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Abstract. The San Benedetto church complex is an iconic architectural heritage asset of 

Ferrara, an attractive small city in the North of Italy. This paper investigates two separate parts 

from the complex, respectively the church, and the bell tower. The construction of the church 

dates back in the XV century, and many modifications were carried through years. During the 

second world war the church was severely damaged and then was fully restored to the original 

design. The bell tower instead is a typical tower of northern Italy, notably inclined by 3°. In the 

last decade, severe earthquake sequences occurred in the nearby areas, and the occupancy and 

safety of the structures were compromised. Several observed damages impelled upgrading 

measures, and consequently, many different retrofitting interventions got executed. Advanced 

numerical simulations are conducted in order to estimate the seismic vulnerability of each 

structure, by means of non-linear dynamic analysis. A critical historical evolution of the 

structure is considered, and two models for each structure are conceived respectively. The 

church models consist of 1) post-war reconstruction modeled with two distinct materials; 2) 

post-earthquake intervention with repointing technique and composites. The bell towers models 

consist of 1) the non-retrofitted tower; 2) the model with steel hooping bars. A comparative 

analysis is carried out based on the numerical results highlighting the pros and cons of each 

modeling technique and the efficiency of each intervention. Structural stiffening incorporated 

with a non-uniform distribution of the resisting capacities of the load-bearing elements 

highlights the seismic vulnerabilities. The necessity for the advanced numerical simulation 

emerges by the evidenced vulnerabilities in the performed simulations concerning the overall 

structural safety.  
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 1 INTRODUCTION 

The conservation and preservation of cultural heritage are a topic of great interest in seismic-

prone regions, such as Italy [1–4]. Recent earthquakes in the Italian territory (Umbria-Marche 

1997, L’Aquila 2009, Emilia 2012, Central Italy 2016) highlighted the vulnerability of old 

masonry constructions to seismic excitations [5,6]. In particular, historical masonry churches 
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proved to be highly vulnerable against horizontal loads [7–9]. Post-earthquake damage surveys 

carried out after past seismic events highlighted that one of the main causes of vulnerability for 

such structures is associated with local failure modes, mainly due to the out-of-plane response 

of macro-elements [10,11].  

It is a prevailing opinion, based upon vast research on their structural performance, that the 

masonry towers are relatively very vulnerable against seismic loads, [12,13]. The low tensile 

strength characterizes the masonry material and it is a paramount aspect that causes severe 

damages to occur. However, the mechanical properties are only one aspect of their 

vulnerability. Indeed, peculiar geometrical configurations, confinement with other 

constructions, the soil-structure interaction, or the inclination plays a relevant role in their 

performance [14–16]. 

This study is conceived as a comparative study between two different models of the church 

and the bell tower of the San Benedetto Complex. As will be detailed in the following 

paragraph, the studied structures represent complex futures, of geometry, materials and 

restoration interventions. All these aspects influence the seismic vulnerability thenceforth a 

detailed investigation is a step toward the knowledge of their actual safety level. Two models 

have been conceived in this study, corresponding to the state before and after the carried-out 

interventions. Non-linear dynamic analysis is the implemented numerical strategy to compare 

the seismic performance of the structures in terms of the induced damages. This study is a 

preliminary estimation of the efficiency of structural strengthening. 

2 GENERAL DESCRIPTION OF THE SAN BENEDETTO COMPLEX  

The San Benedetto church complex is an iconic structure belonging to the cultural and 

architectural heritage of Ferrara, an attractive small city in the North of Italy. This paper 

investigates two separate parts from the complex, which are respectively the church and the bell 

tower. The construction of the church dates back in the XV century, and many modifications to 

the original structure were carried through years. 

2.1 San Benedetto Church 

San Benedetto Abate Church in Ferrara was built between 1496 and 1553. During the Second 

War World, the church was severely damaged and partially destroyed, see Figure 1. A 

reconstruction process was performed according to the original drawings, and the works were 

completed in 1954. The overall length of the church is about 60m and the height is almost 28 

m. The façade, which is subdivided into three parts by decorative pilasters and has a large rose 

window in the upper part. The church has the plan layout of a typical regular Latin cross with 

three naves. The naves are separated by two rows of columns, and along the aisles, there are six 

chapels in both sides symmetrically. The nave walls are approximately 18m high and present a 

circular opening of diameter equal to 2.4m at about mid-length. The aisles' walls are 11m high, 

while each side chapel is 8m high and presents high window openings. The transept of the 

church is almost 45m long and 18m high similar to the nave. The nave and the transept are 

covered with barrel vaults reinforced with ribs. The end part of the church consists of a semi-

circular apse and two small side apses, which have the same dimensions as the side chapels of 

the naves. The apses and the transept have a radius of almost 6m, two elongated windows at the 

end and two infilled circular windows aside. 
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2.2 San Benedetto Bell Tower 

The bell tower of San Benedetto Church as construction is newer compared to the church. It 

was built in 1621 according to a design by Giovani Battista Aleotti. The main future is the 

slenderness and the inclination. The last one is typical for all the towers in Ferrara, but this 

tower is the highest and the most inclined one. The height of the tower is 54m, and the base 

width is 7.1m. The tower is highly irregular in the upper part. It is composed of a regular tube 

(30m) in the lower zone, and two blocks in the belfry zone. The wall thickness varies from 

130cm at the base to 30cm at the top. The present inclination is 3.0° towards the West and 0.5° 

towards the North. The inclination influence and the last earthquake has caused vertical cracks 

passing through the openings. An intervention consisting of horizontal steel bars placed for 

hooking effect along the height was carried out after the earthquake in 2012.  

      

Figure 1: San Benedetto church after World War II (left image) actual state (right image)  

3 NUMERICAL SIMULATION STRATEGY 

3.1 FE models 

The main focus of the research, to investigate the seismically induced damages, impose the 

utilization of advanced numerical models. The literature offers different approaches towards 

the modeling of masonry structures where its heterogeneity is emphasized and crucial aspect, 

i.e. [10,17–19]. In order to mimic the non-linear behavior of the masonry material under seismic 

cyclic loads and characterizing the damage of the material, the Abaqus CAE software is used 

[20]. The constitutive modeling of masonry in the non-linear phase is approached according to 

a Concrete Damage Plasticity material model distinct damage parameter for compression and 

tension, [20]. The numerical models are discretized by means of tetrahedron elements that suit 

best for meshing any irregular shape. The characteristic length of the element is lower than 

28cm in all cases. Abaqus CAE automatically regularizes the fracture energy for each element 

based on its corresponding h parameter, [20]. As mentioned in the previous paragraph, both 

structures have undergone different retrofitting interventions. Herein, two different models are 

conceived, respectively representing the state before and after retrofitting. As depicted in Figure 

1, the church was rebuilt in approximately half of it. A simplified model, considering the old 

masonry material and the newly replaced one is implemented as depicted in Figure 3. In the 

absence of a detailed investigation of the material properties, a first investigation is made upon 

recommended parameters. For masonry constructions built with regular bricks and lime mortar, 
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the Italian code recommends some reference values to be utilized during the analysis, provided 

in Table C8A.2.1, [21], while for the retrofitted material, by repointing or the undo-redo 

technique, the data of Table C8A.2.2 are combined with Table C8A.2.1 in order to obtain the 

mechanical properties. The Italian guideline CNR-DT215 [22], provides a reliable framework 

on how to design the retrofitting of existing structures using high-performance materials. 

According to those specifics, it is modeled the intervention of the vaults and dome with TRCM 

(textile reinforced cementitious matrix). While the vaults built with hollowed bricks are not 

modeled, A representative section of the structural elements is provided in Figure 2. 

          
Figure 2: Section view of the San Benedetto Complex. 

The masonry tower is modeled inclined, for both cases. In the retrofitted model, horizontal 

steel bars are modeled with an applied pretension force, equivalent to compression stress in the 

masonry of 0.2fcm. These bars were placed for closing the vertical cracks passing through the 

opening of the north and south façade. A correct model of a tower should also consider the soil-

structure interaction [23]. However, the reinforced concrete piles imply a rigid foundation 

approach as a reliable one for the present case. 

3.2 Seismic analysis approach 

In the common practice of earthquake engineering, there are many strategies to address the 

verification of the limit states for any structure. Still, the highest accuracy is achievable by 

utilizing the non-linear dynamic analyses. Three real accelerograms are used instead, see Figure 

4. Three real accelerograms obtained from Berkeley World Earthquakes Database 

(//ngawest2.berkeley.edu/), by inserting the characteristic response spectrums of Ferrara, are 

used. According to the Italian Code, the minimal number of pairs accelerograms to perform a 

seismic performance estimation is equal to three, and the worst output is taken as a referential 

response. The importance of the subjects imposes to verify the ultimate limit state of life safety 

with earthquakes compatible with a return period spectrum of 715 years. Such demand results 

to be very severe for masonry structures, thence, aiming to investigate the seismic vulnerability 

primary to a structural safety estimation, a return period of 475 years is chosen in this study. 

Horizontal Hoops 
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brick dome 
Hollowed brick 

barrel vault 

Extradous TRCM 

retroftitting of dome 

Extradous TRCM 
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Figure 3: 3D view of the models:-before intervention (upper image);-after interventions (lower images) 

 

 

Figure 4: Horizontal components of the utilized accelerograms. 
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4 RESULTS 

In the followings images are depicted the induced seismic damage at the end of the seismic 

accelerograms prolonged for 30 seconds, as suggested by Eurocode 8, [24]. The damage 

parameter in tension is visualized. This parameter is an adequate approach for showing the 

initiation and the crack growth location for the concrete damage material. A relatively low value 

of the “h” parameter on the element's dimensions ensures a reliable result. Due to the 

acknowledged uncertainties and the role of accelerograms selection in the output results, the 

comparison among the models is made primarily in terms of qualitative results than quantitative 

ones. Also, it is well-known that the behavior of macroelements rules the vulnerability of 

masonry structures. 

Figure 5 depicts the damage pattern for the church before the retrofitting. The diffusion of 

crack highlights some vulnerabilities, like severe damage of the interlocking between the 

chapels and the church, in the arches, or the intersection of the nave with the transept. It is worth 

noting that the traces of some damages follow the interface between the old masonry and the 

new texture. It highlights the relevance of the mechanical properties and the lack of 

homogeneity which brings to predefined failure surfaces which should be cured with special 

attention. The vault ribs result to be very vulnerable. Even though their structural relevance is 

negligible, its role in the operationality of the church and the aesthetic aspects is crucial. 

The retrofitted church represents a lower level of seismic damage severity compared to the 

non-retrofitted church, as depicted in Figure 6. The vaults ribs are still prone to be damaged 

even they are retrofitted, an expected result due to their geometrical futures, [25]. To be 

highlighted is the scarce interlocking between the chapels and the church, which heralds the 

presence of this vulnerable joint. Careful observation should be paid to the façade system. 

Although substantial damage is not registered for the conducted simulations, the retrofitted one 

represents a similar level of damage which warns for earthquakes that might activate the rocking 

of the façade due to a detachment. 

From a critical point of view, retrofitting has improved the seismic performance of the 

church. However, some drawbacks are worthy of being addressed. In such cases, other 

strengthening strategies like tie rods could help transform the structural system into a safer one. 

It could be a good motivation to investigate if such elements would not result in efficient ones, 

as likely occurred to be those applied to the tower.  

Figure 7 and Figure 8 summarizes the registered damages for the non-retrofitted and 

retrofitted tower, respectively. At first glance, they represent the same picture, and it can be 

concluded that in terms of vulnerability, the present retrofitting does not provide a relevant 

contribution. The role of hooping steel rods into the incremented towers' capacity to withstand 

horizontal loads is not reflected.  

Due to the slenderness and the inclination, the base of the structure and the belfry are very 

exposed to possible damages. The inclination has imposed the damage formation only on the 

tension side of the tower.  
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Earthquake 1 

 

Earthquake 2 

 

Earthquake 3 

Figure 5: Seismically induced cracks in the church before retrofitting. 
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Earthquake 1 

 

Earthquake 2 

 

Earthquake 3 

Figure 6: Seismically induced cracks in the church after retrofitting. 



R. Shehu 

 9 

      

Earthquake 1                               Earthquake 2                               Earthquake 3 

Figure 7: Seismically induced cracks in the tower before retrofitting. 

 

Earthquake 1                               Earthquake 2                               Earthquake 3 

Figure 8: Seismically induced cracks in the tower after retrofitting. 

5 CONCLUSIONS 

This study provides a numerical insight into the seismic vulnerability and the effectiveness 

of retrofitting interventions for the San Benedetto’s church and bell tower located in the 



R. Shehu 

 10 

province of Ferrara, Italy. The structures were retrofitted, by means of a post-seismic repairing 

of the damaged parts. Two different models were investigated and compared in terms of seismic 

performance and the role of retrofitting for each structure. Both structures were tested under the 

same level of seismic intensity. The bell tower, very slender and inclined, resulted to be more 

vulnerable compared to the church, a massive construction with high wall thicknesses.  

The results showed some present challenges on the efficiency of retrofitting solutions. The 

bell tower was strengthened by horizontal steel bars which improved the interlocking of the 

walls and compacting the shaft; however the rocking at the base and the flexible belfry remain 

to be addressed in the future. The improved mechanical properties of the masonry for the church 

resulted in being quite effective. Despite that two issues should be faced. The first one is related 

to the quality of the intervention and the reliability of achieving such performance. The second 

one is related to the upgrade of the structural towards a less vulnerable one.  
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