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The subject of this work is the Sant’Agostino Sanctuary in Offida (Italy); we investigated

both the dynamic behavior and the seismic vulnerability of the complex, used nowadays

in its parts as school building, oratory, and church. Offida is in central Italy; the village

has been severely damaged by the last seismic events of 2016. The sanctuary was

heavily damaged by the earthquake of 24 August 2016. We recurred to finite elements

to estimate the vulnerability of the sanctuary and its dynamic response, considering

masonry’s non-linear behavior by means of proper constitutive assumptions. To estimate

how the monastery bears the lateral loads related to the expected demands resulting

from seismic actions (N2method) using non-linear static analysis (Pushover), we recurred

to a homogenized material and smeared cracking and crushing constitutive law. As may

be remarked by observing buildings that share the same features of the sanctuary and,

moreover, by comparing seismic demand vs. capacity, the structure is prone to massive

damage leading to collapse. The paper underlines how advanced numerical analysis

grants fundamental data on how historical masonry buildings behave under seismic

action, providing a method that may easily be implemented at historic monasteries in

Europe.

Keywords: FE modeling, solid elements, earthquake loading, non-linear static analysis, seismic vulnerability,

damage assessment

INTRODUCTION

The intense seismic activity that affected many areas of Italy over the last decades clearly showed
howmuch care should be taken of architectural heritage and its preservation. Assessing the seismic
vulnerability of a monumental masonry building may be a difficult task to accomplish, considering
how peculiar these structures usually are, requiring sophisticated and computationally heavy
numerical models to have a proper estimation of their dynamical response under seismic action.
Most recent Italian earthquakes (Umbria-Marche 1997–1998, Abruzzo 2009, Emilia-Romagna
2012, Central Italy 2016), caused irreparable damages to many elements of the architectural
heritage, such as monumental buildings, churches and steeples (Ceci et al., 2010; Acito et al., 2014;
Milani and Valente, 2015).
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Protecting historical buildings from seismic activity plays
a significant role on public safety, considering how European
countries, moreover Italy, have such a various architectural
heritage that is still in use, most of the times hosting strategic
public functions (Asteris et al., 2014). However, such buildings
obviously do not grant proper safety against seismic actions,
since their design criteria do not take into account lateral
resistance and ductility in favor of efficiently bearing gravity
loads; housing significant functions in those structures, especially
during emergencies of any kind, involves the attainment of the
required safety levels (Clementi et al., 2015).

The features that all monumental masonry buildings share,
such as being so complex, irregular, mainly designed to bear
gravity loads and way more massive than modern architecture,
make structural behavior uneasy to estimate, especially when
it comes to evaluating it under seismic action. Despite its
being challenging, proper modeling of masonry buildings is
fundamental to seismic resistant design or to assess earthquake
vulnerability. While contemporary structures are basically made
of industrial based components, such as RC or steel, which
make their structural behavior uniform and certain (Pierdicca
et al., 2016b, 2018), ancient masonry structures require the
acknowledgment of more parameters to be modeled, like floors’
stiffness (diaphragm effect) or connections between orthogonal
walls and structural and non-structural elements (Betti and
Vignoli, 2008a, 2011; Bartoli et al., 2013; Clementi et al., 2018a).

Masonry macro elements are made of bricks bonded by
mortar, so they can be seen as a composite system whose

FIGURE 1 | General view of Sant’ Agostino’s Sanctuary.

parts are characterized by a very different mechanical behavior,
making structural modeling a challenging activity, as the wide
range of designs available at the state of the art seems to prove
(Asteris et al., 2015). No-Tension Material models and their
mechanical characterization derive from the obvious fact that
masonry does not offer a significant resistance to tensile stresses.
To take into proper account how masonry is characterized by
a non-linear response, starting from the lowest deformation
levels, the hypothesis of unilateral mechanical behavior may
be applied to the theories of limit analysis, leading to models
able to estimate the collapse loads of masonry structures
(Del Piero, 1998; Milani et al., 2007; Milani, 2011). Inelastic
phenomena that affect masonry buildings under seismic action
leading to local phenomena of softening, failure and strain
localization, such as sliding, cracking, crushing at the mortar
joints, tensile fracture of bricks, may be analyzed by means of
micro-mechanical models, characterized by elasto-plastic laws
(Lotfi and Shing, 1994; Lourenço and Rots, 1997) or damage
theories (Luciano and Sacco, 1998). At the state of the art, many
homogenization techniques are available to obtain continuum
models, since representing bricks and joints would not be
possible when modeling monumental buildings, leading to way
too computationally heavy FEM (Zucchini and Lourenço, 2002;
Lourenço, 2009; Addessi et al., 2010); these various approaches
traced the path to the related macro-mechanical models,
moving from the rigorous application of the homogenization
theory for periodic media (Anthoine, 1995) to two-steps
approximated strategies (Pande et al., 1989). Acary (2001) gives
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a complete review of the homogenization techniques described
above, while (Luciano and Sacco, 1997; Zucchini and Lourenço,
2002, 2004; Addessi et al., 2010) focus on historical masonry
walls.

Although simplified models may be the reference to
represent the structural behavior of masonry buildings and
all their peculiarities, it appears challenging to apply proper
simplifications while keeping the requested level of modeling
accuracy. At the state of the art, we may identify three different
modeling strategies. The most recurrent modeling approach we
find nowadays is the Equivalent FrameMethod (Caliò et al., 2012;
Lagomarsino et al., 2013; Quagliarini et al., 2017), which designs
the walls as an idealized frame where the non-linear response is
concentrated on deformable elements connected by rigid nodes
representing not usually damage prone structural components.
Starting from a careful seismic phenomena observation that leads
to pointing out how cracks and failure modes mostly concentrate
in recurrent elements, piers and spandrels may be seen as the
two main structural components, especially when it comes to
analyzing the in-plane response of complex masonry walls with
openings. Another frequently used approach provides for the use
of finite elements schemes to model masonry structures as they
were continuous; current literatures offers recurrent examples
of how this modeling strategy may be applied with ease to
historical buildings, such as monasteries (Lourenço et al., 2007;
Betti and Vignoli, 2008a), churches (Betti and Vignoli, 2008b;
Milani and Valente, 2015; Clementi et al., 2017a; Formisano et al.,
2018), bridges (Betti et al., 2008), steeples or towers (D’Ambrisi

et al., 2012; Minghini et al., 2014; Carpinteri et al., 2015),
ancient city centers (Formisano et al., 2015). To gain exhaustive
comprehension of seismic phenomena, analysis output usually
comes from combining the results given by different sets of
parameters, since the models are progressively refined, especially
in terms of fracture and plasticity. In the two methods described
above, dynamical problems are reduced to elementary static
issues (equivalent pushover schemes), since equivalent horizontal
static forces make up for seismic loadings. As an alternative to the
Equivalent FrameMethod,masonry buildingsmay bemodeled as
distinct elements in an assembly of blocks affected by unilateral
frictional contacts (Jean, 1999; Clementi et al., 2018b; Poiani et al.,
2018).

After carefully analyzing masonry’s peculiarities, it seems
clear how turning to continuous material leads to the most
representative structural models, especially when those are
related to irregular complexes. Many non-linear mechanisms
proper of concrete structures, such as damage deriving, friction-
plasticity, crushing or cohesion, are already implemented in
many structural software, yet there is a blatant lack of effective
instruments when it comes to design 2D and 3D non-linear
models of masonry buildings.

This work aims to clearly show how delicate yet crucial it is
to properly take into account the three-dimensional behavior of
the complex, underlining its structural weaknesses. To obtain
a representative numerical model, a preliminary survey was
performed in order to get all the required parameters, such as
the geometry of the structure and the mechanical properties of

FIGURE 2 | Technological characterizations of materials of “Sant‘Agostino’s Sanctuary” in Offida (AP).
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TABLE 1 | Mechanical characteristics of the main elements.

Knowledge level fc [MPa] ft [MPa] γ [kN/m3] E [MPa] ν Gc [N/mm] Gf [N/mm] Confidence Factor (CF)

NORMAL SOLID BRICK AND LIME MORTAR—MATERIAL 1

KL1 1.78 0.18 18 1500 0.4 1.731 0.017 1.35

GOOD SOLID BRICK AND LIME MORTAR—MATERIAL 2

KL1 2.67 0.26 18 2250 0.4 2.299 0.023 1.35

FIGURE 3 | External cracks on façade, north wall of the nave and north front of the annex (A) Internal cracks of the church (B).

masonrymaterial, combined with a careful historical and archival
research. Once all the requested data were collected, the designed
3D finite element model, endowed with an elastic plastic (with
softening) constitutive damage law, was used to perform a wide

number of non-linear static analysis (Clementi et al., 2017b). To
make this model and its design features useful to many other
historical masonry complexes, we opted for a smeared fracture
energy approach.
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The paper is organized as follows. In sections Historical
Developments and Description of the Building in its Current
Configuration, we described the historical developments, the
characteristics of the material and the geometry of the
case study situated in Offida (Central Italy), which are
the starting point for subsequent developments. In section
Damage After Seismic Sequence of 2016 the actual damage
is described. In section Structural Analysis Methodology is
illustrated the modeling strategy. In section Global Seismic
Behavior sensitivity analyses of the case study are described
to assess the global condition of the structure. In this
section also the procedure defined for isolated churches in
Brandonisio et al. (2013) is applied to the monastery, constituting
de facto an extension of the method to more complex
structures. The paper ends with some conclusions (section
Conclusions).

HISTORICAL DEVELOPMENTS

To have proper understanding of how each part composing the
sanctuary developed over the centuries, a preliminary historical
analysis was carried out.

The foundation of themonastery’s early nucleus is dated to the
XIV century, when the relics related to the Eucharistic Miracle

of Lanciano arrived in Offida leading to the replacement of the
original church of St. Mary Magdalene by a greater one that the
Augustinians decided to name their own to St. Augustine. Its
construction lasted from 1338 to 1441. The works of enlargement,
from the basements, were completed during the priory of a friar
Jacopo in 1441. The cloister with quadrilateral closed shape is
realized during 1574 using a long line of octagonal columns,
whose basements are stone capitals, and surmounted by round
arches.

At the center of the abbey, we find the usual well; the cloister
led to the refectory. The convent was amended several times
(from 1609 to 1618) and even renewed its foundations in 1625.
The façade is Baroque (1686). The interior was modified and
extended in the XVIII century with a Latin cross, with a dome
inside a tambour and it was decorated with late baroque stucco
and valuable wooden furniture (e.g., chorus and confessionals
walnut of the cabinetmaker Alessio Donati from Offida). The
interiors also preserve a precious reliquary cross (the “holy cross”
that protects the relic of that miracle), it operates in silver
gilt made in Venice in the XIV century and another reliquary
of the art of Marche region of XV century. Other significant
modifications were made between 1933 and 1937.

The monastery was firstly hit by L’Aquila earthquake (April 6,
2009) with a magnitude MW = 6.3. After this seismic event, the

FIGURE 4 | Finite elements model of “Sant‘Agostino’s Sanctuary” in Offida (Central Italy) (A), stress–strain constitutive relations used for the simulation for masonry

uniaxial compression (B), masonry uniaxial tension (C).
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FIGURE 5 | Distribution of modal shapes in the longitudinal and transversal directions and comparison with the pseudo-acceleration response spectra (three main

shocks of Central Italy 2016–2017 seismic sequence), and the Italian code elastic response spectrum for the Model CS (A), Model DF (B).
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school building area was damaged, and other superficial cracks
appeared in the main façade of the church. For this reason, in
the 2010 a series of structural restorations was carried out on
the buildings, except for the area of the church, which remained
unchanged. A reconstruction/improvement on the three floors of
the school building and an extensive re-roofing was done. Steel
bracings or concrete slabs were inserted in some parts. The actual
configuration is reported in Figure 1.

Currently, the refectory no longer exists since the rooms were
turned into school classrooms, as indeed all the premises nearby
the cloister. Such use began as early as 1870, after the law of
confiscation of the Church’s properties in 1866. The current
division of the building is shown in Figure 1.

The church’s walls linked, i.e., themasonry walls are connected
from a structural point of view, to other parts of the oratory
(annex) and school building, as proved by a few in situ tests
performed on it. This means that a global analysis is appropriated
for this case study.

DESCRIPTION OF THE BUILDING IN ITS
CURRENT CONFIGURATION

Geometrical Survey
To ensure the preliminary data required by the study, an
accurate in situ survey was performed on the complex, leading
to a full geometry relief, focusing on structural details, such as
connections between all the macro elements, characterization
of masonry texture and its irregularities. As reported in section
Historical Developments, the survey is completed by a historical
report on how the complex developed over the centuries.

The entire area measures ∼2600 m2 for the floor where at
least three elevations are present in all parts of the structure. The
main dimensions of the nave are∼45.68m of length,∼14.71m of
width and a lateral-wall height (mean value) of about∼18m. The
masonry walls’ thickness is ranged between 2.55m (nave walls)
and 0.8m (apse walls) (Figure 1). The church roof ’s structure
is made of timber (nave). The masonry is composed of solid
brick and lime mortar (Figure 2). However, the remaining parts
of the monastery are also made of solid brick and lime mortar
yet in a better state of preservation due to recent restorations
as said in section Historical Developments. This leads to better
elastic-mechanical parameters (Table 1).

The other portions of the building are an assemblage of
horizontal rectangular zones, with a length of ∼45m (East part)
and a mean width of about ∼32m (South and West parts). This
area has three floors with a maximum height of 11m. In the
center, there is the “Portico” with square columns on solid brick
with a width of 0.45m and cross-vault at the upper sides. All
these areas contain classrooms and offices of the school.

Material Characterization
We choose not to perform a complete characterization of the
materials, since the annex and the monastery do not reveal
any significant damage or issue nowadays, and we were on a
budget. According to the current Italian Seismic Code (Ministro
dei Lavori Pubblici e dei Trasporti., 2008; Circolare Ministeriale
n. 617, 2009; Ministero delle Infrastrutture e dei Trasporti.,

2018) this lead to the lowest Knowledge level KL1, related to
a Confidence Factor (CF) equal to 1.35, as also requested by
Eurocode 8 (EN 1998-3, 2010) for concrete structures.

The Italian regulation (Ministro dei Lavori Pubblici e dei
Trasporti., 2008; Circolare Ministeriale n. 617, 2009; Ministero
delle Infrastrutture e dei Trasporti., 2018) and its Annex C8A.2
was the reference to define the material’s compressive strength,
based on Table C8A.2.1 of (Circolare Ministeriale n. 617, 2009).
With a Knowledge Level KL1, the related confidence factor CF=
1.35 is applied to obtain a final design compressive strength. The
tensile strength of the masonry may be estimated as the 10% of
the compressive resistance as reported inTable 1, as it is generally
negligible.

DAMAGE AFTER SEISMIC SEQUENCE OF
2016

After the seismic events of 2016, the church has been seriously
damaged, and it is currently being made safe to prevent collapses.
The existing cracks have worsted, especially on the façade and
on the transept, and new cracks have appeared on the dome and
the church’s roof. On the façade, two long cracks pass through the
wall (Figure 3). The octagonal dome has cracks on all corners due
to an interaction with the pushing beams of the roof; this led to a
structural failure of common rafters. The transept shows vertical
and diagonal cracks on north and south sides under the windows.
After the seismic sequence, many cracks also appeared inside the
church, especially on the nave (Figure 3B). The square, in front
of the church, has been closed owing to the possibility of façade
overturn.

STRUCTURAL ANALYSIS METHODOLOGY

Seismic assessments of monumental masonry buildings may
be considered challenging, taking into account the not so
obvious numerical modeling of non-linear behavior of such a
no tension material itself, the complex geometrical configuration
and the merely experimental characterization of its components
(Pierdicca et al., 2016a). In accordance with the state of the art,
we find nowadays different mechanical models and their related
parameters to assess the highly non-linear behavior of masonry
both in tension (low tensile capacity and consequent cracking
phenomena) and compression.

The macro-modeling technique described in this paper leads
to an exhaustive comprehension of all the non-linear phenomena
that may affect masonry buildings under seismic action, even
though its computing is still difficult to apply on a complex 3D
structural system because of all the requested degrees of freedom.
According to the chosen modeling technique and its features,
the development of the cracks modifies the stiffness of the solid
elements composing the model.

The smeared crack concept, and its FE implementation,
offers a variety of possibilities, ranging from fixed single to
fixed multidirectional and rotating crack approaches. Here, the
distinction lies in the orientation of the crack, which is either kept
constant, updated in a stepwise manner, or updated continuously
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(Rots, 1991; Lourenço, 2009). Since smeared crack approaches
do not require re-meshing of the model after the occurrence of
cracks or a priori definition of possible locations of cracks, it is
very convenient for FE models. Differently, the direct modeling
of the crack into the mesh, with Linear and Non-linear Fracture
mechanics models, is always accessible when the engineers deal
with a small model, also for masonry or masonry-like materials
(Clementi et al., 2008; Lenci et al., 2011, 2012).

Authors like (da Porto et al., 2010) used the isotropic rotating
crack model to design panels composed by vertically perforated
clay units and various types of joints, while (Manfredi et al.,
2013) adopted a smeared crack model, to properly simulate

how macro-models of brick masonry and adobe walls behave.
Multi-directional fixed or rotating crack models also proved
their great use in terms of debonding problems, e.g., (Ghiassi
et al., 2013; Gattulli et al., 2014). Current practice shows how
smeared crack models are versatile and require few preliminary
data.

The non-linear behavior of the masonry panels that constitute
the sanctuary is modeled by means of a Total Strain Crack
Model based on fixed stress-strain law concepts provided by
MIDAS FEA (Midas FEA, 2016), thus the cracking path is fixed
to the direction of the principal strain vectors and kept constant
during structure’s loading; the panels were modeled with solid

TABLE 2 | Characteristics of main earthquakes recorded in Ascoli Piceno (ASP) station during the Central Italy seismic sequence in 2016–2017.

Seismic

event

ML Depth (km) Station Class EC8 R_jb [km] R_rup [km] R_epi [km] Channel NS

PGA (m/s2)

Channel EW

PGA (m/s2)

24/08/2016 6.0 8.1 Ascoli Piceno

ASP

C* 31.35 31.36 37.77 0.088 g 0.087 g

26/10/2016 5.9 7.5 Ascoli Piceno

ASP

C* 35.78 35.79 42.94 0.058 g 0.069 g

30/10/2016 6.1 9.2 Ascoli Piceno

ASP

C* 30.18 30.18 43.95 0.12 g 0.119 g

*Indicates that site classification is not based on a direct Vs, 30 measurement.

FIGURE 6 | Base shear (V) normalized to the total weight (Wtot) for Model DF: comparison between NTC2018 and the main shocks recorded during the 24th August

2016, 26th and 30th October 2016 for the Model CS (A), Model DF (B).
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tetrahedron elements with 4 nodes, discretized with an optimized
regular mesh (see Figure 4A).

The selected constitutive laws take into account the complex
behavior of masonry, compression behavior is modeled by means
of a parabolic hardening rule and a parabolic softening branch
following the peak of resistance (Figure 4B) while the tension
behavior is modeled by a linear hardening branch followed by a
non-linear softening branch (Figure 4C). Table 1 shows a report
of fracture energies in compression (Gc) and tension (Gf), where
h is the mean dimension of the mesh (Rots, 1991).

The shear retention factor (β) provides the rate of shear
stiffness after cracking, which can be related to the progressive
opening of the cracks or kept constant (low), in a range between
0 and 1. For the assessment described in this paper, we opted for
a constant value of 0.05 as requested (Rots and de Borst, 1987;
Rots, 1991).

Finite Element Model for the Global
Response
The purpose of the designed numerical models was to

represent all the significant features of the sanctuary, such
as the geometry of the structural components with all their

peculiarities and openings, the connections between all the

macro elements. We also modeled the timber elements on the
roofs.

One of the major focuses of the modeling phase was to

choose the correct floors’ in-plane stiffness, as this aspect is
fundamental to comprehend structural response. According to

the current Italian Standards (Ministero delle Infrastrutture e
dei Trasporti., 2018), some floors which were recently restored

can be considered as rigid for two coexisting reasons: solid
concrete plates (i) have the minimum thickness (40mm) and
(ii) the necessary reinforcements to assure a rigid behavior
(Ministero delle Infrastrutture e dei Trasporti., 2018). In other
areas, differently, this assumption may not be in safe, mainly
because the slabs are made of poor quality concrete or not
well-connected to the peripheral walls. For this reason, two
different models were analyzed, also to check the variability of
the structural response due to slabs rigidity, namely:

• The model of the Current State, namely Model CS, where the
slabs are modeled by the actual schemes;

• The model with totally Deformable Floor, namely Model DF,
where slabs although adequately stiffened are supposed not to
be connected to the peripheral walls or, the wooden slabs do
not have a correct capacity design of the connector with the
concrete.

After meshing, the final 3D numerical models are reported in
Figure 4A with 94348 nodes, 454829 solid elements and a d.o.f.
number of 372219 forModel CS and of 379062 forModel DF.

GLOBAL SEISMIC BEHAVIOR

According to the Italian code, the building analyzed in this paper
is a “Class IV,” i.e., a strategic structure, because it is currently use
as school in some parts. The recurrence period (TR,D) associated

to the Limit State of Significant Damage (SLSD, or SLV in Italian)
is of 1898 years, related to an expected Peak Ground Acceleration
(PGA) equal to 0.283 g. The elastic response spectrum (soil type
T1 and category of subsoil C are considered) is characterized by
the following parameters: S = 1.272; TB = 0.175 s; TC = 0.525 s;
TD = 2.733 s (Figure 5).

The analyses were carried out using the horizontal
components of different natural response spectra obtained
from the time histories recorded near the city of Offida, with the
objective of both assessing the damage caused to the sanctuary
by the intense seismic activity affecting central Italy from
august 2016 and evaluating the horizontal strength capacity.
Unfortunately, the nearest station is the one in Ascoli Piceno
[APS station in Italian Accelerometric Archive (ITACA)], as
Offida has not been equipped with an accelerometric station. The
two components responses spectrum (North direction coincide
with X-direction, East direction coincides with Y-direction)
used arise from the three main shocks recorded during the
2016 seismic events in that station: (i) 24/08/2016 with Mw =

6.0 and ML = 6.0, (ii) 26/10/2016 Mw = 5.9 and ML = 5.9,
and (iii) 30/10/2016 with Mw = 6.5 and ML = 6.1. In Table 2

are reported the main characteristics of the main shocks, the
time histories used, the class of the site of the station, the main
distance between the ASP station and the epicenter zone where
(Kadas et al., 2011):

• R_jb, is the Joyner-Boore distance, known as the smallest
spacing from the site to the surface projection of the rupture
surface;

• R_rup, is the shortest distance between the site and the rupture
surface;

• R_epi, is the distance estimated by geometric swap.

The comparison of the recorded spectrum and the elastic
spectrum of building code previously defined is reported in
Figure 5.

Linear Dynamic Analysis
Firstly, modal analysis is performed on the FEM models to
identify the main frequencies, the related modal shapes and the
effective modal masses (%Meff) of each mode of the Sanctuary
in percentage respect to the total: at this moment the models
are not calibrated with Ambient Vibration Surveys like those
reported in Pierdicca et al. (2016a). We resorted to the Block
Lanczos method to estimate the modal shapes, taking into
proper account the quantum of d.o.f. of the numerical models.
The monastery is affected by many local modes, and for this
reason, 300 modes are considered to have more than 85% of
excited mass.

In the upper part of Figure 5A the main modes and the

associated participating masses are reported for the Model CS.
Generally, for this model, the modal shapes distribution clearly

shows how the monastery is affected by substantial out-of-

plane deformations. The 34th mode has the highest participating
mass in the longitudinal direction (Meff = 29.24%, T = 0.188 s)

involving the timber, the bell tower, and the tambour. The 9th

mode is characterized by a Meff = 17.99% and a period T =
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0.334 s, since it affects crosswise both the aisle’s lateral walls and

the steeple.
To understand the influence of rigid floors modal analysis

was also performed for the Model DF. In this case, 300 modes
involve only the 82% of the total mass due to a higher dispersion
of local modes, e.g., of the walls of the porch of school, and
they are reported in the upper part of Figure 5B. The condition
without rigid floors drags more the complex of the school (see
upper parts of Figures 5A,B) which is further stressed with small
translations in the out-of-plane directions of the walls. In fact,
the participating masses involved by the principal modes of CS
and DF Models, i.e., the 34th and 29th, are respectively of Meff =

24.4% longitudinally and Meff = 15.22% transversely, including
both the walls of the school. Apparently, in both Models CS
and DF, the 1st mode involves the bell tower in the transversal
direction.

In the lower part of Figures 5A,B the elastic response

spectra obtained from the ASP_station are reported to have a
direct correlation with the attained accelerations. Modes with

significant participating masses are characterized by periods in
the range 0.18–0.38 s, where the response spectra have big values
of accelerations. It is clearly remarkable that the masonry of the

church’s central aisle is always related to the high acceleration

which to some extent may explain, albeit marginally, the presence
of the damage observed on the structure at the end of the

seismic sequence, considering that the spectral content of the
ASP_station records would have been the same as that of the
earthquake motion in Offida.

The Demand on the Macro-Elements
It is useful to provide the seismic demand on the entire building.
In Figure 6, the ratio between the base shear (V) obtained in
section Linear Dynamic Analysis for different response spectra
[i.e., ASP_station and Italian code spectra (Ministero delle
Infrastrutture e dei Trasporti., 2018)] and the total weight of
the building (Wtot) are plotted for the transversal (X-direction)
and longitudinal (Y-direction) directions for bothModels CS and
DF. The base shear V has been obtained using the Complete
Quadratic Combination (CQC) method.

Form Figure 6 is clear that the ratios V/Wtot obtained with
the elastic spectrum of NTC2018 are always greater than the
natural one of ASP_station, that are always in the range 22÷58%.
The main observation emerging is the impossibility of being
able to guarantee a high level of seismic safety, especially in
comparison to the level required by the new seismic Italian law
for strategic structures, for which the request of demand (and

FIGURE 7 | Seismic base shear absorbed by the church (CH), the school (SC), and the annex (AN) for the Model CS (A), Model DF (B).
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FIGURE 8 | Transversal (red) and longitudinal (blue) macro-elements.

then capacity) became very high. Additionally, the school is
connected to the church which, for conservation reasons, can
never undergo extensive consolidation interventions. Finally, a
little reduction (∼10%) on the seismic demand in both directions
is observable, and it is a direct consequence of the retrofitting
interventions on the school zone, SC (Figure 1).

Once the seismic demand for the entire aggregate is known,
to have a better perception on the real distribution of the seismic
demand on the various parts of the building, we have evaluated
the ratio between the base shear under each portion of the
complex (Vi) and the total base shear (V), Vi/V (in percentage).
The Sanctuary is divided into three main portions (see Figure 1):
the church (CH), the school (SC) and the annex (AN). The
main results, for both Model CS and DF, are displayed in
Figure 7, showing that in longitudinal direction the shear forces
are basically centered on the school building (∼70%), while in

the transversal direction there is an equal behavior since both the
church and the school get almost the same shear force (∼40%),
Furthermore, Figure 7 shows that the presence of rigid floors
gives a better distribution of the shear force between the church
and the school both in longitudinal and transversal direction. It
is also evident that, in the same case, the distribution of shear
is not proportional to the acceleration and the main parts of the
building with higher seismic forces are the church and the school.

To evaluate the horizontal demand of each macro-element,
the Sanctuary was divided into longitudinal and transversal
elements as reported in Figure 8, with the final aim to find
the most stressed wall. The ratio Vi/V (in percentage) for each
macro-element in both longitudinal and transversal directions is
reported in Figure 9 forModel CS and DF.

It can be observed that, when the seismic action is applied
in the transversal direction for both the models, shear forces are
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FIGURE 9 | Distribution of base shear among macro-elements in longitudinal and transversal direction for the Model CS (A) Model DF (B).

mainly concentrated on lateral walls of the nave, namely L1, with
a Vi/V ratio between 22÷30%, the presbytery (PB) ∼8÷7% and
the south walls of the school with a Vi/V∼5%. On the contrary,
lower forces act on internal walls, e.g., L3–L4 and T6–T7, with a
ratio of <3%.

When the seismic force acts in the longitudinal direction,

there are fewer differences of shear forces on the macro-elements.
Major Vi/V ratios are mainly concentrated in peripheral walls
with a variation concerning the transverse case of the elements

most stressed (actually T4–T5 and T8–T9with a ratio in the range
5÷10%) less of L1 which is still the one with the higher demand.
This result incidentally confirms what has been observed during
the recent seismic sequence of Central Italy 2016–2017 that saw

in the wall L1 the one with more significant damage compared
to the rest of the construction (see Figure 3A), an area already
lightly damaged by the L’Aquila earthquake in 2009 (see section
Historical Developments).

Non-linear Static Analysis: Preliminary
Considerations
The non-linear static analysis method also known as pushover
has been used to properly analyze the complex’s seismic behavior,
bymonotonically increasing horizontal loads and keeping gravity
loads constant. Two systems of perpendicular horizontal forces,
acting at different times, were used to take into account seismic
loads. These systems lead to two load distributions that may be
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FIGURE 10 | Capacity curves at varying of control points for Model CS and Model DF in X and Y-directions.

considered two limit states of the building capacity, one related
to the masses on each floor by direct proportion (PushMass)
and one equivalent to the consideration of main modes
involving the 85% of participating masses in both directions
(PushMode).

As can be clearly remarked by considering the load
distributions described above, the pushover analysis performed
is merely conventional, i.e., loads applied to the building are
kept constant while the structure progressively degrades during
the loading, so gradual changes in modal frequencies caused
by yielding and cracking on the structure during loading are
not considered. Even though the invariance of static loads may
lead to an overestimation in assessing masonry buildings’ seismic
capacity, mostly on structures affected by a high or non-uniform
impairment, a conventional pushover analysis ensures a less
computationally expensive alternative to non-linear dynamic
analyses. It also provides substantial data on the progressive
damage occurring to buildings under seismic loads, such as the
cracking.

Considering the extension of the Sanctuary, the non-linear
behavior has been analyzed by varying the control point

(Figure 4A). To have a proper understanding of how the seismic
response develops by modifying the floors stiffness, we used the
same control points.

Pushover Analysis: First Results
To ensure clarity and brevity, the capacity curves reported in
this paper are those in positive X (i.e., north-direction) and Y
directions (i.e., east-direction) for PushMass load distribution
Figure 10.

The critical load distribution for the complex, both for
Model CS and Model DF, is in X-direction, transversal to
the aisle. On that X-direction, most of the selected control
points display a ductile behavior, while on Y-direction we
mostly find a brittle aberrance. In X-direction, the condition
of rigid floors produces an increase of resistance compared to
the Model DF. In Y-direction, instead, the presence of rigid
floors produces a little reduction of resistance leaving intact
the stiffness and, for almost all control points, provokes a
decrease of ductility. This reduction is due to an increase
in the torsional effect that is going to urge the areas not
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FIGURE 11 | Crack evolution for Model CS and Model DF for uniform loads in X-direction (A) Y-direction (B).

affected by the 2010 intervention, such as the church and the
oratory.

Figure 11 shows the development of the cracking in the
Model CS and Model DF, due to horizontal loads. In both
main directions, the first cracks appear on the walls of the
nave and in the bell tower (top figures in each quarter). In
X-Direction, the cracking distribution is more huge respect to
Y-Direction (down figures in each quarter). Comparing Model
DF and Model CS it is evident that the presence of rigid floors
reduces the development of cracks, especially in X-direction
where the Model CS shows less cracking in the upper section

of the nave’s walls sited next to the belfry (down figures in each
quarter).

The Capacity of the Macro-Elements
Once the seismic demand Vi, namely the strength demand,
is known for different portions and macro-elements of
Sant’Agostino’s Sanctuary (see section Pushover Analysis: First
Results), it is possible to compare the ultimate lateral strength
Vu evaluated with the pushover analysis obtaining a new ratio
Vi/Vu giving us the safety levels of the analyzed portion like in
Brandonisio et al. (2013). For brevity issue only the results of
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FIGURE 12 | Horizontal seismic demand (Vi) to horizontal strength capacity (Vu) ratio of the different areas of the building for the Model CS for transversal (A), and

longitudinal directions (B).

FIGURE 13 | Horizontal seismic demand (Vi) to horizontal strength capacity (Vu) ratio for different macro-elements of the church for the Model CS for transversal (A),

and longitudinal directions (B).

Model CS, i.e., actual state, considering elastic spectra of the ASP_
station are described in order to have a clear assessment of the
damage caused by the last seismic events that stroke Central Italy.

In Figure 12, there is a first general consideration on what
part of the Sanctuary is more vulnerable, confirming that
the major problems are in the transversal direction, i.e., X-
direction, and the church (CH) is the most problematic part of
the Sanctuary. In the same Figure 12 two horizontal lines are
reported corresponding to a ratio Vi/Vu = 1, i.e., the elastic
limit condition, and Vi/Vu = 2 corresponding—with a good
approximation—to a given level of acceptable damage, according
to the behavior factor q = 2, as defined for masonry structure in
Italian Code (Ministro dei Lavori Pubblici e dei Trasporti., 2008;
Circolare Ministeriale n. 617, 2009; Ministero delle Infrastrutture
e dei Trasporti., 2018).

Based on these considerations, the single macro-elements
of the church have been analyzed, and the primary results

are reported in Figure 13. After plotting Vi/Vu, limited to
the value of 10 for a better comprehension, the vulnerability
of the house of worship was clearly remarkable in the
transversal direction, since the North wall of the nave (L1)
shows the most significant values of Vi/Vu, major than 10.
L1 is characterized by small stiffness due to a height of
18m, without internal orthogonal walls and intermediate floors,
and a thickness of 2.55m. In the longitudinal direction, the
ratio of Vi/Vu shows that elements more problematic are the
façade (T1) and the presbytery (PB). Again, this result agrees
with the appeared damage during the Central Italy 2016–2017
seismic sequence (section Damage After Seismic Sequence of
2016).

Further analyses will have to be conducted for higher
knowledge levels (i.e., KL2 and KL3), which leads to greater
resistance and a different spread of the damage, but this
constitutes the topic of future works.
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CONCLUSIONS

The paper approaches the seismic vulnerability of Sant’Agostino’s
Sanctuary in Offida (Ascoli Piceno), a small town in Central
Italy. The complex is placed in a highly seismic region; the
church portion has been considered unsafe after the earthquakes
occurred with epicenters in Accumoli and Norcia, respectively on
24th August and 30th October 2016, and is now closed.

The 3D non-linear solid numerical model (NM) described in
this paper gave the chance to investigate the seismic behavior
of the complex using sensitivity analysis performed by varying
control points and stiffness of the floors. First, the linear dynamic
behavior is analyzed confirming the high presence of local
modes slightly reduced by rigid floors introduced as a result of
consolidation. To gain a proper understanding of the seismic
demand, a linear dynamic analysis (obtained by natural and
Italian code spectra) was performed not only on the entire

complex but also on its main components and some macro-
elements identified within the building.

Subsequently, the seismic demand has been compared with
the seismic capacity, directly derived by pushover analyses,
providing a goodmatch with themost damaged parts andmacro-
elements of the complex after the seismic sequence of Central
Italy in 2016–2017. This confirms that the procedure defined in
Brandonisio et al. (2013) can offer an efficient tool to understand
the safety of a whole complex and not only of isolated churches,
also identifying themost vulnerable elements that are used as well
to design local and global retrofitting interventions.
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