLE 7 Mechanical properties assumed for piers and spandrels

Piers Spandrels
(N/cm?) X;=Xn X;=X13 X;=Xp, X, Xs X6 =Xi6 X;=Xu X3 =X;s5 Xy Xi0
Numerical fu 593 593 900 254 606 494 593 593 900 600
model Ty 11.5 11.5 20.7 5.7 12.7 9.6 11.5 11.5 20.7 13.8
A. X direction B.Y direction C. Sensor 12
16.20¢ 9 9 1620 © 9 015
\ 1 \ |
| | 0.1
\ \ |
i\ \\ il 0.05
1\ . | o0 A AN
12.03 ’&D O.Sulsol 17120} | | (b ?f 0P\ o
: ‘ L] -0.05
o\ ‘ I 0.1
= o\ |
£ I \\ \‘ L -0.15
- | | N 19
£6.73 Qg & & 673 ¢ @\ i
‘S | \ \ | \
< | \ \ 4\ R
} \ \ ¥ e, 0.15
! ! ps " 0.1}
1.55} ] & 1.55 , oo 0.05
- | | o0
VAl | | 20 Ol
A | | o
i | , -0.0%
Va4 ! ! -0.1
0 h | L ! ) 0 | 1 ! )
50 60 70 8 90 100 50 60 70 80 90 100 -0.15
CoV [%] CoV [%]

FIGURE 16 Comparison of numerical and experimental accelerations (sensors are placed as in Figure 4A)

The maximum shear strength of masonry panels modelled as nonlinear beams were computed according to a simplified
analytical strength criterion. A detailed review is presented in Calderini et al.,>* for piers, and in Beyer and Mangalathu,>
for spandrels, respectively. More specifically, the shear failure mode was described by referring to the diagonal shear crack-
ing classified according to the criterion proposed in Turnsek and Sheppard>* and based on the use of the shear strength 7.
The flexural response was assigned to piers through the common criterion proposed in Codes,*>° neglecting the tensile
strength of the material and assuming a stress block of normal distribution at the compressed toe. Conversely, in the case
of spandrels, the flexural response was also interpreted to account for the contribution of equivalent tensile strength.*”->
The latter is justified by the interlocking phenomena that may be activated at the end sections, favoured in the former
Courthouse in Fabriano by the strengthening interventions realized (reinforced plaster). Finally, with regards to the other
parameters in defining the constitutive law, the assumed drift was consistent with those proposed in technical literature>’
and supported by experimental evidence from existing masonry typologies."*® Concerning the hysteretic response, values
compatible with those already described in Cattari et al.>! were adopted for the coefficients which control the unloading
and uploading phases.

Although it is evident that strength parameters are also affected by uncertainties, in the numerical simulation they were
considered as deterministic. This choice is consistent with a blind prediction that a common and expert analyst would
perform, first, calibrating the model against the dynamic identification data from AVTs and, then, by defining all the other
parameters through expert judgment. Indeed, the valuable data from permanent monitoring and recordings from seismic
events are usually missing in common engineering applications.

Figures 16 and 17 present the comparison between the experimental and numerical results, initially provided at a local
scale. In particular, Figure 16 shows: the covariance (CoV) between experimental and numerical accelerations obtained
from the sensors placed along the same Vertical Alignment (VA) identified in Figure 4A (Figures 16A and B); the compar-
ison between the experimental (in black) and numerical (in red) acceleration time histories for the two sensors no. 12 and
17 (Figures 16C and D). In contrast, Figure 17 illustrates the comparison between experimental (continuous graphs) and
numerical (dashed graphs) acceleration floor spectra obtained from the sensors placed along the same VAs. The results
indicate a sufficient correlation between numerical and experimental data, being that the CoV coefficients are in general
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FIGURE 17 Comparison between numerical and experimental acceleration spectra
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FIGURE 18 Comparison between the experimental and numerical V-d curve evaluated from NLDA in the (A) X and (B) Y directions.
Also, the pushover curves (PO) obtained from NLSA under the three modelling strategies considered for the flange effect (namely Y;) are
reported

higher than 70, except for the VA4 in the Y direction (with values around 60%). Moreover, from Figure 17, it is possible
to observe that the numerical model is able to correctly reproduce the amplification phenomena on the seismic action
provided by the filtering effect of the structure. A favourable agreement was observed for all sensors except for those in
VA4, in which a slight underestimation was noticed as already highlighted. Validating the capability of models to repro-
duce such phenomena is extremely valuable from an engineering point of view. That is due to the fact that the numerical
model constitutes the tool for seismic assessment in both structural and non-structural components.*®

Furthermore, the comparison was intensified by checking the entities representative of the global response. Figure 18
shows the results in terms of dynamic hysteretic curves “inertial forces V versus top displacement d”. The experimental
curve (plotted in black in the figure) was evaluated by defining an equivalent M-DOF system (where M is equal to the
number of stories) and by computing V as the sum of the product of the experimentally recorded accelerations (a;) and
the corresponding masses (m;). The latter was estimated on the basis of the conventional area attributed to each sensor
as illustrated in Figure 18A. The top displacement d was computed as the average displacement of nodes on the top level,
weighted on the pertinent mass.

Together with the results of NLDA, Figure 18 also shows the results of the NLSA performed by the assumption that the
load pattern was proportional to the masses (PO in the figure). In particular, the different pushover curves correspond
to the different alternatives discussed in Section 4.3.1 for the flange effect (Y7). Although, the most reliable option for the
examined case was b. In addition, the others are discussed here in order to show how this factor can significantly affect
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FIGURE 19 V-dhysteretic curve from NLDA: comparison between experimental and numerical results in (A) X and (B) Y directions

the structural response in the nonlinear phase. The results show the effects of varying the stiffness of the equivalent beam
which is modelled to simulate the flange effect (namely Y; a, b or ¢). In fact, a noticeable variation in both the overall base
shear and ductility, particularly in the Y direction, is observed. This is consistent with the presence of many internal walls
which are orientated in this direction with few or no openings. This result supports how useful AVTs are in addressing
modelling choices that affect not only the linear but also the nonlinear response. This is especially evident when the
structure is subjected to seismic actions.

Figure 18 also highlights that the structural response is in the pseudo-elastic field (visible by comparing the hysteretic
with the pushover curves); the latter result is consistent with the damage survey which showed negligible damage to the
structure. Finally, Figure 19 shows a close-up of the hysteretic curves which confirms that the numerical results (in red)
fit very well within the experimental ones (in black).

6 | CONCLUSIONS

The results presented in this paper highlight the significant benefit of having data from both ambient vibration tests and
seismic monitoring. In fact, AVT signals allowed for the proper calibration of the dynamic response in the elastic field,
while strong motion data were used to validate the structural response in the nonlinear range.

The studied URM building is interesting because of (i) its architectural features (similar applications, available in the
literature, involved only towers and churches); (ii) its complexity, which causes the calibration process to be much more
challenging; and (iii) the availability of recordings during earthquakes, which are essential to validate the numerical model
and for its use as a more reliable seismic assessment.

Modal dynamic identification performed using various techniques allowed for the extraction of natural frequencies and
mode shapes, while also assessing the reliability of the obtained results. Among the employed techniques, the pLSCF and
the SSI-Cov ones proved to be particularly effective. The extraction of modal parameters, using seismic monitoring data,
highlighted the tendency of frequencies to decrease as earthquake intensity and amplitude increases. As confirmed by the
evidence gathered on the actual response of the structure, variations are not due to the activation of irreversible nonlin-
ear behaviour of the structure (associated with seismic damage), but it may depend on reversible, amplitude-dependent
nonlinearities inherent in the system’s response. This wandering of modal parameters has to be taken into account when
interpreting seismic monitoring data.

The model calibration in the elastic field highlighted the potential of the sensitivity analysis to better understand those
uncertainties that affect the building response most. Moreover, it underlined the importance of AVTs data as a target
for calibration allowing us to address the appropriate strategy for the alternative options considered. AVTs data turn out
particularly effective in the cases when local inspections are problematic and often inconclusive, for example, wall-to-
wall connections. These results - together with the technological advancements of the last few decades and the associated
costs becoming more convenient — suggest that the use of dynamic monitoring is a very efficient resource with minimum
impact on the structure. As clarified in this paper, the Central Italy earthquake sequence caused only slight damage to the
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structure. Therefore, this case study, in contrast with others,'® is not considered to be the ideal example for a solid validation
in the strong nonlinear phase. Nevertheless, the achieved results provided valuable outcomes from an engineering point
of view. For example, the comparison between the actual and numerical response showed that the calibrated model was
able to properly describe the amplification phenomena of the seismic input. The capability of the model to simulate the
latter phenomenon is very useful for the verification of non-structural components or, in case of URM structures, of local
mechanisms associated with the out-of-plane response.

In conclusion, the validation of the calibrated model confirmed the potential of the selected modelling strategy. The
equivalent frame approach demonstrated in fact to perform very well in simulating the seismic response of existing com-
plex masonry buildings, at least when a box-like behaviour type is guaranteed, as in this case.
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