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Abstract. In the present work, the importance of considering the exact nonlinear and three-
dimensional behavior of masonry structures is shown, in order to highlight all the structural
deficiencies of different churches damaged by the last Centre Italy earthquake in the city of
Camerino. For this purpose, the exact geometries of the structures are reconstructed, while
information regarding the mechanical properties of masonry material are derived from pre-
vious investigations and literature references. Based on this information, different numerical
models are used to reconstruct the damages.

Different three-dimensional FE models, endowed with an elastic plastic (softening) damage
constitutive law, are adopted to determine the seismic vulnerability of the building by means
of nonlinear static analyses using the smeared fracture energy approach. With this method it
is possible to establish, with a right degree of approximation, the areas where the most im-
portant cracks are expected and, in general, the location of the potential damage caused by
horizontal forces.
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1 INTRODUCTION

Italy in the last years was hit by several earthquakes, the last one was that of 2016/2017
Central Italy, characterized by four principal shooks: 24™ August 2016 Mw=6.0, 26" October

2016 Mw=5.9, 30™ October 2016 Mw=6.5 and 18" January 2017 Mw=5.5. This swarm inter-

ested a large area between Marche, Abruzzo, Lazio and Umbria regions. These areas are char-

acterized by spread little villages with many religious buildings, having been territories
belonging to Papal State up to 1870. The churches showed, again, their high vulnerability to

the horizontal forces [1-12], due to their complex geometry and state of conservation. Whit

the aim to find an appropriate method to evaluate the actual vulnerability and to predict the
possible seismic damages of these structures, three different churches were analyzed. The

case studies are in Camerino, a village in Marche Region hinterland. Camerino has been often
hit by strong quakes (Figure 1), noteworthy is the 1799 swarm with a maximum intensity of

6.1 that provoked 60 dead in the village and heavy damages at the structures.
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Figure 1 Earthquakes felt in Camerino during the years, from 1000 to 2017

(https://emidius.mi.ingv.it/ [13])

The analyzed churches are shown in Figure 2, they are:

Santa Maria in Via Church
San Venanzio Church
Santa Maria Annunziata Church

Two of them are in the red zone, Santa Maria in Via and Santa Maria Annunziata, whereas
San Venanzio is in Nord-Est neighborhood. The churches were studied using 3D Finite Ele-
ment Models, on with whom linear and non-linear analyses were carried out in order to stress,
once again, the capacity of this modeling type to predict the seismic vulnerability, since it
would be a useful resource to design interventions to prevent cracks and failures occurrence

[14,15].
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San Venanzio Church

CAMERINO

Santa Maria in Via Church

Figure 2 Geographical localization of the churches analyzed
2 CASE STUDIES

2.1 Historical development

Santa Maria in Via Church (S_ M_V)

The firsts proofs of a church presence date back to 1299, it was probably a little church that
was converted later to guard the Madonna enthroned with the child, painting brought by Cru-
saders from Smirne. The church reformation started in 1639 by the Angelo Giori Cardinal
will and ended in 1642. The church was hit by different earthquakes during the centuries, the
strong 1799 quake caused the collapse of the masonry vault that covered the principal room,
that was replaced by a camorcanna vault (light vault). During the 1997 Earthquake, there were
static damages and in the connections of the light vault with the trusses od roof. The work of
restoration was completed only in 2006.

San Venanzio Church (S_V)

San Venanzio Church dates back to the XII century, it was built on the ruins of a little church
erected on the place of Saint's martyrium. In the XIII century, the church acquired importance
and became Collegiata. The church was subject to different works during the years, subse-
quently the 1799 earthquake was necessary a radical reconstruction for the heavy damage suf-
fered. The works were carried out by the architect Luigi Poletti, they started in 1836 and
ended in 1875 on the 9 of May. In 1979 the transept foundations were consolidated with mi-
cro piles and the principal walls were reinforced by concrete injections. In the “90s also the
crypt columns' foundations were consolidated. During the “97 earthquakes, the failure of sac-
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risty and apse foundations occurred. After this event also these foundations were reinforced
with R.C. piles and the roofs and masonry walls were repaired.

Santa Maria Annunziata Church (S_M_A)

The first the structure edification seems to date back to the V century, while the first proof of
a Romanesque church, consecrated to San Giuseppe, date to the XIII century. The first im-
portant interventions go back to 1259 when the Svevi’s devastation and the population incre-
ment pushed on a complete renovation. In 1279 the church was hit by a strong earthquake, it
provoked the bell-tower collapse, that was rebuilt subsequently. In 1748/49 the fagade was
transformed by a two hundred style at Barocco style. The 28" June of 1799 a new earthquake
hit the church, followed by a heavy makeover carried out by Andrea Vinci architect, a Vani-
telli’s student. The new church had a portico in front as an extension of the Palazzo Vescovile.
The works ended the 8™ of September of 1932, when the church was devoted to Santissima
Maria Annunziata. After the “97 earthquake the church was reinforced by steel connections
on the roof base to provide the box-behavior.

2.2 Geometric survey

Santa Maria in Via Church (S_M_V)

The nave of the church has an elliptic shape with a larger diameter of about 28m and smaller
of 13m, on both sides there are four chapels (Figure 3-a). On the two sides of the entry, there
are two symmetric rooms that are a baptizer and a chapel. The sacristy and the oratory are on
the sides of the presbytery. On the south side, there is the bell-tower high 15m. The bearing
structure is made of solid bricks with an inner core of poor materials. The hall is covered by a
camorcanna vault and the roof is made by wood trusses

San Venanzio

The basilica has a Latin-cross (39mx68m) layout with the principal nave of double-length re-
spect the lateral ones Figure 3-b. The principal nave is divided by the others whit fourteen Co-
rinthian columns built with blocks stone and solid bricks. Under the presbytery, there is the
crypt covered by cross vaults supported by Porfido columns. The crypt is accessed through
two symmetrical stairs in the transept. The bell-tower is on the north-west side with a height
of 45 m, three different orders are visible on it. On the principle nave there is a light barrel
vault covered by a wood roof. The bearing structure is made of solid bricks

Santa Maria Annunziata Church (S_M_A)

The church has a Latin-cross layout (29mx70m), the naves are divided by columns and pillars
on which rest round arches Figure 3-c. Under the church, there is a large crypt cover by cross
and barrel vaults. On the two sides of the facade, arrears of six meters, there are two identical
bell-towers of 40 m high covered by domes. The naves are covered by camorcanna vaults and

the roof is made of wood trusses. The bearing structure is made of solid bricks and stone
blocks
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Figure 3 Geometric configuration; a) Santa Maria in Via; b) San Venanzio; ¢) Santa Maria Annunziata

2.3 Damage suffered during the Central Italy Earthquake

The 2016 earthquakes caused damages to all these churches. Indeed, comparing the accelera-
tions recorded to Camerino during the 30™ October quake with the maximum acceleration ex-
pected to preserve the human life, according to the Italian code [16], they have been, in North
direction, twice respect to expected values Figure 4.
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Figure 4 Comparison between the maximum acceleration expected for the SLV and accelerations recorded

The most damage church is Santa Maria in Via. After the 26™ October earthquake, the bell-
tower collapsed and a lot of spread cracks appeared, during the 30" October quake the cracks
made worst, and partial collapses occurred on the two sides of the fagade Figure 5-a. The roof
collapse happened after the 18" January 2017 earthquake, provoking the tambour and light
vault failure.
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The second more damaged church is Santa Maria Annunziata Figure 5-c, it showed significa-
tive cracks in both the bell-towers in correspondence of the spiral stairs and near the facade
connections. The narthex had cracks on the connection to the fagcade, probably provoke by a
hammering mechanism. On the opposite sides of the presbytery, two symmetric cracks show
the activation of its out-of-plane mechanism. The church internally had shear cracks on the
pillars and between the change of materials.

San Venanzio, instead, had deep cracks on the light vaults, on the arches and walls Figure 5-b.
All of them were declared unsafe after the earthquakes, today the only reopened is the less
damage, or rather, San Venanzio.

Figure 5 Some cracks after the Central Italy Earthquake, a) Partial collapse of one fagade side of Santa Maria in
Via; b) Cracks spread on the walls and the vault of San Venanazio; c¢) Crack in correspondence of the Clock of
one Santissima Annunziata bell-tower

3 NUMERICAL MODEL

The churches were studied using Finite Element Models (FEMs), by means of
MidasFEA© software [17], as it is impossible to simplify this type of buildings with the
common softwares. The masonry was considered as homogeneous and isotropic material,
whose post elastic behavior was considered using the Total Strain Crack Model, assign a par-
abolic law in compression, a Hordjik law in tension and a linear law for the shear [18-20].

The geometries were reproduced carefully and subsequently discretized with 4-nodes tet-
rahedral brick elements Figure 6. In the Table 1 are reported the number of elements, nodes
and degree of freedom used for each case study.

Church Element Nodes d.o.f.

SMYV 483 885 109 694 345414
SV 230 046 61422 175723

SMA 601 019 163030 489 090

Table 1 Finite Element Models characteristics
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b)
Figure 6 Numerical Models of a) Santa Maria in Via; b) San Venanzio; b) Santa Maria Annunziata

3.1 Dynamic analysis

Firstly, the numerical models were submitted to dynamic linear analyses using Lancoz
method. A lot of modal shapes were necessary to move the 85% of the total mass in both the
direction, the number of modes are respectively 414 for Santa Maria in via, 230 for the San
Venanzio and 474 for the Santa Maria Annunziata

The principal modal shapes periods, for each church, are compared with the spectrums
recorded during the strongest quake of the 2016 seismic swarm, the Figure 7 shows that their
periods are near the maximum accelerations recorded periods.

In all the models the bell-towers are moved from one of the principal modes, indeed, in all
the cases, they showed cracks after the earthquakes. The two long churches, San Venanzio
and Santa Maria Annuziata, have as other vulnerable elements the longitudinal walls, instead,
the facade is a vulnerable element for the Santa Maria in via church, in effect it has two long
cracks on both sides.
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Figure 7 Distribution of principal modal shapes in the North and East directions and comparison with the pseu-
do-acceleration response spectra of the main shock of Central Italy 2016-2017 seismic sequence.
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3.2 Nonlinear static analysis

Subsequently, the models were used to carry out the non-linear static analyses, following
the guidelines of the Italian Code [16,21] two different force distributions were used, one pro-
portional to the modal shapes (PushMode) and the other masses proportional (PushMass).

To perform the PushMode the models were subjected to response spectrum analysis using
as input the Limit State of Significant Damage (SLSD or SLV in Italian) spectrums consider-
ing “Class II” and ordinary structures. The nodal forces were obtained combining with the
CQC algorithm the responses in each direction, considering the number of modes necessary to
move the 85% of the total mass.

The analyses were performed using the arch-length iteration, using 0.1 as initial load, 1000
as maximum number of iteration and a 10~} as convergence limit.

From these analyses, the capacity curves of each church were obtained for different con-
trol nodes. The curves show different behaviors and resistances for both in the directions and
control nodes chosen, due to the geometry complexity. In Figure 8 are reported the capacity

curves of one control node for each church obtain by PushMass analysis in +X-Direction and
+Y-Direction.
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Figure 8 Examples of PushMass curves in +X-Direction and +Y-Direction of a control node for each church

Comparing the numerical cracks with the real damages it is possible to confirm the reada-
bility of the numerical models Figure 9.

a) b)
Figure 9 Correspondence between numerical and real cracks for a) Santa Maria in Via; b) Santa Maria Annun-
ziata
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4 CONCLUSIONS

The paper presents an accurate study of three churches, Santa Maria in Via, San Venanzio and
Santissima Annunziata, located in the crater area of 2016 Central Italy Earthquake, precisely
in Camerino, a village in the hinterland of Marche Region. The churches, seriously damaged,
were studied with FEM using linear and nonlinear analysis. The nonlinear static analyses
show as this type of analysis is able, with a good approximation, to reproduce the real cracks
occurred, even if it overestimates the seismic capacity, since it doesn’t include the change of
frequencies produced by the damage evolution.
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