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Abstract: This paper reports the knowledge process and the analyses performed to assess the seismic
behavior of a heritage masonry building. The case study is a three-story masonry building that was
the house of the Renaissance architect and painter Giorgio Vasari (the Vasari’s House museum). An
interdisciplinary approach was adopted, following the Italian “Guidelines for the assessment and
mitigation of the seismic risk of the cultural heritage”. This document proposes a methodology of
investigation and analysis based on three evaluation levels (EL1, analysis at territorial level; EL2, local
analysis and EL3, global analysis), according to an increasing level of knowledge on the building.
A comprehensive knowledge process, composed by a 3D survey by Terrestrial Laser Scanning (TLS)
and experimental in situ tests, allowed us to identify the basic structural geometry and to assess the
value of mechanical parameters subsequently needed to perform a reliable structural assessment. The
museum represents a typology of masonry building extremely diffused in the Italian territory, and
the assessment of its seismic behavior was performed by investigating its global behavior through
the EL1 and the EL3 analyses.

Keywords: seismic vulnerability; terrestrial laser canning; in situ investigations; masonry buildings;
knowledge level

1. Introduction

The dynamic response of ancient masonry buildings under seismic loads differs
substantially from that of recent masonry constructions who are designed according to
specific aseismic rules and recommendations. Observation of the damages exhibited by
historic constructions after main earthquakes [1,2] shows that their structural response is
mainly ruled by local failures, typically consisting of out-of-plane overturning of portions
of the walls. This behavior is the consequence of the absence of a box-like behavior of
the buildings and only if the out-of-plane collapses are prevented a satisfactory seismic
performance (i.e., the development of a global failure mode) can be achieved. When the
out-of-plane collapses are prevented, the in-plane stiffness, strength and deformation
capacity of the masonry piers are fully exploited, and they rule the dynamic response of
the structure. In this respect, it is widely recognized that adequate masonry quality, proper
connections between orthogonal masonry walls and between walls and floors are effective
features able to prevent the local failures [3–5]. A significant role in coupling the response
of the different walls is also played by the in-plane stiffness of the diaphragms [6,7].

These few remarks point out the attention that the analyst must pay in analyzing
the seismic behavior of an ancient masonry building. The so-called “knowledge process”
and the use of reliable numerical models to evaluate the seismic risk are the two essential
steps of the analysis. Although in many cases simplified partial models can be used, a
global model can better capture the seismic response of the structure provided that a proper
modelling of walls and floors is performed. Recently, methods based on an interdisciplinary
approach in which local and global analyses are performed have been proposed. This is
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the case of the Italian technical document “Guidelines for the assessment and mitigation of
the seismic risk of the cultural heritage” [8] that proposes a methodology based on three
different levels of evaluation, according to an increasing knowledge of the structure. The
first level (EL1, analysis at territorial scale) allows one to evaluate the collapse acceleration
of the structure by means of simplified models based on a limited number of geometric and
mechanical parameters as well as qualitative tools. The second level (EL2, local analysis) is
based on a kinematical approach performed to analyze the local collapse mechanisms of
single portions of the structure (the so-called macro-elements). The identification of proper
macro-elements is based on the knowledge of the building structural details (construction
techniques, connections between architectonic and structural elements, cracking patterns,
etc.). The third level (EL3, global analysis) consists in a global analysis of the whole
building under seismic loading by reliable numerical models. Compared to the previous
two levels, the EL3 is the most accurate but it requires a large amount of input data and a
great computational effort depending on the employed approach [9–11].

The fundamental prerequisite both for a reliable seismic safety assessment and for a
correct maintenance and measures planning is the knowledge of the building. If compared
with modern constructions, the definition of a numerical model of heritage and ancient
buildings need more information including a detailed and in-depth investigation process.
For these reasons, the model reliability is strictly connected with the knowledge level and
the available data. The Italian Guidelines [8], in this respect, define the knowledge process
as composed by the following main activities: (i) building identification and functional
characterization of its spaces, (ii) geometric survey, (iii) historical analysis (past events,
interventions and geometric changes over time), (iv) construction technique survey and
state of conservation, (v) material identification and characterization, (vi) geotechnical
identification of the soil.

In recent years, taking into account the powerful technologies like the Terrestrial
Laser Scanning (TLS), the Aerial Laser Scanning (ALS) and the digital multi-view pho-
togrammetry that allow collecting a large amount of detailed data in a short time, the
relevance of the geometric survey has been increased. Nevertheless, the data obtained
with such technologies (usually structured in a dense cloud of 3D points) are still not
directly suitable for the creation of a numerical model, and several operations are necessary
to this aim. Several studies are now available in literature, and various semiautomatic
methods have been proposed to face different cases and situations. Some researchers focus
on the parametric extraction of the building geometry from the point cloud and then on
the creation of the finite element (FE) mesh starting from a solid geometry. For instance,
Barazzetti et al. [12] generated a FE model starting from a Building Information Modelling
(BIM). A procedure based on curve networks and parametrization of NURBS surfaces
was used to semiautomatically obtain a BIM that preserves the complexity offered by the
laser cloud. Xu and Neumann [13] proposed a generic methodology based on parametric
models, approximating 3D feature data with T-spline, B-spline and NURBS. Other scholars
focus on the creation of the FE mesh directly from the point cloud. Castellazzi et al. [14]
introduced a technique called CLOUD2FEM to generate a FE model directly from a laser
scanner survey. The method is based on slides extraction that contributes to the creation of
the voxel model, but the procedure needs user intervention. Hinks et al. [15] introduced
a point-based voxelization method to automatically transform the point cloud data into
a solid model for computation modelling and FE analysis. The method is fast and offers
a high degree of automation, but it still requires better shape detection and the ability to
distinguish the real openings from the occlusions. Bassier et al. [16] proposed a method to
create an accurate and realistic FE mesh of a heritage masonry wall with the integration of
crack information. Finally, some researchers focus on the automated extraction of build-
ing structural elements, like beams, trusses and arches. For instance, Armesto et al. [17]
exploited photogrammetry to extract trusses for the evaluation of historic timber roof
structures. The literature review shows that much of the efforts of the researchers are
related to the automatic or semiautomatic creation of 3D geometric models to be employed
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for the creation of a 3D FE model [18–22]. Still, several issues emerge in the representation
of heritage structures that always require several manual preprocessing operations.

Within this framework, this paper presents the results of a study performed on
an historic masonry building representative of a very common typology in Italy. The
investigated structure is the Vasari’s House museum in Arezzo (Italy) that was analyzed
within a research project promoted and financed by the Italian MIBACT (Italian Ministry
for the Heritage, Cultural Activities and Tourism). The paper illustrates the methodology
employed to develop the knowledge process and to evaluate the seismic risk of the museum.
At first, a historic investigation was performed with the purpose to analyze the evolution
of the complex over the centuries comprehending a detailed geometric survey through
the Terrestrial Laser Scanning (TLS) technology [23,24]. The TLS allowed a complete and
detailed geometric characterization of the building, the correct spatial distribution of the
structural elements with their deviation from planarity and verticality, and the assessment
of the real thickness of walls and roofs which are not directly measurable with a traditional
survey. Subsequently, the typologies of floors, roofs and masonry walls were investigated
through visual inspections, nondestructive in situ tests, semidestructive tests on mortar
(DRMS) and flat-jack tests. The seismic risk was eventually investigated according to the
three levels of the Italian standards. This paper is focused on the results obtained by the
two global approaches (EL1 and EL3), while the details of the local analysis (EL2) are
reported in [25]. The adopted survey procedure is discussed with the aim of highlighting
several peculiarities of the case study that are recurrent in similar historic structures and
that play a significant role in the seismic response of the building.

2. Building Description and Historical Notes

The Vasari’s House museum is a masonry palace located in the northern part of the
historic city center of Arezzo (central Italy). The museum was the family house of Giorgio
Vasari, who was born in Arezzo on 30 July 1511. He is one of the most famous Italian
architects, painters, and historians of the XVI century. Vasari for instance was involved,
working for the Medici family in Florence, in the design of the Uffizi Gallery (the loggia
and a long passageway that connects Palazzo Vecchio with Palazzo Pitti today called
Vasari Corridor) and on the execution of the frescoes inside the Cupola of Santa Maria del
Fiore (that were later completed by Federico Zuccari with the help of Giovanni Balducci).
The Vasari’s House (Figure 1) was bought by the artist in 1540. He was involved in the
building renovation and personally contributed to the decoration of the rooms which
was completed in 1548. The main façade of the building, which is independent by the
neighboring constructions, faces via XX Settembre and is organized in three levels: ground,
first, second floor, and an attic. The rear façade, which faces the garden (Figure 1), being
partially underground is characterized by only two levels: the first and the second floor, in
addition to the attic.

Since 1955, the Vasari’s House is a museum dedicated to Giorgio Vasari. The first floor
locates the main part of the museum where a collection of Mannerist paintings is exposed.
The rooms of this floor are decorated with the frescoes painted by Vasari. The ticket office
together with other technical spaces is located at the ground floor. The second floor hosts
the library, together with two private spaces (the residence of the building caretaker, as
well as another apartment owned by the Superintendence of the Cultural Heritage). The
last level is the attic: one half of it is used as deposit, while the other one, accessible only
for maintenance purposes, is unused.

Inside the museum is kept the so-called Vasari Archive, a collection of sketches,
paintings and private letters by Pope Pius V and Cosimo I de’ Medici. Figure 2 shows some
internal views of the museum.
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Figure 2. Internal views, (a) First floor, (b) Timber roof. 

The analysis of historic documents and past studies allowed one to obtain infor-
mation about the evolution process [26]. The original structure, quite similar to the cur-
rent one, had a rectangular plan layout with dimensions of 16 m × 15 m. Some external 
parts were added during the centuries, as is also clear even observing the main façade 
and the roof plan. Some of these changes appeared for the first time in a plan of the XIX 
century. In recent times, the museum has been interested by minor interventions: slight 
modification of some openings, substitution of some internal floors and refurbishment of 
a portion of the wooden roof. During the 1960s, at the ground floor some walls and vaults 
were thickened adding an additional masonry brick leaf. 

Figure 1. Views of the façades, (a–c) South-East front façade, views from the street (via XX Settembre), (d) South-West rear
façade, (e) North-West rear façade.
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Figure 2. Internal views, (a) First floor, (b) Timber roof.

The analysis of historic documents and past studies allowed one to obtain information
about the evolution process [26]. The original structure, quite similar to the current one,
had a rectangular plan layout with dimensions of 16 m × 15 m. Some external parts were
added during the centuries, as is also clear even observing the main façade and the roof
plan. Some of these changes appeared for the first time in a plan of the XIX century. In
recent times, the museum has been interested by minor interventions: slight modification
of some openings, substitution of some internal floors and refurbishment of a portion of the
wooden roof. During the 1960s, at the ground floor some walls and vaults were thickened
adding an additional masonry brick leaf.
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3. Geometric Survey

To correctly evaluate the risks that a cultural heritage is exposed to, it is essential
to assess the object geometry realistically. Conversely to new constructions, historical
buildings require considering irregular geometries, complex shapes, lack of symmetries,
differences in thickness, etc. A so-called “digital twin” of the real building can profitably
conduct computation and simulation [27]. The digital model derived from the real object
constitutes the virtual representation of the physical system. Geomatics studies cutting-
edge technologies that can be elected to digitize first of all the geometric consistency
of the object and integrate information of other nature. Range-based (laser scanning)
and image-based (digital photogrammetry) techniques both produce high-resolution 3D
models, initially made up of points (the so-called “point clouds 3D models”), which can
then be processed to obtain different 3D and 2D outputs.

The Vasari’s House museum is an excellent example to demonstrate the potential
of a 3D survey to document the metric consistency of a historical building, analyze its
structural deformations, highlight the traces that remain from its transformations and
support structural studies.

3.1. Previous Survey Assessment and Data Reuse

Before starting a new survey activity, it is necessary to check the available documenta-
tion to evaluate the possibility of integrating it, updating it or certifying the need for a new
and complete survey. The curation of spatial and metric data is a hot topic in the world
of cultural heritage [28], and a number of ongoing projects are developing guidelines and
examples of how to aggregate such data. Digital archaeology is a closely related field in
which scholars promote greater reuse of data curated in repositories, as recently discussed
in [29].

Concerning the previous surveys of the Vasari’s House museum, those that were
made available by the Superintendence are: (i) plans of the basement and first floor, a
cross-section, North-East and North-West elevations; drawings are hand-drawn, and they
were subsequently digitized in raster format (PDF); (ii) plans of the basement, first, second,
and attic floors, a cross-section, North-West façade, digitized in vector format (DWG). Both
drawing sets are not accompanied by the corresponding metadata, i.e., information on
when, how and by whom they were made. The analysis of the documents highlights that
in the first survey some particularly articulated spaces, such as those in the basement,
are represented with strong geometric schematization, neglecting the very evident out-
of-square of the walls. The projections of the coffered and vaulted roof structures of the
rooms are reported and the drawings are not dimensioned, but a graphic scale is reported.
The state of the building at the time of the restoration work in the 1970s is represented. In
the second survey the plan of the basement floor gives a plausible account of the irregular
conformations of the rooms, but the drawings are not dimensioned (although implicitly
scaled thanks to their vector format) and in part correspond to the digitization of the
previous survey.

To assess this kind of document several aspects need to be considered, including
completeness, reliability, effectiveness and usability [30]. In the present case they constitute
a good documentation of the state of the building. In particular, the latter survey appears
to be up to date, documenting the latest interventions made on the building (except for
some details related, for example, to the technical compartment for the recently installed
lift). Their equivalent graphic scale corresponds nominally to what is necessary to carry
out the structural analyses so that their effectiveness is almost good. However, both
representations contain information related only to the reference section plane but lack
the essential information about elevations of, e.g., floors and openings. In addition, the
description of the important differences in height between the street and the garden is
missing. In both cases only one section is available, making their completeness very
much lacking.
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Considering the noticeable differences in the representation of the more irregular
compartments, it can be assumed that their metric reliability is also limited, thereby their
usability for the project described here was not appropriate. Therefore, it was decided
to carry out a new survey aimed at the construction of a 3D database to document the
building with high resolution. This detailed 3D survey was performed by the GeCo
Lab of the University of Florence (Geomatics for the Environment and Cultural Heritage
Conservation Lab).

3.2. Topographic Control Network

The topographical survey is the least noticeable phase of the 3D survey, whose traces
are not evident in the three-dimensional models and the final drawings. However, at the
same time, it is the geometric structure that guarantees the reliability of the entire survey
and is the way to correctly connect all the spaces, internal and external, of the building.
It is in fact a matter of determining the position of a few points, whereas laser scanning
and photogrammetry generate multi-million-point models. Yet, the control network plays
a key role: in the Vasari’s House museum, it consists of eight vertices. They are in the
street in front of the building, in the back garden and at the beginning and end of the stairs
leading to the main floor and a closed traverse connects them. A large part of the rooms on
the second floor and in the attic were reached from the traverse vertices with topographic
measurements through the windows (Figure 3).
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Figure 3. Control network supporting the 3D laser scanning survey.

All the vertices were materialized stably, and witness diagrams were sketched. Their
position was determined to ensure sub centimetric accuracy: measurements were collected
by total station, repeating observations, and applying rigorous methods. This allowed
for the establishment of a local reference system for the entire survey and allowed spatial
relationships to be defined even between spaces that are not directly connected; this enabled
the accurate evaluation of the thickness of walls, slabs, and vaults.

3.3. Laser Scanning Survey

A terrestrial laser scanner has acquired the high-resolution 3D model. Fifty scan
positions were set up in most of the rooms and all around the building, acquiring data with
a 360◦ field of view. Forty-seven targets were measured starting from the control network
and supported the alignment of the scans, further optimized by a global registration based
on Iterative Closest Point (ICP) algorithm. Furthermore, 762 million points made the final
3D model (Figure 4).

Starting from thin slices of the point cloud model, the plans and the building cross-
sections were vectorized, thus obtaining a reliable representation of rooms and the thickness
of walls and slabs. To provide more exhaustive documentation of the inner spaces, orthoim-
ages of the 3D model integrated the section profile in cross-section, describing in-view
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elements and characterizing technological elements (as in roof structure) and the excellent
paintings in some rooms at the first floor. Similarly, the façade drawings were based on 3D
model orthoimages, accurately documenting doors and windows, with their corniches and
the relationship of the building with the sloping road in the front and the garden in the
back (Figures 5 and 6). Orthoimages render the orthogonal view of the 3D model, which (as
a 3D photo) records everything in view from the scan position; unwanted points removal
and data classification currently still require manual procedures.
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The application of state-of-the-art techniques and devices and the choice of the best
protocols and methods improves the understanding of Cultural Heritage; 3D metric models
bring new knowledge and support collaboration between disciplines, with a time and costs
efficiency perspective. It is important, however, to plan the fieldwork in advance. Particu-
larly in morphologically articulated conditions as in the case of the Vasari’s House museum,
lines of sights must be carefully verified, the position of targets must be as homogeneous
as possible, but at the same time they must respect the surfaces and furnishings (on which,
in this case, it was obviously not possible to stick anything). The rooms must be given a
unique identification code, to allow immediate identification and better management of
the subsequent data processing phases.

4. Material Survey

A comprehensive survey composed by visual inspections and in situ tests was per-
formed to assess the masonry typologies, the mortar quality, the typology of floors and
roof and the effectiveness of the connections between the walls. The type and the position
of the tests are resumed in Figure 7, and they included: 10 visual inspections on masonry
(S) in different zones selected based on the historic survey, two flat-jack tests (FJ), 3 mechan-
ical investigation of the mortar by the Drilling Resistance Measurement System (DRMS)
technique [31] and a Ground Penetrating Radar (GPR) test to investigate the structure of
the second level floor. Chemical analysis and X-ray diffraction analysis on three samples of
mortar were also performed, as well as a complete exploration of all external and internal
walls to detect cracks and defects.

To check the masonry typologies, the organization of its texture and the effectiveness
of the connections between the masonry walls, several portions of the plaster were removed
in 10 zones of the building. As shown in Figures 8–10, several types of texture were found
with different dimensions and shapes of the stones and, in general, a different organization
of the masonry.

The examination of the walls in the zones S1-PT and S2-PT, which belong to the
original nucleus of the building, evidenced single leaf walls constituted by irregular stone
blocks with different sizes, few inclusions of bricks, mortar of low quality and a thickness
of the plaster in the range 2–5 cm. A similar typology was detected in the zone S1-P1.
The internal wall in the zone S2-P1 is made by a three heads regular brick masonry (with
average dimensions of the units of 29 cm × 14.5 cm) and lime mortar with thickness of
1.5 cm.
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The inspection in the zone S3-P1 was performed in an external corner of the building
to detect the connection between the two orthogonal walls. The presence of a leaf of brick
masonry with one head added on the original stone masonry wall is evident (Figure 8).
Again, in the zones S4-P1 and S5-P1 the walls are made by a prevalence of irregular stone
masonry with several inclusions of bricks and lime mortar with high thickness (3.5–4 cm).
In the zones S1-PC, S2-PC and S3-PC (in the attic) the walls are made in prevalence of stone
masonry with chaotic texture with some strips of bricks (S2-PC). This investigation allowed
us to conclude that the vertical structures are mainly constituted by disorganized stone
masonry walls along the perimeter (with thicknesses of about 1 m at the ground floor) and
brick masonry walls for some of the internal alignments.
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During the experimental campaign, some specific aspects were found. Particularly
significant is the presence of a vertical discontinuity in the perimeter wall on the North-
West façade (the one facing the garden), which seems to run throughout the whole height
(line “B” in Figure 9). In addition, under the plaster on the corner (area “A” in Figure 9a), a
one-left layer of bricks was found to cover the masonry stone wall.

The evaluation of the masonry quality was performed by applying the Masonry
Quality Index (MQI) and the Minimum Length (ML) [32,33] methods analyzing five
masonry panels of the building (Table 1). The MQI values are rather low (in a scale from 0
to 10) signifying a poor-quality masonry (the ML values confirm this result). According
to [32] the MQI index is correlated with some mechanical properties of the masonry, i.e.,
the compressive strength f, the shear strength τ0 and the longitudinal modulus of elasticity
E. The ranges reported in Table 1 refer to the minimum and maximum estimation of
each property.
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Figure 9. Vertical discontinuity on the Nord-West façade detected during the survey, (a) North-West
façade, (b,c) Zone “A”, detail.

Table 1. Masonry quality indexes (MQI) for five panels of the Vasari’s House museum.

Zone MQI-Category ML-Vuln.
(cm)

f
(N/mm2)

τ0
(N/mm2)

E
(N/mm2)

Vertical
Actions

In-Plane
Actions

Out-Plane
Actions

S2-PT 0.50-C 0.50-C 1.00-C 124.7-VL2 * 1.05–1.86 0.024–0.037 598–891

S5-P1 3.00-B 2.50-C 2.50-C 126.3-VL2 * 1.83–3.07 0.033–0.050 924–1341

S1-PC 0.00-C 0.00-C 0.00-C 120.6-VL2 * 0.94–1.69 0.019–0.030 548–821

S2-PC 1.50-C 1.50-C 1.50-C 128.9-VL2 * 1.31–2.27 0.026–0.041 712–1049

S3-PC 0.50-C 0.50-C 1.00-C 119.3-VL2 * 1.05–1.86 0.024–0.037 598–891

Cat. I == == == == 1.00–1.80 0.020–0.032 690–1050

Cat. I ◦ == == == == 1.30–2.34 0.026–0.042 690–1050

(◦) Values obtained applying a coefficient 1.3 to account for the horizontal layer of bricks; (*) Vulnerability Level 2.
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The panels S2-PT, S1-PC and S3-PC correspond to the first category (Cat. I) of the
classification of the existing masonry reported in the Italian standards [34,35]. Although the
ranges furnished in [35] are based on a national data base there is a good correspondence
with those obtained by the MQI index. The panels S5-P1 and S2-PC belong to the same
category; however, the horizontal layer of bricks improves the mechanical characteristics f
and τ0 and the coefficient 1.3 is suggested in [35]. Again, the MQI indexes are in agreement
with such increase. ML indexes are similar for the five panels and no significant differences
in the quality can be predicted (Figure 10).

Two masonry cores (COR) with diameter of 64 mm 42 cm length were extracted in the
zone S2-PT to detect the inner material structure. The two examples illustrated in Figure 11
show the irregularity of the masonry and the high percentage of mortar.
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Figure 11. Examples of masonry cores (S2-PT).

The quality of the mortar was investigated through DRMS tests (Figure 12) [31],
performed in three different zones of the building, i.e., S2-PT, S5-P1 and S1-PC to obtain
a spatial characterization of the mortar quality over the building. Each test consists in
executing a set of perforations in the mortar by an instrumented drill which measures the
force applied versus the depth of the hole, parameter correlated to the compressive strength
of the mortar. The drill measures continuously the force of drilling, keeping constant the
r.p.m. and the perforation velocity. The result of each perforation is a diagram which shows
the drilling force versus the hole depth. The recorded samples are statistically treated,
calculating the so-called data outliers and focusing on the values related to the inner part
of the mortar joints. This assumption is necessary to exclude the data of the first and the
last parts of the record, since they can be affected by errors, related to the local external
conditions of the mortar and to the presence of the drilling dust in the last part of the hole.
Laboratory DRMS and compressive tests (specimens with section 40 mm × 40 mm) were
performed on a sample mortar (Sm) to calibrate the procedure. Some results are reported
in Table 2. The mean and median statistics are referred to the part of the records from 5 to
35 mm of the perforation. Considering the high variability of the recorded data, it has not
been possible to correlate the drilling forces with the in situ compressive strength of the
mortar. Nevertheless, the results highlight that the mortar of the wall at the ground level
has a low quality, while the mortar at the upper levels has better properties, comparable or
even higher than that of the sample mortar, characterized by a compressive strength fm of
2.5 N/mm2.
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Table 2. Results of semidestructive tests on mortar (DRMS) tests performed on the mortar.

Zone N. Holes Hole Depth
(cm)

Mean Force
(N)

Median Force
(N)

fm
(N/mm2)

S2-PT 30 40 2.44 1.88 ==

S5-P1 27 40 5.48 5.00 ==

S1-PC 22 40 3.10 2.96 ==

Sm◦ == == 2.08 2.01 2.50
(◦) Sample mortar tested in laboratory.
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Chemical tests were also performed on some mortar samples. In particular, investi-
gations by the optical microscope with polarized light were performed as well as X-ray
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diffraction analysis. Three different mortar samples were tested. The results showed that
the quantity of the binder is low, with a volumetric ratio binder/aggregates approximately
equal to 1/3–1/4. The binder is composed of hydraulic lime, with a quite well distributed
aggregate fraction. The optical microscope has highlighted the presence of pores, due to
the lack of binder. The X-ray diffraction analysis confirmed a relevant presence of quartz in
the aggregate fraction (Figure 13).
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Table 3. Flat-jack test results. 

Zone Test s 
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p 
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The obtained vertical compressive stresses of 0.10 and 0.33 N/mm2 are in good
agreement with the estimated stresses due to the gravity loads. Both the double flat-jack 
tests were performed with two load cycles, with maximum pressure inside the jacks ap-
proximately equal to 1.2 N/mm2 for the first cycle and 1.4 N/mm2 for the second one. 
Three vertical strain gauges were placed to measure the vertical deformation history and 
another strain gauge was positioned in the horizontal direction to control the lateral de-
formation.
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Figure 13. A sample of mortar (a) and an optical microscope view (b).

Two flat-jack tests (FJ) [36,37] were also performed in the zones S2-PT and S5-P1.
In each zone both the single (S) and the double flat-jack (D) versions of test were done
(Figure 14). As well known, the test by single flat-jack allows for the estimation of the in
situ vertical stress σ0 acting on the masonry wall, while the double flat-jack test allows for
the evaluation of the modulus of elasticity of the masonry E in the tested zone in the range
of the applied compressive stress (generally the investigation is limited at low-to-medium
compressive stress with respect to the masonry strength).
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Figure 14. Double flat-jack tests performed, (a) S2-PT-D, (b) S5-P1-D.

Table 3 collects the relevant data and the results of the tests.
The obtained vertical compressive stresses of 0.10 and 0.33 N/mm2 are in good

agreement with the estimated stresses due to the gravity loads. Both the double flat-
jack tests were performed with two load cycles, with maximum pressure inside the jacks
approximately equal to 1.2 N/mm2 for the first cycle and 1.4 N/mm2 for the second
one. Three vertical strain gauges were placed to measure the vertical deformation history
and another strain gauge was positioned in the horizontal direction to control the lateral
deformation.
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Table 3. Flat-jack test results.

Zone Test s
(cm) Km Ka

p
(bar)

σ0
(N/mm2)

E
(N/mm2)

S2-PT S 62 0.86 0.97 1.2 0.10 ==

S2-PT D 62 0.86 0.97 == == 1600–1200◦

S5-P1 S 70 0.86 0.96 4.0 0.33 ==

S5-P1 D 70 0.86 0.96 == == 1900–1800◦

(◦) Values obtained as secant moduli at stress levels of 0.5 and 1.0 N/mm2.

Considering the diagram of Figure 15, it is possible to observe that the S2-PT test
at the ground floor shows significant residual deformations at the end of the first cycle,
while the second one has almost no plastic deformations. The S5-P1 test has negligible
residual deformations for both cycles. Different interpretations of the double flat-jack test
results have been used to evaluate the elastic modulus E, i.e., considering the initial slope
of the stress–strain diagram, the slope of the unloading branch (in the first or in the second
cycle) or the most representative part of the diagram which shows a linear behavior. In
the present case E was evaluated as the secant modulus at a prefixed stress level. For the
S2-PT test a range of E from 1600 N/mm2 to 1200 N/mm2 was obtained at level of stress
of 0.5 N/mm2 and 1.0 N/mm2. Values of 1900 and 1800 N/mm2 were obtained for the
second test. As expected, these estimations of E are higher than those obtained by the MQI
evaluation. This reflects the well-known general trend obtained in the flat-jack tests in
which the size effects are relevant. It is interesting to cross the results obtained by the FJ
tests with the ones of the DRMS tests on the mortar. The mortar sample of the first floor
shows the highest compressive strength, which could be one of the reasons for the better
behavior of the flat jack-test, together with the observed better weaving of the masonry.
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Different typologies of floors were found. The lower two levels are characterized
by the occurrence of masonry vaults, mainly barrel vaults for the ground level, cross
and rib ones for the first floor. Reinforced concrete with hollow tiles floors and steel
floors were recognized too. The upper levels are mainly characterized by the presence
of wooden floors, with double order of the beams, with a portion of the roof replaced in
recent years. Considering the historic value of the building, it was not possible to perform
direct investigations to detect the floor structure and their thicknesses (such as endoscopy
tests). However, some detailed information was obtained by the laser scanner relief.

The structural elements of the second floor were also investigated by the GPR tech-
nique. This procedure uses a radio transmitting apparatus, able to send multi-frequency
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electromagnetic pulses in the subsoil and to receive reflections. The obtained profiles help
in the individuation of the distances among structural elements and of the type of materials,
as shown in the example of Figure 16, which allowed for the identification of a steel and
hollow tiles floor at the second level.

Overall, the in-situ survey and the tests made possible to analyze the masonry ty-
pologies and to assess some of their mechanical properties. Considering the observed
textures and the results of DRMS and FJ tests, the two categories “Irregular stone masonry
(pebbles, erratic and irregular stones)” (Cat. I in Table 1) and “Solid brick masonry with
lime mortar” of the Italian standard [34,35] were selected. To account for the uncertainties
in the knowledge of the structural properties of the existing buildings, the Italian standard
introduces a specific correcting factor, called confidence factor FC. This coefficient has the
purpose of grading the reliability of the structural analysis considering the effect of the
modelling uncertainties. The confidence factor depends on the level of knowledge obtained
with respect to the geometry, the structural details and the mechanical properties of the
masonry. With specific reference to the monumental heritage, in [8] the confidence factor is
defined as the sum of the unity plus four independent partial factors FCi. The first factor,
FC1 accounts for the knowledge of the geometric and structural survey (including the
cracking pattern). FC2 accounts for the knowledge of the materials and of the constructive
details. FC3 accounts for the tests to determine the mechanical properties and the last, FC4,
accounts for the knowledge on soil and foundations.
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In the case of the Vasari’s House museum, the factor FC1 was obtained equal to zero
due to the exhaustive geometric survey, which included the cracking pattern. The factor
FC2 was obtained equal to 0.06 since it was possible to reconstruct the main phases of
the construction. The mechanical properties of the materials were obtained by means of
experimental data; therefore, the coefficient FC3 was obtained equal to 0.06. Geological
and geotechnical data were available, as well as the foundation typology. In addition, the
execution of the surface seismic test Multichannel Analysis of Surface Waves (MASW)
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provided further data allowing the selection of the soil category needed to obtain the seismic
action (soil of B type, deposits of very dense sand, gravel or stiff clay). Consequently, the
factor FC4 was obtained equal to 0.03. Hence, the whole confidence factor FC was fixed
equal to 1.15.

5. Seismic Analysis

The Italian standards [8] provide a methodological tool in the European context to
assess the seismic risk of an ancient and monumental building. The methodology is
organized on three levels: (a) the first level of analysis (EL1) is a first evaluation based on
simplified global mechanical models. For buildings and palaces, the procedure requires
the evaluation of the maximum shear strength of each floor in two orthogonal directions,
calculated as the shear strength in the diagonal cracking failure mechanism; (b) the second
level of analysis (EL2) considers the local collapse mechanisms of the single macro-elements.
This approach is useful to highlight the local lacks the structure, due to the absence of
connections among the structural elements; (c) the third level of analysis (EL3) is based
on detailed full models of the structure. These models are performed by finite elements
discretization or are based on equivalent framed structures. The response spectrum and
the pushover method are generally used too. This approach is reliable only if the local
failure modes have been prevented.

The document [8] defines two safety indexes or indicators of the seismic risk. The first
one is called “seismic safety index” and it is the ratio between TSLV, i.e., the return period
of the seismic action that causes the achievement of the limit state SLV and the demanded
return period, TR,SLV:

IS,SLV =
TSLV

TR,SLV
(1)

The second index is the ratio between the peak ground acceleration aSLV that causes
the achievement of the SLV, and the demanded ag,SLV:

fa,SLV =
aSLV

ag,SLV
(2)

Following the previous approach, the results of the EL1 and EL3 global analyses
performed on the museum of the Vasari’s House are presented to highlight the reliability
of the simplified approach. Obviously, such analyses presume that the local out-of-plane
failure modes of the single walls are prevented.

5.1. Seismic Hazard

The reference seismic action was evaluated according to the Italian standard ([34])
which provides the basic parameters of the hazard in terms of: ag (maximum peak ground
horizontal acceleration), F0 (maximum spectral amplification factor) and TC* (cut-off period
for beginning of the constant velocity part of the spectrum). The spectral shape, i.e., the
elastic response spectrum on rigid ground (soil type A and horizontal topographic surface)
is hence defined through the triplet {ag, F0, TC*} and it is provided for nine return periods
TR,SL (between 30 and 2475 years), each characterized by a probability PVR of overcoming
in the reference period VR.

For the museum of the Vasari’s House (latitude 43◦47′ N and longitude 11◦88′ E),
the life safety limit state (SLV) was considered for the analyses, with a probability of
overcoming of 10%. The reference period is a function of the nominal life of the structure
VN (50 years, ordinary buildings) and the class of use (III, buildings with significant
crowding), respectively. The CU coefficient, which depends on the class of use, is equal to
1.5 and the return period (TR,SLV) is 712 years. The set of parameters to be selected to define
the response spectrum are collected in Table 4 (refer to [34] for full list of the parameters).
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Table 4. Parameters assumed for the definition of the elastic response spectrum.

Parameters Value

Limit State SLV
Probability of exceedance in the reference period (PVR) 10%

Nominal life (VN) 50 years
Class of use III

Reference period (VR) 75 years
Return period of the seismic action (TR,SLV) 712 years

Reference Peak Ground Acceleration (ag) on type A ground 0.183 g
Spectral amplification factor (F0) 2.419

Cut-off period for beginning the constant velocity part of the spectrum (TC*) 0.298 s
Soil type B

Topographic category T1
Damping correction factor (η) 1.0

Soil factor (S) 1.2

5.2. First Level of Analysis (EL1)

This level is aimed to provide a first estimation of the seismic risk of the analyzed
structure, expressed in terms of IS,SLV (Equation (1)) and fa,SLV (Equation (2)), through a
simplified mechanical model. The method is based on the assumption of global response
of the structure, a hypothesis that must be verified separately by the EL2 analyses. This
mean that with this assumption the approach just provides an indication about the global
capacity of the structures and detailed analyses are always required.

The analytical procedure is, substantially, based on the evaluation of the shear strength
of the building at each level in both the horizontal directions (assuming the diagonal
cracking failure mechanism [38–40]) with a modifying factor for the rocking collapse
possibility. Dividing these strengths at each level by the total weight, it is possible to
obtain the minimum spectral acceleration of capacity, which leads to the evaluation of the
associated Peak Ground Acceleration through a scaling procedure of the demand spectrum.
The calculation can be performed considering the uniform collapse (corresponding to a
triangular modal shape) or the collapses of each single level. Here the main steps are briefly
resumed (more details on the procedure are reported in the Italian Guidelines [8]). The
spectral elastic acceleration related to the collapse and to the fundamental period of the
building T1 is:

Se,SLV =
qFSLV
e∗M

(3)

in which q is the behavior factor (q = 3.0), e* is the fraction of the mass participating to the
first mode and M is the total mass given by (N = number of floors, g = gravity acceleration,
the characteristics dead (Gk) and variable (Qki) loads are combined by the coefficients ψ2i):

M =
Gk + ∑N

i=1 ψ2iQki
g

(4)

Finally, FSLV is the shear strength capacity of the building. Simplified formulae for e*

related to the uniform collapse and to the collapse of the ith-floor are, respectively:

e∗ = 0.75 + 0.25N−0.75, e∗ =
N + 1− i

N
(5)

Starting from Se,SLV the return period TSLV corresponding to the capacity of the build-
ing can be evaluated by the geographic hazard parameters; the related Peak Ground
Acceleration aSLV can be also calculated. A key point of the procedure is the evaluation
of FSLV. The formula proposed the Italian Guidelines [8] is rather articulated, e.g., for the
ith-floor and the x direction:
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FSLV, xi =
µxi ξxiζxi Axiτdi

κiβxi
(6)

in which Axi is the total area of the shear walls in the ith-floor along the x direction, τdi the
specific shear strength related to the collapse for diagonal cracking (the other coefficients
take into account the plan regularity, the possibility of flexure failure of the piers, the
strength of the masonry spandrels). κi is introduced to scale the seismic capacity of the
ith-floor in the equivalent strength of the building FSLV, and it is assumed as:

κi =
∑N

j=i j

∑N
j=1 j

(7)

The hypotheses of uniform collapse and single floor collapses lead to the results
collected in Tables 5 and 6. The uniform collapse highlights that the weakest direction is
the transversal one (without considering results of the ground floor, where the thicknesses
of the walls are much greater than those of the upper floors). The indexes pertinent to the
attic are not significant for the case study, due to its conformation (different heights of the
resistant piers). Similarly, results obtained considering the collapses of each floor confirm
that the structure shows two different behaviors along the main horizontal directions:
in particular, along the longitudinal direction, the weakest level is the ground floor, as
expected in a regular behavior, while in the transversal one, the capacity is governed by
the first floor. This is due to the lack of transversal resistant systems as better described in
the global analyses of the third level.

Table 5. Results of the EL1 analysis, considering the uniform collapse (triangular modal shape).

Longitudinal Direction X Transversal Direction Y

Ground
Floor First Floor Second

Floor Attic Ground
Floor First Floor Second

Floor Attic

TSLV (years) 216 131 81 76 320 78 34 37

aSLV (g) 0.123 0.099 0.080 0.081 0.140 0.080 0.057 0.060

IS,SLV 0.30 0.18 0.11 0.11 0.45 0.11 0.05 0.05

fa,SLV 0.67 0.54 0.44 0.43 0.77 0.44 0.31 0.33

Table 6. Results of the EL1 analysis, considering the collapses of a single floor.

Longitudinal Direction X Transversal Direction Y

Ground
Floor First Floor Second

Floor Attic Ground
Floor First Floor Second

Floor Attic

TSLV (years) 133 176 340 >2475 186 105 128 1101

aSLV (g) 0.100 0.112 0.143 >0.263 0.115 0.090 0.099 0.21

IS,SLV 0.19 0.25 0.48 >1.00 0.26 0.15 0.18 1.55

fa,SLV 0.55 0.61 0.78 >1.00 0.63 0.49 0.54 1.14

The comparison between the two hypotheses shows a significant difference in the esti-
mation of the capacity indexes: the uniform collapse approach leads to more conservative
results. From a quantitative point of view the building has very low safety indexes fa,SLV:
0.44 in the longitudinal direction and 0.31 in the transversal one. Despite these low values,
it should be observed that the EL1 approach operates at territorial scale and it is mainly
aimed at providing a comparative ranking risk and highlighting the need for subsequent
in-depth investigations.
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5.3. Third Level of Analysis (EL3)

The third level of analysis proposed in [8] envisages the use of numerical models
which are employed to investigate the global structural behavior of the structure. They
are used to evaluate the ground accelerations leading the structure to each limit state. The
numerical models must be able to account for the actual masses and stiffness distribution
and to simulate the nonlinear behavior of the materials. Since this level of analysis is based
on a global discretization of the building, the obtained risk evaluation is connected to the
in-plane strength of the masonry panels.

Taking into account the regular geometric configuration of the museum, the numerical
evaluations were performed by the software 3Muri. This is a user-friendly computer code
specifically proposed for the seismic analysis of regular masonry buildings through the
pushover method. The code was originally developed at the University of Genoa and then
implemented in a commercial software ([41,42]). The software uses an equivalent frame
modelling approach (FME, Frame by Macro Elements) in which the structure is idealized
as a combination of one-dimensional macro-elements. Therefore, each wall is divided
into piers and spandrels connected by rigid zones called nodes. The in-plane behavior
of the macro-elements is assumed as elastic-perfectly plastic, with the shear strength and
the ultimate displacement obtained according to the provisions of the Italian standards
([34,35]). Failure modes by bending and diagonal cracking are considered for each panel
with ultimate displacements assumed as a percentage of the length of the macro-element. It
is worth noting that the Italian Guidelines [8] do not identify the use of a specific modeling
approach to perform the EL3 analyses and the selection of the convenient code is left to
the judgement of the analyst. Recent study deals with this topic by reporting the results
of blind benchmarks for seismic assessment of unreinforced masonry structures which
compares different modeling approaches (e.g., [43–45]).

According to the historical information and by observing the differences of the thick-
ness and of the material of the walls, it was possible to make some hypotheses about the
layout of the building. The original structure had a rectangular shape, then the lateral
buildings were added, altering the regular shape of the plan. The disconnection in the
façade facing the garden (Figure 9) suggests an added part in the South-West corner. Con-
sequently, to cover these features, two different numerical models were realized: Model 1
(Figure 17a) representing the actual configuration of the building and Model 2 (Figure 17b)
representing the original configuration.
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The seismic risk of the structure was assessed by performing static nonlinear analyses
through the pushover approach. Both a uniform distribution of the forces proportional
to the masses of each level (distribution G2) and a modal distribution proportional to
the forces evaluated with the first mode shape (distribution G1) were considered. Each
of these seismic loads were separately applied in both the two main directions of the
structure (longitudinal X and transversal Y), assuming the presence and the absence of the
conventional eccentricity (5% of the total length of the building in the considered direction,
i.e., the forces are applied at the center of mass considering this eccentricity).

Considering all the possible combinations of the above-mentioned variables, overall
24 analyses were performed for each numerical model (Model 1 and Model 2).

Model 1: the presence of the lateral annexes alters the in-plan regularity of the struc-
ture. The modal analysis highlighted a torsional behavior, with a percentage of activated
mass equal to about 49%, while the longitudinal direction is characterized by a regular
translational behavior (67% of activated mass). In both cases, the period is lower than
0.3 s. The pushover results showed that the transversal direction Y is the weakest one,
with the minimum acceleration factor fa,SLV equal to 0.68 (obtained with the load profile
G1 with an eccentricity of 5% L). The collapse pattern of the most representative walls
indicated a concentrated damage in the first level in which several piers collapsed for
diagonal cracking (Figure 18). Concerning the longitudinal direction X, the minimum value
of the acceleration index of safety is equal to 0.84. In this case the structure behaves more
regularly (Figure 19), with a widespread damage distribution along each wall, except for
the ground level due to the high thickness of the walls.
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Figure 19. Pushover analysis in the longitudinal direction X for Model 1: damage state at failure for 
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Figure 20. Pushover analysis in the transversal direction Y for Model 2: damage state at failure for 
the walls W_Y1 and W_Y2. 

Figure 19. Pushover analysis in the longitudinal direction X for Model 1: damage state at failure for the walls W_X1 and
W_X2.

Model 2: the original configuration is characterized by a regular shape (with plan
dimensions of 16 m × 15 m), even if the internal distribution of the shear walls is not
symmetric along the two main directions. The results show that the building has almost the
same safety index in both the directions, equal to 0.71 for the Y direction and 0.73 for the
longitudinal one. With respect to Model 1 there is not a remarkable change in the level of
safety in the Y direction whereas in the X direction there is an evident decrease of the index,
since the exclusion of the added parts reduces the inertia of the longitudinal walls, causing
a decrease of the capacity. The mode shapes are more regular than the previous ones, with
reduced torsional components. In the Y direction we observe a more regular distribution of
the damage along the height. In the longitudinal direction, we observe a different cracking
pattern in the main façade, with the damage that reaches even the ground floor. The piers
are mainly damaged by the bending behavior (Figures 20 and 21).

The seismic safety indexes obtained with the EL3 analysis are reported in Table 7.
As said, the transversal direction Y is the weakest with limited differences obtained by
the two models. The minimum value of fa,SLV is 0.68 (Model 1). From Table 5 the same
index obtained with the EL1 analysis was 0.31, approximately one-half of the previous
value. This difference must be interpreted in the light of the two different modelling
approaches of global analysis (EL1 and EL3) and indirectly represents a measure of the
benefits introduced by a survey which increases the knowledge over the building. If the
local failure modes are prevented, the results of the EL3 analysis are the most reliable and
suggest possible remedial measures aimed to improve the seismic strength of the structure.

Table 7. EL3 results in terms of return period TSLV, acceleration factor fa,SLV and seismic safety index
IS,SLV.

Direction aSLV (g) TSLV (Years) fa,SLV IS,SLV

Model 1 Y 0.124 239 0.68 0.34

Model 2 Y 0.130 266 0.71 0.37
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Figure 19. Pushover analysis in the longitudinal direction X for Model 1: damage state at failure for 
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Figure 20. Pushover analysis in the transversal direction Y for Model 2: damage state at failure for the walls W_Y1 and
W_Y2.
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6. Conclusive Remarks

The knowledge process represents a critical phase for the definition of reliable struc-
tural models of historical buildings. The case study here discussed highlights that, even
in a quite simple construction, many peculiar aspects can be found with a detailed and
careful in situ investigation, through focused and not destructive tests.

The Italian Guidelines offer a guided procedure for the evaluation of seismic safety,
through three different levels of detail, which help in the structural analysis. In any
case, the numerous uncertainties which can characterize a monumental building require
a remarkable sensibility during the structural assessment, since many aspects cannot
be included in guided schemes. For example, considering the computational aspects,
it is important to highlight that the safety assessment of an historical building, due to
its structural uncertainties (related to the evolution of the considered complex), should
consider different configurations in case of evident discontinuities. As a consequence,
different models should be used. The proposed analyses show a possible approach for
the investigation of the seismic capacity of an ancient masonry building, considering
two different levels of accuracy: the first is a global evaluation based on a simplified
approach (EL1) and the second is based on the application of the classical pushover with a
macro-element 3D model (EL3).

The seismic risk index estimated by the EL1 analysis is equal to 0.31 while the same
index estimated by the EL3 analysis is equal to 0.68. This large discrepancy underlines that
the simplified approaches, despite their speediness, can produce a wrong evaluation of
the safety level. Their difference is an indirect measure of the benefits that can be obtained
increasing the knowledge over the building both in terms of reliability of the seismic risk
provisions and impact of the possible retrofitting. It must be observed that the results of the
EL1 and EL3 models should be considered as an upper limit of the building capacity, which
can be reached only when the out-of-plane damage mechanisms are not first activated.
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44. Aşıkoğlu, A.; Vasconcelos, G.; Lourenço, P.B.; Pantò, B. Pushover analysis of unreinforced irregular masonry buildings: Lessons
from different modeling approaches. Eng. Struct. 2020, 218, 110830. [CrossRef]

45. Parisse, F.; Cattari, S.; Marques, R.; Lourenço, P.; Magenes, G.; Beyer, K.; Calderoni, B.; Camata, G.; Cordasco, E.; Erberik, M.; et al.
Benchmarking the seismic assessment of unreinforced masonry buildings from a blind prediction test. Structures 2021, 31,
982–1005. [CrossRef]

http://doi.org/10.1007/s10518-015-9731-4
http://doi.org/10.3390/heritage3040065
https://www.gazzettaufficiale.it/eli/id/2008/02/04/08A00368/sg
https://www.gazzettaufficiale.it/eli/id/2009/02/26/09A01318/sg
http://doi.org/10.1007/s10518-015-9756-8
http://doi.org/10.1016/j.prostr.2018.11.050
http://doi.org/10.3221/IGF-ESIS.51.27
http://doi.org/10.1016/j.engstruct.2013.08.002
http://doi.org/10.1061/(ASCE)CF.1943-5509.0001049
http://doi.org/10.1016/j.engstruct.2020.110830
http://doi.org/10.1016/j.istruc.2021.01.096

	Introduction 
	Building Description and Historical Notes 
	Geometric Survey 
	Previous Survey Assessment and Data Reuse 
	Topographic Control Network 
	Laser Scanning Survey 

	Material Survey 
	Seismic Analysis 
	Seismic Hazard 
	First Level of Analysis (EL1) 
	Third Level of Analysis (EL3) 

	Conclusive Remarks 
	References

