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Abstract: The evaluation of the structural behaviour of iconic historic buildings represents one of the
most current structural engineering research topics. However, despite the various research works
carried out during recent decades, several issues still remain open. One of the most important
aspects is related to the correct reconstruction of the complex geometries that characterise this type
of construction and that influence structural behaviour, especially in the presence of the horizontal
loads caused by seismic action. For these reasons, different techniques have been proposed based
on the use of laser scanners, Unmanned Aerial Vehicles (UAVs), and terrestrial photogrammetry.
At the same time, several analysis methods have been developed that include the use of linear and
non-linear approaches. In this present paper, the seismic performance of the Santa Maria Novella
basilica and Santa Maria di Collemaggio basilica (before the partial collapse due to the 2009 L’Aquila
earthquake) were investigated in detail by means of several numerical analyses. In particular, a series
of non-linear time history analyses (NTHAs) were carried out, as reported in the Italian Building
Code. To represent the non-linear behaviour of the main structural elements, smeared cracking
(CSC) constitutive law was adopted. The geometry of the structures was reconstructed from a
complete laser scanner survey of the churches, in order to consider all the intrinsic irregularities that
characterise the heritage buildings. Finally, a comparison between the structural behaviour of the two
case studies was carried out, highlighting the differences and similar aspects, focusing on possible
collapse mechanisms and the identification of the most critical structural elements represented, in
both cases analysed, by the main pillars of the transept.

Keywords: cultural heritage; seismic vulnerability; geometry reconstruction; non-linear analyses

1. Introduction

The importance of rehabilitating and preserving iconic historic structures has led to an
ever-growing focus on developing new structural analysis techniques based on a multidis-
ciplinary approach [1–4]. One of the most important aspects that influences the evaluation
of the structural performance of historic buildings is represented by the correct geometry
reconstruction. In fact, during the last decades, several approaches have been proposed
based on the use of laser scanners [5–7], Unmanned Aerial Vehicles [8,9], and terrestrial
photogrammetry [10,11], with which it is possible to determine all the intrinsic irregularities
characterising the structural elements geometry of historic buildings. Moreover, most of
these buildings are in seismic-prone zones and are constructed with ancient unreinforced
masonry (URM) using various construction techniques [12–14]. In particular, religious
architecture, such as cathedrals, monasteries, and churches, represents a significant portion
of heritage buildings, which are characterised by a high level of seismic vulnerability.
Focusing attention on Italian historic buildings, many of them have suffered significant
damage during recent strong seismic events, such as the 2009 L’Aquila earthquake, when
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170 out of 240 monuments showed important damage or partial failure [15]. In fact, this
type of building is generally characterised by a complex structural configuration due to the
presence of several open spaces and slender walls and the absence of stiffening floors. A
further crucial factor influencing the structural behaviour of historic constructions is the
quality of the materials used, especially for masonry that has deteriorated over time. This
deterioration leads to a reduction in the mechanical properties of the material, which, in
turn, leads to a decline in the structural performance of the main elements, both under static
and dynamic loads. Furthermore, several useful approaches for evaluating the structural
behaviour of URM buildings have been proposed [16]. In fact, considering that masonry is
a composite structural material made of blocks (natural or artificial) assembled with layers
of mortar or dry joints, the correct modelling of its structural behaviour is challenging,
due to several aspects, such as anisotropy, heterogeneity, etc. For these reasons, different
methodologies have been presented in the scientific literature [17]. Nevertheless, the use of
refined models that are capable of taking into account all these aspects is limited in design
practice, where the application of simplified approaches is more common. In general, these
approaches are based on the schematization of the main structural elements by means
of macroelements, in order to reduce the computational effort. Nowadays, in common
practice, pushover analysis is combined with simplified structural models based on the
macroelements approach. One of the most used modelling strategies is represented by the
Equivalent Frame Method (EFM), which is widely adopted for the evaluation of the seismic
performance of URM buildings with regular geometry. In this method, the macroelements
are used to discretise walls as an assemblage of piers, spandrels, and rigid nodes. However,
the EFM is characterised by strongly simplified hypotheses and several limitations.

During recent years, several approaches have been proposed for the evaluation of the
seismic performance of existing URM constructions. Masciotta and Lourenço [18] have
analysed the seismic performance of slender masonry structures, considering different
methods and highlighting their advantages and related limitations. In Valente et al. [19], an
advanced numerical insight for the evaluation of the seismic behaviour of two row housing
compounds was carried out by means of the implementation of several finite element
models. Among the wide range of analysis methods, numerical approaches stand out for
their diffusion. In fact, the finite element method, combined with non-linear techniques,
represents one of the most used approaches, in particular to perform the structural analysis
of complex structures.

In this paper, the seismic performances of two iconic historic churches—(i) the Santa
Maria Novella basilica in Florence and (ii) the Santa Maria di Collemaggio basilica in
L’Aquila (before the partial collapse that occurred during the 2009 seismic event)—were
analysed. Starting from the geometry models that were reconstructed from complete
laser scanner surveys, finite element models were implemented to perform the structural
analyses. The findings from the two different churches were compared in order to identify
the similarities between them, considering their characteristic structural configurations.

2. Case Studies
2.1. Basilica of Santa Maria Novella

The basilica of Santa Maria Novella is one of the most iconic historic churches in Italy,
located in Florence in close proximity to the square bearing the same name (Figure 1). It
was the first basilica to be built in Florence characterised by elements of the Gothic style.

As can be observed in Figure 2, the church underwent a series of modifications
that affected its main structural elements, resulting in significant alterations to its original
configuration. The basilica’s current cross-shaped plan is 99.20 m long and 28.20 m wide and
has a maximum transversal size of 61.54 m at the transept (Figure 3a). In the longitudinal
direction, the church features three aisles with varying spans between columns (Figure 3b).

The nave is characterised by a height of 30.00 m and a width of 12.00 m. The aisles are
6.00 m wide and 20.00 m high. The pointed arches, which support a series of ribbed vaults,
stand on columns made of stone with varying cross sections. These columns are used to
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hold up the vaults of the nave and of the aisles, which are located at a different height.
The maximum height of the nave stone columns is equal to 15.00 m, while the columns
positioned in correspondence to the aisles have a maximum height of 9.00 m. The transept
presents three spans, with a central square apse and lateral minor chapels.
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The longitudinal walls along the aisles show a series of lancet windows and but-tresses.
Furthermore, the church is characterised by the presence of three different types of stone
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column. The first has an asymmetric cruciform cross section, with the maximum size
orientated along the longitudinal direction of the church (referred to as Type 1 in Figure 3).
The second and the third (referred to as Types 2 and 3 in Figure 3, respectively) have a
polylobate shape with different sizes.

2.2. Basilica of Santa Maria di Collemaggio

The basilica of Santa Maria di Collemaggio represents one of the most significant
Italian historical monuments and, as a result, has been the subject of extensive research
in recent years [21,22]. The church was built in the late 13th century by Pope Celestino V
and originally exhibited the characteristics of Romanesque architecture. However, over
the centuries, the construction process of the basilica has undergone various interventions,
primarily due to the consequences of earthquake damage. The church is characterised
by the presence of three naves, delineated by two columns of octagonal cross sections
(Figure 4a).
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On the opposite side to the façade is the transept, which contains two chapels and a
choir. A low dome covered by a wooden roof and entirely rebuilt in the 20th century is
situated at the intersection between the transept and the central nave.

The two altars, located on either side of the transept, are characterised by stucco
decoration on the walls, vaults, and chapels. These represent the final sections of the
building that underwent baroque decoration, which was removed during the 1970s. The
remaining parts of the basilica are characterised by bare walls and wooden trusses, which
provide structural support for the wooden roof of the central nave and aisles.

One of the most important features of the basilica is its imposing two-tone façade
(Figure 4b), as well as the tower, located on the right side of the façade, with an octagonal
cross section. The church presents a cross-shaped plan with a length of 93.64 m, having a
maximum transversal size equal to 34.26 m in correspondence to the transept (Figure 5).

The original layout of the church dates to the 13th century, but the construction process
continued until the 16th century. During the 17th century, the basilica underwent significant
alterations in response to the damage caused by the 1639 and 1654 earthquakes. These
interventions encompassed not only the embellishment in a baroque style but also the
enhancement of the seismic response of the main structural elements [23]. Of particular
note are the following interventions: (i) the reduction in height of the aisle walls, and (ii)
the enhancement of the interconnections between the various structural components (roof,
vaults, walls, etc.).

The 1915 Fucino earthquake caused significant damage to the church, resulting in the
partial collapse of the upper-left corner of the façade. Consequently, a new buttress was
constructed in the corresponding location on the façade, with robust tie rods to prevent
further out-of-plane movements. Moreover, to improve the out-of-plane stiffness, a new
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frame made of reinforced concrete (R.C.) was incorporated into the reconstruction of the
upper-left corner of the façade.
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Subsequently, the basilica was subjected to a further seismic event in 1958. During
this seismic event, the pre-existing cracks widened, particularly in correspondence to the
transept dome, which was demolished and completely rebuilt using reinforced concrete.
The remaining restoration interventions were completed during the 1970s. The baroque
style decorations were removed. During the course of this operation, some of the principal
original structural elements were revealed, while others were significantly altered compared
to their original configuration. In particular, the cross section that characterised the main
pillars of the transept was entirely modified, and the two last octagonal columns near the
transept were rebuilt using reinforced concrete. The remaining masonry columns were
modified, removing the 17th-century cruciform cover and revealing the original masonry
structure. The longitudinal walls, already subject to the above-mentioned height reduction
intervention, were raised through the construction of two new R.C. curbs positioned within
the thickness of the walls.

As a consequence of the 1997 Umbria and Marche earthquake, further interventions
were carried out to improve the seismic performance of the church: e.g., the reinforcement
of the longitudinal walls. Furthermore, a new horizontal dissipation bracing system,
composed of steel hysteretic dampers, was realised beneath a wooden roof [24,25]. The
junctions between the buttress, the façade, and the longitudinal walls were enhanced. The
masonry walls were reinforced through the implementation of drilling reinforced with steel
bars and grout injections.

On 6 April 2009, the church was struck by the famous L’Aquila earthquake, which
caused serious damage: the collapse of the transept (highlighted by the red dashed outline
in Figure 5) involved the failure of the two main pillars, the triumphal arch, the dome,
the barrel vaults, and part of the wooden roof structure. The reconstruction interventions
were concluded in 2017 and involved the complete reconstruction of the transept area and
the repair of the damage suffered by the columns [26–28]. It is important to note that the
church configuration considered in this research is the one prior to the partial collapse
that occurred during the 2009 L’Aquila earthquake. Consequently, the above-mentioned
retrofitting interventions carried out after 2009 were not taken into account in the following
structural analyses.
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3. Geometry Reconstruction and FEM Implementation

The main structural elements with complex geometries in the two case studies were
reconstructed from the 3D point cloud obtained from laser scanner surveys. In particular,
the geometry of the basilica of Santa Maria di Collemaggio was reconstructed in line with
the approach reported in [29–31]. Moreover, for the reconstruction of the geometry of the
basilica of Santa Maria Novella, the laser scanner used was a Leica HDS 7000. Due to the
complexity of the case studies, several scans were required to fully reconstruct the structures.
The scan quality was set to medium (3×), with a resolution of 1 pt per 12.27 mm at 10 m. The
TLS scans were processed using the Reconstructor software, version 4.4.2., with the Iterative
Closest Point (ICP) algorithm [32]. Particular attention was devoted to the definition of the
vaults, and the domes’ correct geometries were reproduced by means of the contour-level
curves (Figure 6a) that define the related surfaces (Figure 6b) [33]. The laser scanner’s point
clouds allowed for the accurate reconstruction of the main structural elements, taking into
account the irregularities typical of historic buildings. These irregularities would not have
been detectable using a standard geometric survey. This aspect is particularly important
for the accurate definition of the seismic behaviour of such a structure.
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Moreover, both churches present peculiar façades, not only in terms of their configura-
tion but also due to the presence of multiple openings (Figure 7).

To evaluate the seismic performance of the two churches, finite element models (FEMs)
were implemented based on the above-mentioned comprehensive geometry reconstruc-
tions [34–37]. In particular, the geometry of both basilicas was schematised by means of the
beam elements to represent the main pillars of the transept, the columns, the arches, the R.C.
curbs, the structure of the roof, and the plate elements to reproduce the structural behaviour
of the façade, the walls, the vaults, and the domes (Figure 8). The mesh size (implemented
in Midas GEN 2024 v2.1 software [38]) was adapted to reproduce as accurately as possible
the geometric characteristics of the two basilicas, also considering the above-mentioned
widespread presence of openings in the walls and in the façade. The FEM of the basilica of
Santa Maria di Collemaggio was implemented using 3916 beam elements and 12,652 plate
elements. The FEM of the basilica of Santa Maria Novella was schematised by means of
6949 beam elements and 69,330 plate elements.

The main mechanical properties of the materials (determined according to as reported
in [39,40]) characterizing the two churches are summarised in Table 1, where E is the
Young’s modulus, ν is the Poisson’s ratio, and γ indicates the weight density. When
appropriate, the bending and shear stiffness of the main structural elements were reduced
using the appropriate scale factors, calculated according to the method reported in [39], in
order to consider the possible presence of cracks.
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Table 1. Materials characteristics.

- Material E [MPa] ν [-] γ [kN/m3]

Santa Maria di Collemaggio

Transept pillars Masonry 1600 0.2 18
Walls Masonry 800–2000 0.2 18

Octagonal columns Stone 20,000 0.2 22
Roof structure Wood 10,000 0.2 5

R.C. curbs Reinforced concrete 31,475 0.2 25
Steel bracing system Steel 210,000 0.3 78.5

Santa Maria Novella

Columns Stone 4032 0.2 22
Arches Stone 4032 0.2 22
Walls Masonry 1230 0.2 20
Vaults Masonry 1500 0.2 18

The self-weight of the different elements that characterise the churches and the dead
loads, with the related masses, were applied to the FEMs shown in the previous Figure 8.
The presence of seismic action was considered by means of seven spectrum-compatible
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accelerograms, selected from the PEER Ground Motion database [41,42]. Table 2 shows the
main characteristics of the seismic records used in this research work.

Table 2. Main characteristics of the seismic signals.

Earthquake Name Station Year Mw [-]

Santa Maria di Collemaggio

Irpinia_Italy-01 Torre Del Greco 1980 6.90
Irpinia_Italy-02 Rionero In Vulture 1980 6.20

New Zealand-02 Matahina Dam 1987 6.60
Umbria Marche (aftershock 2)_Italy Norcia 1997 5.60
Umbria Marche (aftershock 2)_Italy Norcia-Zona Industriale 1997 5.60

L’Aquila_Italy Celano 2009 6.30
L’Aquila (aftershock 1)_Italy L’Aquila—Parking 2009 5.60

Santa Maria Novella

Santa Barbara Santa Barbara Courthouse 1978 5.92
Coyote Lake Gilroy Array #6 1979 5.74

Mammoth Lakes-01 Long Valley Dam (Upr L Abut) 1980 6.06
Irpinia_Italy-01 Bagnoli Irpinio 1980 6.90
Irpinia_Italy-01 Brienza 1980 6.90
Irpinia_Italy-02 Rionero In Vulture 1980 6.20

Coalinga-01 Slack Canyon 1983 6.36

Both the FEMs were considered fixed at the base through the application of perfect
restraints at the base node of each vertical structural element.

Analysing the structural configuration of the churches, it is possible to notice that
both are characterised by the presence of a big eccentricity between the centre of gravity
(Gc) and the stiffness centre (Sc) of the nave structures due to the significant difference in
stiffness between the façade and the main pillars of the transept area (Figure 9).
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Collemaggio; and (b) Santa Maria Novella.

This condition leads to strong torsional effects resulting in a significant increase in the
shear forces acting on the transept main pillars when the structure is subjected to seismic
action. In fact, this aspect was the main cause of the collapse mechanism that involved the
transept area of the Santa Maria di Collemaggio during the 2009 L’Aquila earthquake [43].

4. Numerical Analysis

To evaluate the dynamic behaviour of the two churches, an Eigenvalue analysis was
carried out in order to obtain the fundamental natural periods and the related vibration
mode shapes. Figures 10 and 11 report the four main vibration mode shapes that char-
acterise the dynamic behaviour of Santa Maria di Collemaggio and Santa Maria Novella,
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respectively, where MT indicates the participating mass in the transverse direction and ML
is the participating mass in the longitudinal direction.
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Figure 10. Main fundamental vibration periods for Santa Maria di Collemaggio: (a) mode 1, period:
0.674 s, MT = 37.49%, and ML = 0.00%; (b) mode 4, period: 0.400 s, MT = 14.43%, and ML = 0.04%;
(c) mode 10, period: 0.318 s, MT = 0.19%, and ML = 32.79%; and (d) mode 13, period: 0.290 s,
MT = 0.53%, and ML = 10.68%.

The results obtained from the Eigenvalue analysis show a complex dynamic behaviour
that affects both churches, with the total participating mass being divided into several
modes. In fact, considering what is shown in Figures 10 and 11, it is possible to notice that
only mode 4, which characterises the dynamic behaviour of Santa Maria Novella, presents a
participating mass greater than 50%, while mode 1 for Santa Maria di Collemaggio involves
about 34% of the total mass of the church. However, it is important to highlight that mode
1 for both basilicas exhibits a vibration mode shape that involves the nave structures.

To evaluate the seismic performance of the two churches, a series of non-linear time
history analyses (NTHAs) were carried out using the seismic records reported in Table 2
and considering the approach proposed in [39]. The non-linear behaviour of the masonry
materials used in the walls, domes, vaults, and triumphal arches (implemented in the
FEMs as plate elements) was introduced by means of the concrete smeared cracking (CSC)
constitutive law [44,45]. The adopted parameters, calculated according to the method
reported in [46], are outlined in Table 3, where fc is the compressive strength; Gc is the
compressive fracture energy; h is the average size of the elements; ft is the tensile strength;
and Gt

f is the fracture energy, which regulates the tensile behaviour.
Figure 12 reports the compressive and tensile non-linear behaviours adopted for the

CSC approach. To take into account the shear behaviour, a linear model was considered
using a shear reduction factor β = 1. For the columns and the main pillars (introduced in
the FEMs using beam elements), appropriate concentrated plastic hinges located at the base
and at the top of the elements were used [47].



Appl. Sci. 2024, 14, 10274 10 of 14
Appl. Sci. 2024, 14, x FOR PEER REVIEW 10 of 15 
 

  
(a) (b) 

  
(c) (d) 

Figure 11. Main fundamental vibration periods for Santa Maria Novella: (a) mode 1, period: 0.896 s, 
MT = 44.14%, and ML = 0.00%; (b) mode 4, period: 0.525 s, MT = 0.00%, and ML = 58.64%; (c) mode 
5, period: 0.475 s, MT = 21.77%, and ML = 0.00%; and (d) mode 11, period: 0.341 s, MT = 0.00%, and 
ML = 1.58%. 

The results obtained from the Eigenvalue analysis show a complex dynamic 
behaviour that affects both churches, with the total participating mass being divided into 
several modes. In fact, considering what is shown in Figures 10 and 11, it is possible to 
notice that only mode 4, which characterises the dynamic behaviour of Santa Maria 
Novella, presents a participating mass greater than 50%, while mode 1 for Santa Maria di 
Collemaggio involves about 34% of the total mass of the church. However, it is important 
to highlight that mode 1 for both basilicas exhibits a vibration mode shape that involves 
the nave structures. 

To evaluate the seismic performance of the two churches, a series of non-linear time 
history analyses (NTHAs) were carried out using the seismic records reported in Table 2 
and considering the approach proposed in [39]. The non-linear behaviour of the masonry 
materials used in the walls, domes, vaults, and triumphal arches (implemented in the 
FEMs as plate elements) was introduced by means of the concrete smeared cracking (CSC) 
constitutive law [44,45]. The adopted parameters, calculated according to the method 
reported in [46], are outlined in Table 3, where fc is the compressive strength; Gc is the 
compressive fracture energy; h is the average size of the elements; ft is the tensile strength; 
and G୲ is the fracture energy, which regulates the tensile behaviour. 

Table 3. CSC parameters. 

- fc [MPa] Gc [N/mm] h [mm] ft [MPa] 𝐆𝐟𝐭 [N/mm] 
Santa Maria di Collemaggio 

Walls 1.25 0.1 300 0.15 0.1 
Vaults 1.67 0.1 300 0.15 0.1 

Santa Maria Novella 
Columns 3.86 0.1 300 0.30 0.1 
Arches 3.86 0.1 300 0.30 0.1 
Walls 1.07 0.1 300 0.10 0.1 

Figure 11. Main fundamental vibration periods for Santa Maria Novella: (a) mode 1, period: 0.896 s,
MT = 44.14%, and ML = 0.00%; (b) mode 4, period: 0.525 s, MT = 0.00%, and ML = 58.64%; (c) mode
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Table 3. CSC parameters.

- fc [MPa] Gc [N/mm] h [mm] ft [MPa] Gt
f [N/mm]

Santa Maria di Collemaggio

Walls 1.25 0.1 300 0.15 0.1
Vaults 1.67 0.1 300 0.15 0.1

Santa Maria Novella

Columns 3.86 0.1 300 0.30 0.1
Arches 3.86 0.1 300 0.30 0.1
Walls 1.07 0.1 300 0.10 0.1
Vaults 1.07 0.1 300 0.10 0.1
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The seismic vulnerability was quantified through risk indices defined as the ratio
between the value of the peak ground acceleration that leads to the collapse of the first
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structural elements (PGAC) and the design peak ground acceleration (PGAD) calculated as
reported in [39] considering the life safety limit state:

RI =
PGAC
PGAD

(1)

The failure mechanism in both churches involves the two main pillars of the transept
as the first elements reaching collapse. This is due to the presence of a high eccentricity
between the gravity centre and stiffness centre, shown in detail in Figure 9, which causes
a torsional effect and a consequent increase in the shear force acting at the base of the
main pillars of the transept. It is important to highlight that the above-described collapse
mechanism is what affected the Santa Maria di Collemaggio during the 2009 L’Aquila
earthquake, which caused the failure of the transept area. Table 4 reports the value of the
risk indices obtained from the execution of the non-linear time history analyses.

Table 4. Risk indices obtained from the execution of the non-linear time history analyses.

PGAC [g] PGAD [g] RI [-]

Santa Maria di Collemaggio

0.075 0.261 0.287

Santa Maria Novella

0.059 0.221 0.267

The risk indices obtained from the non-linear dynamic analyses are characterised
by values less than 1, which demonstrates how such structures are not adequate to resist
the design of seismic action defined by the Italian Building Code [39]. Furthermore, it is
possible to notice that both the risk indices obtained are characterised by values less than
0.3, indicating the high seismic vulnerability of the transept main pillars of both churches,
due to the mechanical characteristics of the quasi-brittle masonry material.

As reported in the previous Section 3, the obtained results have demonstrated the high
seismic vulnerability of the analysed case studies. Moreover, several aspects that define the
seismic performance of the two churches appear similar. In fact, it is possible to notice that
the vibration mode shape of mode 1, which characterised the dynamic behaviour of both
churches, shown in Figures 10a and 11a, is in the transverse direction and mainly involves
the nave structure with participating masses equal to 37.49% and 44.14% for Santa Maria di
Collemaggio and Santa Maria Novella, respectively. Furthermore, both the case studies
are characterised by first fundamental natural periods less than 1 s due to their structural
configuration and the presence of stiff vertical elements, such as the walls and the façade.
These aspects significantly influence the formation of the collapse mechanism under seismic
action, described in detail in the previous Sections 3 and 4, which characterises both Santa
Maria di Collemaggio and Santa Maria Novella. In particular, the results of the non-linear
time history analysis have highlighted that the most critical elements are the main pillars
of the transept, as also demonstrated by the partial collapse that affected Santa Maria di
Collemaggio during the 2009 L’Aquila earthquake. Furthermore, it is possible to notice
that the observed collapse mechanism, which is strictly related to the load-bearing capacity
of the vertical structural elements, such as the nave columns and the main pillars of the
transept, could potentially occur in any church with a similar structural configuration to
the two analysed case studies. Indeed, the significant eccentricity value between the gravity
centre and the stiffness centre, combined with the greater stiffness of the transept pillars in
comparison to the nave columns, leads to a significant increase in the shear forces acting at
the base of the pillars when the structure is subjected to seismic action.

Moreover, the low values of the risk indices, obtained by considering the peak ground
acceleration, which could potentially lead to the collapse of the main pillars of the transept,
are in part due to the poor mechanical properties of the masonry.
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5. Conclusions

In this paper, a multidisciplinary approach useful for the evaluation of the seismic
performance of historic constructions characterised by complex geometries is discussed. In
particular, two iconic case studies located in different areas of Italy were analysed: (i) the
basilica of Santa Maria di Collemaggio; and (ii) the basilica of Santa Maria Novella in
Florence. The starting point of the project involved the reconstruction of their geometry
based on the data obtained from a series of complete laser scanner surveys. Subsequently,
finite element models of the two churches were developed using plate elements to represent
the walls, the façades, the vaults, the dome, and the beam elements to schematise the main
pillars of both the transept area and the nave columns. An Eigenvalue analysis was
performed to define the dynamic behaviour of the basilicas. This analysis has revealed that
the vibration mode shapes of the main fundamental natural periods are analogous between
the two case studies. This phenomenon can be attributed to their structural configurations:
both exhibit a significant eccentricity between the gravity centre and the stiffness centre,
resulting in the presence of torsional effects.

To evaluate the seismic vulnerability of the two churches, a series of non-linear time
history analyses were carried out using seven spectrum-compatible accelerograms obtained
from the PEER database and considering the approach reported in [39]. The obtained
results were quantified by means of risk indices defined by the ratio between the value
of the peak ground acceleration that leads to the collapse of the first monitored structural
elements and the design peak ground acceleration calculated as reported in [33] for the life
safety limit state. Both the case studies were characterised by risk index values less than 1
(0.287 for Santa Maria di Collemaggio and 0.267 for Santa Maria Novella), which highlights
the high seismic vulnerability of the two buildings.

According to the considerations on the basilicas’ structural configurations, the first
elements to collapse are the main pillars of the transept area. This hypothesis is supported
by the partial collapse observed at Santa Maria di Collemaggio during the 2009 L’Aquila
earthquake.

Finally, it is important to highlight that the collapse mechanism observed in the two
case studies can apply to all historic churches with a similar structural layout. This is due
to the presence of a significant eccentricity between the gravity centre and the stiffness
centre. This aspect can be useful for planning the correct structural interventions to improve
the seismic performance of historic churches while taking care not to develop collapse
mechanisms in other structural elements, such as the façade or the nave columns.
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