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Abstract 
 

The present work shows the seismic vulnerability analysis of three churches located 

in Camerino, a village that has reported extensive damages, especially to the 

monumental historical buildings, after the Central Italy Earthquakes. The churches 

were studied with local and global analysis, these last were performed using accurate 

3D Finite Element Models where the post-elastic behaviour of masonry was 

considered by Total Strain Crack Model. The study showed as the use of non-linear 

static analysis is able to reproduce with good approximation the cracks provoke by 

the quakes. 
 

Keywords: central Italy earthquakes, masonry churches, finite element model, linear 

dynamic analysis, total strain crack model, non-linear static analysis. 
 

1  Introduction 
 

In this paper are analysed three churches located in Camerino, a village in the crater 

area of the last 2016 Central Italy Earthquakes. Camerino was exposed to several 

strong quakes during the centuries, that have provoked numerous damages and 

victims, the most serious one occurred in 1799 when only Camerino counted 60 

victims. Last Central Italy Earthquake, which was characterized by four main shocks 

with respective epicentres located in Amatrice (Mw=6.0), Campi (Ussita) (Mw=5.9), 

Colfiorito (Norcia) (6.5) and Capitignano (Mw=5.5), also provoked several failures 

in the village. Among all the damaged buildings numerous were the recorded damages 

to ecclesiastic structures that, once again, underlined their vulnerability to quake 
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actions [1–10]. In this study are choose the three mains important churches of 

Camerino (Figure 1) declared unsafe after the 2016 earthquakes: 

• Santa Maria in Via 

• San Venanzio 

• Santa Maria Annunziata 

San Venanzio and Santa Maria Annunziata have a Latin-cross plan, respectively of 

sizes 39x68 and 29x60m, the first has a bell-tower on the North-Est side of 45m, 

instead, Santa Maria Annunziata has two in the sides of the facade. Santa Maria in 

Via is the smallest one, it has an elliptic plant of 28m larger diameter and a bell-tower 

of 15m. 

The study wants to underline the capacity of 3D Numerical Models to reproduce the 

seismic damage using linear and non-linear analyses. To represent the nonlinear 

behavior the Total Strain Crack Model is used assigning appropriate constitutive laws 

in tension, compression and shear. 
 

2  Methods 
 

In this paper, the three churches were analysed considering local and global 

behaviours following the Italian Guidelines [11,12]. 

For the local, the structures were divided into macro-elements considering the actual 

cracks, their capacity was analysed by a kinematic approach comparing the activation 

acceleration with the PGA waiting for the Limit State of Significant Damage.  

To study the global behaviour, instead, the geometries of buildings were reproduced 

carefully in 3D Models that, subsequently, were discretized by tetrahedral bricks 

elements using Midas FEA software [13] (Figure 2). This choice is due to the 

impossibility to simplify these structures for the absence of horizontal floors, 

openings not aligned, etc. This approach is called Macro-Modelling where no 

distinctions are made between brick and lime and the material is considered as 

isotropic, to represent the post-elastic behaviour the Total Strain Crack Model was 

used assign different constitutive laws. In compression was define a parabolic law, in 

tension a Hordjik law and a linear behaviour for the shear [14–16], both linear and 

nonlinear materials parameters were considered by previous investigation and 

literature data. The Finite Element Models were used to perform linear dynamic 

analysis and Non-linear static analysis, for the latter two types of inertial distribution 

forces were assigned following the Italian Code, one proportional to the modal shapes 

(PushMode) and one proportional to the masses (PushMass). The nonlinear results 

allowed to extract the capacity curves force-displacement for different control nodes 

taken on the churches top, they have permit, also, to compare the numerical with the 

real cracks. 
 

3  Results 
 

The first analyses performed were the linear dynamics, they were used to identify the 

main modal shapes and compare their periods with those recorded during the 30th 

October 2016 shook. Observing the Figure 3 it is evident as the accelerations recorded 

at Camerino the 30th October were high especially in North direction, being double 
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respect the expected acceleration for this type of structures, Class II and ordinary 

buildings, for Limit State of Significant Damage (SLSD or SLV in Italian). 

The Figure 3 shows that the bell-towers are involved in all the cases, due to their 

particular conformation. The Latin-cross churches have as other weak elements the 

lateral walls nave, whereas, the elliptic church has the façade. Comparing the periods, 

it is evident that the main shapes are near the acceleration peaks, indeed, all these 

elements presented spread cracks after the 2016/17 quakes Figure 4. 

After this first proof of model dependability the non-linear analyses were carried out 

using the arch-length Method and the initial stiffness method, imposing the following 

parameters: 

• Maximum number of iterations of load increment: 100; 

• Maximum analysis number of sub-steps: 1000; 

• Minimum analysis number of sub-steps:5; 

• Initial load factor 0.1; 

• Energy norm tolerance 10^-3. 

The curves force-displacement obtained have shown different capacities in X and Y 

direction and for PushMass e PushMode analysis. For example, the Santissima 

Annunziata church is more resistant in Y-Direction (longitudinal Direction) respect 

X-Direction (transversal-Direction). 

To verify the models capacity to reproduce the real behaviours, also the cracks obtain 

by non-linear static analyses were compared with the real ones that occurred. In Figure 

5 it is possible to see that in Santa Maria in Via church and in Santissima Annunziata 

church the cracks are recreated with good approximation. 
 

4  Conclusions and Contributions 
 

The paper analysed three churches located in Camerino, a village that suffered serious 

damages from the last Central Italy Earthquake.  The churches analysed are: (i) the 

Santa Maria in Via Church, (ii) Santa Maria Annunziata Church and (iii) San 

Venanzio Church, all of them were considered unsafe after the quakes, at present, only 

San Venanzio church was reopened on 16th December 2019.  

The most damaged was Santa Maria in Via that the 26th October suffered the bell-

tower collapse, this event had a strong resonance in Italy because it destroyed a nearby 

building.  

These earthquakes showed again the high vulnerability of these type of structures and 

that their failure can be dangerous for the near structures. To preserve them and to 

prevent uncontrolled failures it is necessary to identify their vulnerability to intervene 

as soon as possible.  

This aim is here presented using kinematic analyses on macro-element, dynamic 

linear analyses and nonlinear static analyses on 3D Finite Element Models. The study 

showed as this type of modelling is useful to identify the most vulnerable elements 

and to evaluate their seismic capacities.  

The cracks obtain by non-linear static analysis shown the reliability of numerical 

models with some approximations that could be overcome with dynamic non-linear 

analyses even it will require more computation time. 
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Figure 1: Geographical localization of the churches analysed. 

Figure 2: Numerical models of a) Santa Maria in Via; b) San Venanzio; b) 

Santa Maria Annunziata. 
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Figure 3: Distribution of principal modal shapes in the North and East directions and 

comparison with the pseudo-acceleration response spectra of the main shock of 

Central Italy 2016-2017 seismic sequence. 

Figure 4: Some cracks after the Central Italy Earthquake, a) Partial collapse of one 

façade 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. 
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