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Abstract  

 

    The purpose of this thesis is to conduct a comprehensive structural evaluation of 

the Church of Santo Stefano. The research is conducted in accordance with the 

“Norme Techniche per le Costruzioni 2018”, Eurocodes, and Guidelines for Seismic 

Risk Assessment and Mitigation in Cultural Heritage. 

The theoretical framework of the study is primarily based on the aforementioned 

standards and guidelines. The research methodology begins with an extensive data 

collection process, including the examination of historical records, documentation of 

modifications over time, and analysis of past extreme events. Additionally, a thorough 

investigation of the structural materials is conducted, yielding valuable mechanical 

parameter data. 

Following the research phase, two calculation models are developed: a global model 

to comprehend the overall structural behavior, and a local model to analyze potential 

kinematic mechanisms. Advanced calculation software is employed to facilitate these 

modeling processes. 

The outcomes of the research provide a comprehensive understanding of the current 

structural condition of the church, highlighting areas that require intervention to 

ensure structural stability. The findings contribute to the preservation and 

conservation efforts of the church, assisting in the formulation of effective strategies 

for the safeguarding of this cultural heritage. 
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1    
        Knowledge of               

          the building  
In order to assess the current seismic safety of a historic masonry building and to 

choose an effective improvement intervention, knowledge of the building is 

fundamental. Although the problems are common to all existing buildings, it is even 

more important to know the original characteristics, the changes that have occurred 

over time due to damage caused by human activity, ageing of materials and 

calamitous events. However, in relation to the need to prevent irreparable losses, 

carrying out a complete investigation campaign may be too invasive on the building 

itself.  

Knowledge can in fact be achieved at different levels of investigation, depending on 

the accuracy of the survey operations, historical research, and experimental 

investigations. As a result, the operations will be based on the objectives and may 

affect an entire building or only a part of it. By examining the characteristics of the 

building, it is intended to establish an interpretative model that permits both a 

qualitative interpretation of the structural functioning as well as a structural analysis 

for quantitative evaluation during the various phases of the calibration process. The 

degree of reliability of the model will be closely linked to the level of in-depth and the 

data available. [1] 
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1.1 Identification of the building 

 

   A proper and complete identification of the body and its location on the territory is 

the first step in determining the sensitivity of the construction to various risks, 

particularly seismic ones. [1] 

The Church of Santo Stefano is located in the south-eastern portion of the village of 

Frassino, slightly detached from the historical core of the village. [2] The 

aforementioned village is located in the Varaita Valley in the province of Cuneo in 

Piedmont, Italy, it has a number of inhabitants equal to 271. This church is the only 

one in the town and therefore has a very important historical and patrimonial value 

for the Frassino’s community.  The building under examination is located at Via 

Vittorio Veneto 10, where it occupies a sub-flat lot underlying the roadway “Strada 

Provinciale 8” (SP8). Due to its direct connection to this route, accessibility to the 

church is easy. In addition, two other secondary streets “Val Varaita” delimit the 

church.  It is also important to note that the church property has a front garden and 

a parking zone, which are directly accessible from the route.  

As far as the neighboring buildings are concerned, there is one in correspondence 

with the east façade, but it is not directly connected to the church. The Figure 1-1 

shows how the church looks nowadays. But as will be discussed in the next part of 

this chapter, the church has been modified several times in order to have its current 

appearance.  
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The Figure 1-2 represents a planimetric scheme of the church structure, which was 

obtained from a survey of the current state. The Figure 1-3 is a functional scheme of 

the building under analysis. This scheme is fundamental to understanding in a general 

way the composition of the building and the different dimensions of the elements that 

compose it. The following parts can be identified from this scheme: 1) Apse: that in 

this case is a polygonal termination of the main building, in this space the altar is 

situated, 2) Presbytery: space around the high altar of a church, 3) Central Nave, 4) 

Lateral Nave, 5) Sacristy: it is defined as a room in Christian churches that is 

destinated to keep vestments and church furnishings, 6) Bell tower base, 7) 

Warehouse: is used to store goods.  

It was also possible to reconstruct a frontal and longitudinal view of the church from 

images and from the inspections carried out. The Figure 1-4 represents a front view, 

particularly the western façade, the east façade is represented by the Figure 1-5, the 

north longitudinal view of the church is represented by the Figure 1-7, while the south 

longitudinal view can be seen in the Figure 1-6.  

The Figure 1-2 it can be seen that the layout is longitudinal, rectangular in shape 

with the exception of the polygonal apse. The main entrance to the building is located 

to the west and the access to the presbytery to the east.  

Figure 1-1. Church of Santo Stefano.  
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As far as the structure of the building under analysis is concerned, it is composed 

by a central nave, two lateral naves and a bell tower. This bell tower stands on the 

north side of the presbytery from which it is accessed, it is on the upstream side. 

Regarding its façade it is simple in form and with few decorations. Situated in a 

symmetrical position to the bell tower is the sacristy, this is located on the valley side.  

As can be seen in the Figure 1-1 and in the Figure 1-7 the structure of the bell tower 

is higher than the church. The entrance to the bell tower is located at the level of the 

SP8, in contiguity with the parking area, which is between the apse and the roadway. 

Regarding the church and its aisles, the corridor in the middle is the longest and 

widest of all, considered as the main corridor, while the other two on the sides have a 

smaller length and width. The aforementioned can be seen in the Figure 1-2.  

It is possible to note from the Figure 1-1 that the church is at a different level from 

the street. The building is at a lower level than the road, which from the point of view 

of flooding can be a drawback because the water does not find a way out. This feature 

can be seen in the Figure 1-8, that represents a section where it is possible to notice 

the difference of levels that exist in the building, the left nave is located at -0.16 m 

from the central nave that is consider in a level of 0.00 m, while the right nave is at 

+0.44 m from the central one. Also, it can be seen that the street that borders the 

church on the north side is at +2.86 m from the main entrance. Below the 

aforementioned street, there is an intracavity.  

The load-bearing structure consists mainly of walls and columns, of considerable 

thickness, as there is no evidence at the time that they have been calculated and 

verified. As will be seen and discussed in more detail in the following chapters, the 

core material of the church is masonry. Therefore, it is possible to intuit that a purely 

expeditious and experimental method has been used for its construction, resulting in 

considerable dimensions that is also linked with the material used.  

Regarding the ceiling of the church, as a wide space was needed to cover, an optimal 

solution for that time was a groin vault. The surface of this kind of structure consists 

of a framework of four perimeter arches and two diagonal arches. Located in the 

center of the vault, the latter are larger than the perimeter arches. In the center, there 

is a wedge-shaped stone known as the keystone, which is placed. Once the keystone 

is in place, the structure supports itself, unloading its weight onto the supports. 

Spaces between diagonal arches and perimeter arches are called segments or sails, 
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and they are sometimes separated by ribs that highlight architectural surfaces. When 

the arches of the vault are round, the projection will usually be square, when the 

arches are pointed, the projection will usually be rectangular. From a static point of 

view, the cross vault offers considerable comfort and structural freedom due to its 

resistance to bearing loads. However, it is a pushing structure that therefore requires 

buttresses or tie rods to remain standing. 

In the case of the church under analysis, in the  Figure 1-2, can be seen that the 

projections of the vaults are rectangular, so in line with the above mentioned the 

arches are pointed. In addition, the green lines represent the chains introduced as a 

structural intervention in order to give it strength to the vaults.  
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Figure 1-2. Planimetric diagram of Santo Stefano Church 
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Figure 1-3. Functional scheme 
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Figure 1-5 - Front view- Est façade of the 

Church. 

Figure 1-6. Longitudinal view of the  

Church (north view).  

Figure 1-4.Front view- Western façade of the 

Church.  

Figure 1-7. Longitudinal view of the 

Church (south view).  
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The Figure 1-9 shows one of the domes corresponding to the side aisle, through this 

figure is possible to confirm that the arches are pointed. Also, it is possible to confirm 

what was said before regarding the chains, these kinds of elements are introduced to 

counteract the thrust from pushing elements, in this case the vaults that make up the 

roof.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1-9. Groin vault located in one of the lateral aisles. 

Figure 1-8. Section A-A' of the church. 
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The Figure 1-10 shows a part of the central hall of the church, where at the end it is 

possible to distinguish the presbyterium. Also, in this figure the vaults corresponding 

with the central nave are noticed and is possible to see the two chains, which have the 

above-mentioned function.  

As already mentioned above, the church is fitted with ribbed vaults. However, by 

analysing the external coverage, it is of two pitched types for the main nave and of the 

single-pitched type for the side aisles. The loading frame is made of wood and the roof 

covering is made of stone slabs.  

 

 

 

Figure 1-10. Central hall. 
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1.2 Historical critical analysis  

 

   In order to correctly identify the resistant system and its state of stress, the 

construction history and subsequent modifications of the protected cultural property 

must be reconstructed. It is also possible to use the building history as a tool for 

monitoring and verifying how the building responded to specific natural events or man-

made transformations. Therefore, significant, and traumatic events must be 

identified, as well as the corresponding effects, through a direct analytical survey of 

the building or through documentary sources (written or iconographic sources). [1] 

Regarding church history, the earliest evidence dates back to 1304, when the church 

reflected the typical Romanesque of the oldest structures in the Varaita Valley. In 

1821 the parish priest and the community decide to repair the parish church and 

rebuild the rectory house. On the 30th of June 1823 a survey was carried out in the 

church, which revealed that “disarrayed vault threatening ruin and that the west corner of 

the façade wall be out of level and in danger of being ruined”.  

In 1824 the community of Frassino deliberates about repairs and a project 

completed on 11 July 1822 by the architect “Giuseppe Negro” is reported. But after 

few months of work parish priest “Antonio Allione” notices that the entire church roof 

is bearing down on the vault because the ridge beam is missing, the work was 

suspended, and a new survey was performed. In September 1824 started the project 

of refitting of the roof and façade.  

Initially the building comprised a single east-west oriented nave and the presbytery. 

On 19 January 1835, a project for the extension of the church was started, the two 

side naves were added and a bell tower was inserted upstream, at the corner of the 

left nave and presbytery. In the Figure 1-11 and Figure 1-12 the project for the 

extension of the church is detailed. The second drawing on the right represents a plan 

of the church at that time, where it is possible to identify with the red color the part 

that was added. The other drawings represent cuts in different sections of the 

construction, where the bell tower project was already being considered. 

 

In the Figure 1-12 it is possible to appreciate the plan of the church and the 

enlargement project in greater detail. At the same time, a particularity can be 
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observed in the scale used. At that time, units of measurement of the international 

system were not used, the units taken as a reference were the “trabucco piemontese”.   

The value of the trabucco changed from region to region, for example in area of Asti, 

Cuneo, Biella, Vercelli, Torino, Ivrea, Pinerolo e Susa 1 trabbuco piemontese was 

equivalent to 3.086 m. [2] 

 

Figure 1-11.  Source: Archivio storico Comune di Frassino. 
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In the historical archive of Frassino, the project for the elevation of the bell tower 

was found, which is dated 28th May 1846. The Figure 1-13 details the project, with 

the colour red the part that has already been built was represented and in black the 

part to be built. Again, the units of measurement are the “trabucco piemontese”, 

where the scale is represented in the lower left corner. So, knowing that 1 trabucco is 

Figure 1-12. Source: (Archivio storico Comune di Frassino) 
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equal to 3.086 m is possible to deduce that the total heigh projected to the campanile 

was of 24.80m. [3] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On 23 February 1887, the “Diano Marina” earthquake hit Western Liguria hard. The 

event had a magnitude between 6.4 and 7, the main shock was felt throughout 

northern Italy, southern and central France, and Switzerland. [4] 

This event, which affected northern Italy, resulted in extensive damage to the church, 

which was closed for public use. The parish priest at that time, “Giacomo Bonetti”, 

stated that “There is damage to the entire face of the main nave that poses a critical risk of 

Figure 1-13. Source: Archivio storico Comune di Frassino. 
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collapse in conjunction with the façade wall”. For that reason, subsidies were requested 

for repair works.  

In 1903, a letter from the parish priest to the local syndic formally requested the 

repair of the wall of the church garden to prevent the overflowing of the water course 

known as “Bedale della Villa”. This watercourse was considered dangerous, and it was 

feared that it could damage the building.  

In 1936 the need to resurface the pavement of the municipal road arises. Also, the 

section of the vault above the altar of the Blessed Virgin Mary, whose decoration is 

badly damaged by water seepage due to the poor maintenance of the bell tower 

cornice. In 1941 the municipality gave a grant for the restoration of the perimeter 

walls against the ground. [3] 

More recently, in 2003, the building was subjected to the "Conservative renovation 

project, consolidation and retrofitting of the church of S. Stefano in Frassino”. In this 

project, the main cracks in the building were identified and repaired, as well as the 

resurfacing of the entire roof with the related arrangement of downpipes. [3] 

According to the design drawings, that are represented by the Figure 1-14, there 

were cracks in the side aisles and apse as well as moisture problems on the walls. 

However, the original 14th century core appears to be less damaged. Particularly, the 

central vaulting area of the right nave is cracked. For the aforementioned reason, the 

central nave was reinforced in remote times with three chains, of which two were 

inserted at the external supporting counter- forts, while a fourth chain crosses the 

sacristy. The tension of these chains was also controlled and two more of the same 

dimensions were added inside the left aisle. In addition to the above-mentioned 

procedures, the plaster on the walls was also removed up to one meter above the level 

of moisture found. These plasters were redone. [2] 
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Regarding the roof replacement project, an inspection was carried out that year in 

order to determine the condition of the existing ceiling. The Figure 1-15 represents 

the state of the roof in 2003. The structure is made of wooden trusses, still in good 

condition, while “le terzere” and the floorboard were not in optimal condition. The 

former can be defined as a half-beam supporting the main structure of the pitched 

roofs, its task is to carry the warp of the beams and to determine the slope of the roof. 

Figure 1-14. Map of lesions and degradation.  
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The latter element is used to support the roof slabs. Both elements were replaced. In 

addition to these elements, the upper beam was also replaced, this part in the Italian 

language is named “colmo”.  

As previously stated, the roof covering of the church of “Santo Stefano” is entirely 

made of slabs. The decking for the slabs was entirely removed and substituted, the 

material used was larch wood, also on this structure was placed an insulating 

sheathing. All the aforementioned modifications were made to the roof of the central 

nave. While in the case of the lateral roofs, the main structure remained unchanged 

and only the decking was substituted, using the same material that was mentioned 

before and with the incorporation of an insulating sheathing for the slabs.  

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1-15. Condition of the roof. 
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The Figure 1-16 provides a general understanding of how the roof of the structure 

under analysis was built. The red circles represent different details that were 

individuated in the construction, these were mentioned with the name Detail 1 and 

Detail 2. In the figures that are related to detail 1 it is possible to understand how the 

trussing elements were inserted into the masonry. On the other hand, in the figure 

Figure 1-19 that corresponds with the detail 2, the center of the truss element was 

shown.   

 

In the case of the detail 1 it is possible to analyze two states, the Figure 1-17  

represents the state before the intervention, while the Figure 1-18 represents the state 

after the intervention, where the replacement of the elements mentioned before can 

be seen.  

Figure 1-16. Cross section of roofing.  
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In the Figure 1-19, it is evidence with an orange circle the “colmo”, that means the 

upper part of the truss system that was changed.  

Figure 1-17. Insertion of the truss into the masonry before the 

intervention. 

Figure 1-18. Insertion of the truss into the masonry after  the 

intervention. 
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In 2020/2021 a new inspection of the structure was carried out and the humidity 

marks on the perimeter walls of the building were found again. It can therefore be 

concluded that this trouble is already part of the building. [2] 

 

1.3 Geological and Geotechnical analysis  

 

  In order to identify geotechnical models that are appropriate for analyzing local 

earthquake response and dynamic soil-structure interactions, geotechnical 

investigations must allow physical-mechanical characterization of foundation soils, 

both in situ and in the laboratory. [1] 

The country of Frassino lies on the slopes of the middle valley of Val Varaita. As it is 

located in a valley, it is strongly linked to the erosion and dispositional action of the 

Varaita torrent and its minor tributaries. The above-mentioned torrent is a 

watercourse located in the province of Cuneo, is the first tributary on the right of the 

Po river and it has an extension of 92.4 km with a catchment area of 604.9 km2. [5] 

Figure 1-19. Centre of the truss element. 
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In turn, the village of Frassino is crossed by the river Vermenagna, which is 27.1 km 

long and has a catchment area of 166.17 km2. This river is channeled between the 

meeting of “Curtil” and “Bernardo” streets up to the eastern part of the camping area 

and then meets again with the Varaita river. At the same time, it can be said that the 

river crosses provincial street 8 (Strada Provinciale 8), where it deviates slightly to the 

south-west to avoid the church, and then continues its way to the south to meet its 

confluence with the Varita river. 

In order to reconstruct the stratigraphy in detail and to parameterize 

geomechanically the ground on which the construction to be intervened is located, 3 

continuous dynamic penetrometer tests (DPSH) were carried out on the day 

12/02/2021.  [2] 

In dynamic penetrometer tests, a metal cone at the end of a steel rod is driven 

vertically into the ground as part of a geotechnical point test. A mallet weighing 73.0 

kg is used to deliver penetration energy, which falls from a height of 75.0 cm by an 

automatic release device and performs a specific work of 234 kj/sq.m per stroke. 

During the test, the number of blows required to penetrate 30 cm of drill bit and 

alternate coating is measured, it is indicated with the term 𝑁30, that as it was said 

before represents the number of beats required to penetrate 30 cm, the test is 

stopped when 50 strokes for the advancement of a single 30 cm section are required, 

it is indicated with “refusal to penetrate”.  

The physical-mechanical properties of soil play a pivotal role in determining its 

strength. In the case of non-cohesive soil, the strength is primarily influenced by the 

consolidation of granules, whereas cohesive soils' strength relies on the moisture 

content. Considering that penetration resistance measurements are conducted 

throughout the entire penetration process, the dynamic penetrometer tests conducted 

by DPSH yield continuous and valuable information.  [6] 

As mentioned above, 3 tests were carried out at the site under examination. The 

tests were carried out at the following locations:  

• DPSH1: adjacent to the fracture observed in the north wall of the apse. Depth 

from the ground level: 8.10 m.  

• DPSH2: in front of the church's main entrance. Depth from the ground level: 

7.20 m.  
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• DPSH3: adjacent to the cistern at the southern end of the façade. Depth from 

the ground level: 7.20 m. 

In the Figure 1-20 a distribution of the tests is given.  

 

 

 

 

 

 

 

 

 

 

 

A dynamic heavy-duty penetrometer was used to carry out the investigation, the ones 

used is the type Pagani, model TG 63/100. In the Table 1-1 is possible to see the main 

characteristics.  

 

 

 

 

Figure 1-20. Localization of the tests. Source: GoogleEarthPro.  

 



Knowledge of the building 

30 
 

 

Table 1-1. Technical Characteristics Pagani 63/100.  

The figures  Figure 1-21 Figure 1-22 and Figure 1-23 show the results of the tests 

carried out.  

 

 

 

 

 

 

 

 

 

 

 

Weight of the hammer mass 73 kg 

Free fall height 0.75 m 

Tapered tip diameter 51.00 mm 

Base area of the tip 20.43 cm2 

Angle of tip opening 60° 

Rod length 1.00 m 

Weight of 1 rod 6.31 Kg/m 

Tip advancement 0.30 m 

Number of strokes 𝑁30 

Specific work per stroke 265 KJ/m2 

Reference standard A.G.I. 1977 

Figure 1-21. Results of DPSH 1.Source: Studio Architetti Fissore Ghione e 

Associati. 
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Figure 1-22. Results of DPSH2. Source: Studio Architetti Fissore 

Ghione e Associati.  

Figure 1-23. Results of DPSH3. Source: Studio Architetti Fissore 

Ghione e Associati. 
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 As a result of the penetrometer tests, three main stratigraphic horizons were 

superimposed on each other, resulting in comparable and homogeneous values. On 

the side of the hill, Nord, in correspondence with DPSH1, it has yielded up to about 3 

metres from the street plane a sandy-loamy terrain that goes from loose to little dense. 

In fact, the depth of 3m roughly coincides with the floor level of the hollow space and 

the floor level of the of the church itself, this horizon is called “Horizon 1”. Continuing 

in depth, natural deposits due to an eluvial-colluvial layer were found up to 5.4 m 

(“Horizon 2”), from this level there is distinguished improvement in granulometric and 

geomechanically characteristic with the emergence of a rocky-sandy-loamy terrain, 

“Horizon 3”. On the other hand, on the side of the valley in correspondence with the 

sample DPSH2, the Horizon 2 was found up to 3.6m, after this level the Horizon 3 

was also defined. Test DPSH3, performed in the square in front of the main façade, 

substantially confirms what was found in test DPSH1, up to a depth of approximately 

3.0 m Horizon 1 is found, below which is the natural debris mat and at 5.7 m outcrops 

the glacial deposits of Horizon 3. [7] 

Based on the description above, it can be stated that the soil is granular or non-

cohesive. They are characterized by high hydraulic conductivity (permeability), so that 

the interstitial overpressures resulting from changes in total limit stresses are 

dissipated almost instantly. Additionally, the microscopic mechanical behaviour is 

largely determined by the forces of gravity and friction between granules, while 

chemical interactions between solid particles and liquid phases appear to be 

secondary and negligible. [8] 

 

Table 1-2 summarises the characteristics of the above-mentioned horizons.  

 

Table 1-2. Geological Section.  

  

Top Level (m) Lower Level (m)

Horizon 3

Deposits of probable glacial origin: pebbles and

subordinate blocks immersed in an abundant

matrix of fine sands and loams.

3.6 - 5.4

Facies 

Horizon 1 

Surface fill soil consisting of

silty sands and sandy silts, loose to slightly

thickened, with a scattered clastic skeleton

minute.

Ground level 3

Horizon 2 
Eluvial-colluvial column consisting of sands and

silts, with scattered minute clastic skeleton.
Ground level  - 3 3.6 - 5.4 
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As far as the hydrological model is concerned, the tests carried out do not reveal the 

presence of the groundwater level. Nevertheless, the moisture problems found on the 

perimeter walls of the church suggest a seasonal underground water circulation in the 

interior of the eluvial- colluvial column.  

Once the geological model was characterised, different lithotechnical units were 

defined. Based on the characteristic values of geotechnical parameters, lithotechnical 

units can be separated from adjacent bodies based on their mechanical behaviour: 

these units are defined based on the homogeneity of these parameters, and a variation 

in these parameters defines a new unit, horizontally and vertically. For soils, the 

lithotechnical unit name is based on the granulometric classification performed on 

representative samples and for rock masses and weak rocks, the name of the rock. 

[8] 

Therefore, 2 geotechnical units were identified, geometrically coinciding with the 

stratigraphic bodies described above. The unit A is defined by horizon 1 and horizon 

2, while unit B is related with horizon 3. For all the units, in correspondence with the 

values of the 𝑁30 brought back to NSPT, the values of the Young’s Modulus and the 

effective angle of friction were calculated. For the former there have been correlations 

established by Schmertmann (1978), Schultze & Menzebach (1961), D'Apollonia et 

al. (1970) and Bowles (1982), while for the latter the correlations of Peck et al. (1956), 

Sowers (1961), Shioi & Fukuni (1982), Owasaki & Iwasaki (1959), Meyerhof (1965) 

and Road Bridge Specification. As previously mentioned, the type of soil under 

consideration is non cohesive as result the effective cohesion value (c’) is equal to 

zero. [2]  

The Table 1-3 provides information about the mechanical parameters of the soil 

under examination.  

 

Φ' γ E c' Top level Lower level 

° kg/cm2 kg/cm2 kg/cm2 m m 

Unit A 27 1800 140 0 

Ground 

Level 3.6-5.4 

Unit B 36 1900 440 0 3.6-5.4 - 

 

Table 1-3. Soil's parameters. Source: Genovese&Associati.  
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1.4 Seismic characterization of the ground  

 

 Design seismic actions, which determine whether or not compliance with various limit 

states is achieved, are derived from the ‘basic seismic hazard’ of the construction site 

and are determined by its morphological and stratigraphic characteristics that 

determine the local seismic response.  

From a dynamic point of view, soil characterization requires knowledge of the shear 

wave velocity profile Vs of the soil layers present at the site. Knowledge is especially 

required up to 30 meters above the ground level, indicated with the acronym 𝑉𝑠30.  

To obtain this velocity profile a non-invasive seismic method “MASW” (Multichannel 

analysis of surface waves) was implemented. The above-mentioned method measures 

the shear-wave speed dispersion and can be used to determine the composition of 

overburden and bedrock. [9] Surface waves, usually Rayleigh, are analyzed using this 

method. Rayleigh waves travel along an elastic surface, like the Earth, combining 

longitudinal compression and dilation to cause elliptical motions of points. These 

waves spread out most over time among seismic waves. [10] 

An array of geophones measures seismic signals, just as in other seismic techniques. 

Active sources, such as sledgehammers, or ambient sources, such as vehicles and 

heavy machinery, can generate surface waves for MASW. [9] 

MASW analysis can be carried out in four stages:  

1. The first phase is the transformation of the time series in the frequency f- 

wavenumber K domain.  

2. The second phase consists of identifying the f-k pairs whose spectral energy 

maxima (spectral density) allow the Rayleigh wave scattering curve to be plotted in 

the V plane phase (m/sec) - frequency (slowness (s/m) - frequency (Hz).  

3. The third phase consists of calculating the theoretical dispersion curve by 

formulating the vertical shear wave velocity profile Vs, modifying the thickness h, the 

shear wave velocities Vs and compressional velocities Vp, the mass density ρ of the 

layers forming the soil model.  

4. The final step consists of modifying the theoretical curve until the optimal 

overlap between the experimental phase velocity (or dispersion curve) and the 

numerical phase velocity (or dispersion curve) corresponding to the model is achieved.  
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After all the above steps have been performed, the forecast information reveals that 

the equivalent wave velocity 𝑉𝑠30 is equal to 355 m/s, from the ground level.  

Once the wave velocity profile has been determined, the seismic soil type may be 

defined (A, B, C, D, E) according to the NTC 2018 (Norme tecniche per le Costruzioni). 

[11] 

It gives the main characteristics of the different soil types in correspondence to the 

thickness of the layers and the wave velocity.  

 

Table 1-4. Category of Subsoil. Source: NTC2018. 

 

The Figure 1-24  represents a flow chart showing how to determine the soil category.  
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Then, from the above- mentioned graph, knowing that the depth of the seismic bed 

rock is greater than 30 m, and with the wave velocity equal to 355 m/s is possible to 

assume that the soil category is C, which is characterized in the following way, 

“Deposits of moderately thickened coarse-grained soils or moderately consistent fine-

grained soils with substrate depths greater than 30 m, characterized by an 

improvement in mechanical properties with depth and equivalent velocity values 

between 180 m/s to 360 m/s”.  [12] 

According to the “Deliberazione della Giunta Regionale 30 dicembre 2019, n. 6-887” 

the site under consideration is categorized as seismic zone 3s (medium- low 

seismicity).  

 

 

 

 

 

 

 

Figure 1-24 Flow chart for soil category determination (NTC 2018). Source: Web 

page GeoStru. 
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1.5 Mechanical characterisation of materials  

 

In masonry construction, in view of the great variety of materials and construction 

techniques used, knowledge of the composition of the construction elements and the 

characteristics of the connections is of primary importance, beginning with the type 

and arrangement of materials and the presence of discontinuities.  

The masonry in an existing building is the result of the assembly of different 

materials, in which the construction technique, the laying methods, the mechanical 

characteristics of the constituent materials and their state of preservation, determine 

the mechanical behaviour of the whole.   

As a preliminary theory of the behaviour of this material it is known that the elements 

that compose the masonry generally exhibit elastic fragility, with lower tensile strength 

than compressive strength, but still significant.  

While the grout exhibits elastic brittleness in tension with a much lower resistance 

than the elements, in absolute value it has a very low resistance but under 

compression and shear, it exhibits plasticity and non-linear behaviour. In summary, 

masonry has the following characteristics:  

- The non-homogeneity of behaviour at different points, due to different 

mechanical characteristics of the elements. 

- Anisotropy behaviour in different directions due to the arrangement of the 

elements.  

- The strength of the masonry is strongly influenced by the thickness of the joints, 

as the thickness increases the strength decreases.  

- Asymmetric behaviour in compression and traction. This can be seen in the 

Figure 1-25, where all the components have a better mechanical behaviour in 

compression rather than in traction (superior part of the y axis).  

- The non-linearity of the stress-strain bond.  
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Figure 1-25. Tension-strain diagram of brick ("laterizio"), mortar ("malta") and masonry 

("muratura"). 

The direct measurement of the mechanical characteristics of masonry is carried out 

by performing in-situ tests on portions of masonry, or laboratory tests on undisturbed 

elements taken in-situ, where this is possible. The tests may be of compression and 

shear tests, chosen in relation to the type of masonry and the resistance criterion 

adopted for the analysis. It is also important to remark that the test methods and the 

interpretation of the results must follow procedures of recognised validity. 

In the mechanical characterisation of materials, three levels can be distinguished, 

depending on their degree of depth of testing. 

- Limited tests: These surveys are not detailed and not extensive, based mainly on 

visual examinations of surfaces, which involve limited inspections of the masonry 

elements. Local plaster removals are planned to identify the materials of which the 

building is composed. Using historical-critical analysis, it is possible to subdivide the 

walls into areas that can be considered homogeneous. The purpose of the 

investigations is to allow the identification of the types of masonry to which to refer to 

determine the mechanical properties. This involves surveying the masonry texture of 

the facing and an estimate of the masonry section. 

-Extensive tests: These are visual, diffuse, and systematic investigations, 

accompanied by local in-depth studies. Extensive assays are envisaged, both on the 

surface and in the thickness of the masonry (including with endoscopies), aimed at 

gaining knowledge of the materials and internal morphology of the masonry, the 
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identification of homogeneous zones in terms of materials and masonry texture, 

transversal connection devices, as well as degradation phenomena.  

It is also planned to carry out analyses of the mortars and, if significant, of the 

constituent elements, accompanied by non-destructive diagnostic techniques 

(penetrometer, sclerometer, sonic, thermographic, radar, etc.) and, if necessary, 

supplemented by moderately destructive techniques (e.g. flat jacks), aimed at 

classifying the type of masonry and its quality more accurately. This type of tests were 

carried out in the building under consideration. 

-Exhaustive tests: In addition to the requirements of the previous category, direct 

testing of materials to determine their mechanical parameters. The engineer 

determines the type and quantity according to the knowledge requirements of the 

structure. The tests must be performed either in situ or in the laboratory on 

undisturbed elements taken in situ. They may include, if significant: compression tests 

(e.g. on panels or using double flat jacks), shear tests (e.g: compression and shear, 

diagonal compression, direct shear on the joint), selected according to the type of wall 

and the resistance criterion adopted for the analysis. [12] 

From the information obtained from the history of the church it is described that the 

masonry that compose the walls is “pietre frammiste a calce”. Research confirm that 

this material was also used to build other churches of the past.  

One of the first invasive tests carried out on the structure under examination was the 

penetrometer test, which is essential in existing building diagnosis operations to 

investigate the mechanical properties of materials, aimed at identifying present 

deficiencies and anomalies. This test was carried out on 11 February 2021 by the 

company 4 EMME Service S.p.A., specialised in performing experimental tests on in-

situ structures.  Before performing this test, samples were taken, for that reason the 

removal of the plaster layers on 8 samples inside the church and 12 outside was 

performed. The aim was to get the level of the masonry to take samples of the mortar 

connecting the bricks or stones. The purpose of this type of sampling is to determine 

the bonding strength of the mortar and the level of seismic vulnerability of the 

building. A total of 20 samples were collected at an elevation of roughly 1.5 meters 

above the ground, to a size of approximately 20 square centimetres each. 

A mortar penetrometer model RSM15 serial number. 15G00Z1L was used to 

perform the tests. The RSM penetrometer allows to obtain information regarding the 
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conditions of preservation and homogeneity of mortar on-site. This instrument is 

based on driving depth measurements of a needle in a mortar joint subjected to a 

series of strikes generated by a known mass. The penetration resistance of a mortar 

course is determined by penetrating a steel drill bit, four millimetres in diameter and 

80 millimetres in length, through a course of mortar using a special beating mass. 

Through an experimental curve, penetration resistance is correlated with compressive 

strength. 

The procedure was as follows, once a measuring section has been identified, three 

separate points are operated with a distance between them generally not exceeding 

10 cm. Each survey point is followed by 10 beats, a specific micrometre is then used 

to measure the depth of penetration of the needle. With the help of a specific 

experimental correlation curve, the compressive strength can be estimated.  

 

 

 

Figure 1-26. Correlation graph for estimating the strength of mortars. 

 

The church was investigated in 20 areas as outlined in the Figure 1-27, 8 samples 

inside the church and 12 outsides were taken. The subindex PIN is correlated to the 

penetrometer tests that were performed, while the subindex M is related to the 

laboratory tests that consisted in the collection of mortar samples. The latter will be 

explained in the following paragraphs.  
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Results of the penetrometer tests are given in the  Table 1-5, where it is possible to 

see that the first measure is correlated to the 10 strokes that was given to each point, 

the second measure is related to the mm of penetration that each point suffered, then 

trough the correlation curve that was introduce by the Figure 1-26, was possible to 

make a correlation between the mm of penetration and the strength. Finally, the 

average of the strength was calculated, obtaining a finally result. The average strength 

with very low values were not considered, for that reason these values were indicated 

with f.s.  

Figure 1-27. Locations of the tests. 
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A mortar with very low resistance is found in zones 17 and 18 based on the 

distribution of the tests. These zones are located to the right of the presbyterium. 

Then, the zone 20 also individuates a low average strength, this zone is related with 

the entrance to the church.  

 

  

As mentioned above, laboratory tests on the mortar were also carried out. Mortar 

samples were taken at 8 locations on the wall elements of the church. The following 

figures show the analysed masonry in different sections of the building.  For instance, 

the   Figure 1-28 represents the masonry corresponding to the southern perimeter 

wall. From this picture is understandable that the masonry does not have a regular 

shape.  

Table 1-5- Results of the penetrometer test. 

Section Type of survey Point 1 Point 2 Point 3 Point 1 Point 2 Point 3 Point 1 Point 2 Point 3 

Zone 1 Sup. 60 67 57 20 13 23 0.6 1.0 0.5 0.7

Zone 2 Sup. 56 60 55 24 20 25 0.5 0.6 0.4 0.5

Zone 3 Sup. 58 61 17 32 19 0.7 0.3 0.6 0.8 0.6

Zone 4 Sup. 63 48 61 17 32 19 0.7 0.3 0.6 0.5

Zone 5 Sup. 65 64 55 15 16 25 0.8 0.8 0.4 0.7

Zone 6 Sup. 65 63 64 15 17 16 0.8 0.7 0.8 0.8

Zone 7 Sup. 57 44 49 23 36 31 0.5 0.3 0.3 0.4

Zone 8 Sup. 58 44 42 22 36 38 0.5 0.3 0.3 0.4

Zone 9 Sup. 60 57 54 20 23 26 0.6 0.5 0.4 0.5

Zone 10 Sup. 55 62 62 25 18 18 0.4 0.7 0.7 0.6

Zone 11 Sup. 50 43 55 30 37 25 0.4 0.3 0.4 0.4

Zone 12 Sup. 56 57 43 24 23 37 0.5 0.5 0.3 0.4

Zone 13 Sup. 64 62 58 16 18 22 0.8 0.7 0.5 0.7

Zone 14 Sup. 57 65 62 23 15 18 0.5 0.8 0.7 0.7

Zone 15 Sup. 58 69 68 22 11 12 0.5 1.2 1.1 0.9

Zone 16 Sup. 63 62 65 17 18 15 0.7 0.7 0.8 0.7

Zone 17 Sup. 52 39 54 28 41 26 0.4 0.2 0.4 fs 

Zone 18 Sup. 47 52 46 33 28 34 0.3 0.4 0.3 fs 

Zone 19 Sup. 61 65 56 19 15 24 0.6 0.8 0.5 0.6

Zone 20 Sup. 51 49 45 29 31 35 0.4 0.3 0.3 fs 

Reading 10 strokes Penetration Estimated strenght Estimated average 

strength
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  The Figure 1-29 represents the masonry corresponding also with the southern 

perimeter wall. The haphazard masonry pattern is also repeated in this area. On the 

other hand, the Figure 1-30 and Figure 1-31, represent the external masonry of the 

north side wall. In this case it is not easy to determine the type of masonry with the 

simple eye, but as will be seen later, once the tests have been carried out, it is also 

revealed to be made of irregular stone.  

 

 

 

 

 

 

 

 

Figure 1-28. View of the test area – M1. 

Figure 1-29. View of the test area - M2.  
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Figure 1-30. View of the test area - M3 

Figure 1-31. View of the test area - M4 
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The Figure 1-32 represents the view of the test area M5 and M6, these areas are in 

correspondence with the interior part of the church, more precisely with the columns 

that are responsible to support all the bearing load that is coming from the vaults. As 

this picture shows, the type of masonry is not of disordered stone, but the presence 

of brickwork is noticed.  The discovery of a different material could be related to the 

enlargement project that the church has undergone.  

The Figure 1-33 represents the test point which is in correspondence with the base 

of the bell tower. From this image it can be seen at a quick glance that the masonry 

is made of stones in disarray.  

 

 

 

 

 

 

 

 

 

Lastly, Figure 1-34 shows the masonry in correspondence with the western part of 

the building, it means the main façade that is in correspondence with the entrance. 

Figure 1-32. View of the test area - M5 and M6. 

Figure 1-33. View of the test area -M7. 
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Samples taken from different areas mentioned above were taken to the laboratory 

and analysed. The result of this analysis was that in all the cases the type of mortar 

detected was M 2,5 (hydraulic type) according to D.M 17/01/2018, that is the Italian 

Technical Standard for Construction. The following Table 1-6, taken from the above-

mentioned standard, represents the correlation between the strength grade and the 

volume composition of the mortar.  

 

 

 

 

 

 

 

From Table 1-6 the proportions by volume can be determined, for example in this case of the 

mortar analysed, for each part of “calce aerea” that is air lime, are to be used 3 part of sand.  

Figure 1-34. View of the test area -M8. 

Table 1-6. Extracted from the “Italian Technical Standard for Construction” (NTC 2018) Tab. 

11.10.V – Chapter 11. 



Politecnico di Torino – Soteras Milagros.    

Preliminary analysis for the structural retrofitting of the Church of St. Stefano in Frassino. 

47 
 

Table 1-5 shows the results of the test. In turn, the results of these tests could be 

related to common masonry typologies, thus making it possible to obtain numerical 

values for the different mechanical parameters. On the outside part of the church the 

kind of masonry used was mostly “Stone masonry”, while in the interior in 

correspondence with the zones 7 and 8 , as was mentioned before, part the type of 

mortar is “Brickwork”, also is possible to say that this kind of mortar is related with 

the columns of the church.  

So, from the Figure 1-35 a correlation between the materials was made by assigning 

“muratura in pietra disordinate” that means "messy stone masonry" to the parts 

corresponding to “Stone masonry”. For parties related to brickwork the equivalent 

assigned was “muratura in mattoni pieni e malta di calce” that means “solid brick 

and cement mortar masonry”. As it is possible to see in the Figure 1-35 each typology 

has its specific mechanical parameters which are within a certain range, the value to 

be adopted within this range will then be pre-set in the next chapter according to the 

level of knowledge of the construction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-35. Reference values of mechanical parameters of masonry. NTC2018. 
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Regarding non-destructive tests, an infrared thermography test was carried out. It 

consists in an investigation that captures the heat energy emitted from the surface of 

a material. Images are recorded using an infrared camera, in which the intensity of 

the infrared radiation is converted to a colour or black and white palette, the patterns 

of which are an indicator of temperature. Infrared radiation is invisible to the naked 

eye as the wavelengths occur in the range of the electromagnetic spectrum which is 

longer than that which the eye can detect. 

There are multiple situations in which infrared thermography can be useful in historic 

buildings. The information it provides can help improve understanding of a problem, 

as well as determine the performance characteristics of a building and assess its 

structural and environmental integrity. 

The key to interpreting thermal images is based on the assignment of the 'iron scale', 

associating zones of higher thermal emission with lighter colours and zones of lower 

thermal emission with progressively darker colours. Under thermal transient 

conditions, the thermal image highlights the structure underneath the plaster, which 

responds differently to heating depending on the different thermal emissivity of the 

materials: for example, in a ceiling, the concrete areas (beams and joists) are clearly 

defined in their contours, which are darker than the areas occupied by the brick 

blocks. 

The test was carried out from around 10 a.m. on 11 February 2021 under natural 

thermal transient conditions with the aim of non-destructively detecting the presence 

of moisture and/or seepage. A total of 98 thermographic surveys were carried out, 

distributed inside and outside the church. The thermographic investigations are 

carried out with a Flir thermal imaging camera, model T420bx. Some images taken 

Table 1-7. Reference values of mechanical parameters of masonry. 

NTC2018 

weight (kN/m3)

POINT SIDE OUTSIDE / INSIDE MORTAR TAKEN TYPE OF MASONRY min max min max min max min max min max

M1 SOUTH OUTSIDE MURATURA IN PIETRA *muratura in pietrame disordinata 1.0 2.0 0.0 0.0 - - 690.0 1050.0 230.0 350.0 19.0

M2 SOUTH OUTSIDE MURATURA IN PIETRA *muratura in pietrame disordinata 1.0 2.0 0.0 0.0 - - 690.0 1050.0 230.0 350.0 19.0

M3 SOUTH OUTSIDE MURATURA IN PIETRA *muratura in pietrame disordinata 1.0 2.0 0.0 0.0 - - 690.0 1050.0 230.0 350.0 19.0

M4 SOUTH OUTSIDE MURATURA IN PIETRA *muratura in pietrame disordinata 1.0 2.0 0.0 0.0 - - 690.0 1050.0 230.0 350.0 19.0

M5 SOUTH INSIDE MURATURA IN LATERIZIO 2.6 4.3 0.1 0.1 0.1 0.3 1200.0 1800.0 400.0 600.0 18.0

M6 NORTH INSIDE MURATURA IN LATERIZIO 2.6 4.3 0.1 0.1 0.1 0.3 1200.0 1800.0 400.0 600.0 18.0

M7 NORTH OUTSIDE MURATURA IN PIETRA *muratura in pietrame disordinata 1.0 2.0 0.0 0.0 - - 690.0 1050.0 230.0 350.0 19.0

M8 NORTH OUTSIDE MURATURA IN PIETRA *muratura in pietrame disordinata 1.0 2.0 0.0 0.0 - - 690.0 1050.0 230.0 350.0 19.0

*muratura in mattoni pieni e malta di calce

fv0 (N/mm2) E Gf (N/mm2) tau0 (N/mm2) 
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are presented below to understand the main issues that the construction under 

analysis suffers from.    

The Figure 1-36 was taken in the intrados of a vault. From it is possible to notice 

that there is fracture of considerable size in the middle part, and so many little 

fractures around.  

 

Figure 1-36.  

Another representation of the intrados of a vault is given by the Figure 1-37. From 

this image is possible to notice the moisture infiltration which is represented with a 

darker colour in next to the rib.  

Figure 1-37.  

A crack in correspondence with a stained-glass window in the presbyterium is 

represented by the Figure 1-38.  
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Figure 1-38. 

The Figure 1-39 represents the external face with buffered opening, from the image 

is possible to understand the presence of a crack in the middle part of the wall.  

Figure 1-39. 

With all the above tests it is thus possible to have a deeper knowledge of the 

materials that constitute the church, in the same way the geometry of the church can 

be confirmed. Although the tests carried out on the construction give an idea of the 

materials used in the construction and, more importantly, their mechanical 

characteristics, it is not possible to fully trust in them.  

The tests that have been carried out do not a complete stratigraphy of the walls that 

are being analysed, and consequently it is not possible to know what there is beyond 

the first superficial centimetres that have been removed, leaving a big question mark.  
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Among all the tests available on the market, the one that, due to its characteristics, 

would have been the most suitable to solve this problem is the endoscopy test. It 

consists of observing natural or artificial cavities (specially created with core drills or 

drills) with special instruments. This test on masonry allows knowledge of the 

stratigraphy, type, morphology, and state of preservation of the materials passed 

through. It can also be carried out on load bearing and load-bearing structures of flat 

floors. 
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2  
      Seismic safety 

          assessment  
 
  

 

This chapter can be divided into two processes. The first process undertaken was 

the determination of the mechanical characteristics of the materials comprising the 

construction. The second process is related to a seismic safety assessment, which 

involves evaluating the integrity and safety of the structure in relation to potential 

seismic risks. 
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2.1 Knowledge levels and confidence factors 

Once the construction has been identified, in relation to the in-depth geometric 

survey and the material-constructive, mechanical and on the ground and foundations, 

the designer assumes a confidence factor FC, between 1 and 1.35, which makes it 

possible to graduate the reliability of the structural analysis model and the evaluation 

of the of seismic safety.  

There are several models that apply different confidence factors to assessing seismic 

safety, they can be grouped as follows. 

- Models that consider the deformability and strength of materials and structural 

elements. 

- Models that consider the limit equilibrium of the different elements of the 

construction, thinking of the masonry material as rigid and non-tensile resistant 

(creation of a kinematics of rigid blocks, through the introduction of appropriate 

disconnections). 

In the first case, the confidence factor is applied to the properties of the materials, 

reducing both elastic modulus and strengths. The starting values of the mechanical 

properties to which the confidence factor will be defined in the usual ranges of 

construction practice of the time, based on the findings of the material survey and 

construction details. In the second case, i.e. rigid body models, where the resistance 

of the material is ignored, the confidence factor is applied directly to the structure's 

capacity, i.e. by reducing the acceleration. [1] 

As previously mentioned in the chapter 1.5 the Italian Technical Standard for 

Construction (NTC 2018) defines different kind of tests that can be performed in an 

existing building, these tests are differentiated by levels which range from very weak 

to very strong in terms of the information obtained. In relation with these tests, the 

Italian code, in the paragraph C8.5.4 defines the knowledge levels and their 

confidence factors as follows:  

- LC1: is considered achieved when, as a minimum, the historical-critical analysis 

commensurate with the level considered, the complete geometric survey and limited 

investigations of construction details, limited tests on the mechanical properties of 

materials have been carried out, the corresponding confidence factor is FC=1.35.   
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- LC2: is understood to be achieved when, as a minimum, the historical-critical 

analysis commensurate with the level considered, the complete geometric survey and 

extensive investigations of construction details, extensive tests on the mechanical 

properties of materials have been carried out, the corresponding confidence factor is 

FC=1.2.  

- LC3: is understood to have been achieved when the historical-critical analysis 

commensurate with the level considered has been carried out, the geometric survey, 

complete and accurate in every part, and exhaustive investigations of construction 

details, exhaustive tests on the mechanical characteristics of materials, the 

corresponding confidence factor is FC=1. [12]   

In line with the above- mentioned regulations, and evaluating the surveys carried out 

and the information available, it is possible to establish that the level of knowledge of 

the structure under examination is LC2, which corresponds to a confidence factor of 

1.2.  

On the other hand, in the chapter 4 of the “Guidelines for evaluation and reduction 

of seismic risk of cultural heritage” the route to be followed to identify the construction 

to be able to then go in the process of dine a level of knowledge and a confidence 

factor. The path indicated in the guidelines can be divided into the following activities:  

- Identifying the building, is the first phase of knowledge and consists of assessing 

the relationship of the building with the surrounding urban context, the presence 

of elements of where to carry out possible reinforcement works and identify 

possible areas of sacrifice where to carry out destructive investigations.  

 

- Complete geometric survey of the building, identifying the plano-altimetrical 

characteristics of all the masonry elements and assessing the cracks, trying to 

identify the causes and possible evolutions by classifying the lesions from a 

geometric point of view (extension and amplitude) as well as kinematically 

(detachment rotation, sliding, displacement out of plane).  

 

- Identifying the path of construction of the artefact and the modifications 

undergone over time, paying particular attention to the successive construction 

of the various portions of the building to identify possible areas of discontinuity 

in the material.  
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- Identify the constituent elements of the resistant organism paying particular 

attention to construction techniques, construction details and connections 

between the elements.  

 

- Identifying materials by assessing both the level of degradation and mechanical 

properties from a visual survey to the use of both destructive tests (such as 

example the use of the double flat jack to determine the modulus of elasticity 

modulus and compressive strength) and non-destructive (sonic and ultrasonic).  

 

- Knowledge of the subsoil and foundation structures, with reference to variations 

over time and related instabilities using available documentation combined with 

possible non-destructive testing. 

A very similar value could be obtained using the Figure 2-1, that is a table given by 

the “Guide lines for evaluation and reduction of seismic risk of cultural heritage”, it is 

possible to determine the confidence factor by defining several partial confidence 

factors, on the basis of the numerical coefficients given in the aforementioned table, 

the values of which are associated with the survey categories and the level of depth 

reached in them: 

 

𝐹𝐶 = 1 +∑𝐹𝐶𝑘

4

𝑘=1

 

 

 

(1) 
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Figure 2-1. Partial confidence factor. Table 4.1 of “Guidelines for evaluation and reduction 

of seismic risk of cultural heritage”, paragraph 4.2. 

 

Based on the data collected, the following partial coefficients were chosen:  

𝐹𝐶1 = 0 

𝐹𝐶2 = 0.12 

𝐹𝐶3 = 0.06 

𝐹𝐶4 = 0.03 

 

Obtaining as a result,  

𝐹𝐶 = 1 + 0 + 0.12 + 0.06 + 0.03 

𝐹𝐶 = 1.21 

The value obtained is higher than the one established by the level of confidence LC2.   
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2.2 Mechanical characterisation of the masonry 

In correspondence with the paragraph C8.5.4.1 of NTC 2018, when the level of 

knowledge is LC2, the values of the mechanical parameters to be used are defined as 

follows: for the resistance and the elastic modulus the mean values given by the Figure 

1-35 must be used.  

Then by averaging these values it is possible to obtain the mechanical parameters 

of interest for the masonry material. Where, f is related to the average compressive 

strength, 𝜏0 is the average shear strength in the absence of normal stresses, fv0 is the 

average shear strength in the absence of normal stresses, E is the mean value of the 

normal modulus of elasticity, G is the mean value of the tangential modulus of 

elasticity and w is the mean specific gravity. These parameters will be implemented 

in the finite element model of the church that will be developed in a next chapter.  

 

 

Table 2-1. Final mechanical parameters of the masonry under examination. 

 

2.3  The seismic behavior of historical masonry buildings 

Masonry churches represent a not insignificant portion of the Italian building fabric 

and are those that potentially, in occasion of seismic events, can cause a high number 

of victims. Therefore, due to their high seismic vulnerability, they contribute 

significantly increase the national seismic risk. [13] 

The historic masonry structures constitute an extremely diverse and complex set for 

types and construction techniques, for which the analysis of their structural behaviour 

and the evaluation of their safety are conditioned by considerable uncertainties in the 

definition of the mechanical properties of the materials and the conditions of 

POINT f (N/mm2) tau0 (N/mm2) fv0 E G w 

M1 1.50 0.03 - 870.00 290.00 19.00

M2 1.50 0.03 - 870.00 290.00 19.00

M3 1.50 0.03 - 870.00 290.00 19.00

M4 1.50 0.03 - 870.00 290.00 19.00

M5 3.45 0.09 0.20 1500.00 500.00 18.00

M6 3.45 0.09 0.20 1500.00 500.00 18.00

M7 1.50 0.03 - 870.00 290.00 19.00

M8 1.50 0.03 - 870.00 290.00 19.00

LC2 1.2

Knowledge level (LC)
Reliability 

factor (FC)

Mechanical parameters 
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constraint between the elements. As far as the masonry is the result of a combination 

of materials, its characteristics are variable. For instance the constituent material of 

the elements could be stone, brick, unfired earth, etc. and used in a mixed manner, 

the size and shape of the elements is also variable, the assembly technique could be 

performed in different ways (dry or with mortar joints), the texture of the materials is 

variable and the arrangement of the elements.  

The historic masonry constructions were not designed according to the principles of 

mechanics of materials and structures, but rather based on intuition and observation, 

observing rigid bodies in equilibrium, and experimenting with how they behaved. The 

guidelines identify mainly elements for assessing the safety of a building:  

- Confirm that a construction agrees with the rules of art.  

- "History's 'testing”, to which the existence of the building itself provides 

testimony. Such a test, however, is often insufficient regarding seismic risk prevention, 

since a construction (even an ancient one) may not yet have been hit by a violent 

earthquake, the one that is assumed by the standards to assess safety about the 

ultimate limit state. 

- The seismic activity present in the area where the construction is located, since 

in high seismic hazard areas retrofitting works were introduced in anticipation of the 

earthquake. On the other hand, in areas where the seismic hazard is low, these works 

are introduced once the damage is already present. 

Based on the description of the structure and its seismic behaviour, different 

analysis methods can be used for existing masonry buildings. It is essential for the 

structural capacity and seismic safety of cultural heritage buildings to be evaluated 

with an appropriate analysis method. The following can be mentioned in particular: 

- Linear static analysis 

- Modal dynamic analysis 

- Non-linear static analysis 

- Non-linear dynamic analysis 
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2.4 Assessment of building safety 

To assess the safety of the structure, the guidelines define 3 different levels to be 

analysed.  

-LV1: qualitative analysis and evaluation with simplified mechanical models. It is 

possible to evaluate seismic safety using simplified methods capable of estimating 

the ground acceleration corresponding to reaching an ultimate limit state. 

Nevertheless, this acceleration value, compared to a site's characteristic peak 

acceleration, can only be used to determine intervention priorities using a seismic 

safety index (IS). The seismic safety index IS defined as follows:  

𝐼𝑠 =
𝑎𝑆𝐿𝑈
𝛾𝐼𝑆𝑎𝑔

 

 

(2) 

 

Where from the equation (1) the following coefficients can be explained:  

𝑎𝑆𝐿𝑈 is the ground acceleration leading to the ultimate limit state.  

  𝑆 is the factor that considers the stratigraphic profile of the foundation subsoil and 

any morphologic effects. 

𝛾𝐼  is a coefficient of significance.  

𝑎𝑔  is the site reference acceleration.  

Seismic safety index values greater than 1 indicate that the building is suitable to 

withstand the seismic action expected in the area. On the contrary, if the seismic 

safety index is less than one, the safety of the building is less than desirable, 

consistent with the requirements for suitable constructions.  

-LV2: Assessment of individual macro-elements (local collapse mechanisms). 

Restoration work on individual parts of the building is subject to this level of 

assessment, also in this case is possible to use local models related to specific parts 

of the building called macro-elements. These macro-elements can be defined as 

“parts of the church with architecturally identifiable features (façade, apse, truncated 

arch) with significantly different seismic responses to the rest of the building”. In 

general, the most effective and easy tool for such an assessment is kinematic analysis, 

which can be linear or non-linear. There is a risk that the results that are obtained 

may be overly cautious if the various construction details that determine the actual 

behaviour of the structure are not considered: chains, anchoring between orthogonal 
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masonry, masonry texture, etc. Therefore, for each macro-element analysed, the 

comparison of the ultimate limit state accelerations before and after the intervention 

on the construction allows a judgement to be made on the degree of improvement 

obtained. 

-LV3: Overall assessment of the seismic response of the building. In this level of 

assessment, the seismic safety of the building is considered as a whole, that is, the 

ground acceleration at the ultimate limit state of the building, or individually 

significant parts of that building (macro-elements). This level should be adopted 

whenever interventions are designed that alter the established functioning of the 

building and, in any case, when the renovation is intended for a building of a strategic 

nature, since knowing the safety of such structures is of great social importance. 

Before going on with the analysis, it is of vital importance to define the limit states 

to which a structure may be subjected. A limit state in structural engineering is defined 

as a condition, which if exceeded, the structure under analysis does not satisfy the 

requirements under which it was designed. It is possible to distinguish between 

ultimate limit states and exercise limit states.  

The SLU (Ultimate Limit States) could be defined as extreme values of load-bearing 

capacity or structural failures that may endanger lives. This state is motivated by the 

desire to safeguard the building and the safety of the occupants when earthquakes 

occur rarely and strongly. According to the Italian code for seismic actions the 

ultimate limit states are subdivided into:  

- Life-sustaining limit state (SLV): because of the earthquake, non-structural and 

plant engineering components of the building rupture and collapse, and structural 

components suffer significant damage with a significant loss of stiffness in relation to 

horizontal movements. 

- Collapse Prevention Limit State (SLC): due to the earthquake, the non-structural 

and plant engineering components of the building collapsed and suffered severe 

damage, while the structural components were severely damaged. There is still a 

margin of safety against collapse for vertical actions and a small margin of safety 

against collapse against horizontal actions. 

While the exercise limit states, are states beyond which the operational requirements 

can no longer be met. These limit states are aimed at limiting damage from less 
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intense but more frequent earthquakes.  There are two kinds of damage or 

deformation caused by exceeding an operating limit state: the first scenario is 

reversible and will cease as soon as the cause that caused the overshoot is removed. 

A second scenario occurs when unacceptable permanent damage or deformation 

arises that cannot be fixed by eradicating their cause. With respect to seismic actions 

(dynamic SLE), the limit states are subdivided into:  

- Serviceability Limit State (SLO): following the earthquake, the building (including 

structural elements, non-structural elements, etc.) must not suffer significant damage 

and interruption of use.  

- Damage limit state (SLD): following the earthquake, the building (including 

structural elements, non-structural elements, relevant equipment, etc.) suffers 

damage such that it does not put users at risk and does not significantly compromise 

the capacity for resistance and rigidity against vertical and horizontal actions, 

remaining immediately usable even if part of the equipment is interrupted. [12] 

 

 

 

2.5 Simplified model for estimating ground acceleration 

corresponding to limit states (LV1) 

 

  For most churches, the assumption of unitary and overall behaviour is hardly useful. 

Consequently, due to the considerable typological and constructional diversity of 

churches, a simplified mechanical model based on a limited number of parameters 

should not be used for evaluating seismic safety. An alternative for assessing LV1 is 

to make use of the parameters of the damage and vulnerability. The maximum ground 

acceleration corresponding to the different limit states can be related to a numerical 

indicator, the vulnerability index 𝑖𝑉, obtained through an appropriate combination of 

scores assigned to the different elements of vulnerability and earthquake protection.  

2.5.1 Seismic safety levels 

 

A reference level of seismic safety must be established, distinguished by the 

characteristics and use of the buildings, as well as the more or less serious 

consequences of their damage. For that objective some parameters will be defined:  
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- 𝑉𝑁 : Nominal life, it is defined as the number of years in which the structure, 

provided it is subject to the necessary maintenance, is expected to maintain specific 

performance levels or for which seismic improvements are planned, if required.  The 

minimum values of VN to be adopted for the different types of construction are given 

in Table 2-2. Culture assets should have a long nominal life to ensure their 

preservation over time, even in the face of seismic activities with high return periods. 

In the case of the church under investigation the nominal life that will be assumed is 

equal to 50 years.  

- 𝐶𝑈 : usage class. In terms of the consequences of an operational interruption or 

collapse, according to the normative, constructions can be categorized into use 

classes as follows:  

Class I: Buildings with only occasional presence of people, agricultural buildings.  

Class II: Buildings whose use involves normal crowding, with no environmentally 

hazardous contents and no essential public and social essentials.  

Class III: Buildings whose use involves significant crowding. Industries with 

environmentally hazardous activities.  

Class IV: strategic building and very frequent use and/or with significant crowding.   

Each use class corresponds to a use coefficient, which can be extracted from the 

Table 2-3.  

Focusing attention on the case study, the church can be considered to fall into use 

class II, because of the use to which it is devoted and because of the presence of a 

normal crowd during its use period. For that reason, the coefficient 𝐶𝑈 is equal to 1.  

   

 

 

 

 

 

 

Table 2-3 - Tabl2.4.II “Valori del coefficiente d’uso CU” extracted from "Normative tecniche per 

le costruzioni" 
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A reference period is used to calculate the seismic action acting on the building, this 

reference period is obtained by multiplying the nominal life by the use coefficient. In 

this way, once both coefficients have been determined, it is possible to determine the 

reference period, as indicated by the following formula. 

𝑉𝑅 = 𝑉𝑁 Cu 

 

(3) 

 

      The Table 2-4 gives an overview of the parameters of interest. 

 

 

 

 

 

    In relation to the reference period 𝑉𝑅 and the considered limit state, to which a 

probability of exceeding 𝑃𝑉𝑅 in the reference period is assigned, a reference period of 

the considered seismic action can be evaluated 𝑇𝑅. A return period can be defined as 

the “time span or number of years that, on average, it is believed to be equaled or exceeded, 

i.e., the frequency with which an event occurs”. [14] 

The following formula can be used to calculate the return period:  

𝑇𝑅 = −
𝑉𝑅

ln  (1 − 𝑃𝑉𝑅)
=

𝑉𝑁 Cu

ln  (1 − 𝑃𝑉𝑅)
 

(4) 

 

 

The 𝑃𝑉𝑅 exceedance probability is a function of the limit state and is defined through 

Table 3.1.I of NTC18 (Ministerial Decree of 17 January 2018).  

 

 

 

 

 

 

Unit Value 

Nominal Life Years 50

usage class III

Use coefficient 1.5

Life of reference Years 75

Table 2-4. Parameters of the construction. 
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Table 2-5. Probability of exceeding 𝑃𝑉𝑅
 as a function of the limit state considered. Table 

3.1.I from NTC18. 

Then, based on the limit states of interest, as a function of the probability of 

exceedance, the periods of return can be determined by applying equation 3.  This 

was carried out and is reported in the table Table 2-6.  

 

 

 

 

 

 

2.5.2 Subsoil category and topographical conditions 

 

As determined in chapter 1.5, the terrain class is C, while the topographic category 

is T2. Based on the table 3.2.III of NTC18 (Ministerial Decree of 17 January 2018), 

this type of terrain presents slopes with medium inclination greater than 15 degrees.  

 

 

 

 

 

 

 

Table 2-7. Topographical categories. Table 3.2.III from NTC18 

Table 2-6. Exceedance probabilities and reference periods for the limit states 

considered.  

Limit state

SLD 63 50

SLV 10 475

𝑃𝑉𝑅  𝑇𝑅      
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2.5.3 Elastic spectrum in accelerations for the Damage limit state  (SLD) 

and Life-sustaining limit state (SLV)  

 

To assess seismic action, sub-soil and topographical characteristics are considered. 

With the help of the excel spreadsheet provided by the superior council of public 

works, it is possible to obtain the following parameters:  

- The maximum horizontal acceleration at the site 𝑎𝑔.  

- The amplification factor of the spectrum under horizontal acceleration 𝐹0.  

- The period of the constant velocity section in the horizontal acceleration 

spectrum 𝑇∗.  

 

 

 

 

 

 

 

Then, the S coefficient considers topographical conditions and terrain type. It is 

calculated as: 

𝑆 = 𝑆𝑆 𝑆𝑇 

 

(5) 

 

Where:  

SS is the stratigraphic coefficient and it is calculated using the formulas proposed in 

the NTC18 standards (Ministerial Decree of 17 January 2018).  

 

 

 

 

Table 2-8. Frassino’s  seismic parameters for different limit 

states. 

SLD SLV

50 years 475 years

0.136 g 

2.481

0.273 s

0.055 g

2.425

0.227 s

𝑇𝑅

𝑎𝑔

𝐹0

𝑇 
∗
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In contrast, the parameter relating to topographical conditions ST is taken from 

Table 3.2.V. of the regulations (Ministerial Decree of 17 January 2018).  

 

 

 

 

 

In the table 2-11, the parameters obtained are given. 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2-9. Table 3.2.IV from NTC18.  

Table 2-10. Table. 3.2.V from NTC18.  - Maximum values of topographic amplification 

coefficient ST. 

2-11. Summary of seismic parameters for different limit 

states. 

SLD SLV

Terrain class 

Topographic category 

1.5 1.5

1.2 1.2

1.8 1.8

0.055 g 0.136 g 

0.099 0.245

C

T2
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2.5.4 Vulnerability index 

 

The methodology considers 28 damage mechanisms associated with the different 

macro-elements that may exist in a church. With reference to the vulnerability 

assessment, it is necessary to detect those typological and construction details that 

play a fundamental role in the seismic response of the building. Indicators of 

vulnerability and anti-seismic protection are considered. 

According to statistics, the seismic behaviour of the entire building is represented 

by a vulnerability index that ranges from 0 to 1, based on a weighted average of the 

different parts:  

 

𝑖𝑉 =
1

6
 
∑ 𝜌𝐾  (𝒗𝒌𝒊 − 𝒗𝒌𝒑)

28
𝑘=1

∑ 𝜌𝐾 
28
𝑘=1

+
1

2
 

 

(6) 

 

  

From the above formula, the behaviour of the entire building depends on the weight 

given to each damage mechanism that may be triggered by the earthquake.  Where 

for the k.th mechanism 𝑣𝑘𝑖 and 𝑣𝑘𝑝 are derived from research of the vulnerability 

indicators and the earthquake-proof structures. Table 2-12 provides a vulnerability 

score assessment for each damage mechanism.  While the coefficient 𝜌𝐾 is the weight 

attributed to the mechanism, it adopts a value of 0 for the mechanisms that could not 

have been activated in the church, due to the absence of the macro-element, while it 

is between 0.5 and 1 in the other cases.  
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In summary, the procedure to be followed is to rate each feature of the seismic 

structures and vulnerability indicators identified in the guideline from 1 to 3 for each 

mechanism analysed.  

As a first step, the mechanisms that can occur in the church must be identified, 

according to the type of structure and macro-elements present. The mechanisms 

defined by the regulation are the following:  

- Overturning of the façade. It is characterized by the detachment of the façade 

from the walls or visible detachment out of lead. (1) 

- Mechanisms at the top of the façade. This mechanism consists in the tipping of 

the gable, with horizontal or V-shaped lesion, masonry disintegration or kerb sliding 

and rotation of trusses. (2) 

- Mechanisms in the plane of the façade. Inclined injuries (shear), vertical or 

curved injuries (rotation), other cracks or displacements. (3) 

- Narthex: Injuries in arches or in entablature due to rotation of columns - 

Detachment from the façade – Hammering. (4) 

- Transverse response of the hall. Injuries in the arches (with possible 

continuation in the vault), rotations of side walls, shear injuries in vaults, out-of-lead 

and crushing in columns. (5) 

Table 2-12- Table 5.1 of the “Linee guida per la valutazione e riduzione 

del rischio sismico del patrimonio culturale” 
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- Shear mechanisms in the side walls (longitudinal response). This mechanism 

is composed of inclined injuries (single or crossed), injuries in correspondence with 

the discontinuities in masonry. (6) 

- Longitudinal response of the colonnade. Cross-sectional arches or lintels that 

experience crushing and/or shear injuries, pillar bases that sustain crushing and/or 

shear injuries. (7) 

- Central nave vaults. Disconnections between the vaults and the arches in the 

central hall. (8)  

- Lateral nave vaults. Disconnections or injuries to vaults or arches. (9)  

- Overturning the walls of transept ends. Detachment of the front wall from the 

side walls - Overturning or disintegration of the tympanum at the top. (10) 

- Shear mechanisms in the transept walls. Inclined injuries (single or crossed) - 

Injuries through discontinuities. (11) 

- Transept vaults. Injuries in vaults or disconnections from arches and side walls. 

(12) 

- Triumphal arches. Injuries in the arch, crushing or horizontal injuries at the base 

of the piers. (13) 

- Dome - drum/timber. Injuries in the dome (arch) with possible continuation in 

the drum. (15) 

- Overturning of the apse. Vertical or arcuate lesions in apse walls - Vertical 

lesions in polygonal apses - U-shaped lesion in semicircular apses. (16) 

- Shear mechanisms in the presbytery or apse. Inclined injuries (single or 

crossed) - Injuries at of wall discontinuities. (17) 

- Presbytery or apse vaults. Injuries in the vaults or disconnections from the 

arches or side walls. (18) 
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- Roofing elements: hall. Injuries near the heads of the wooden beams, sliding of 

the beams - Disconnections between kerb and masonry - Significant movements of 

the roof covering. (19) 

- Mechanisms in roof elements – transept. Injuries close to the heads of the 

wooden beams, sliding of the beams - Disconnections between the kerb and masonry 

- Significant movements of the roof covering. (20) 

- Roofing elements: apse. Injuries close to the heads of the wooden beams, 

sliding of the beams - Disconnections between the kerb and masonry - Significant 

movements of the roof covering (21).  

- Overturning of the chapels. Detachment of the front wall from the side walls. 

(22) 

- Shear mechanisms in chapel walls. Inclined injuries (single or crossed) - Injuries 

at of wall discontinuities. (23) 

- Vaults of the chapels. Lesions in the vaults or disconnections from the side walls. 

(24) 

- Interactions in the vicinity of irregularities plano-altimetrical irregularities. 

Movement at construction discontinuities - Injuries in masonry by hammering. (25) 

- Projections (sail, spires, pinnacles, statues). Evidence of permanent rotation or 

sliding – Injuries. (26)  

- Bell tower. Injuries near the detachment from the body of the church - Shear or 

sliding - Vertical or curved injuries (ejection of one or more corners). (27) 

- Bell cell. Injuries in the arches - Rotations or sliding of the piers. (28) 

The following figures, Figure 2-2, Figure 2-3 and Figure 2-4 extracted from the 

“Guidelines for evaluation and reduction of seismic risk of cultural heritage” give a 

more exhaustive understanding of the above-mentioned mechanisms.  
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Figure 2-2. Collapse mechanisms extracted from the Annex C of the “Guidelines 

for evaluation and reduction of seismic risk of cultural heritage”.   
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Figure 2-3. Collapse mechanisms extracted from the Annex C of the “Guidelines for evaluation 

and reduction of seismic risk of cultural heritage”. 
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Figure 2-4. Collapse mechanisms extracted from the Annex C of the “Guidelines for evaluation 

and reduction of seismic risk of cultural heritage”.  
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Of the 28 possible damage mechanisms defined by the “Guidelines for evaluation 

and reduction of seismic risk of cultural heritage” [1], only the following are likely to 

occur in the church under study:  

- Overturning of the façade. (1) 

- Mechanisms at the top of the façade. (2) 

- Mechanisms in the plane of the façade. (3) 

- Transverse response of the hall. (5) 

- Shear mechanisms in the side walls (longitudinal response). (6) 

- Longitudinal response of the colonnade. (7) 

- Central nave vaults. (8)  

- Lateral nave vaults. (9)  

- Overturning of the apse. (16) 

- Shear mechanisms in the presbytery or apse. (17) 

- Presbytery or apse vaults. (18) 

- Roofing elements: hall. (19) 

- Roofing elements: apse. (21)  

- Interactions in the vicinity of irregularities plano-altimetrical irregularities. 

(25) 

- Projections (sail, spires, pinnacles, statues). (26)  

- Bell tower. (27) 

- Bell cell. (28) 

Then, for the 17 possible collapse mechanisms in the church, the values to be 

attributed to the anti-seismic restraints and vulnerability indicators must be chosen. 

It is necessary to assign a score from 1 to 3 for every detected control indicator or 

vulnerability indicator.  

By analyzing Table 2-12 , it is possible to determine the values of vki and vkp to use 

in the Equation 1 for vulnerability index calculation.  
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Overturning of the façade ( 1) 𝝆𝒌 = 𝟏 

Earthquake-proofing 
 

Efficiency 

Presence of longitudinal chains. 0 

Presence of effective contrasting elements (buttresses, leaning 

bodies, other buildings). 

 

1 

Good quality interlocking between the façade and the walls of the 

nave. 

0 

Vulnerability indicators Severity 

Presence of pushing elements (roof struts, vaults, arches).  

 

3 

 
Presence of large openings in the side walls near the cantonal. 

0 

 

 

Mechanisms at the top of the façade ( 2 ) 𝝆𝒌 = 𝟏 

Earthquake-proofing 
 

Efficiency 

Presence of point connections with roof elements 0 

Presence of roof bracing 0 

Presence of lightweight kerbs (reticulated metal, reinforced 

masonry, other).  

0 

Vulnerability indicators Severity 

Presence of large openings  1 

The presence of a sail top of great size and weight.  3 

Rigid kerbs, reinforced concrete ridge beam, heavy reinforced 

concrete roofing. 

0 

 

 

 

 

 

 



Seismic safety assessment  

 

76 
 

Mechanisms in the plane of the façade ( 3 ) 𝝆𝒌 = 𝟏 

Earthquake-proofing 
 

Efficiency 

Presence of a chain in the counter facade 3 

Lateral contrast provided by adjoining bodies, in other words 

church embedded in aggregate.  

1 

Vulnerability indicators Severity 

Presence of large or numerous openings (even if plugged) 2 

High slenderness (height/width ratio) 0 

 

Transverse response of the hall ( 5 ) 𝝆𝒌 = 𝟏 

Earthquake-proofing 
 

Efficiency 

Presence of external pilasters or buttresses.  0 

Presence of adjacent outbuildings.  2 

Presence of transverse chain.  3 

Vulnerability indicators Severity 

Presence of walls with high slenderness.  0 

The presence of vaults and arches.  3 

 

Shear mechanisms in the side walls (longitudinal response) ( 
6 ) 

𝝆𝒌 = 𝟏 

Earthquake-proofing 
 

Efficiency 

Uniform masonry (one construction phase) and good quality.  1 

Presence of good lintels in openings.  0 

Presence of lightweight kerbs (reticulated metal, reinforced 

masonry, other).  

0 

Vulnerability indicators Severity 

Presence of large openings or large areas with masonry of limited 

thickness.  

0 

Very rigid reinforced concrete kerbs, heavy reinforced concrete 

roofing.  

0 
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Longitudinal response of the colonnade. ( 7 ) 𝝆𝒌 = 𝟏 

Earthquake-proofing 
 

Efficiency 

Presence of longitudinal chains 0 

Presence of buttresses in the façade 0 

Vulnerability indicators Severity 

The presence of heavy vaults in the nave.  3 

Heavy concrete roofing, reinforced caps of significant thickness 

in the vaults.  

0 

 

 

Central nave vaults. ( 8 ) 𝝆𝒌 = 𝟏 

Earthquake-proofing 
 

Efficiency 

Presence of chains in effective position.  2 

Presenza di rinfianchi o frenelli.  0 

Vulnerability indicators Severity 

  Presence of concentrated loads transmitted by the roof 3 

 Sheet vaults, especially on large spans.  0 

Presence of fanlights or interruptions and irregularities in the 

profile of the vaults.  

3 

 

Lateral nave vaults. ( 9 ) 𝝆𝒌 = 𝟏 

Earthquake-proofing 
 

Efficiency 

Presence of chains in effective position.  2 

Presenza di rinfianchi o frenelli.  0 

Vulnerability indicators Severity 

  Presence of concentrated loads transmitted by the roof 3 

 Sheet vaults, especially on large spans.  0 

Presence of fanlights or interruptions and irregularities in the 

profile of the vaults.  

3 
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Overturning of the apse. ( 16 ) 𝝆𝒌 = 𝟎. 𝟓 

Earthquake-proofing 
 

Efficiency 

Presence of hoops (semi-circular and polygonal) or chains 

(rectangular).  

0 

Presence of effective counteracting elements (buttresses, leaning 

bodies).  

0 

The presence of braced, non-pushing roofing.  0 

Vulnerability indicators Severity 

Presence of severe weakening due to the presence of openings 

(even plugged) in the walls.  

1 

Presence of pushing vaults.  3 

Rigid kerbs, heavy roofing, reinforced concrete struts.  0 

 

 

Shear mechanisms in the presbytery or apse. ( 17 )  𝝆𝒌 = 𝟎. 𝟓 

Earthquake-proofing 
 

Efficiency 

Uniform masonry (one construction phase) and good quality.  1 

Presence of good lintels in openings.  0 

Presence of lightweight kerbs (reticulated metal, reinforced 

masonry, other).  

0 

Vulnerability indicators Severity 

Presence of large openings or large areas with masonry of limited 

thickness.  

0 

Very rigid reinforced concrete kerbs, heavy reinforced concrete 

roofing.  

0 
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Presbytery or apse vaults.  ( 18 ) 𝝆𝒌 = 𝟎. 𝟓 

Earthquake-proofing 
 

Efficiency 

Presence of chains in effective position.  2 

Presenza di rinfianchi o frenelli.  0 

Vulnerability indicators Severity 

 Presence of concentrated loads transmitted by the roof.  3 

 Sheet vaults, especially on large spans.  0 

 Presence of fanlights or interruptions and irregularities in the 

profile of the vaults.  

2 

 

Roofing elements: hall. ( 19 ) 𝝆𝒌 = 𝟎. 𝟓 

Earthquake-proofing 
 

Efficiency 

Presenza di cordoli leggeri (metallici reticolari, muratura armata, 

altro) 

0 

Presence of beam connections to masonry.  0 

The presence of good connections between the roof frame 

elements roof.  

0 

Vulnerability indicators Severity 

Presence of statically pushing roofing.  3 

Presence of rigid kerbs, heavy covering.  0 

    Roofing elements: apse. ( 21 ) 𝝆𝒌 = 𝟎. 𝟓 

Earthquake-proofing 
 

Efficiency 

Presenza di cordoli leggeri (metallici reticolari, muratura armata, 

altro) 

0 

Presence of beam connections to masonry.  0 

The presence of good connections between the roof frame 

elements roof.  

0 

Vulnerability indicators Severity 

Presence of statically pushing roofing.  3 
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Presence of rigid kerbs, heavy covering.  0 

 

Interactions in the vicinity of irregularities plano-altimetrical 
irregularities ( 25 )   
 

𝝆𝒌 = 𝟏 

Earthquake-proofing 
 

Efficiency 

Presence of an adequate connection between masonry of 

different phases different phases.  

0 

Presence of connecting chains.  0 

Vulnerability indicators Severity 

Presence of a high stiffness difference between the two bodies.  3 

Possibility of concentrated actions transmitted by the 

connection.  

0 

 

     Projections (sail, spires, pinnacles, statues). ( 26 ) 𝝆𝒌 = 𝟎. 𝟓 

Earthquake-proofing 
 

Efficiency 

Presence of masonry connection pins or retaining elements.  0 

Elements of limited importance and size.  1 

 

Monolithic masonry (with square ashlars or otherwise of good 

quality).  

0 

Vulnerability indicators Severity 

Elements of high slenderness. 1 

Supporting the underlying masonry in falsework 0 

Asymmetrical position in relation to the underlying element 

(especially if the overhang has considerable mass).  

0 
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      Bell tower. ( 27 ) 𝝆𝒌 = 𝟏 

Earthquake-proofing 
 

Efficiency 

Uniform masonry (one construction phase) and good quality.  1 

Presence of chains at different orders.  0 

The presence of adequate distance from church walls (if 

adjacent).  

0 

The presence good connection with church walls (if 

incorporated).  

0 

Vulnerability indicators Severity 

Presence of significant openings on several levels.  0 

Asymmetrical constraint on masonry at base (incorporated 

tower).  

2 

Irregular ground support of the tower (presence of arches on 

some sides, cantilevered walls).  

0 

 

     Bell cell. ( 28 ) 𝝆𝒌 = 𝟏 

Earthquake-proofing 
 

Efficiency 

The presence of squat piers and/or arches of reduced span.  0 

Presence of chains or rims. 0 

Vulnerability indicators Severity 

Presence of heavy cover or other significant masses.  2 

Presence of pushing cover.  0 

 

Once each mechanism has been analyzed, the results obtained can be summarized 

in the Table 2-13. Whereas already mentioned above, 𝑣𝑘𝑖 is related with the 

vulnerability indicators and 𝑣𝑘𝑝 is related with the earthquake proofing that the 

structure has. Furthermore, from the Table 2-13. it can be noted that the mechanisms 

that tend to increase vulnerability, i.e. those that cause the index to increase are: 

Central nave vaults ( 8 ), Lateral nave vaults ( 9 ) and Overturning of the apse ( 16 ).  
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Applying the Equation 6, the vulnerability index obtained is equal to 0.774. Once 

calculated the vulnerability index  the “Guidelines for evaluation and reduction of 

seismic risk of cultural heritage”, also provides the equations to be  used for the 

calculation of ground acceleration for the different limit states. These equations are:  

 

𝑎𝑆𝐿𝐷𝑆 = 0.025 × 1.82.75−3.44 𝑖v 

 

(7) 

 

 

𝑎𝑆𝐿𝑉𝑆 = 0.025 × 1.85.1−3.44 𝑖v 

 

(8) 

 

By replacing in the equations 6 and 7 with the value of the vulnerability index 

obtained, the accelerations obtained as results are:  

𝑎𝑆𝐿𝐷𝑆 = 0.0263 𝑔 

𝑎𝑆𝐿𝑉𝑆 = 0.1048 𝑔 

 

1 1 3 2 1

2 1 4 0 4

3 1 2 4 -2

5 1 3 5 -2

6 1 0 1 -1

7 1 3 0 3

8 1 6 2 4

9 1 6 2 4

16 0.5 4 0 4

17 0.5 0 1 -1

18 0.5 5 2 3

19 0.5 3 0 3

21 0.5 3 0 3

25 1 3 0 3

26 0.5 1 1 0

27 1 2 1 1

28 1 2 0 2

Mechanism(k-th)

Table 2-13. Summary of the various mechanisms with their 

respective vulnerability index and proofing index.  
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The return periods corresponding to the limit states considered (SLD and SLV) can 

be obtained by interpolating between the known values for the predefined return 

periods. The regulation gives the following formula.  

𝑇𝑆𝐿𝑉 = 𝑇𝑅1 × 10
log(

𝑇𝑅2
𝑇𝑅1

) log(
𝑎𝑆𝐿𝑉𝑆
𝐹𝐶𝑎1𝑆1

) log(
𝑎2𝑆2
𝑎1𝑆1

) 
 

 

(9) 

 

Where:  

- TR1 and TR2 are the return periods for which the seismic hazard is provided, 

within which TSLV is included.  

-  𝑎1𝑆1 and 𝑎2𝑆2   are the corresponding values of the peak acceleration on rigid 

ground and the coefficient considering the subsoil category and the 

topographical conditions. 

- FC is the confidence factor, defined according to the level of in-depth knowledge.  

Table 2-14 summarizes the parameters to be used in the formula 8, and at the end 

the return periods are obtained.  

 

 

 

 

 

 

 

 

 

 

Given all these quantities, it is now possible to calculate the seismic safety index IS 

through the following formulations: 

Table 2-14. Calculation of return periods corresponding to the attainment of limit 

states SLV and SLD. 

50

475

0.02633

0.10479

FC 1.2

0.099

0.245

452

28
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IS,SLV =
TSLV
TR,SLV

=
452      

475
= 0.953 

 

   

(10) 

 

IS,SLD =
TSLD
TR,SLD

=
28      

50      
= 0.560 

(11) 

 

In conclusion, after having analyzed the results of the indexes, it can be said that 

both are lower than 1, it means that in presence of an earthquake the  structural 

components will suffer significant damage with a huge loss of stiffness in relation to 

horizontal movements, that it is the case of the life sustaining limit state. While in the 

case of the Damage limit state (SLD), the building will suffer damage such that it does 

not put users at risk and does not significantly compromise the capacity for resistance 

and rigidity against vertical and horizontal actions, remaining immediately usable 

even if part of the equipment is interrupted. 
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3  
       Models of the 

                 church  
 

 This chapter aims to develop the various models that will be carried out of the church, 

starting with the geometric model and then with the numerical model.  

The concept of geometric modelling refers to the set of methods used to define the 

shape and other characteristics of objects. On the other hand, the numerical model is 

related with the Finite Element Method, that is a numerical method used to perform 

a finite element analysis (FEA) of any given physical phenomenon of a structure in 

order to determine how it will behave in the future or how it actually behaves. As an 

approximation method, FEM is one that subdivides a complex space or domain into a 

number of small, countable, and finite number of pieces (hence the name finite 

elements) whose behavior can be described by a relatively simple equation that fits 

the space or domain. [2]  
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3.1 Geometrical Models  

From the information gathered and received from different sources, it was possible 

to construct two geometrical models of the structure. 

The first geometrical model, was performed using the software AutoCAD. An 

AutoCAD program is a computer-aided design (CAD) program that is used for the 

creation of both 2-D and 3-D designs and drafting. It was one of the first CAD programs 

to be developed and marketed by a company called Autodesk Inc. , also it was one of 

the first CAD programs designed to run on personal computers. [15] 

As a first point of departure, the plans already obtained were used to draw the middle 

line of each wall, trying to uniform the thicknesses, which will be of vital importance 

later on in the numerical model. With a pink dashed line, the middle line of the walls 

is identified in the Figure 3-1. Then, on the basis of the sections obtained from old 

plans, from photographic dot plotting and from other sources, it was possible to 

determine the height of the walls that make up the church, the bell tower, and the 

inclination of the roofs. This geometry was captured in a 3D model, from which 

axonometric views were obtained and are shown in the Figure 3-2 and Figure 3-3.  

It is important to mention that this model is made up exclusively of lines, which 

interconnected with each other form a geometry, but these lines do not contain 

relevant information of the structure, it is only a geometric representation. 
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Figure 3-1. Structural plan with midline identification.  
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Figure 3-2. Axonometric view N°1. 

Figure 3-3. Axonometric view N°2. 
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3.2 Finite element method  

The first step in thinking about the finite element model was to build a geometrical 

model that would then allow the application of this calculation methodology. FEA NX 

software was used for this purpose. Based on the finite element solution methodology, 

FEA NX has been developed for the simulation of advanced nonlinear and detailed 

analysis for civil and structural engineering applications based on advanced nonlinear 

analysis. The software has state-of-the-art modelling tools and, thanks to its 

compatibility with other formats, very advanced modelling levels can be achieved in a 

short time. The powerful meshing and solver allow the finite element model that best 

represents the previously created solid geometry to be accurately represented and 

solved.  

The use of this program was mainly aimed at the creation of the complex geometries 

of the structure, especially the vaults. The initial step within the software was to import 

the geometric model previously made by Autocad. The interoperability between the 

two programs is medium level, since the information is not lost, i.e., the import is 

complete, but there are problems in the sense that DXF files created on AutoCAD do 

not have tolerance that can determine the connectivity between endpoints. Although 

edges may seem connected to the naked eye, they maybe intersected or not connected 

after import, for this reason was necessary to check the edges of the AutoCAD DXF 

file before importing. 
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For the reasons listed above, it was not convenient to work on the 3D model 

generated in AutoCAD. Therefore, what was done was to import the structural plan 

with midline identification, the geometry was mapped out using the tools of the 

software itself, taking the measurements provided by the 3D model as a reference.  

The next step was the creation of the walls, starting with the perimeter walls and 

then the inner walls. These were created with the command “Make Face” (Geometry 

→ Surface & Solid → Make Face), have been realized two-dimensional plane surfaces 

by selecting the contour lines within which the created the surface considering that 

there are no restrictions on the number of lines selected. In some cases, the problem 

was related to the fact that the lines did not intersect each other and in many cases, 

it was necessary to recreate these lines with the command “Line” (Geometry → Point 

& Curve → Line). The tolerance value, which serves to verify that the lines belong to 

the same plane, has been 0.0001 m.  

At the same time, the presence of the openings was considered in the creation of the 

walls, simply outlining the parts to be made into a forum. The result obtained is 

represented by the Figure 3-5.  

Figure 3-4. Autocad 3D model imported into FEA NX. 
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After defining the perimeter and interior walls, the next step was the design of the 

vaults, starting with the vaults of the lateral aisle. As was mentioned in the previous 

paragraphs, the type of vaults present in the construction are cross vaults, that in the 

Italian language is “volta a crociera”. This type of structure is created by the 

intersection of two equal and orthogonal barrel vaults, at the intrados of which are two 

curved corners running from one corner to the opposite corner.  In order to design the 

geometry, the dimensions in plan were taken, considering the columns and the walls 

that separate one nave from the other as support points for the vaults, then the arches 

were designed. The reasoning followed in order to realize the geometry can be seen 

in the Figure 3-6.  

Figure 3-5 - Geometrical model of the walls. 
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Once geometry was created, the next step was to create the surfaces, the creation 

was possible to define thanks to the intersection of the arcs with the lines that defined 

a surface. Each vault was generated by 8 surfaces, that all intersect at the upper point. 

The command used was the same as for the walls “Make Face”. Then, in order to 

obtain a coherent mesh, it was necessary to join these different surfaces in order to 

create a single surface. This was done with the command “Boolean Surface”, where 

the command sew was selected.  

 

 

 

 

 

 

 

 

 

The vaults of the central aisle were created following the same procedure, because 

of the fact that they are also considered to be cross vaults.  

Figure 3-6. Dimensions and arches of a lateral nave cross vault.  

Figure 3-7. Geometrical model of the cross vaults on the lateral aisles. 
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Then, after having made the vaults, the model obtained is represented by the Figure 

3-10.  

Figure 3-8. Geometrical model of the cross vaults on the central 

aisles. 

Figure 3-9. Plan view of the model after the addition of the vaults. 
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As it is possible to observe in the geometric model made and presented in the 

previous figures, all the elements present in the figure are two-dimensional elements, 

this implies that one of the sizes that make up these elements is much smaller with 

respect to the others, and in all cases this dimension is the thickness. It is known that 

two-dimensional elements can present three different types of behavior.  

The first behavior is known as “Slab Behavior” in which each node of the element 

has two degrees of freedom, i.e., two translations in the plane of the element. It is 

used to represent plane stress states and the stressful actions lie in the plane of the 

element. It is an element with membrane rigidity and transmits only stresses in its 

plane.  

Figure 3-10. Complete model of the church. 
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The second is the “Plate Behavior” where each node of this element has three 

degrees of freedom, one translation orthogonal to the mean plane of the element and 

two rotations about the two axes belonging to the plane of the element. It is an element 

with flexural rigidity and transmits shear and bending stresses. The stress actions are 

orthogonal to the plane of the element. 

The “Shell Behavior”, which is used for the modelling of elements such as walls, 

foundation slabs, footings, is characterized by the superposition of two plate and slab 

behavior mentioned before. It is an element with both flexural and membranous 

stiffness and can be used to reproduce the generic behavior of a plane structural 

element. Due to the above, the type of behavior adopted in the modelling of the 

structural elements, walls, and vaults, is shell behavior.  

Once the structural characteristics of the elements under analysis are understood, 

the second phase of the modelling is carried out.  

The second phase is the definition of the mesh, the representation of the essential 

elements for getting accurate results from an FEA model. In Finite Element Method, 

is necessary the creation of a mesh which splits the domain into a discrete number of 

elements for which the solution can be calculated. The data is then interpolated across 

the whole domain. To accurately discretize stress gradients, the mesh's elements 

must consider a variety of factors. Since the designs are better sampled across the 

physical domains, the solution is typically more accurate the smaller the mesh size. 

The trade-off is that longer solve times result from larger simulations as accuracy 

increases.  

Before starting to define the mesh, it was necessary to define the material of which 

each element is composed and its thickness. As far as the material is concerned, its 

properties were inserted according to the material properties obtained in the chapter 

1.5.  
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Figure 3-11. Mechanical properties  assigned to "messy stone 

masonry”. 

Figure 3-12. Mechanical properties  assigned to “solid brick and cement 

mortar masonry”. 
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Considering the plan of the midline of the various walls, the different wall thicknesses 

were determined. The Figure 3-13 shows a dimensioned plan which allows the 

different thicknesses to be visualized. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The process of meshing the structure was carried out after determining the 

thicknesses, materials, and geometry to be used, allowing for a seamless transition in 

the process. The software's powerful mesh generation capabilities made the process 

easier by automatically generating the desired mesh sizes. The selected meshing 

method was based on size, for the vaults  the mesh size chosen was 30 cm, while for 

Figure 3-13. Thickness of the walls. 
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the walls, the mesh size was between 50 - 70 cm., this choice is justified by the fact 

of providing  an aspect ratio" closest to 1.0. Therefore, great attention was given to 

the congruency of the mesh to ensure accurate analysis. Overall, the use of size-based 

meshing method with a set size of 30 cm and 50-70 cm allowed for an efficient and 

uniform meshing process to be carried out, providing a foundation for reliable 

structural analysis. The shows the final arrangement of the meshes in the structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Even though the software is very efficient when it is used to make the meshes, in 

some cases it was necessary to “fixed the mesh” to guarantee the congruence between 

the different parts of the structure. This operation was carried out in different ways, 

the main one was by printing the curve that defined each surface on the adjacent one, 

it was performed with the “Imprint” command, then using the tool  “Size control”, the 

imprinted edged was selected and divided in an interval length. In this way, when the 

meshing was done, the software automatically recognised that the mesh had to be 

resharpened in that area. Another method used was the "merge nodes" method, where 

Figure 3-14. Structure’s mesh.  
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each mesh was checked in detail and in cases where adjacent nodes did not match, 

they were manually joined together. The most critical areas were the junctions 

between vaults and walls, where an inconsistent and unfair meshing could have led to 

incorrect results. Because of this, special attention was devoted to these cases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After defining the mesh, the subsequent step was to export the generated FEA NX 

model to Midas Gen using an *.mgt file. Initially, the Midas software could not 

recognize this model due to poorly defined mesh elements with overlapping. These 

errors were quickly identified in the 'Analysis message window' of Midas Gen. Then, 

the errors were resolved, resulting in the final model being successfully imported into 

the software. 

 

 

 

 

Figure 3-15. Joint detail between vaults and the central wall.  

Figure 3-16. Detail of the junction between vaults and the façade wall. 
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The first step within the software was the definition of the boundary conditions, these 

are characterized by not allowing the displacements at the base, it means that the 

displacements in x,y and z direction are restricted at the base of the structure. In the 

case of rotations, these were not restricted, as the walls can be overturned due to 

horizontal loads.  

   As specified in previous chapters, the various investigations that were carried out in 

the church reveal that the building has chains that fit between the walls of the side and 

central corridors, these chains are recognize as a structural intervention in order to give 

strength to the vaults. For the aforementioned reason, it was important to consider the 

presence of these elements in the FEM model. The chains were introduced in the Midas 

Figure 3-17. Result of the imported model in Midas Gen.  
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model as “Tension Only” elements and its cross section is of 50 mm x 20 mm 

(rectangular section).  

The roof of the structure was not considered in the modelling, as can be seen in the 

images. The choice to build the roof structure in a different model is justified by the 

fact that the roof does not have a bracing structure, because of this there was a 

possibility that when the seismic force was inserted into the model, parasitic modes 

of vibration with a very low excitation mass could occur.  

For this reason, the roof was modelled separately, taking as a reference the existing 

documentation and drawings.  Regarding the calculation, all loads relevant to the roof 

were assigned to this model, where the reactions were then determined and applied 

as point loads to the walls supporting the ceiling.  

The figure Figure 3-18 shows the configuration in section of the roof, where it is 

possible to observe the different parts that compose it with their corresponding 

dimensions. Once the sections of these elements were recognized, the next step was 

to investigate the type of wood it was made of. Since the type of material was not 

known for certain, a type GL20h was adopted for the  purposes of the calculation, 

which has the most severe resistance characteristics, thus being in safety's favor. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-18. Configuration of the wood roof.   
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The calculation model for the wooden roof of the church is shown in the Figure 3-19. 

As can be seen, the roof is not completely symmetrical, as it extends to the end in the 

right aisle, while in the left aisle it stops when it ends (intersection with the bell tower).  

Existing buildings made of load- bearing masonry very often have roofs of the push-

on type, this means that when it is subjected only to vertical loads, it generates a 

horizontal thrust on the perimeter walls on which it unloads. In this configuration, the 

horizontal thrust on the supporting perimeter walls increases as the weight of the roof 

increases and as its deformability increases. This means that a horizontal component 

due to roof thrust was considered in the analysis and for this reason, the roof boundary 

condition is one that allows for horizontal movements in one direction. 

 

 

 

 

Figure 3-19. Calculation model of the roof -Midas gen.  
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3.3 Analysis of the loads to be applied on the model.  

The concept of load can be defined as the forces that cause stress, deformation, or 

accelerations. A structure or its components suffer stress or displacement as a result 

of these loads. When designing a structure or verifying the state of an existing building 

, various structural loads must be considered, such as dead loads, live loads, etc.   

In the case of the building under analysis, the loads to be considered have been 

considered following the Eurocode 1: actions on structures, and also taking as 

reference the Italian regulation, “Norme techniche per le costruzioni” (NTC2018), 

which was of vital importance for the use of specific coefficients that depend on each 

country.  

3.3.1 Permanent structural load.   

The permanent structural loads depend on the self-weight of the materials and the  

geometric dimensions of the structural parts that make up the building. Since the 

correct characteristics were assigned to the materials during the modelling phase, 

Midas GEN was able to automatically assign the self-weight of the masonry elements.  

As mentioned in previous chapters, in the cathedral two types of masonry can be 

identified, which have the weights indicated in the Table 2-1. In addition to the 

masonry material, the own wight of the wood roof must also be considered. To 

establish its density the table 3.1.I from the “NTC 2018” was used,  obtaining a value 

of 6kN/m3.  

Lastly, another permanent structural load to be considered is the vault filling,  for 

this a concrete thickness equal to 5 cm placed on top of the vaults was contemplated. 

It is a concrete of very low quality with a considerable level of deterioration, for this 

reason the density assumed was 18kN/m3. 

The summarizes the specific weight values adopted for each material.  

 

 

 

 

 

Material Density (kN/m3) 

Brickwork 

Wood 

Concrete 

18

18

8

Stone masonry 19

Table 3-1. Weights per unit volume automatically assigned by Midas GEN. 
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In the case of the materials themselves and their dimensions, the software 

automatically considers the weight of each structural element.  

On the other hand, in the case of the wooden roof, in order to consider the action of 

its own weight on the structure, it was necessary to perform a weight distribution, 

which means to have taken from the simplified model of the roof the reactions that 

were produced due to the own weight of this structure and to place them as point 

loads on the walls that support the roof structure. 

It is important to mention that not all the structural elements that make up the roof 

were modelled, for instance the roof batten (that in Italian means “terzere”) and  the 

purlins (“correnti” in Italian) were not inserted in the model. In order to consider, the 

action of the elements, the following procedure was carried out: firstly, the volume of 

each of the elements was taken, considering the dimensions and quantity present, 

this information was obtained from the different plans of the church. Then, this volume 

was multiplied by the specific weight of the wood considered, thus obtaining a point 

load, then this load was divided by the total area of the roof, thus obtaining a surface 

load. But in the calculation model it was necessary to insert the linear load that would 

be supported by each of the elements that make up the roof (beams), for this reason 

it was worked with influence thicknesses, i.e., how much roof load would reach each 

beam. Because of this, the beams on the sides will have a greater thickness of 

influence, and as a consequence a greater amount of load will be applied to them.  

The aforementioned approach has been applied for the roof of the central nave and 

also for roof of the right and left lateral aisles.  

Finally, in the case of the vaults the weight of the fill above them was applied as a 

pressure load. In other words, the density of the concrete was multiplied by the 

thickness of the layer that covers them, thus obtaining a load of 0.9 kN/m2.  

 

3.3.2  Permanent non-structural load.  

 

The Italian standard defines this type of load as “the loads present on the 

construction during its normal operation, such as those related to external infills, 

internal partitions, screeds, insulation, floors and walls”. Also in this case, the actions 
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are derived from the geometric dimensions and weights per unit of volume of the 

materials from which the non-structural parts of the construction are made.  

In the case of the construction under examination, the non-structural loads are given 

by the action of the roof in stone for the central nave and for the lateral aisles. The 

weight per unit area considered for this roof was 1.5 kN/m2, which includes the weight 

of the planking, laths, and the stone slab. In this case, the same reasoning as for the 

structural load was applied, taking the weight per unit of roof surface, multiplied by a 

thickness of influence, thus obtaining a load per unit length, which would then be 

applied to the beams that make up the structural model.  

The tables below summarize the above for the weight of the structural elements of 

the roof (referred to as G1) as well as for the non-structural elements of the roof 

(G2).[12] 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Width Width of influence Lineal Load 

[m] [m] kN/m

1 5.75 8.63 0.39

2 5.75 5.75 0.26

3 5.75 5.75 0.26

4 5.75 5.05 0.23

5 4.35 4.35 0.20

G1

N° 

b h l n° Volume 

[m] [m] [m] [m3] 

Roof batten (Terzere ) 0.10 0.10 5.75 20.00 1.15

Purlins (Correnti) 0.10 0.05 5.00 10.00 0.25

Total 1.40

Weight 

[kN/m2] 

Roof (tavolato + listelli + losa pietra) 1.5

Volume Unitary weight Area Load 

[m3] [kN/m3] [m2] kN/m2

Truss elements 1.40 8.00 247.20 0.05 G1

Roof 1.50 G2 

Central aisle roof configuration (G1)

Truss elements 

G2

Central aisle roof loads (G1 and G2)

Width Width of influence Lineal Load 

[m] [m] kN/m

1 5.75 8.63 12.94

2 5.75 5.75 8.63

3 5.75 5.75 8.63

4 5.75 5.05 7.58

5 4.35 4.35 6.53

G2

N° 

Figure 3-20. Determination of the permanent structural and non-structural 

loads to be applied to the central nave. 
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b h l n° Volume 

[m] [m] [m] [m3] 

Roof batten (Terzere ) 0.10 0.10 5.75 10.00 0.575

Correnti 0.10 0.05 5.75 5.00 0.14

Total 0.72

Weight 

[kN/m2] 

Roof (tavolato + listelli + losa pietra) 1.5

Volume Unitary weight Area Load 

[m3] [kN/m3] [m2] kN/m2

Truss elements 0.72 8.00 130.64 0.04 G1

Roof 1.50 G2

Lateral right aisle roof configuration 

Truss elements 

G2

Lateral right aisle roof configuration load

Width Width of influence Lineal Load 

[m] [m] kN/m

1 5.75 8.63 0.38

2 5.75 5.75 0.25

3 5.75 5.75 0.25

4 5.75 5.05 0.22

5 4.35 4.35 0.19

G1

N° 

Width Width of influence Lineal Load 

[m] [m] kN/m

1 5.75 8.63 12.94

2 5.75 5.75 8.63

3 5.75 5.75 8.63

4 5.75 5.05 7.58

5 4.35 4.35 6.53

G2

N° 

Figure 3-21. Determination of the permanent structural and non-structural loads to be applied 

to the lateral right aisle. 
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b h l n° Volume 

[m] [m] [m] [m3] 

Roof batten (Terzere ) 0.10 0.10 5.75 3.00 0.173

Correnti 0.10 0.05 5.75 5.00 0.14

Total 0.32

Weight 

[kN/m2] 

Roof (tavolato + listelli + losa pietra) 1.5

Volume Unitary weight Area Load 

[m3] [kN/m3] [m2] kN/m2

Truss elements 0.32 8.00 190.03 0.01 G1

Roof 1.50 G2 

Truss elements 

Lateral left aisle configuration load 

Lateral left aisle configuration 

Width Width of influence Lineal Load 

[m] [m] kN/m

1 5.75 8.63 0.11

2 5.75 5.75 0.08

3 5.75 2.88 0.04

G1

N° 

Width Width of influence Lineal Load 

[m] [m] kN/m

1 5.75 8.63 12.94

2 5.75 5.75 8.63

3 5.75 2.88 4.31

N° 

G2

Figure 3-22. Determination of the permanent structural and non-structural loads to be applied 

to the lateral left aisle. 
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3.3.3  Wind action. 

Wind pressures change over time and exert direct pressure on enclosed structures' 

exterior surfaces. However, because the external surface is porous, wind pressures 

also indirectly affect the internal surfaces. [16] 

A condensed set of pressures or forces that have effects comparable to the extreme 

ones of a turbulent wind are used to illustrate the wind action. 

For the calculation of these pressure forces, the Eurocode, chapter 1.4, and the 

Italian standard were used as a reference. In order to obtain the value of the acting 

wind pressure, a certain number of values have to be determined first, beginning with 

the fundamental value of the wind velocity.  

The fundamental value of the basic wind velocity, vb,0, is the characteristic 10 

minutes mean wind velocity at 10m above ground level in open country terrain with 

low vegetation such as grass and isolated obstacles separated by at least 20 obstacle 

heights, regardless of wind direction or time of year. The Eurocode prescribes the 

equation 4.1 for the calculation of this value. 

𝐯𝐛 = 𝑪𝒅𝒊𝒓 𝑪𝒔𝒆𝒂𝒔𝒐𝒏𝑽𝒃,𝟎 

 

(12) 

 

 

Where:  

𝐯𝐛 i  th  b  ic wind v locit , d fin d      function of wind di  ction  nd tim  of       t 10 m  bov   

go und of t    in c t go   II. 

 𝑽𝒃,𝟎 i  th  fund m nt l v lu  of th  b  ic wind v locit .  

 𝐂𝐝𝐢𝐫 i  th  di  ction l f cto .  

 𝑪𝒔𝒆𝒂𝒔𝒐𝒏 i  th      on f cto .  

For the determination of these parameters the National Annex was used, using the 

Italian regulation as a reference, the season factor was assumed equal to 1. And the 

equation 12 is transformed in:   
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𝐯𝐛 = 𝑪𝒂𝑽𝒃,𝟎 

 

(13) 

 

Where:  

𝑪𝒂  i   n  ltitud  co ffici nt.   

For the value of the basic wind velocity, the Italian regulation provides a table in which, 

depending on the region in which the building is located, a series of parameters, among 

which is the base reference speed.  

 

 

 

 

 

 

 

 

 

 

 

 

The building under analysis is located in Frassino, province of Cuneo, it is part of the 

Piedmont region, for this reason the zone to be considered is 1. Then, for the 

determination of the Ca coefficient, the regulations give us two formulas to use, for 

which the election of one or the other depends on the height above sea level at which 

the site is situated. According to the table and the zone mentioned above, the 

maximum height above sea level is 1000m. Analyzing the site where the building is 

located, it is 750 m above sea level, for this reason the formula to be used is the first 

one that prescribes that the coefficient Ca is equal to 1.  

𝐶𝑎 = 1  fo     S ≤  0 
 

(14) 

Figure 3-23 .Table 3.3.I from the NTC 2018. 
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𝐶𝑎 = 1 + 𝑘𝑠 (
 s
 0

− 1)  fo     0 ≤  s ≤ 1500m 

 

(15) 

 

So, at the end it is possible to obtain:  

𝐯𝐛 = 1 × 25
𝑚

𝑠
= 𝟐𝟓

𝒎

𝒔
 

 

(16) 

 

Then, the reference velocity is defined as the average value over 10 minutes, at a 

height of 10 m above ground level on a flat and homogeneous terrain of exposure 

category II, referring to the design return period TR.  

vr = vbcr 

(17) 

 

The regulations allow us to assume for a return period equal to 50 years a value of 

the return coefficient equal to 1. 

Obtaining as a result,  

vr = 25
𝑚

𝑠
 × 1 = 25

𝑚

𝑠
  

(18) 

 

 

After obtaining the reference velocity, the wind pressure is calculated. It is given by 

the following equation:  

p = qr Ce 𝐶𝑝 𝐶𝑑 

 

(19) 

 

 

Where:  

qr  i  th    f   nc  kin tic p    u  . 

Ce i  th   xpo u   co ffici nt.  

  Cp i  th  p    u   co ffici nt. 

  Cdi  th  d n mic co ffici nt.  
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In order to obtain the value of the wind pressure, the first step was the determination 

of the kinetic pressure. The Italian regulation defines the formula to determine it as 

follows:  

qr =
1

2
 𝑝 vr

2 

 

(20) 

 

Where:  

vr i  th    f   nc  v locit  th t w    l   d  obt in d.  

p i  th   i  d n it     um     1,25
kg

m3 .  

qr =
1

2
 × 1,25 ×

kg

m3
×  25

m

 
 

 

(21) 

 

𝐪𝐫 = 𝟑𝟗𝟎. 𝟔𝟐𝟓
𝐍

𝐦𝟐
 

 

(22) 

 

The second step was to define the exposure coefficient, it depends on the height z above 

ground of the location in consideration, the topography of the terrain and the exposure 

category of the site where the building stands.  

The definition of the terrain roughness class started with the Table. 3.3.III given by the 

Italian regulation. Since the town of Frassino is a town with a small number of buildings, 

which do not exceed 15 m in height, the standard prescribes in this case that the 

roughness class of the terrain is B. 
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Once the roughness has been obtained and depending on the zone where the 

building is located, it is possible to determine the exposure class of the site. It was 

done using the tables 3.3.2 from the Italian regulation, the table used was chosen in 

function of the zone where the building is located, as said before the zone is 1, then  

entering with the roughness of the terrain and with the altitude, it is possible to 

determine the exposure category, in this case was class 4.  

 

 

 

 

 

 

 

 

Figure 3-24.Terrain's roughness class. 
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Once the exposure category has been determined, it is possible to obtain the 

parameters necessary for the definition of the exposure coefficient, these parameters 

are provided by Table 3.3.II of the Italian standards. 

 

 

 

 

 

 

Once these parameters have been obtained, it is possible to determine the exposure 

coefficient. As it is possible to observe, the Italian regulations provide two formulas to 

be implemented to determine this coefficient, and this is a function of the height at 

Figure 3-25. Definition of exposure categories. Table 3.3.2 from the 

NTC2018. 

Figure 3-26. Table 3.3.II Parameters for defining the exposure coefficient. 
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which the wind pressure is determined. When the height is less than the minimum 

height given as a parameter, this coefficient adopts a value equal to one, whereas 

when a greater height is analyzed, it is necessary to apply a formula in which the 

height ratio, and the topographical coefficient are considered.  

Since no topographical coefficient was specified, the regulations allow us to assume 

a value equal to 1, 𝐶𝑡 = 1.  

 

𝐶𝑒 (𝑧) = 𝐶𝑒 (𝑧min) wh n  z <  zmin 

 

(23) 

 

𝐶𝑒 = 𝑘𝑟
2𝑐𝑡 ln (

𝑧

𝑧0
) [7 + 𝑐𝑡 ln (

𝑧

𝑧0
)]   z ≥  zmin 

 

(24) 

 

  As mentioned above, the exposure coefficient depends on the height at which the wind 

pressure is being calculated, therefore, as the wind is not represented by a linear 

function, what has been decided to do is to divide the walls on which the wind impacts 

into several pieces. In this way the variation of the wind function at different levels was 

considered. The Figure 3-27 and Figure 3-28 represents the division made for each 

wall.  

 

 

 

 

 

 

 

 

 

 
Figure 3-27 – Division of the western façade walls.  
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Figure 3-28 – Division of the north, south and east façade walls. 
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 The Table 3-2 shows the walls that were considered, with their corresponding division 

into levels and as a result the exposure coefficient used to then calculate the acting 

pressure. 

 

 

   

 

 

 

 

 

 

As it is possible to observe from the table, the exposure coefficient increases with 

height, in very tall structures, such as in the bell tower, the wind pressure at the top 

will have a greater influence. In the case of the dynamic coefficient this was assumed 

to be equal to 1, 𝐶𝑑 = 1. 

   Before proceeding to the determination of the pressure coefficient, it is necessary to 

specify that the action of the wind must be considered in both directions , that is to say 

that the same surface can be subjected to upwind or downwind. The Figure 3-29 depicts 

the aforementioned.  

 

 

 

 

 

 

 

 

z z0 zmin kr ct ce 

[m] [m] [m]

1 7.00 0.30 8.00 0.22 1.00 1.00

2 8.50 0.30 8.00 0.22 1.00 1.67

3 12.00 0.30 8.00 0.22 1.00 1.91

4 7.00 0.30 8.00 0.22 1.00 1.00

5 7.50 0.30 8.00 0.22 1.00 1.00

6 8.00 0.30 8.00 0.22 1.00 1.00

7 10.30 0.30 8.00 0.22 1.00 1.80

8 7.50 0.30 8.00 0.22 1.00 1.00

9 9.30 0.30 8.00 0.22 1.00 1.73

10 7.00 0.30 8.00 0.22 1.00 1.00

11 8.00 0.30 8.00 0.22 1.00 1.00

12 9.30 0.30 8.00 0.22 1.00 1.73

13 8.00 0.30 8.00 0.22 1.00 1.00

14 16.00 0.30 8.00 0.22 1.00 2.11

15 26.60 0.30 8.00 0.22 1.00 2.49

Western façade walls

Description

North façade walls 

East façade walls 

South walls 

Subdivision 

Bell Tower

Exposure coefficient Ce

Table 3-2. Exposure coefficient Ce. 
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For determining the pressure coefficient Cp, several factors must be considered. First 

and foremost, it must be recognized that surfaces can be affected directly or indirectly 

by wind, resulting in pressure or depression.  

As a result, two types of surfaces are defined, upwind surfaces are those that are 

directly impacted by the wind and are susceptible to pressure while downwind 

surfaces are those that are not directly affected by the wind and are subject to 

depression.  

Figure 3-29. Wind scheme. 
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For the calculation of the pressure coefficient, reference was made to “Circolare 

617/2009”. The pressure coefficient is given by the sum of the internal pressure 

coefficient and the external pressure coefficient.  First of all, the external pressure 

coefficient depends on whether the surface is subjected to under or over pressure, 

and on the ratio between the height and the length of the wall orthogonal to the wall 

under analysis.   

 

On the other hand, in the case of the internal pressure coefficient, as the number of 

openings in the structure is less than 1/3 of the total surface area, the internal 

pressure coefficient adopted is equal to 0.2. The most severe combination must be 

considered when determining the final pressure coefficient. 

The Table 3-3 presents the values obtained for the pressure coefficients in the 

various walls and in turn in the various divisions adopted. 

 

 

 

 

 

 

Figure 3-30. Table G.I from the "Circolare 617/2009". 
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h d h/d Equation Cpe Cpi Cp

[m] [m]  

1 7.00 27.50 0.25 Calculate 0.73 0.20 0.93

2 8.50 27.50 0.31 Calculate 0.73 0.20 0.93

3 12.00 27.50 0.44 Calculate 0.74 0.20 0.94

4 7.00 20.00 0.35 Calculate 0.74 0.20 0.94

5 7.50 20.00 0.38 Calculate 0.74 0.20 0.94

6 8.00 20.00 0.40 Calculate 0.74 0.20 0.94

7 10.30 20.00 0.52 Calculate 0.75 0.20 0.95

8 7.50 27.50 0.27 Calculate 0.73 0.20 0.93

9 9.30 27.50 0.34 Calculate 0.73 0.20 0.93

10 7.00 20.00 0.35 Calculate 0.74 0.20 0.94

11 8.00 20.00 0.40 Calculate 0.74 0.20 0.94

12 9.30 20.00 0.47 Calculate 0.75 0.20 0.95

13 8 19.00 0.42 Calculate 0.74 0.20 0.94

14 16 19.00 0.84 Calculate 0.78 0.20 0.98

15 26.6 19.00 1.40 0.8 0.80 0.20 1.00

1 7.00 27.50 0.25 1 -0.35 0.20 -0.55

2 8.50 27.50 0.31 1 -0.36 0.20 -0.56

3 12.00 27.50 0.44 1 -0.39 0.20 -0.59

4 7.00 20.00 0.35 1 -0.37 0.20 -0.57

5 7.50 20.00 0.38 1 -0.38 0.20 -0.58

6 8.00 20.00 0.40 1 -0.38 0.20 -0.58

7 10.30 20.00 0.52 1 -0.40 0.20 -0.60

8 7.50 27.50 0.27 1 -0.35 0.20 -0.55

9 9.30 27.50 0.34 1 -0.37 0.20 -0.57

10 7.00 20.00 0.35 1 -0.37 0.20 -0.57

11 8.00 20.00 0.40 1 -0.38 0.20 -0.58

12 9.30 20.00 0.47 1 -0.39 0.20 -0.59

13 8.00 19.00 0.42 1 -0.38 0.20 -0.58

14 16.00 19.00 0.84 1 -0.47 0.20 -0.67

15 26.60 19.00 1.40 2 -0.58 0.20 -0.78

D
o
w

n
w

in
d

South walls 

North façade walls 

East façade walls 

U
p
w

in
d

Subdivision 

Pressure coefficient Cp

Western façade walls

North façade walls 

East façade walls 

Bell Tower

Position Description 

South walls 

Western façade walls

Bell Tower

Table 3-3. Determination of the pressure coefficient. 
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After the pressure coefficients were determined for each of the walls and their 

divisions, the next step was to determine the pressure value to be applied by using 

the formula 19. The results obtained are shown in the table, as can be seen in the 

table, as it is possible to see there was a distinction made in the determination of the 

pressure for the surfaces that are located at upwind or downwind as a consequence 

of the direction of the wind. This means for example if the wind is considered to act 

in positive x-direction, the walls located on the north façade will be in an upwind 

condition while those located on the south façade will be in a downwind condition, as 

a consequence the pressure values to be used will be different. 

 

 

z  p p

[m] [N/m2] [N/m2] [kN/m2]

1 7.00 390.63 1.00 1.00 0.93 361.51 0.36

2 8.50 390.63 1.67 1.00 0.93 608.80 0.61

3 12.00 390.63 1.91 1.00 0.94 703.46 0.70

4 7.00 390.63 1.00 1.00 0.94 365.23 0.37

5 7.50 390.63 1.00 1.00 0.94 366.21 0.37

6 8.00 390.63 1.00 1.00 0.94 367.19 0.37

7 10.30 390.63 1.80 1.00 0.95 670.23 0.67

8 7.50 390.63 1.00 1.00 0.93 362.22 0.36

9 9.30 390.63 1.73 1.00 0.93 632.58 0.63

10 7.00 390.63 1.00 1.00 0.94 365.23 0.37

11 8.00 390.63 1.00 1.00 0.94 367.19 0.37

12 9.30 390.63 1.73 1.00 0.95 641.17 0.64

13 8.00 390.63 1.00 1.00 0.94 368.01 0.37

14 16.00 390.63 2.11 1.00 0.98 812.21 0.81

15 26.60 390.63 2.49 1.00 1.00 973.83 0.97

1 7.00 390.63 1.00 1.00 -0.55 -215.20 -0.22

2 8.50 390.63 1.67 1.00 -0.56 -367.42 -0.37

3 12.00 390.63 1.91 1.00 -0.59 -437.80 -0.44

4 7.00 390.63 1.00 1.00 -0.57 -222.66 -0.22

5 7.50 390.63 1.00 1.00 -0.58 -224.61 -0.22

6 8.00 390.63 1.00 1.00 -0.58 -226.56 -0.23

7 10.30 390.63 1.80 1.00 -0.60 -424.75 -0.42

8 7.50 390.63 1.00 1.00 -0.55 -216.62 -0.22

9 9.30 390.63 1.73 1.00 -0.57 -384.52 -0.38

10 7.00 390.63 1.00 1.00 -0.57 -222.66 -0.22

11 8.00 390.63 1.00 1.00 -0.58 -226.56 -0.23

12 9.30 390.63 1.73 1.00 -0.59 -401.71 -0.40

13 8.00 390.63 1.00 1.00 -0.58 -228.21 -0.23

14 16.00 390.63 2.11 1.00 -0.67 -551.61 -0.55

15 26.60 390.63 2.49 1.00 -0.78 -759.59 -0.76

U
p

w
in

d

Position Description

Bell Tower

Bell Tower

D
o

w
n

w
in

d

Western façade walls

North façade walls 

East façade walls 

South walls 

Western façade walls

North façade walls 

East façade walls 

South walls 

Subdivision 
 𝒓 𝑪 𝑪 𝑪𝐝

Figure 3-31. Pressure of the wind in each wall. 
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In the Midas gen software, the wind pressure was inserted as "pressure loads" on 

each of the walls under analysis, defining the wind load as a live load. In this type of 

load definition, it can be decided whether the pressure will be on local or global axes, 

always the global axes of the project were chosen as reference and in the case of the 

wind direction the Y or X axes, depending on the case. 

3.3.4  Snow load.  

 

  The weight of accumulated snow and ice on a building's roof causes a downward 

pressure on the roof. The load caused by snow on roofs will be evaluated using the 

following expression, which is provided by the Italian regulation.  

qs = qsk μi CE Ct 
 

 

(25) 

 

Where:  

qsk: i  th    f   nc  v lu  of th   now lo d on th  g ound.   

μi: i  th   h p  co ffici nt of th   oof.  

CE: i  th   xpo u   co ffici nt.  

Ct: i  th  th  m l co ffici nt.  

The first step in determining the snow load is to determine the reference value. For 

this purpose, paragraph 3.4.2 of the Italian regulation was used, where it is stated 

that “given the differing amounts of snowfall from location to region, the snow load on the 

ground is determined by the local climate and exposure conditions”.  

In turn, as for the wind load, the regulation divides the country into different zones, 

where the expression to determine this reference value differs from region to region. 

In the case of the construction under study, it is located in zone 1, defined as alpine. 
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As previously stated, the reference value also depends on the altitude, therefore there 

are two different formulas to be used depending on the altitude of the area under 

analysis. The formulas given by the regulations are the following.  

qsk = 1,50
kN

m2                         fo   s ≤ 200 m 

 

(26) 

 

 

qsk = 1,39 [1 + (
 s
728

)
2

]    
kN

m2
             fo   s > 200 m 

(27) 

 

 

In the case of the building under analysis, the altitude at which it is located is 750 

m above sea level, for this reason the formula to be used is 27. 

 

Figure 3-32. Figure 3.4.1 from the NTC2018 - Snow load 

zones. 
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qsk = 1,39 [1 + (
750

728
)
2

]   
kN

m2
 = 2,87  

kN

m2
        

 

(28) 

 

 

Once the reference value was obtained, the next step was to determine the shape 

coefficient of the roof. The shape coefficients of roofs depend on the shape of the roof 

itself and the inclination on the horizontal of its component parts and the local climatic 

conditions of the site where the building stands.   

The regulations make a distinction between single-pitch and double-pitch roofing, in 

the case of the roof in question, it is a double pitch roof, with an equal inclination of 

both part that compose the roof lower than 30°.  

 

 

 

 

 

 

 

 

 

In this way, using the table 3.4.II given by the Italian regulation, it is possible to 

obtain the shape coefficient, that in this case is equal to μ1 = 0,8. 

 

 

 

 

 

 

Figure 3-33. Figure 3.4.3 from the NTC2018 - Load conditions for two-

pitch roofs. 

Figure 3-34. Table 3.4.II  from the NTC2018 - shape coefficient values. 
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The third step was the determination of the exposure coefficient, which considers 

the specific characteristics of the area where the structure is located. The table 3.4.1 

of the Italian standard, which reflects the topography of the site, was used for its 

determination. In the case of the topography of the area we are analyzing, it can be 

considered as "normal", which is defined as “areas where there is no significant snow 

removal on the wind-generated construction, due to the ground, other constructions or 

trees”.  Thus, an exposure coefficient is obtained equal to  CE = 1.  

 

 

 

 

 

 

 

 

  The last coefficient to be determined is the thermal coefficient which contemplates the 

reduction in snow load, due to melting, caused by the loss of heat from the construction. The 

coefficient depends on the thermal insulation properties of the material used in the roof. The 

building under study is antique, and at that time thermal insulation was not discussed, and 

also because thermal insulation was not included in the interventions that were carried out on 

the building. For all the above considerations and in order to be in favor of safety, the value of 

the thermal coefficient adopted is equal to  Ct = 1. 

Finally, once all the coefficients necessary for the calculation of the snow load were 

obtained, the equation 24 was applied to obtain the value of the snow load. The 

summarizes the value of the coefficients obtained and the snow load value obtained. 

 

 

 

 

 

 

Figure 3-35. Table 3.4.1 from the NTC2018 - Values of the exposure coefficient 

for different exposure classes. 

as 750.00 [m] 

qsk 2.87 [kN/m2] 

u1 0.80 -

u2 0.80 -

Ce 1.00 -

Ct 1.00 -

qs 2.29 [kN/m2] 

Table 3-4. Calculation of the snow load. 
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As previously mentioned, the snow load is a value that influences the roof of the 

building. For this reason, what was done, as in the case of structural and non-

structural permanent weight, was to determine the amount of load per linear meter 

that would be carried by the roof beams. It was carried out by means of multiplying 

the load per unit area determined by the influence thickness of each beam. This was 

done both for the roof of the central nave and for the roof of the side aisles. The table 

which follows summarizes the previously mentioned, where it is possible to read the 

value of the load applied to each beam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Width Width of influence Load 

[m] [m] [kN/m] 

1 5.75 8.63 19.77

2 5.75 5.75 13.18

3 5.75 5.75 13.18

4 5.75 5.05 11.58

5 4.35 4.35 9.97

N° 

Central Nave 

Width Width of influence Load 

[m] [m] [kN/m] 

1 5.75 8.63 19.77

2 5.75 5.75 13.18

3 5.75 5.75 13.18

4 5.75 5.05 11.58

5 4.35 4.35 9.97

N° 

Right lateral nave 

Width Width of influence Load 

[m] [m] [kN/m] 

1 5.75 8.63 19.77

2 5.75 5.75 13.18

3 5.75 2.88 6.59

Leftt lateral nave 

N° 

Table 3-5. Value of the lineal load due to snow to applied to 

each beam. 
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As mentioned in other load cases, the reactions produced by the snow load were 

read from the roof model and then applied as wall actions in the global model.  

The snow load, besides influencing the roofs of the central and side aisles, also 

affects the roof of the bell tower, which is the reason for applying this load to this area 

as well. In the Midas gen software this load was applied as "Floor load". This command 

is characterized by the conversion of pressure loads into effective loads acting on 

beams or walls.[17] 

3.3.5  Overload.  

 

The overloads, or imposed loads, include the loads related to the destination of use 

of the structure, it is important to consider that these are live loads. Italian norms in 

the paragraph 3.1.4, depending on the category of use of the buildings, provide an 

overload value to be used.  

In the case of the building in question, it falls into category H, where it refers to roofs 

accessible only for maintenance and repair work, this is because the second level of 

the building, i.e., the gap between the vaults and the wood roof it does not have use 

for anything other than maintenance. Also, another area where the presence of this 

live load was considered is the upper part of the bell tower roof since the top of the 

tower has to be accessed for maintenance work on the roof as well as on the bell. 

The Figure 3-36  represents  the table 3.1.II of the Italian standards, where for each 

category the value of the uniformly distributed vertical load to be applied on the roof 

of the building under analysis is given. In the case of the church, the value to be 

applied on the vaults and on the top roof of the bell tower is 0.5 kN/m2. 
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Figure 3-36. Table. 3.1.II from the NTC2018 - Overload values for the different 

categories of building use. 
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This load in the Midas gen software was applied as "pressure load", adopting the 

global Z-direction as the load direction in the case of the central and lateral nave. On 

the other hand, in order to represent the effect of this load in the bell tower structure 

it was inserted as a “Floor Load”. In turn, the load case corresponds to a live load 

type. 

 

3.3.6  Seismic action.  

 

Seismic activity is characterized  by the kinds, frequency, and size of earthquakes 

that occur throughout time in a specific region. 

For the determination of the seismic action, reference is made to paragraph 3.2 of 

the Italian regulations (NTC 2018). It states that the design seismic actions, on the 

basis of which compliance with the various limit states considered is to be assessed, 

are defined from the 'basic seismic hazard' of the construction site and are a function 

of the morphological and stratigraphic characteristics that determine the local seismic 

response.  

For the purposes of these regulations, spectral shapes are defined for each of the 

𝑃𝑉𝑅exceedance probabilities  during the reference period  VR, from the values of the 

following parameters on a rigid horizontal reference site: 

•  g is the maximum horizontal acceleration at the site.  

• F0 is the maximum value of the spectrum amplification factor in acceleration 

horizontal.  

• TC
∗  reference value for determining the start period of the constant-velocity 

section of the horizontal acceleration spectrum. 

It is important to note that in the case of the building under analysis, referring to 

paragraph 7.2.2 of the NTC 2018, the vertical component of the seismic event must 

be considered since it prescribes the consideration of the vertical component when 

thrust structures are present within the building, in this case the roof. As stated above, 

the vertical component of the seismic event must be taken into consideration.  
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The response spectrum is a graph which, as a function of the oscillation period known 

as T, gives the maximum response in terms of velocity, acceleration, and 

displacement of an SDOF (single degree of freedom) or damped simple oscillator. The 

correlation between systems of one degree of freedom and the complex structures 

being analysed is that the latter can be decomposed into systems of N degrees of 

freedom, and this is what is done in modal analysis. For this reason, response 

spectrums are of such importance. 

For the determination of the response spectrum (in the vertical and horizontal 

directions) to be inserted in Midas GEN, the spreadsheet downloadable from the 

website of the  “Superior Council of Public Works” was used. 

This spreadsheet is divided into 3 phases. The first one is related to the 

determination of the seismic hazard of the site, where the location of the building site 

must be inserted, as it is calculated as a function of geographical coordinates 

(longitude and latitude).  

 

 

 

 

Figure 3-37. Identification of the seismic hazard of the site (Response Spectra 

Calculation Sheet - Step 1).  
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 In the second step, which is related to the selection of the projection strategy, it was 

necessary to enter the nominal life of the construction 𝑉𝑁  and the usage coefficient 

Cu, these parameters have already been calculated earlier, in chapter 2.5.1.  

 

 

 

 

 

 

 

 

 

 

 

 

The third and last phase corresponds to the determination of the design of the action. 

For which it is necessary to define certain parameters, the first of which is related to 

the limit state under consideration, both the Limit State of Life and the Limit State of 

Damage are examined, the former is used to carry out the verification of sections, the 

latter to analyze displacements. 

Then, the subsoil category ( C )  and the topographical category (T2) are inserted. It 

is essential to point out a final factor that needs to be introduced in this last step, 

which is the behavior factor. The behavior factor is a pure number indicated in the 

Standard by the letter q. This factor has the function of scaling the ordinates of the 

elastic response spectrum by reducing them, thus giving rise to the design spectrum 

for verification at the Ultimate Limit States in seismic combination. Applying the 

behavior factor to the ordinates of the Elastic Response Spectrum causes the structure 

Figure 3-38. Choice of design strategy (Response Spectra 

Spreadsheet - Step 2). 
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under analysis to experience lower seismic accelerations than it would if its behavior 

were indefinitely elastic. 

Due to the fact that masonry is considered a material with a low ductility, added to 

the fact that the constituent material is also of a very low quality, and also the malt, 

in order to be in favor of safety it was decided to take a value of behavior factor equal 

to 1.5, in this way the seismic that was considered to reach the structure is not 

reduced in a considerable way. 

  When considering seismic action, two different states were considered: the ultimate 

limit state and the life-sustaining limit state. In both cases, the value of the seismic 

acceleration varies. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3-39. Determination of the design action for the Life Sustaining 

Limit State (Response Spectra Calculation Sheet - Step 3). 
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The spreadsheet, after entering all the required parameters, is able to provide the 

response spectra, the points of which will be imported into Midas GEN.  

In particular, response spectra were obtained for the Limit state for safeguarding life 

(SLV) and the Ultimate limit state SLD) for both the horizontal and vertical 

components, both from a graphical point of view and in table form. 

The most important parameters that will later be used to design the spectrum in 

Midas GEN, can be summarized in the  Table 3-6 and in the Table 3-7.  

 

 

 

 

 

Figure 3-40. Determination of the design action for the Ultimate Limit 

State  (Response Spectra Calculation Sheet - Step 3). 
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The insertion of the seismic action within the models follows a somewhat different 

procedure  from that followed for the assignment of other loads. In this case, the 

Table 3-6-  Spectrum parameters of the Life Sustaining 

Limit State (SLV) to be used in Midas GEN. 

Soil Factor  (S) 1.8

Tb 0.15

Tc 0.44

Td 2.14

ag 0.136 g

F0 2.481

Tc* 0.273

q 1.5

Max period 4 sec 

Soil Factor  (S) 1

Tb 0.05

Tc 0.15

Td 1

ag 0.068 g

F0 3.511

Tc* 0.15

q 1

Max period 4 sec 

Spectrum parameters Life Sustaining Limit State (SLV)

Horizontal Design Spectrum 

Vertical design spectrum 

Soil Factor  (S) 1.5

Tb 0.13

Tc 0.389

Td 1.819

ag 0.055 g

F0 2.425

Tc* 0.277

q 1.5

Max period 4 sec 

Soil Factor  (S) 1

Tb 0.05

Tc 0.15

Td 1

ag 0.017 g

F0 0.767

Tc* 0.15

q 1

Max period 4 sec 

Vertical design spectrum 

Spectrum parameters Ultimate Limit State (SLD)

Horizontal Design Spectrum 

Table 3-7. Spectrum parameters of the Ultimate Limit State  

(SLU) to be used in Midas GEN. 
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software is loaded with the points of the horizontal and vertical response spectra, 

separately, which were previously calculated using the RS Functions (Response 

Spectrum Functions) command. The horizontal and vertical response spectra were 

reconstructed with the parameters given above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once the response spectra have been loaded, load cases are created using the 

command RS Load Cases (Response Spectrum Load Cases). For each model, there 

are three load cases one in the X direction (EX), one in the Y direction (EY) and one in 

the Z direction (EZ). The first is created from  the horizontal response spectrum with 

an angle  equal to zero, for the second the horizontal response spectrum is always 

used but with an angle of angle of ninety degrees, the third load case is based on the 

vertical response spectrum. 

Figure 3-41. RS Functions command for horizontal spectrum at SLV.  
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Using the Eigenvalues analysis control an analysis was set up according to the 

Lanczos method, the  number of vibration modes chosen in order to have accurate 

results and acceptable resolution times is 60. Also, the amount of vibration modes 

Figure 3-42. Load cases for response spectra created on Midas 

GEN. 

Figure 3-43. RS Load Cases command window of Midas 

GEN. 
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considered is also a function of the percentage of total mass they excite, as will be 

discussed later. 

 

3.3.7 Combination of the actions.  

For the combination of actions, reference was made to Chapter 2 of NTC18, which 

provides a semi-probabilistic limit state method for safety assessment based on the 

use of partial coefficients. For the purposes of limit state verifications, the Italian 

regulation defines different combinations of actions in paragraph 2.5.3 - Combination 

of actions. In the case of the church under study, there are three combinations of 

actions in the structure. The first one is called “fundamental combination” which is 

used for the ultimate limit state. The second combination is the seismic combination, 

which is used for the ultimate and operating limit states related to seismic action. The 

third combination considered is the characteristic combination, which is considered 

"rare" and is normally used for serviceability limit states. This last combination was 

mainly used when analyzing the displacements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-44. Action combinations NTC18, Section 2.5.3. 
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The regulation specifies that the symbol "+" means combined with. As can be seen 

next to the load considered, depending on the type of combination, there are different 

coefficients. On the other hand, there are the combination coefficients ψoj , ψ1j , ψ2j , 

which are given by table 2.5.1 (Figure 3-45) of the regulation. These coefficients 

depend on the category of use of the building and the type of action being considered. 

In the case of the construction under examination, the coefficients used are those 

highlighted. As can be noted, in the case of roofs accessible only for maintenance, the 

values of these coefficients are zero in all cases. 

On the other hand, in the combinations, the other coefficients that can be observed 

are the partial safety coefficients, which can be found in Table 2.6.1 of the Italian 

regulation. In order to determine them, it is first necessary to establish the type of 

approach. For the design of structural components that do not involve geotechnical 

actions the type of approach to adopt is A1.  

 

 

Figure 3-45. Values of combination coefficients - Table 2.5.1 from the NTC18. 
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The coefficients for the combination of actions were entered by means of the 

command “Load Combination” in Midas GEN. For variable actions, all possible 

combinations were considered in order to  capture the most severe combination.  

 

As far as seismic action is concerned, the Italian regulation states that the response 

of the structure must be studied considering three different prevalent earthquake 

directions, along X, along Y and along  Z. Seismic action along the prevailing direction 

of the earthquake is considered equal to 100%, while along the others equal to 30%. 

Furthermore, it is necessary to consider that seismic actions can have positive and 

negative signs. Ultimately, for the seismic actions the following 24 load combinations 

are obtained, applying the coefficients to the response spectra in the in the X, Y, Z 

directions equal to ±1 for the prevailing direction of the earthquake and ±0.30 for the 

orthogonal directions. The aforementioned is developed in the Table 3-8.  

Figure 3-46. Table  2.6.I -  Partial coefficients for actions- from NTC2018. 

Figure 3-47. Combination of the actions in Midas GEN. 
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Table 3-8 presents a total number of 24 seismic combinations considering that one 

direction prevails over the others, and moreover considering the different directions 

in which the seismic action can act. Further to these considerations, it is necessary to 

consider that seismic action is applied at the centre of gravity of the masses of each 

floor span. If the deck has a rectangular plan, the centre of gravity of the masses will 

coincide with the geometric centre of gravity.  

To assume that the center of gravity of the masses coincides with the geometric 

center of gravity of the deck plan is the equivalent of saying that all the accidental 

loads are positioned so that the center of mass coincides with the geometric center 

of gravity of the deck. Such a situation is very unlikely to occur in reality. For this 

reason, “NTC2018” in paragraph 7.2.6 prescribes a measure to be taken to take 

account of randomness in the real position of the loads.  

An incidental eccentricity with respect to its position as derived from the calculation 

shall be assigned to the centre of mass to consider the spatial variability of the seismic 

motion as well as any uncertainties. For buildings only and in the absence of more 

accurate determinations, the accidental eccentricity in each direction may not be less 

than 0.05 times the average building size measured perpendicular to the direction of 

Combination Seismic direction Ex Ey Ez 

1 X 1 0.3 0.3

2 X 1 0.3 -0.3

3 X 1 -0.3 0.3

4 X 1 -0.3 -0.3

5 X -1 0.3 0.3

6 X -1 0.3 -0.3

7 X -1 -0.3 0.3

8 X -1 -0.3 -0.3

9 Y 0.3 1 0.3

10 Y -0.3 1 0.3

11 Y 0.3 1 -0.3

12 Y -0.3 1 -0.3

13 Y -0.3 -1 0.3

14 Y 0.3 -1 -0.3

15 Y 0.3 -1 0.3

16 Y -0.3 -1 -0.3

17 Z 0.3 0.3 1

18 Z -0.3 0.3 1

19 Z 0.3 -0.3 1

20 Z -0.3 -0.3 1

21 Z -0.3 0.3 -1

22 Z 0.3 -0.3 -1

23 Z 0.3 0.3 -1

24 Z -0.3 -0.3 -1

Table 3-8.  Combination of seismic actions. 
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application of the seismic action. The effects of eccentricity were automatically 

calculated in the software. 

With regard to actions other than earthquake, in the combination seismic, the 

permanent ones (both structural and non-structural) have coefficient 1, the actions 

variable actions of wind and snow in this case have a coefficient of 0 (zero).  

What is important to mention is that in fact two global models were made, one 

considered as a "static" model and the other as a "dynamic" model. The second one is 

a copy of the first one with the addition of the seismic component. This was done for 

control purposes, since first an analysis was performed on the static model, and by 

checking the displacements it was understood whether the model was working 

correctly or not. At the beginning it was necessary to fix the lack of connection between 

mesh elements which gave displacements out of the acceptable ranges.  

Once all these errors were fixed, the dynamic model was created. In which the modes 

of vibration were a fundamental element in understanding whether the connection 

between elements worked or not.  

The two models will be of vital importance for the successive steps, in which the 

structural elements will be verified. 
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4       
     Global analysis 

 

Global mechanisms can be defined as those that involve the whole structure and 

engage the wall panels in their own plane. For the study of Frassino’s church two 

analyses were conducted, from a static and  dynamic point of view using Midas GEN. 

In which the deformation and stress states were evaluated.  

In the case of the static study of the structure, the verification of the walls was carried 

out with the respective formulas prescribed by the Italian regulations, and the 

verification of the domes was carried out by applying a graphical method.  

Finally, as far as the dynamic analysis is concerned, the vibration modes of the 

structure were analyzed, and the walls were verified using the corresponding 

standardized equations.  
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4.1 Static analysis 

In carrying out the static analysis of the church, the fundamental combination is 

used, being the most severe combination of actions.  

In the case of Midas Gen, it is possible to read the results in local coordinates, i.e., 

in the coordinates of each element, or in terms of the global axis of the structure. The 

first way presents the drawback that the elements are not always generated with the 

same order and with same orientation, which leads to different results between 

consecutive elements. For this reason, it was decided to work with the global axes of 

the structure, since, depending on the plane of interest, it is possible to impose the 

global axis. 

In the assessment of the static model, the value of the displacements was of vital 

importance, as several mesh adjustments were made until the displacements were 

reasonable with the structure. For this reason, the self-weight load was of great 

assistance in evaluating the displacements to give an idea of whether the value of the 

displacements was reasonable or not. 

Analyzing in the first instance, only the displacement that occurs in the z-direction 

due to the self-weight of the structure, from the Figure 4-1 can be seen that the most 

actively involved parties are the vaults and the bell tower.  

Then, analyzing the fundamental combination, which turns out to be the most 

demanding. The results obtained were as shown in the figures Figure 4-1, Figure 4-2, 

Figure 4-3, Figure 4-4, Figure 4-5, Figure 4-6, Figure 4-7, Figure 4-8. The results 

presented are in unit of measurement centimeters (cm). 

The resultant of the displacements is calculated with the following equation:  

𝐷𝑥𝑦𝑧 = √Dx
2 + Dy

2 + Dz
2 

 

(29) 

 

 

From equation 28 it can be seen that the result obtained will always be positive, because the 

values are squared and then affected by a radical.  
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Figure 4-1. Displacement in the Z direction due to self-weight. Picture 

from Midas Gen. 

Figure 4-2. Displacements in Z direction in the vaults due to self-weight. 

Picture from Midas Gen. 
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Figure 4-3. Resultant of the displacements  – Serviceability Limit State 

(SLS) . Picture from Midas Gen. 

Figure 4-4. Resultant of the displacements  – Serviceability Limit State (SLS) . 

Picture from Midas Gen. 
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Figure 4-5. Displacements in the Z direction  – Serviceability Limit State (SLS) . 

Picture from Midas Gen. 

Figure 4-6. Displacements in the Z direction  – Serviceability Limit State (SLS) . 

Picture from Midas Gen. 
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As previously mentioned, the displacements were assessed in the serviceability limit 

state. Due to the load combination, the displacements are more significant. 

Figure 4-7. Resultant of the displacements  – Serviceability Limit State (SLS) 

. Picture from Midas Gen. 

Figure 4-8. Resultant of the displacements  – Serviceability Limit State (SLS) . 

Picture from Midas Gen. 
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From the Figure 4-3 it can be seen that the maximum displacement value, in terms 

of resultant, is at the top of the bell tower (20.72 mm). This structure is subjected to 

a considerable wind load, since, as specified above, this load increases with height. 

In addition, it must be considered that maintenance and snow load also fall directly 

on this part of the structure. 

As far as the vaults are concerned, Figure 4-4 shows the resultant of the 

displacements, the maximum value is 6.13 mm. This value is found in the vicinity of 

the presbyterium vaults, in the middle. At the same time, it can be considered that 

due to the different geometry of the latter, the distribution of the forces and therefore 

of the displacement is not the same as that of the other vaults, which may be one of 

the main reasons why the displacement is higher than that of the others. 

Analysing the Figure 4-7, where the displacements in the main façade can be 

observed, using the colour map as a guide, it can be noticed that the maximum values 

are given in the upper part, with a maximum value of 1.88 mm.   

Figure 4-8 shows the walls of the central nave of the church, where it is possible to 

observe that the maximum displacement is at the top, with a value of 2.16 mm. 

 Regarding the evaluation of the stress state of the church, in the Midas Gen software 

it is possible to see the stresses acting on the various sections through the plate 

stresses command. At the same time the program allows us to view the stresses either 

at the top, at the bottom or on both sides.  The choice of displaying the tensions was 

on both sides, where the top and bottom side stresses are shown at the same time 

while considering the thickness of the plate components. Also, linear interpolation is 

used to estimate the stresses through the thickness of the plate parts. 

It is also important to understand in which direction to take the efforts, as the 

program allows us to work locally or globally. In the case under study, efforts were 

taken in the global components.  
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Figure 4-9. Stresses state of the Church  𝜎𝑧𝑧 component. Ultimate Limit State. 

Picture extracted from Midas Gen.  
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4.2 Dynamic analysis.  

Dynamic analysis of structures is known to be divided into linear and non-linear 

analysis. In the case under study, a linear dynamic analysis, better known as modal 

analysis, was carried out.  

The Italian standard, “Norme tecniche per le Costruzioni , in paragraph 7.3.3.1 

defines what the linear dynamic analysis is. It states that this analysis consists of 

determining the modes of vibration of the construction by means of a modal analysis, 

and in determining the effects of seismic action, for each of the vibration modes 

identified.  

In the case of a structure, vibrational modes are the shapes in which the structure 

will vibrate when it is excited. The vibrating modes of a structure are an intrinsic 

property, as they depend only on rigidity and mass. [18] The standard specifies that 

the vibration modes to be considered are those with a significant participating mass, 

i.e., greater than 5%. In turn, the total participating mass of the modes of vibration 

must be greater than 85%.  

It is important to consider that during an earthquake, the maximum effects 

associated with one mode of vibration do not occur at the same time as the maximum 

effects associated with another mode of vibration. The standard specifies that these 

effects cannot be combined with each other by a simple sum, but a combination of 

the probabilistic type must be considered that considers this phase shift in time 

(between one mode and the other). This probabilistic combination of which the 

standard refers to is the “Complete Quadratic Combination”, known as CQC.  

Through the Midas Gen software, it was possible to determine the vibrating modes 

of the structure, with the participating mass correlated to each mode. These are 

presented in the Table 4-1.  

From the table mentioned previously, it is possible to observe that the first mode of 

vibration has a mass participating mainly in x, with a total of 19.781%, then mode 3 

is the one in which more mass in the x-direction is mobilized. On the other hand, mode 

4 is the one that moves mainly more mass in the y-direction. Finally, a significant 

quantity of mass mobilized in the z-direction starts to be found in mode 18, with a 

percentage equal to 35%.  
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MASS(%) SUM(%) MASS(%) SUM(%) MASS(%) SUM(%)

1 19.781 19.781 6.853 6.853 0.030 0.000

2 6.084 25.865 18.251 25.103 0.200 0.200

3 27.109 52.974 1.543 26.646 0.520 0.720

4 3.048 56.021 29.244 55.891 0.500 1.220

5 1.091 57.113 1.320 57.211 0.023 1.243

6 0.235 57.348 0.001 57.211 0.750 1.993

7 1.814 59.161 6.650 63.861 2.200 4.193

8 3.668 62.829 3.365 67.226 0.008 4.201

9 0.857 63.686 0.129 67.355 0.003 4.204

10 0.008 63.694 0.599 67.954 0.001 4.206

11 1.947 65.641 5.474 73.427 0.230 4.436

12 0.019 65.660 0.094 73.521 0.001 4.436

13 4.579 70.239 1.870 75.391 0.019 4.456

14 2.467 72.705 0.298 75.688 0.006 4.461

15 0.038 72.744 0.011 75.699 0.006 4.468

16 0.345 73.088 0.012 75.711 0.003 4.470

17 0.000 73.088 0.211 75.922 5.901 10.371

18 0.000 73.088 0.047 75.969 35.010 45.381

19 0.205 73.293 0.001 75.970 2.330 47.711

20 0.047 73.340 0.064 76.033 3.650 51.361

21 0.273 73.613 0.809 76.843 10.530 61.891

22 0.265 73.878 0.013 76.856 0.120 62.012

23 6.549 80.427 0.000 76.856 0.022 62.033

24 0.163 80.590 0.043 76.900 0.014 62.048

25 0.310 80.900 0.162 77.062 0.001 62.049

26 0.237 81.136 0.235 77.297 0.075 62.124

27 0.102 81.238 0.174 77.470 4.780 66.904

28 0.052 81.290 0.004 77.474 0.009 66.913

29 0.191 81.481 0.550 78.024 5.650 72.563

30 0.053 81.533 2.511 80.535 4.200 76.763

31 0.097 81.630 0.000 80.535 6.120 82.883

32 0.034 81.664 0.115 80.650 0.069 82.952

33 0.016 81.680 0.520 81.170 0.004 82.956

34 0.008 81.688 0.000 81.170 0.006 82.962

35 0.181 81.869 1.008 82.178 0.017 82.978

36 2.240 84.109 0.184 82.363 0.001 82.979

37 0.772 84.881 0.751 83.114 0.012 82.991

38 0.211 85.092 0.037 83.151 0.450 83.441

39 0.119 85.211 0.255 83.407 0.050 83.491

40 0.001 85.212 0.147 83.554 0.003 83.494

41 0.258 85.470 0.014 83.568 0.230 83.724

42 0.014 85.484 0.000 83.568 0.057 83.781

43 0.024 85.508 0.345 83.913 0.028 83.808

44 0.007 85.514 0.062 83.974 0.010 83.818

45 0.035 85.549 0.003 83.977 0.075 83.893

46 0.005 85.554 0.001 83.979 0.032 83.925

47 0.002 85.556 0.010 83.988 0.023 83.948

48 0.001 85.557 0.600 84.588 0.048 83.996

49 0.053 85.610 0.040 84.628 0.068 84.064

50 0.005 85.615 0.199 84.826 0.000 84.064

51 0.021 85.637 0.001 84.828 0.071 84.136

52 0.005 85.642 0.315 85.143 0.194 84.330

53 0.001 85.643 0.016 85.159 0.182 84.512

54 0.001 85.644 0.003 85.162 0.065 84.577

55 0.000 85.644 0.117 85.278 0.006 84.583

56 0.572 86.216 0.275 85.553 0.640 85.223

57 0.003 86.219 0.352 85.905 0.598 85.820

58 0.003 86.222 0.000 85.905 0.049 85.870

59 0.059 86.281 0.044 85.949 0.000 85.870

60 0.003 86.284 0.044 85.993 0.048 85.918

TRAN-X TRAN-Y TRAN-Z

80.68 12.84 0.08

81.57 12.98 0.08

78.69 12.52 0.08

80.15 12.76 0.08

76.79 12.22 0.08

77.71 12.37 0.08

75.44 12.01 0.08

75.86 12.07 0.08

73.89 11.76 0.09

74.52 11.86 0.08

70.88 11.28 0.09

72.49 11.54 0.09

69.57 11.07 0.09

70.23 11.18 0.09

69.03 10.99 0.09

69.42 11.05 0.09

68.14 10.85 0.09

68.31 10.87 0.09

65.50 10.42 0.10

67.66 10.77 0.09

64.22 10.22 0.10

65.09 10.36 0.10

62.42 9.93 0.10

63.02 10.03 0.10

61.02 9.71 0.10

61.70 9.82 0.10

59.62 9.49 0.11

59.76 9.51 0.11

57.67 9.18 0.11

58.62 9.33 0.11

55.68 8.86 0.11

57.35 9.13 0.11

54.21 8.63 0.12

54.50 8.67 0.12

52.97 8.43 0.12

53.39 8.50 0.12

51.30 8.16 0.12

51.55 8.20 0.12

48.61 7.74 0.13

49.84 7.93 0.13

47.38 7.54 0.13

48.39 7.70 0.13

45.98 7.32 0.14

46.29 7.37 0.14

41.80 6.65 0.15

42.83 6.82 0.15

36.99 5.89 0.17

40.35 6.42 0.16

34.14 5.43 0.18

34.54 5.50 0.18

30.94 4.92 0.20

32.41 5.16 0.19

28.80 4.58 0.22

30.13 4.80 0.21

23.36 3.72 0.27

25.41 4.04 0.25

19.50 3.10 0.32

21.60 3.44 0.29

7.31 1.16 0.86

8.60 1.37 0.73

Mode 

No

Frequency Period

(rad/sec) (cycle/sec) (sec)

Table 4-1. Mode of vibration, frequency, period, percentage of participating mass and sum of the 

percentage of participating mass along X, Y and Z.  
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As it is known, each natural frequency has a corresponding mode, that is a shape that 

describes the deformation that the structure suffers. The first mode of vibration could 

be defined as the lowest frequency at which the deformation of the structure occurs. 

The Figure 4-10 represents the first mode of vibration of the building under analysis. It 

can be seen from the legend that is situated at the right part of the figure the percentage 

of mass mobilized in each direction, where the largest percentage is in the x direction.  

Then, modes that mobilize a considerable amount of mass in various directions were 

considered. For this reason, in the figures Figure 4-11, Figure 4-12, Figure 4-13, Figure 

4-14, Figure 4-15, Figure 4-16, Figure 4-17, Figure 4-18, the second, third, fourth, 

seventh, eighth, eleventh, thirteenth and eighteenth modes were considered. 

 

 

Figure 4-10. First mode of vibration. Extracted from Midas Gen. 
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Figure 4-12. Third Mode of vibration. Extracted from Midas Gen. 

Figure 4-11. Second mode of vibration. Extracted from Midas Gen. 
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Figure 4-13. Fourth Mode of vibration. Extracted from Midas Gen. 

Figure 4-14. Seventh Mode of Vibration. Extracted from Midas Gen. 
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Figure 4-15. Eight Mode of Vibration. Extracted from Midas Gen. 

Figure 4-16. Eleventh Mode of Vibration. Extracted from Midas Gen. 
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Figure 4-18. Eighteenth Mode of vibration. Extracted from Midas Gen. 

Figure 4-17. Thirteenth Mode of Vibration. Extracted from Midas Gen. 
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Once the vibration modes were obtained the subsequent phase involved conducting 

an analysis of the deformation condition of the church under the ultimate limit state. 

This examination aimed to assess the structural response and potential deformations 

that may arise due to various loading conditions, including seismic forces. By 

evaluating the structural behaviour within the ultimate limit state, the focus was 

placed on identifying the critical points where damage could occur, such as excessive 

deflection, cracking, or failure of structural components. The assessment aimed to 

ensure the integrity and safety of the church under severe loading conditions, enabling 

appropriate mitigation measures to be implemented if necessary.  

 

 

 

 

 

 

Figure 4-19. Resultant of the displacements Ultimate Limit State (SLU). Picture from Midas 

Gen. 
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Figure 4-20. Resultant of the displacements Ultimate Limit State (SLU). Picture 

from Midas Gen. 

Figure 4-21. Resultant of the displacements Ultimate Limit State (SLU). Picture 

from Midas Gen. 
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From the Figure 4-19 it is possible to identify the value of the maximum 

displacement, which is at the tip of the bell tower, with a maximum value of 79.51mm, 

making a comparison with the Figure 4-3 which corresponds to the static case, there 

is a difference of 58.79 mm between both. 

On the other hand, analysing the structure without considering the bell tower, it can 

be observed from the Figure 4-21 that the maximum displacement occurs in 

correspondence with the central walls, with a maximum value of 25.80 mm. 

With regard to the vaults, the displacements can be seen in the Figure 4-20, with a 

value of 25.68 mm. Comparing this result with the displacement obtained in the 

serviceability limit state, there is a difference of 18.93 mm.  

Finally, analyzing the, the displacements in the façade Figure 4-22 are equal to 17.25 

mm (maximum at the top). Also in this instance, when comparing with the static case, 

there is a difference of 15.37 mm.   

In summary, when the earthquake is introduced into the calculation model, larger 

displacements occur due to the higher seismic forces, the dynamic response of the 

structure, the nonlinear behaviour of materials, and the interaction between structural 

components. These factors collectively contribute to amplified displacements during 

a seismic event. 

Figure 4-22. Resultant of the displacements Ultimate Limit State (SLU). Picture from Midas 

Gen. 
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4.3 Verification of masonry walls.  

The verification of masonry walls is conducted on the basis of the provisions of the 

Technical Standards for Construction of 2018 (NTC18). [19] 

Two paragraphs of the above-mentioned regulation were used to carry out the 

corresponding verifications, paragraph 4.5.6.2 that is related with the statics, where 

the ultimate limit state will be verified and the paragraph 7.8.2.2 where in addition 

verifications to be carried out due to the Life-sustaining limit state (SLV).  

The regulation specifies that the ultimate limit states to be verified are [12] :  

• Bending for lateral loads (strength and stability out of plane). 

• Axial and bending in the plane.  

• Axial and bending out of plane.  

• Shear for actions in the plane of the wall.  

• Concentrated loads.  

• Bending and shear of coupling beams. 

The limit states that were then specified to be verified are the ultimate limit state 

and the life sustaining limit state. As far as the exercise limit state, known in the Italian 

standard as SLE, is concerned, it is not necessary to perform verifications on this state 

as long as the ultimate limit state is satisfactory. [12] 

Due to the fact that the walls have different types of openings (doors and windows), 

they were divided into different sections called “fasce di piano” in Italian, that are 

those portions of masonry placed between two vertically overlapping openings and 

connecting the “maschio”. They are also called coupling beams as their behavior is 

similar to that of squat beams connecting masonry “maschio”. On the other hand, is 

called “maschio murario” to the portions of masonry that develop vertically with 

continuity from the foundations to the top.  

Once the wall had been identified and divided into “maschi e fascie”, the stresses 

acting on it were determined. The result that was obtained from the calculation 

program, through the implementation of the finite element method are the 

compressive, tensile, and tangential stresses at each point of the mesh with which the 

walls are discretized.  
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So, to obtain the stress characteristics, it is necessary to integrate the stresses 

acting in the wall panels in the section of interest and compare these values with the 

resistance.[20] 

This operation was performed in Midas Gen with a function called “Local Direction 

Force Sum” that provides internal forces on a selected plane in a plate element, it 

possible also to select the load cases and the load combination of interest. [21] 

The walls considered for the verifications are the façade, the perimeter walls 

alongside the aisles, the walls adjacent to the nave and the walls of the presbytery. In 

order to give a better understanding of the division of the walls and the sectorization 

of the verifications, a guide plan is given by the Figure 4-23, where each wall is 

represented with a number.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The above mentioned and described was applied for all verifications to be carried 

out on the walls. 

 

Figure 4-23. Walls under verification. 



Global analysis  

 

162 
 

4.3.1 Bending for lateral loads  

 

To verify the bending for lateral loads a calculation sheet was made, which was made 

following the formula given by the regulation, which is as follows.  

The reduced design unit resistance fd,rid referred to the structural element is 

assumed to be equal to (formulation 4.5.4 from the NTC2018):  

 
fd,rid = ϕfd 

 

 

(30) 

 

Where :  

Φ is the material strength reduction coefficient, it depends on the slenderness λ and 

on the eccentricity coefficient m.  

The first step, thus, was to determine the eccentricity. The eccentricities of the 

vertical loads on the masonry thickness are due to the total eccentricities of the 

vertical loads, execution tolerances and horizontal actions. They can be determined 

conventionally using the following criteria. [12] 

1. Total eccentricity of vertical loads (equation 4.5.7 from the NTC2018):  

 s1 =
N1d1

N1+∑N2
          s2 =

∑N2d2

N1+∑N2
 

 

 

(31) 

 

Where:  

•  s1  is the eccentricity of the resultant of the loads transmitted by the walls of 

the upper floors with respect to the mean plane of the wall to be verified.  

•  s2 eccentricity of the support reactions of the floors above the verification 

section.  

• N1 load transmitted by the overlying wall assumed to be centered with respect 

to the wall.  

• N2 support reaction of floors above the wall to be verified.  

• d1 eccentricity of N1 with respect to the mean plane of the wall to be verified.  

• d2 eccentricity of N2 with respect to the mean plane of the wall to be verified.  
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It is important to consider that the eccentricities could be negative or positive. [12] 

2. Eccentricity due to construction tolerances (equation 4.5.8 from the NTC2018):  

Given the morphological and dimensional tolerances associated with masonry 

building construction technologies, it is necessary to consider an eccentricity  a, that 

is equal to: 

 

 a =
h

200
 

 

(32) 

 

  

Where h is equal to the internal floor height.  

3. Total eccentricity due to horizontal actions considered acting in the direction 

normal to the plane of the masonry (equation 4.5.9 from the NTC2018):  

 

 v =
Mv

N
 

 

 

(33) 

 

Where:  

Mv  and N are , respectively, the maximum bending moment due to horizontal actions 

and the normal stress in the relevant verification section. 

The final value of the eccentricity to be considered is a result of the combination 

between the above calculated eccentricities. The combination to made is given by the 

following equation (equation 4.5.10 from the NTC2018).  

 

 
 1 = | s| +  a 
 

 2 =
 1
2
+ | v| 

 

 

(34) 

 

The value of  =  1  is adopted for the verification of walls in their end sections, while 

the value of   =  2  is adopted for the verification of the section where the value of Mv 



Global analysis  

 

164 
 

is maximum. The calculation eccentricity e may not, however, be assumed to be less 

than  a.  

In any case, where to result (equation 4.5.11 from the NTC2018): 

 
 1 ≤ 0.33 t 
 
 2 ≤ 0.33 t 

 

 

(35) 

 

Once the eccentricities had been determined, once the eccentricities had been 

determined, the second step was to calculate the slenderness. It is known that second 

order effects can be controlled by the wall slenderness, it is defined as follows 

(equation 4.5.1 from the NTC2018): 

  

Where:   

h0 is the free length of wall deflection assessed according to edge constraint 

conditions.  

t  is the wall thickness.  

The slenderness could not be higher than 20.  

The free length of wall deflection is calculated according to the following equation 

(equation 4.5.5 from the NTC2018).  

Where:  

ρ considers the effectiveness of the constraint provided by the orthogonal walls. It 

takes the value 1 for isolated wall, the value of 1 was the value chosen to perform the 

checks, which is already the worst situation. 

h is the internal floor height.  

 

λ =
h0
t

 

 

(36) 

 

 
h0 = ρh 

 

(37) 
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The last parameter to be calculated is the eccentricity coefficient, which is defined 

by the following relation (equation 4.5.6 from the NTC2018):  

Finally, with the slenderness and with the eccentricity coefficient Is possible to 

determine the reduction factor ϕ, the table 4.5.III of the Italian Standard was used. 

As will be seen below, in many cases the values of the slenderness and eccentricity 

coefficient did not correspond exactly to the values provided in the table, and in these 

cases a linear interpolation was necessary. 

 

 

 

 

 

 

 

   The following are the calculations carried out to verify the various walls that form 

part of the structure.  

At the time of the verification of the walls due to bending for lateral loads, from the 

formulations showed before it is possible to notice that two stresses are important: 

the normal force and the moment due to lateral loads. It may happen that the maxima 

are not found in the same load combination, for this reason it is necessary to analyze 

all load combinations, until the worst one is found. 

m =
6 

t
 

 

 

(38) 

 

Figure 4-24. Table 4.5.III extracted from the NTC2018. 
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Wall 1: This wall is related to the north walls, from the Figure 4-25 can be seen that 

the element was divided in seven different parts regarding the “fascia” and “maschio”, 

the stresses of each element were taken at the base. In order to minimize the number 

of tables inserted throughout the work, only the Table 4-3 and Table 4-2 were inserted 

which correspond to the “fascia” and “maschio” with higher stress values.  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 4-25. Wall N°1 - division. Image from Midas Gen. 

Table 4-2. Verification of the section 2 of the wall 1. 

N -181 kN N -166 kN 

Mv 10 kNm Mv 17 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 0.7 m t 0.7 m

l 1.6 m l 1.6 m

h 2.6 m h 2.6 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0128 m ea 0.0128 m

ev -0.0570 m ev -0.1010 m

e1 0.0128 m e1 0.0128 m 

e2 0.0634 m e2 0.1074 m 

e1/t 0.0182 Verify e1/t 0.0182 Verify

e2/t 0.0905 Verify e2/t 0.1534 Verify

e 0.0128 m e 0.0128 m

e 0.0634 m e 0.1074 m 

ρ 1 ρ 1

h0 2.55 m h0 2.55 m

λ 3.643 m λ 3.643 m

λ<20 Verifica λ<20 Verifica

m 0.109 m m 0.921 m 

Φ 0.970 Φ 0.710

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 404 kN/m2 fd,rid 296 kN/m2 

σ -158 kN/m2 σ -146 kN/m2 

σ/fd,rid 39% Verify σ/fd,rid 49% Verify

Geometrical parameters

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters
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From the results obtained, it is possible to conclude that the sections verify.  

 Wall 2: This wall is related to the façade walls. From the Figure 4-26 can be seen 

that the main wall was divided into nine different parts, also considering the lateral 

walls. Also in this case, the stresses were taken at the base of each divided element. 

The tables Table 4-5 and Table 4-4 correspond to the two most requested sections.  

From the verifications carried out, it can be observed that in the case of section 4, 

which is defined as "maschio", it is requested at 84% of its resistant capacity, therefore 

it verifies. In the case of section 8, which is defined as "fascia", it is requested at 45% 

of its resistant capacity. 

Table 4-3. Verification of the section 5 of the wall 1. 

N -604 kN N -604 kN 

Mv -38 kNm Mv -38 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 0.7 m t 0.7 m

l 3.5 m l 3.5 m

h 7.2 m h 7.2 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0360 m ea 0.0360 m

ev 0.0624 m ev 0.0624 m

e1 0.0360 m e1 0.0360 m 

e2 0.0804 m e2 0.0804 m 

e1/t 0.0514 Verify e1/t 0.0514 Verify

e2/t 0.1149 Verify e2/t 0.1149 Verify

e 0.0360 m e 0.0360 m

e 0.0804 m e 0.0804 m 

ρ 1 ρ 1

h0 7.2 m h0 7.2 m

λ 10.286 m λ 10.286 m

λ<20 Verifica λ<20 Verifica

m 0.309 m m 0.700 m 

Φ 0.700 Φ 0.610

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 292 kN/m2 fd,rid 254 kN/m2 

σ -244 kN/m2 σ -244 kN/m2 

σ/fd,rid 84% Verify σ/fd,rid 96% Verify

Geometrical parameters

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters
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Figure 4-26. Wall N°2 - division. Image from Midas Gen. 

Table 4-4. Verification of the section 8 of the wall 2. 

N -410 kN N -404 kN 

Mv -1 kNm Mv -7 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 1.7 m t 1.7 m

l 1.3 m l 1.3 m

h 4.2 m h 4.2 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0208 m ea 0.0208 m

ev 0.0026 m ev 0.0168 m

e1 0.0208 m e1 0.0208 m 

e2 0.0129 m e2 0.0272 m 

e1/t 0.0122 Verify e1/t 0.0122 Verify

e2/t 0.0076 Verify e2/t 0.0160 Verify

e 0.0208 m e 0.0208 m

e 0.0129 m e 0.0272 m 

ρ 1 ρ 1

h0 4.15 m h0 4.15 m

λ 2.441 m λ 2.441 m

λ<20 Verifica λ<20 Verifica

m 0.073 m m 0.096 m 

Φ 0.970 Φ 0.970

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 404 kN/m2 fd,rid 404 kN/m2 

σ -182 kN/m2 σ -179 kN/m2 

σ/fd,rid 45% Verify σ/fd,rid 44% Verify

Combination 2 (Mv max) 

Load Load 

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters Geometrical parameters

Combination 1 (N max) 
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 Wall 3: This wall is releated to the south walls, from the Figure 4-27 can be seen 

that the element was divided in five different parts regarding the “fascia” and 

“maschio”.  

The verification tables for this wall are presented below.  

Figure 4-27. Wall N°3 - division. Image from Midas Gen. 

Table 4-5 Verification of the section 4 of the wall 2. 

N -1772 kN N -1756 kN 

Mv -2 kNm Mv -31 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 1.7 m t 1.7 m

l 3.5 m l 3.5 m

h 10.7 m h 10.7 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0535 m ea 0.0535 m

ev 0.0010 m ev 0.0178 m

e1 0.0535 m e1 0.0535 m 

e2 0.0277 m e2 0.0445 m 

e1/t 0.0315 Verify e1/t 0.0315 Verify

e2/t 0.0163 Verify e2/t 0.0262 Verify

e 0.0535 m e 0.0535 m

e 0.0277 m e 0.0445 m 

ρ 1 ρ 1

h0 10.7 m h0 10.7 m

λ 6.294 m λ 6.294 m

λ<20 Verifica λ<20 Verifica

m 0.189 m m 0.157 m 

Φ 0.860 Φ 0.860

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 358 kN/m2 fd,rid 358 kN/m2 

σ -302 kN/m2 σ -299 kN/m2 

σ/fd,rid 84% Verify σ/fd,rid 84% Verify

Geometrical parameters

Combination 1 (N max) Combination 2 (N max) 

Load Load 

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters
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 Wall 4: This is the wall on the left side of the central corridor of the structure. It is 

particularly influenced by the load of the vaults. The element was divided into 7 

different sections (Figure 4-28). It is important to mention that these walls are made 

Table 4-6. Verification of the section 3 of the wall 3. 

N -295 kN N -291 kN 

Mv -57 kNm Mv -58 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 0.7 m t 0.7 m

l 1.8 m l 1.8 m

h 7.2 m h 7.2 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0360 m ea 0.0360 m

ev 0.1939 m ev 0.2001 m

e1 0.0360 m e1 0.0360 m 

e2 0.2119 m e2 0.2181 m 

e1/t 0.0514 Verify e1/t 0.0514 Verify

e2/t 0.3027 Verify e2/t 0.3115 Verify

e 0.0360 m e 0.0360 m

e 0.2119 m e 0.2181 m 

ρ 1 ρ 1

h0 7.2 m h0 7.2 m

λ 10.286 m λ 10.286 m

λ<20 Verifica λ<20 Verifica

m 0.309 m m 0.309 m 

Φ 0.610 Φ 0.610

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 254 kN/m2 fd,rid 254 kN/m2 

σ -237 kN/m2 σ -234 kN/m2 

σ/fd,rid 93% Verify σ/fd,rid 92% Verify

Combination 2 (Mv max) 

Load Load 

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters Geometrical parameters

Combination 1 (N max) 

Table 4-7. Verification of the section 4 of the wall 3. 

N -101 kN N -92 kN 

Mv 5 kNm Mv 9 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 0.7 m t 0.7 m

l 1.6 m l 1.6 m

h 2.4 m h 2.4 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0120 m ea 0.0120 m

ev -0.0539 m ev -0.1011 m

e1 0.0120 m e1 0.0120 m 

e2 0.0599 m e2 0.1071 m 

e1/t 0.0171 Verify e1/t 0.0171 Verify

e2/t 0.0856 Verify e2/t 0.1531 Verify

e 0.0120 m e 0.0120 m

e 0.0599 m e 0.1071 m 

ρ 1 ρ 1

h0 2.4 m h0 2.4 m

λ 3.429 m λ 3.429 m

λ<20 Verifica λ<20 Verifica

m 0.103 m m 0.103 m 

Φ 0.970 Φ 0.970

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 404 kN/m2 fd,rid 404 kN/m2 

σ -88 kN/m2 σ -80 kN/m2 

σ/fd,rid 22% Verify σ/fd,rid 20% Verify

Combination 2 (Mv max) 

Load Load 

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters Geometrical parameters

Combination 1 (N max) 
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of a material with better mechanical characteristics, for this reason the resistance is 

higher. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-28. Wall N°4 - division. Image from Midas Gen. 

Table 4-8. Verification of the section 3 of the wall 4.  

N -1689 kN N -1590 kN 

Mv -2 kNm Mv -27 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 1.9 m t 1.9 m

l 1.4 m l 1.4 m

h 9.3 m h 9.3 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0465 m ea 0.0465 m

ev 0.0014 m ev 0.0172 m

e1 0.0465 m e1 0.0465 m 

e2 0.0246 m e2 0.0405 m 

e1/t 0.0251 Verify e1/t 0.0251 Verify

e2/t 0.0133 Verify e2/t 0.0219 Verify

e 0.0465 m e 0.0465 m

e 0.0246 m e 0.0405 m 

ρ 1 ρ 1

h0 9.3 m h0 9.3 m

λ 5.027 m λ 5.027 m

λ<20 Verifica λ<20 Verifica

m 0.151 m m 0.131 m 

Φ 0.710 Φ 0.710

FC 1.2 FC 1.2

γM 3 γM 3

fk 3450 kN/m2 fk 3450 kN/m2 

fd 958 kN/m2 fd 958 kN/m2 

fd,rid 680 kN/m2 fd,rid 680 kN/m2 

σ -647 kN/m2 σ -610 kN/m2 

σ/fd,rid 95% Verify σ/fd,rid 90% Verify

Geometrical parameters

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters
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As can be seen from the table Table 4-9, in the case of this wall the "fascia" is not so 

much in higher demand than in the case of the "maschio". 

Wall 5: This is the wall on the right side of the central corridor of the structure and 

has the same characteristics as those mentioned for wall 4. In this case the element 

was also divided into 7 parts. Of which the verifications carried out for the most 

requested sections are presented. 

 

 

 

 

 

Table 4-9. Verification of the section 4 of the wall 4.  

N -302 kN N -266 kN 

Mv 33 kNm Mv 68 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 1.9 m t 1.9 m

l 1.1 m l 1.1 m

h 2.5 m h 2.5 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0125 m ea 0.0125 m

ev -0.1091 m ev -0.2544 m

e1 0.0125 m e1 0.0125 m 

e2 0.1153 m e2 0.2606 m 

e1/t 0.0068 Verify e1/t 0.0068 Verify

e2/t 0.0623 Verify e2/t 0.1409 Verify

e 0.0125 m e 0.0125 m

e 0.1153 m e 0.2606 m 

ρ 1 ρ 1

h0 2.5 m h0 2.5 m

λ 1.351 m λ 1.351 m

λ<20 Verifica λ<20 Verifica

m 0.041 m m 0.041 m 

Φ 0.970 Φ 0.970

FC 1.2 FC 1.2

γM 3 γM 3

fk 3450 kN/m2 fk 3450 kN/m2 

fd 958 kN/m2 fd 958 kN/m2 

fd,rid 930 kN/m2 fd,rid 930 kN/m2 

σ -149 kN/m2 σ -131 kN/m2 

σ/fd,rid 16% Verify σ/fd,rid 14% Verify

Geometrical parameters

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters
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Figure 4-29. Wall N°5 - division. Image from Midas Gen. 

Table 4-10. Verification of the section 7 of the wall 5. 

N -1650 kN N -1430 kN 

Mv -5 kNm Mv -9 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 2.25 m t 2.25 m

l 1.2 m l 1.2 m

h 9.3 m h 9.3 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0465 m ea 0.0465 m

ev 0.0031 m ev 0.0062 m

e1 0.0465 m e1 0.0465 m 

e2 0.0263 m e2 0.0295 m 

e1/t 0.0207 Verify e1/t 0.0207 Verify

e2/t 0.0117 Verify e2/t 0.0131 Verify

e 0.0465 m e 0.0465 m

e 0.0263 m e 0.0295 m 

ρ 1 ρ 1

h0 9.3 m h0 9.3 m

λ 4.133 m λ 4.133 m

λ<20 Verifica λ<20 Verifica

m 0.124 m m 0.079 m 

Φ 0.710 Φ 0.710

FC 1.2 FC 1.2

γM 3 γM 3

fk 3450 kN/m2 fk 3450 kN/m2 

fd 958 kN/m2 fd 958 kN/m2 

fd,rid 680 kN/m2 fd,rid 680 kN/m2 

σ -621 kN/m2 σ -539 kN/m2 

σ/fd,rid 91% Verify σ/fd,rid 79% Verify

Verification Verification 

Eccentricity

Geometrical parameters Geometrical parameters

Eccentricity

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 
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Wall 6: This wall is located on the south façade of the church, and because it has no 

openings, it was divided into three different sections along its height. The most 

requested section is the one at the base. The following is the verification of section 1.  

Table 4-11. Verification of the section 4 of the wall 5. 

N -450 kN N -150 kN 

Mv -6 kNm Mv 6 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 2.25 m t 2.25 m

l 0.5 m l 0.5 m

h 2.5 m h 2.5 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0125 m ea 0.0125 m

ev 0.0131 m ev -0.0403 m

e1 0.0125 m e1 0.0125 m 

e2 0.0194 m e2 0.0466 m 

e1/t 0.0056 Verify e1/t 0.0056 Verify

e2/t 0.0086 Verify e2/t 0.0207 Verify

e 0.0125 m e 0.0125 m

e 0.0194 m e 0.0466 m 

ρ 1 ρ 1

h0 2.5 m h0 2.5 m

λ 1.111 m λ 1.111 m

λ<20 Verifica λ<20 Verifica

m 0.033 m m 0.124 m 

Φ 0.710 Φ 0.600

FC 1.2 FC 1.2

γM 3 γM 3

fk 3450 kN/m2 fk 3450 kN/m2 

fd 958 kN/m2 fd 958 kN/m2 

fd,rid 680 kN/m2 fd,rid 575 kN/m2 

σ -444 kN/m2 σ -148 kN/m2 

σ/fd,rid 65% Verify σ/fd,rid 26% Verify

Geometrical parameters

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters
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Wall 7: This wall represents the central wall of the presbytery, which corresponds to 

the east façade of the church. It can be seen from the Figure 4-30 that it was divided 

into three parts, due to the presence of an opening. As in the other cases, the results 

of the most requested sections are presented in the calculation tables. 

 

 

 

 

 

 

 

 

Figure 4-30. Wall N°7 - division. Image from Midas Gen. 

Table 4-12. Verification of the section 1 of the wall 6. 

N -977 kN N -970 kN 

Mv 185 kNm Mv 190 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 0.5 m t 0.5 m

l 9.0 m l 9.0 m

h 7.5 m h 7.5 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0375 m ea 0.0375 m

ev -0.1888 m ev -0.1954 m

e1 0.0375 m e1 0.0375 m 

e2 0.2076 m e2 0.2142 m 

e1/t 0.0750 Verify e1/t 0.0750 Verify

e2/t 0.4152 No Verify e2/t 0.4284 No Verify

e 0.0375 m e 0.0375 m

e 0.2076 m e 0.2142 m 

ρ 1 ρ 1

h0 7.5 m h0 7.5 m

λ 15.000 m λ 15.000 m

λ<20 Verifica λ<20 Verifica

m 0.450 m m 0.450 m 

Φ 0.501 Φ 0.501

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 500 kN/m2 fd 500 kN/m2 

fd,rid 251 kN/m2 fd,rid 251 kN/m2 

σ -217 kN/m2 σ -216 kN/m2 

σ/fd,rid 87% Verify σ/fd,rid 86% Verify

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters Geometrical parameters

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 
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Figure 4-31. Verification of the section 3 of the wall 7. 

N -207 kN N -198 kN 

Mv -11 kNm Mv -12 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 0.7 m t 0.7 m

l 1.1 m l 1.1 m

h 9.3 m h 9.3 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0465 m ea 0.0465 m

ev 0.0540 m ev 0.0617 m

e1 0.0465 m e1 0.0465 m 

e2 0.0772 m e2 0.0850 m 

e1/t 0.0664 Verify e1/t 0.0664 Verify

e2/t 0.1103 Verify e2/t 0.1214 Verify

e 0.0465 m e 0.0465 m

e 0.0772 m e 0.0850 m 

ρ 1 ρ 1

h0 9.3 m h0 9.3 m

λ 13.286 m λ 13.286 m

λ<20 Verifica λ<20 Verifica

m 0.399 m m 0.399 m 

Φ 0.770 Φ 0.770

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 321 kN/m2 fd,rid 321 kN/m2 

σ -259 kN/m2 σ -249 kN/m2 

σ/fd,rid 81% Verify σ/fd,rid 77% Verify

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters Geometrical parameters

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 

Figure 4-32. Verification of the section 2 of the wall 7. 

N -44 kN N -30 kN 

Mv 5 kNm Mv -7 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 0.7 m t 0.7 m

l 1.0 m l 1.0 m

h 3.0 m h 3.0 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0150 m ea 0.0150 m

ev -0.1208 m ev 0.2465 m

e1 0.0150 m e1 0.0150 m 

e2 0.1283 m e2 0.2540 m 

e1/t 0.0214 Verify e1/t 0.0214 Verify

e2/t 0.1833 Verify e2/t 0.3629 No Verify

e 0.0150 m e 0.0150 m

e 0.1283 m e 0.2540 m 

ρ 1 ρ 1

h0 3 m h0 3 m

λ 4.286 m λ 4.286 m

λ<20 Verifica λ<20 Verifica

m 0.129 m m 0.129 m 

Φ 0.750 Φ 0.750

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 313 kN/m2 fd,rid 313 kN/m2 

σ -62 kN/m2 σ -43 kN/m2 

σ/fd,rid 20% Verify σ/fd,rid 14% Verify

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters Geometrical parameters

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 
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Wall 8: this wall corresponds to the lateral part of the presbytery, the number of 

divisions considered were the same as for wall 7, as the geometry of both walls is very 

close to each other. The results are as follows: 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4-13. Verification of the section 3 of the wall 8. 

N -235 kN N -235 kN 

Mv -14 kNm Mv -15 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 0.7 m t 0.7 m

l 1.2 m l 1.2 m

h 9.3 m h 9.3 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0465 m ea 0.0465 m

ev 0.0590 m ev 0.0646 m

e1 0.0465 m e1 0.0465 m 

e2 0.0822 m e2 0.0879 m 

e1/t 0.0664 Verify e1/t 0.0664 Verify

e2/t 0.1174 Verify e2/t 0.1255 Verify

e 0.0465 m e 0.0465 m

e 0.0822 m e 0.0879 m 

ρ 1 ρ 1

h0 9.3 m h0 9.3 m

λ 13.286 m λ 13.286 m

λ<20 Verifica λ<20 Verifica

m 0.399 m m 0.399 m 

Φ 0.500 Φ 0.500

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 208 kN/m2 fd,rid 208 kN/m2 

σ -271 kN/m2 σ -271 kN/m2 

σ/fd,rid 130% No verify σ/fd,rid 130% No verify

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters Geometrical parameters

Table 4-14. Verification of the section 2 of the wall 8. 

N -134 kN N -130 kN 

Mv -25 kNm Mv -26 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 0.7 m t 0.7 m

l 0.4 m l 0.4 m

h 2.4 m h 2.4 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0120 m ea 0.0120 m

ev 0.1857 m ev 0.1971 m

e1 0.0120 m e1 0.0120 m 

e2 0.1917 m e2 0.2031 m 

e1/t 0.0171 Verify e1/t 0.0171 Verify

e2/t 0.2739 Verify e2/t 0.2902 Verify

e 0.0120 m e 0.0120 m

e 0.1917 m e 0.2031 m 

ρ 1 ρ 1

h0 2.4 m h0 2.4 m

λ 3.429 m λ 3.429 m

λ<20 Verifica λ<20 Verifica

m 0.103 m m 0.103 m 

Φ 0.960 Φ 0.960

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 400 kN/m2 fd,rid 400 kN/m2 

σ -467 kN/m2 σ -454 kN/m2 

σ/fd,rid 117% No verify σ/fd,rid 114% No verify

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters Geometrical parameters

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 
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From the Table 4-13 and Table 4-14 it can be seen that both sections do not check. 

As far as section 3 is concerned, which is defined as "maschio", the condition of 

maximum moment and maximum normal stress are given together, this section does 

not verify by 30%. On the other hand, as for section 2, which is defined as "fascia", it 

does not verify by 16%, in this case, the combination of maximum moment and 

maximum normal stress occur in different combinations.  

Wall 9: This category of wall corresponds to the bell tower wall, unlike the other walls, 

this one has a considerable height, therefore for its analysis it was divided into 

different segments along its height. From the Figure 4-33, it can be seen that in the 

upper part in correspondence with the opening, the same reasoning was carried out 

as for the other sections. 

In the verifications of the various sections, it was found that the first 2 sections (up 

to 6m from the structure) do not pass verification. Then from the 3rd section onwards, 

the verifications are successful. This may be due to the great height of this structure, 

with a greater concentration of stresses in the lower part, which are responsible for 

governing the construction.  

The Table 4-15 and Table 4-16 show the results obtained in the first 6 meters of the 

wall, then the Table 4-17 Table 4-16shows the results obtained from 6 meters 

onwards, where it can be seen that from this height onwards it verifies. 
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Figure 4-33. Wall N°9 - division. Image from Midas Gen. 

Table 4-15. Verification of the section 1 of the wall 9. 

N -5782 kN N -5624 kN 

Mv 420 kNm Mv 722 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 1.9 m t 1.9 m

l 5.2 m l 5.2 m

h 3.0 m h 3.0 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0150 m ea 0.0150 m

ev -0.0726 m ev -0.1283 m

e1 0.0150 m e1 0.0150 m 

e2 0.0801 m e2 0.1358 m 

e1/t 0.0079 Verify e1/t 0.0079 Verify

e2/t 0.0421 Verify e2/t 0.0715 Verify

e 0.015000 m e 0.0150 m

e 0.0801 m e 0.1358 m 

ρ 1 ρ 1

h0 3 m h0 3 m

λ 1.579 m λ 1.579 m

λ<20 Verifica λ<20 Verifica

m 0.047 m m 0.429 m 

Φ 0.970 Φ 0.970

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 404 kN/m2 fd,rid 404 kN/m2 

σ -591 kN/m2 σ -575 kN/m2 

σ/fd,rid 1.46 No verify σ/fd,rid 1.42 No verify

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters Geometrical parameters
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Table 4-16. Verification of the section 2 of the wall 9. 

N -5009 kN N -3579 kN 

Mv 80 kNm Mv 261 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 1.9 m t 1.9 m

l 5.9 m l 5.9 m

h 3.0 m h 3.0 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0150 m ea 0.0150 m

ev -0.0160 m ev -0.0731 m

e1 0.0150 m e1 0.0150 m 

e2 0.0235 m e2 0.0806 m 

e1/t 0.0079 Verify e1/t 0.0079 Verify

e2/t 0.0124 Verify e2/t 0.0424 Verify

e 0.015000 m e 0.0150 m

e 0.0235 m e 0.0806 m 

ρ 1 ρ 1

h0 3 m h0 3 m

λ 1.579 m λ 1.579 m

λ<20 Verifica λ<20 Verifica

m 0.047 m m 0.254 m 

Φ 0.970 Φ 0.970

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 417 kN/m2 fd 417 kN/m2 

fd,rid 404 kN/m2 fd,rid 404 kN/m2 

σ -447 kN/m2 σ -319 kN/m2 

σ/fd,rid 111% No verify σ/fd,rid 79% Verify

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters Geometrical parameters

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 
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  In conclusion, after carried out the verifications of the walls given, is possible to find 

criticisms in 2 elements that have been analysed, the side walls that delimit the 

presbytery and the walls of the bell tower side, these walls do not satisfy the 

verifications carried out.  

For this reason, some kind of intervention must be carried out on them, since due to 

the loads defined as static they do not check.  

 

4.3.2 Axial and bending in plane 

The “axial and bending in plane” is a stress composed of compression and bending, 

i.e. generated by an axial compressive force and a bending moment. [22] 

The Italian regulation, in paragraph 7.8.2.2.1, states that “The axial and bending” of 

a section of a structural element is performed by comparing the design acting moment 

with the ultimate resistant moment calculated by assuming the masonry not reacting 

to tension and a propriate non-linear compression distribution. In the case of a 

Table 4-17. Verification of the section 3 of the wall 9. 

N -4689 kN N -4689 kN 

Mv 139 kNm Mv 139 kNm 

N1 0.00 kN N1 0.00 kN 

N2 0.00 kN N2 0.00 kN 

t 1.9 m t 1.9 m

l 6.0 m l 6.0 m

h 3.0 m h 3.0 m

d1 0 m d1 0 m

d2 0 m d2 0 m

es1 0.0000 m es1 0.0000 m

es2 0.0000 m es2 0.0000 m

ea 0.0150 m ea 0.0150 m

ev -0.0296 m ev -0.0296 m

e1 0.0150 m e1 0.0150 m 

e2 0.0371 m e2 0.0371 m 

e1/t 0.0079 Verify e1/t 0.0079 Verify

e2/t 0.0195 Verify e2/t 0.0195 Verify

e 0.015000 m e 0.0150 m

e 0.0371 m e 0.0371 m 

ρ 1 ρ 1

h0 3 m h0 3 m

λ 1.579 m λ 1.579 m

λ<20 Verifica λ<20 Verifica

m 0.047 m m 0.047 m 

Φ 0.970 Φ 0.980

FC 1.2 FC 1.2

γM 3 γM 3

fk 1500 kN/m2 fk 1500 kN/m2 

fd 500 kN/m2 fd 500 kN/m2 

fd,rid 485 kN/m2 fd,rid 490 kN/m2 

σ -411 kN/m2 σ -411 kN/m2 

σ/fd,rid 85% Verify σ/fd,rid 84% Verify

Verification Verification 

Eccentricity Eccentricity

Geometrical parameters Geometrical parameters

Combination 1 (N max) Combination 2 (Mv max) 

Load Load 
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rectangular section and rectangular compression diagram with a resistance value of 

0.85 fd”. [12] 

The formula for the calculation of the resistant moment of the structure is as follows 

( equation 7.8.2 of NTC2018):  

Mu = (l2 t 
σ0
2
)(1 −

σ0
0.85 fd

) 
(39) 

 

 

Where:  

Mu is the moment of collapse by pressure bending.  

l is the length of the wall.  

t is the thickness of the wall.  

σ0  is the mean normal stress (coincident with σmed), referred to the total area of the  

section calculated as σ0 =
𝑁

𝑙𝑡
 where N is the axial force. If N is a compressive force it is 

assumed with a positive sign, instead if N is of traction the moment of collapse is 

considered equal to zero. fd is the design compressive strength of the masonry equal 

to 
fm

γM FC
, where fm is the average compressive strength calculated in the section 2.2, FC 

is the  confidence factor which as determined in section 2.1 takes a value equal to 1.2. 

Finally, γM is extracted from the table 4.5.II of the Italian regulation, this coefficient 

depends on the type of mortar used and the execution class adopted, because there 

are many uncertainties in the building under analysis, the worst value of 3 was adopted 

for this coefficient. [12] 

 To accelerate the work and make it more organised, at this stage it was decided to 

perform the in-plane, shear and out-of-plane pressure bending verification in the same 

spreadsheet. To provide more organisation in the document, the calculation tables will 

be presented at the end of the explanation of all the verifications to be carried out, 

carrying out the verification of all the load combinations.  

4.3.3 Shear 

 

 The “Circolare del 21 gennaio 2019” in paragraph C.8.7.1.3.1.1 states that two 

families of masonry are distinguished for shear assessment, both for “maschio” and 
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“fascia”. In the first place, there are regular-textured masonry, for which cracking can 

be stepped. In second place, irregularly textured masonry, with diagonal tensile 

cracking governed by the parameter 𝜏0 (average shear strength in the absence of normal 

stress).  

The equation for the calculation of the resistant shear of the structure is as follows ( 

equation 8.7.1.16 of Circolare del 21 gennaio 2019). It is important to note that this 

formula is derived from defining a Mohr's circle, because diagonal cracking of a wall 

occurs when the principal tensile stress in the central part is equal to the tensile 

strength of the masonry.  

𝑉𝑡 = 𝑙 𝑡 
1.5 𝜏0𝑑

𝑏
 √1 +

𝜎0
1.5 𝜏0𝑑

 = 𝑙 𝑡 
𝑓𝑡𝑑
𝑏
  √1 +

𝜎0
𝑓𝑡𝑑

  

 

(40) 

 

Where:  

l, t and σ0 are the above-mentioned parameters.  

ftd and τ0d  are the calculation values of the diagonal crack tensile strength and of 

the corresponding reference shear strength of the masonry.  

b is a corrective coefficient related to the distribution of stresses on the section. Its 

value depends on the slenderness of the wall, is assumed to be h/l (with h being the 

height of the panel) and must necessarily be between 1 and 1.5.  

  Shear strength values must be compared with the acting values. 

4.3.4 Axial and bending out of the plane 

 

   The regulation, in paragraph 7.8.2.2.3 states that for this verification reference can 

be made to the formula used for the verification in the plane. In this case the equation 

to be used is the equation 38, but the wall thickness is what was previously considered 

the length and vice versa. 

As mentioned before, the verification of the three mechanisms was carried out in one 

table, all load combinations were analysed. The names of the walls are the same as 

in the Figure 4-23 and the division of the structural elements into "fascie" and "maschi" 

is the same as in Section 4.3.1. 
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At the same time, in order not to make the document too extensive, what was decided 

to do, as in section 4.3.1, is not to include all the verifications carried out, but rather 

to make known those sections that are most critical.  

Wall 1:  

In the initial phase, for each of the mechanisms to be verified, the necessary 

parameters are determined. Once the parameters were obtained, we proceeded to 

verify the various sections. The Table 4-19 refers to section 1 of this wall, which can 

be seen that for various load combinations it does not verify. The verification that was 

not mainly passed is the shear. 

 

 

 

 

 

 

 

 

 

 

 

 

l 1.73 m

t 0.7 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

l 1.73 m
t 0.7 m
h 7.2 m
b 1.5

25 kN/m2

15.625 kN/m2

2 -
FC 1.2 -

l 0.7 m

t 1.73 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

Mechanical parameters 

Bending in the plane

Geometrical parameters

Mechanical parameters 

Shear 

Geometrical parameters

Mechanical parameters 

Bending out of the plane

Geometrical parameters

Table 4-18. Parameters for the verification of 

the Wall 1. 
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Wall 2: In this case, the verified section was section 3, where it can be observed that 

predominantly, the most critical mechanism is the shear mechanism, not satisfying 

many verifications. 

Table 4-19. Verification of  section 1 - Wall 1 in Ultimate limit state (SLU) and in Life sustaining state 

(SLV). 

N MEd/MRd Verification VEd/VRd Verification MEd/MRd Verification 

kN kN/m2 kNm kNm - - kN kN - - kN/m2 kNm kNm - -

Seismic_1 105 86 74 76 98% Verify 51 32 2 No verify 86 9 31 30% Verify

Seismic_2 104 86 74 76 98% Verify 51 32 2 No verify 86 9 31 30% Verify

Seismic_3 76 63 60 58 104% No verify 10 28 0 Verify 63 8 23 33% Verify

Seismic_4 76 63 60 58 104% No verify 10 28 0 Verify 63 8 23 33% Verify

Seismic_5 702 580 -7 -55 13% Verify -49 78 -1 Verify 580 -5 -22 24% Verify

Seismic_6 702 580 -7 -55 13% Verify -49 78 -1 Verify 580 -5 -22 24% Verify

Seismic_7 882 728 -21 -283 8% Verify -90 87 -1 No verify 728 -7 -115 6% Verify

Seismic_8 882 729 -21 -283 8% Verify -90 87 -1 No verify 729 -7 -115 6% Verify

Seismic_9 32 27 62 27 233% No verify 63 21 3 No verify 27 6 11 54% Verify

Seismic_10 209 173 38 122 31% Verify 34 44 1 Verify 173 1 49 3% Verify

Seismic_11 210 173 38 122 31% Verify 34 44 1 Verify 173 1 49 3% Verify

Seismic_12 32 27 62 27 233% No verify 63 21 3 No verify 27 6 11 54% Verify

Seismic_13 810 669 -9 -182 5% Verify -102 83 -1 No verify 669 -4 -74 5% Verify

Seismic_14 568 469 15 57 26% Verify -72 70 -1 No verify 469 1 23 4% Verify

Seismic_15 568 469 15 57 26% Verify -72 70 -1 No verify 469 1 23 4% Verify

Seismic_16 810 669 -9 -182 5% Verify -102 84 -1 No verify 669 -4 -74 5% Verify

Seismic_17 178 147 46 111 41% Verify 16 41 0 Verify 147 4 45 9% Verify

Seismic_18 420 346 21 126 17% Verify -14 61 0 Verify 346 0 51 -1% Verify

Seismic_19 358 296 31 137 23% Verify -25 56 0 Verify 296 3 56 5% Verify

Seismic_20 600 495 7 35 20% Verify -55 72 -1 Verify 495 -2 14 -13% Verify

Seismic_21 420 347 21 126 17% Verify -14 61 0 Verify 347 0 51 -1% Verify

Seismic_22 358 296 31 137 23% Verify -25 56 0 Verify 296 3 56 5% Verify

Seismic_23 178 147 46 111 41% Verify 16 41 0 Verify 147 4 45 9% Verify

Seismic_24 600 496 7 35 20% Verify -55 72 -1 Verify 496 -2 14 -13% Verify

SLU1_1 486 402 33 103 32% Verify -21 65 0 Verify 402 2 42 6% Verify

SLU1_2 614 507 43 24 175% No verify -42 73 -1 Verify 507 -2 10 -19% Verify

SLU2_1 507 419 37 93 40% Verify -19 67 0 Verify 419 1 38 4% Verify

SLU2_2 519 429 34 87 39% Verify -27 67 0 Verify 429 1 35 3% Verify

SLU3_1 485 400 32 103 31% Verify -21 65 0 Verify 400 3 42 6% Verify

SLU3_2 612 506 42 25 165% No verify -42 73 -1 Verify 506 -2 10 -16% Verify

SLU4_1 506 418 37 93 39% Verify -19 66 0 Verify 418 2 38 4% Verify

SLU4_2 518 428 34 87 38% Verify -27 67 0 Verify 428 1 35 4% Verify

SLU5_1 464 383 30 112 27% Verify -20 64 0 Verify 383 3 45 7% Verify

SLU5_2 676 558 46 -30 -155% No verify -56 76 -1 Verify 558 -4 -12 32% Verify

SLU6_1 499 412 37 97 38% Verify -17 66 0 Verify 412 2 39 4% Verify

SLU6_2 519 428 32 87 37% Verify -31 67 0 Verify 428 1 35 4% Verify

SLU7 389 321 26 133 20% Verify -19 59 0 Verify 321 1 54 2% Verify

SLU8_1 370 305 25 136 18% Verify -15 57 0 Verify 305 2 55 4% Verify

SLU8_2 497 411 35 98 35% Verify -37 66 -1 Verify 411 -2 40 -6% Verify

SLU9_1 391 323 29 133 22% Verify -13 59 0 Verify 323 1 54 2% Verify

SLU9_2 403 333 26 130 20% Verify -21 60 0 Verify 333 1 53 2% Verify

SLU10_1 368 304 24 136 18% Verify -15 57 0 Verify 304 2 55 4% Verify

SLU10_2 496 409 34 98 35% Verify -37 66 -1 Verify 409 -2 40 -5% Verify

SLU11_1 389 321 29 133 22% Verify -13 59 0 Verify 321 1 54 2% Verify

SLU11_2 401 331 26 131 20% Verify -21 59 0 Verify 331 1 53 2% Verify

SLU12_1 347 287 22 138 16% Verify -14 55 0 Verify 287 3 56 5% Verify

SLU12_2 560 462 38 63 61% Verify -50 70 -1 Verify 462 -4 25 -16% Verify

SLU13_1 382 315 29 134 22% Verify -12 58 0 Verify 315 1 54 2% Verify

SLU13_2 402 332 24 130 19% Verify -25 60 0 Verify 332 1 53 2% Verify

SLU14 506 417 34 94 37% Verify -25 66 0 Verify 417 1 38 4% Verify

BENDING OUT OF THE PLANE

Combination 

BENDING IN THE PLANE SHEAR
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N MEd/MRd Verification VEd/VRd Verification MEd/MRd Verification 

kN kN/m2 kNm kNm - - kN kN - - kN/m2 kNm kNm - -

Seismic_1 172 56 263 139 190% No verify 377 68 551% No verify 56 40 131 30% Verify

Seismic_2 173 57 262 139 188% No verify 376 69 549% No verify 57 39 132 30% Verify

Seismic_3 479 157 236 304 77% Verify 290 106 274% No verify 157 25 287 9% Verify

Seismic_4 481 157 235 305 77% Verify 290 106 273% No verify 157 25 288 9% Verify

Seismic_5 957 313 -133 354 -38% Verify -100 146 -68% Verify 313 -21 335 -6% Verify

Seismic_6 958 313 -134 354 -38% Verify -100 146 -69% Verify 313 -21 334 -6% Verify

Seismic_7 1264 413 -160 253 -63% Verify -186 167 -112% No verify 413 -36 239 -15% Verify

Seismic_8 1265 413 -161 252 -64% Verify -187 167 -112% No verify 413 -36 238 -15% Verify

Seismic_9 89 29 156 75 207% No verify 311 54 578% No verify 29 35 71 49% Verify

Seismic_10 324 106 37 233 16% Verify 168 89 189% No verify 106 17 220 8% Verify

Seismic_11 325 106 37 234 16% Verify 167 89 188% No verify 106 17 221 8% Verify

Seismic_12 90 29 155 76 204% No verify 310 54 574% No verify 29 35 72 49% Verify

Seismic_13 1348 440 -54 207 -26% Verify -120 172 -70% Verify 440 -31 196 -16% Verify

Seismic_14 1114 364 65 316 21% Verify 22 157 14% Verify 364 -13 298 -4% Verify

Seismic_15 1112 364 65 316 21% Verify 23 157 14% Verify 364 -13 299 -4% Verify

Seismic_16 1349 441 -54 207 -26% Verify -121 172 -70% Verify 441 -32 195 -16% Verify

Seismic_17 446 146 125 291 43% Verify 211 102 206% No verify 146 18 275 7% Verify

Seismic_18 681 223 6 356 2% Verify 68 124 55% Verify 223 0 336 0% Verify

Seismic_19 753 246 98 364 27% Verify 124 130 95% Verify 246 4 344 1% Verify

Seismic_20 988 323 -21 349 -6% Verify -19 148 -13% Verify 323 -15 329 -4% Verify

Seismic_21 685 224 4 357 1% Verify 66 125 53% Verify 224 0 337 0% Verify

Seismic_22 757 247 96 364 26% Verify 122 131 93% Verify 247 4 344 1% Verify

Seismic_23 449 147 123 293 42% Verify 209 103 203% No verify 147 18 276 7% Verify

Seismic_24 992 324 -23 348 -7% Verify -21 149 -14% Verify 324 -15 329 -4% Verify

BENDING IN THE PLANE SHEAR BENDING OUT OF THE PLANE

Combination 

l 1.8 m

t 1.7 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

l 1.8 m
t 1.7 m
h 7.2 m
b 1.5

25 kN/m2

15.625 kN/m2

2 -
FC 1.2 -

l 1.7 m

t 1.8 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

Mechanical parameters 

Mechanical parameters 

Shear 

Geometrical parameters

Mechanical parameters 

Bending out of the plane

Geometrical parameters

Bending in the plane

Geometrical parameters

Table 4-20. Parameters for the verification of the Wall 2. 
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Wall 3: The main problem with this wall lies in the fascia, which is under severe 

seismic stress, it can be noticed in the Table 4-23.  

 

 

 

 

 

 

 

 

 

 

 

 

 Table 4-22. Parameters for the verification of the 

Wall 3. 

l 1.63 m

t 0.7 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

l 1.63 m
t 0.7 m
h 3 m
b 1.5

25 kN/m2

15.625 kN/m2

2 -
FC 1.2 -

l 0.7 m

t 1.63 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

Mechanical parameters 

Mechanical parameters 

Shear 

Geometrical parameters

Mechanical parameters 

Bending out of the plane

Geometrical parameters

Bending in the plane

Geometrical parameters

Table 4-21. Verification of  section 3 - Wall 2 in Ultimate limit state (SLU) and in Life sustaining 

state (SLV). 

SLU1_1 949 310 63 355 18% Verify 123 146 85% Verify 310 3 336 1% Verify

SLU1_2 960 314 80 354 23% Verify 137 146 94% Verify 314 7 334 2% Verify

SLU2_1 941 308 68 357 19% Verify 124 145 85% Verify 308 3 337 1% Verify

SLU2_2 966 316 65 353 18% Verify 130 147 89% Verify 316 3 333 1% Verify

SLU3_1 944 309 62 356 17% Verify 122 145 84% Verify 309 3 336 1% Verify

SLU3_2 955 312 79 355 22% Verify 136 146 93% Verify 312 7 335 2% Verify

SLU4_1 936 306 67 357 19% Verify 123 145 85% Verify 306 3 337 1% Verify

SLU4_2 961 314 64 354 18% Verify 129 146 88% Verify 314 3 334 1% Verify

SLU5_1 932 305 60 358 17% Verify 118 144 82% Verify 305 2 338 1% Verify

SLU5_2 951 311 89 355 25% Verify 141 146 97% Verify 311 9 336 3% Verify

SLU6_1 919 300 68 360 19% Verify 119 143 83% Verify 300 3 340 1% Verify

SLU6_2 961 314 64 354 18% Verify 130 146 88% Verify 314 3 334 1% Verify

SLU7 719 235 51 361 14% Verify 95 128 74% Verify 235 2 341 1% Verify

SLU8_1 734 240 47 362 13% Verify 95 129 74% Verify 240 2 342 1% Verify

SLU8_2 745 243 65 363 18% Verify 109 130 84% Verify 243 7 343 2% Verify

SLU9_1 725 237 53 362 15% Verify 95 128 74% Verify 237 3 341 1% Verify

SLU9_2 751 245 50 364 14% Verify 102 130 78% Verify 245 3 343 1% Verify

SLU10_1 729 238 46 362 13% Verify 94 128 73% Verify 238 2 342 1% Verify

SLU10_2 740 242 64 363 18% Verify 108 129 83% Verify 242 6 343 2% Verify

SLU11_1 720 235 52 361 14% Verify 94 128 74% Verify 235 2 341 1% Verify

SLU11_2 746 244 49 363 13% Verify 101 130 78% Verify 244 2 343 1% Verify

SLU12_1 717 234 44 361 12% Verify 90 127 70% Verify 234 2 341 0% Verify

SLU12_2 735 240 73 362 20% Verify 113 129 87% Verify 240 9 342 3% Verify

SLU13_1 703 230 53 359 15% Verify 90 126 72% Verify 230 2 339 1% Verify

SLU13_2 745 243 48 363 13% Verify 101 130 78% Verify 243 2 343 1% Verify

SLU14 934 305 66 358 19% Verify 124 144 85% Verify 305 2 338 1% Verify
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Wall 4:  

Due to the material with which this wall was made, the mechanical characteristics 

and the resistance is higher, for this reason the section is fully verified. 

 

 

 

Table 4-23. Verification of  section 2 - Wall 3 in Ultimate limit state (SLU) and in Life sustaining 

state (SLV). 

N MEd/MRd Verification VEd/VRd Verification MEd/MRd Verification 

kN kN/m2 kNm kNm - - kN kN - - kN/m2 kNm kNm - -

Seismic_1 33 29 18 25 72% Verify 45 20 227% No verify 29 3 11 24% Verify

Seismic_2 33 29 18 25 72% Verify 45 20 227% No verify 29 3 11 24% Verify

Seismic_3 43 37 -2 32 -5% Verify 26 22 120% No verify 37 1 14 10% Verify

Seismic_4 43 37 -2 32 -6% Verify 26 22 120% No verify 37 1 14 10% Verify

Seismic_5 76 66 -58 54 -106% No verify -17 27 -61% Verify 66 -6 23 -24% Verify

Seismic_6 76 67 -58 54 -106% No verify -17 27 -62% Verify 67 -6 23 -24% Verify

Seismic_7 86 75 -78 60 -129% No verify -36 29 -126% No verify 75 -7 26 -26% Verify

Seismic_8 86 75 -78 60 -129% No verify -36 29 -126% No verify 75 -7 26 -26% Verify

Seismic_9 36 32 15 28 54% Verify 46 21 222% No verify 32 1 12 10% Verify

Seismic_10 49 43 -8 37 -21% Verify 27 23 119% No verify 43 -1 16 -8% Verify

Seismic_11 49 43 -8 37 -21% Verify 27 23 119% No verify 43 -1 16 -8% Verify

Seismic_12 37 32 15 28 54% Verify 46 21 222% No verify 32 1 12 10% Verify

Seismic_13 82 72 -74 58 -129% No verify -37 28 -130% No verify 72 -5 25 -22% Verify

Seismic_14 69 61 -52 50 -104% No verify -18 26 -69% Verify 61 -3 21 -14% Verify

Seismic_15 69 60 -52 50 -103% No verify -18 26 -69% Verify 60 -3 21 -14% Verify

Seismic_16 82 72 -74 58 -129% No verify -37 28 -131% No verify 72 -5 25 -22% Verify

Seismic_17 48 42 -8 36 -23% Verify 24 23 104% No verify 42 0 15 -2% Verify

Seismic_18 61 53 -31 45 -69% Verify 5 25 20% Verify 53 -3 19 -14% Verify

Seismic_19 58 50 -28 42 -66% Verify 5 24 18% Verify 50 -2 18 -8% Verify

Seismic_20 70 62 -51 51 -100% No verify -14 26 -53% Verify 62 -4 22 -18% Verify

Seismic_21 61 53 -31 45 -70% Verify 5 25 20% Verify 53 -3 19 -14% Verify

Seismic_22 58 51 -28 43 -67% Verify 4 24 18% Verify 51 -2 18 -8% Verify

Seismic_23 48 42 -8 36 -23% Verify 24 23 103% No verify 42 0 15 -2% Verify

Seismic_24 71 62 -51 51 -101% No verify -14 26 -54% Verify 62 -4 22 -18% Verify

SLU1_1 86 76 -42 60 -70% Verify 12 29 41% Verify 76 -4 26 -14% Verify

SLU1_2 100 88 -70 68 -103% No verify -14 31 -47% Verify 88 0 29 -1% Verify

SLU2_1 89 78 -47 62 -76% Verify 8 29 27% Verify 78 -3 27 -12% Verify

SLU2_2 87 76 -42 61 -69% Verify 13 29 46% Verify 76 -3 26 -13% Verify

SLU3_1 89 78 -45 62 -72% Verify 12 29 43% Verify 78 -3 27 -12% Verify

SLU3_2 103 90 -72 69 -104% No verify -14 31 -44% Verify 90 0 30 1% Verify

SLU4_1 92 81 -50 64 -78% Verify 8 30 29% Verify 81 -3 27 -10% Verify

SLU4_2 90 78 -44 62 -71% Verify 14 29 48% Verify 78 -3 27 -11% Verify

SLU5_1 81 71 -39 57 -68% Verify 10 28 37% Verify 71 -3 25 -13% Verify

SLU5_2 104 91 -85 70 -121% No verify -33 31 -106% No verify 91 2 30 8% Verify

SLU6_1 86 76 -48 60 -79% Verify 4 29 13% Verify 76 -3 26 -10% Verify

SLU6_2 82 72 -38 58 -66% Verify 13 28 46% Verify 72 -3 25 -12% Verify

SLU7 59 52 -30 44 -68% Verify 5 25 19% Verify 52 -2 19 -11% Verify

SLU8_1 69 60 -33 50 -67% Verify 10 26 39% Verify 60 -3 21 -14% Verify

SLU8_2 82 72 -61 58 -105% No verify -16 28 -56% Verify 72 0 25 2% Verify

SLU9_1 72 63 -38 52 -75% Verify 6 27 24% Verify 63 -3 22 -12% Verify

SLU9_2 69 61 -33 50 -66% Verify 12 26 45% Verify 61 -3 21 -13% Verify

SLU10_1 71 63 -36 51 -69% Verify 11 27 41% Verify 63 -2 22 -11% Verify

SLU10_2 85 74 -63 59 -106% No verify -15 29 -53% Verify 74 1 26 4% Verify

SLU11_1 74 65 -41 53 -77% Verify 7 27 26% Verify 65 -2 23 -9% Verify

SLU11_2 72 63 -35 52 -68% Verify 12 27 47% Verify 63 -2 22 -10% Verify

SLU12_1 63 56 -30 46 -65% Verify 9 25 35% Verify 56 -3 20 -13% Verify

SLU12_2 86 75 -76 60 -127% No verify -34 29 -120% No verify 75 3 26 12% Verify

SLU13_1 69 60 -39 50 -78% Verify 2 26 9% Verify 60 -2 21 -9% Verify

SLU13_2 64 56 -29 47 -63% Verify 11 25 45% Verify 56 -2 20 -12% Verify

SLU14 77 67 -39 55 -70% Verify 6 27 22% Verify 67 -3 24 -12% Verify

BENDING IN THE PLANE SHEAR BENDING OUT OF THE PLANE

Combination 
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l 3.62 m

t 1.85 m

3450 kN/m2

2 -

FC 1.2 -

1437.5 kN/m2 

l 3.62 m
t 1.85 m
h 3 m
b 1

90 kN/m2

56.25 kN/m2

2 -
FC 1.2 -

l 1.85 m

t 3.62 m

3450 kN/m2

2 -

FC 1.2 -

1437.5 kN/m2 

Bending in the plane

Geometrical parameters

Mechanical parameters 

Mechanical parameters 

Shear 

Geometrical parameters

Mechanical parameters 

Bending out of the plane

Geometrical parameters

Table 4-24. Parameters for the verification of the 

Wall 4.  

Table 4-25. Verification of  section 1 - Wall 4 in Ultimate limit state (SLU) and in Life sustaining 

state (SLV). 

N MEd/MRd Verification VEd/VRd Verification MEd/MRd Verification 

kN kN/m2 kNm kNm - - kN kN - - kN/m2 kNm kNm - -

Seismic_1 450 243 100 180 55% Verify 110 160 68% Verify 243 13 333 4% Verify

Seismic_2 450 243 100 180 55% Verify 110 160 68% Verify 243 13 333 4% Verify

Seismic_3 547 296 36 207 17% Verify 36 174 21% Verify 296 8 384 2% Verify

Seismic_4 547 296 35 207 17% Verify 36 174 21% Verify 296 8 384 2% Verify

Seismic_5 633 342 9 228 4% Verify 3 185 1% Verify 342 -7 422 -2% Verify

Seismic_6 634 342 9 228 4% Verify 3 185 1% Verify 342 -7 422 -2% Verify

Seismic_7 731 395 -55 247 -22% Verify -71 197 -36% Verify 395 -13 457 -3% Verify

Seismic_8 731 395 -55 247 -22% Verify -71 197 -36% Verify 395 -13 458 -3% Verify

Seismic_9 412 223 143 168 85% Verify 154 154 100% Verify 223 12 312 4% Verify

Seismic_10 456 246 116 182 64% Verify 126 161 79% Verify 246 6 336 2% Verify

Seismic_11 456 246 116 182 64% Verify 126 161 78% Verify 246 6 337 2% Verify

Seismic_12 401 217 143 165 87% Verify 145 149 97% Verify 217 12 305 4% Verify

Seismic_13 780 422 -98 255 -38% Verify -120 202 -59% Verify 422 -12 473 -2% Verify

Seismic_14 725 392 -71 246 -29% Verify -88 196 -45% Verify 392 -5 456 -1% Verify

Seismic_15 725 392 -71 246 -29% Verify -88 196 -45% Verify 392 -5 456 -1% Verify

Seismic_16 780 422 -98 256 -38% Verify -120 202 -59% Verify 422 -12 473 -2% Verify

Seismic_17 514 278 68 199 34% Verify 72 169 43% Verify 278 6 367 2% Verify

Seismic_18 569 308 41 213 19% Verify 40 176 23% Verify 308 0 394 0% Verify

Seismic_19 612 331 4 223 2% Verify -2 182 -1% Verify 331 1 413 0% Verify

Seismic_20 667 360 -23 235 -10% Verify -34 189 -18% Verify 360 -5 435 -1% Verify

Seismic_21 569 308 41 213 19% Verify 40 176 23% Verify 308 0 394 0% Verify

Seismic_22 612 331 4 223 2% Verify -2 182 -1% Verify 331 1 413 0% Verify

Seismic_23 514 278 68 199 34% Verify 72 169 43% Verify 278 6 368 2% Verify

Seismic_24 667 360 -24 235 -10% Verify -34 189 -18% Verify 360 -5 435 -1% Verify

SLU1_1 764 413 39 253 15% Verify 37 200 19% Verify 413 0 468 0% Verify

SLU1_2 801 433 19 259 7% Verify 14 205 7% Verify 433 4 478 1% Verify

SLU2_1 789 427 23 257 9% Verify 18 203 9% Verify 427 2 475 0% Verify

SLU2_2 750 406 49 251 20% Verify 50 199 25% Verify 406 0 464 0% Verify

SLU3_1 759 410 39 252 16% Verify 38 200 19% Verify 410 0 466 0% Verify

SLU3_2 796 430 20 258 8% Verify 15 204 7% Verify 430 4 477 1% Verify

SLU4_1 785 424 23 256 9% Verify 18 203 9% Verify 424 1 474 0% Verify

SLU4_2 746 403 50 250 20% Verify 50 198 25% Verify 403 0 462 0% Verify

SLU5_1 760 411 35 252 14% Verify 33 200 16% Verify 411 0 467 0% Verify

SLU5_2 821 444 3 261 1% Verify -5 207 -3% Verify 444 6 484 1% Verify

SLU6_1 802 433 9 259 3% Verify 0 205 0% Verify 433 2 479 0% Verify

SLU6_2 737 398 52 248 21% Verify 54 197 27% Verify 398 -1 459 0% Verify

SLU7 590 319 22 218 10% Verify 19 179 11% Verify 319 0 404 0% Verify

SLU8_1 587 317 32 217 15% Verify 32 179 18% Verify 317 0 402 0% Verify

SLU8_2 624 337 13 226 6% Verify 9 183 5% Verify 337 4 418 1% Verify

SLU9_1 612 331 16 223 7% Verify 12 182 7% Verify 331 1 413 0% Verify

SLU9_2 573 310 42 214 20% Verify 44 177 25% Verify 310 0 396 0% Verify

SLU10_1 582 315 33 216 15% Verify 32 178 18% Verify 315 0 400 0% Verify

SLU10_2 619 335 13 225 6% Verify 9 183 5% Verify 335 4 416 1% Verify

SLU11_1 607 328 17 222 7% Verify 13 181 7% Verify 328 1 411 0% Verify

SLU11_2 569 307 43 213 20% Verify 44 176 25% Verify 307 -1 394 0% Verify

SLU12_1 583 315 29 216 13% Verify 27 178 15% Verify 315 0 400 0% Verify

SLU12_2 644 348 -4 230 -2% Verify -11 186 -6% Verify 348 6 426 1% Verify

SLU13_1 625 338 2 226 1% Verify -5 184 -3% Verify 338 2 418 0% Verify

SLU13_2 560 303 46 211 22% Verify 48 175 27% Verify 303 -1 390 0% Verify

SLU14 768 415 29 253 11% Verify 25 201 12% Verify 415 1 469 0% Verify

BENDING OUT OF THE PLANE

Combination 

BENDING IN THE PLANE SHEAR
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    Wall 5: This section is also completely verified. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

N MEd/MRd Verification VEd/VRd Verification MEd/MRd Verification 

kN kN/m2 kNm kNm - - kN kN - - kN/m2 kNm kNm - -

Seismic_1 450 250 100 143 70% Verify 110 157 70% Verify 304 13 313 4% Verify

Seismic_2 450 250 100 143 70% Verify 110 158 70% Verify 304 13 313 4% Verify

Seismic_3 547 304 36 164 22% Verify 36 171 21% Verify 370 8 353 2% Verify

Seismic_4 547 304 35 164 22% Verify 36 171 21% Verify 370 8 353 2% Verify

Seismic_5 633 352 9 180 5% Verify 3 182 1% Verify 428 -7 381 -2% Verify

Seismic_6 634 352 9 180 5% Verify 3 182 1% Verify 428 -7 381 -2% Verify

Seismic_7 731 406 -55 195 -28% Verify -71 194 -37% Verify 494 -13 403 -3% Verify

Seismic_8 731 406 -55 195 -28% Verify -71 194 -37% Verify 494 -13 403 -3% Verify

Seismic_9 400 222 131 131 100% Verify 148 150 98% Verify 271 12 288 4% Verify

Seismic_10 456 253 116 144 80% Verify 126 158 80% Verify 308 6 315 2% Verify

Seismic_11 456 253 116 144 80% Verify 126 158 80% Verify 308 6 315 2% Verify

Seismic_12 401 223 127 131 97% Verify 139 150 92% Verify 271 12 288 4% Verify

Seismic_13 780 434 -98 201 -49% Verify -120 199 -60% Verify 527 -12 410 -3% Verify

Seismic_14 725 403 -71 194 -37% Verify -88 193 -46% Verify 490 -5 402 -1% Verify

Seismic_15 725 403 -71 194 -37% Verify -88 193 -46% Verify 490 -5 402 -1% Verify

Seismic_16 780 434 -98 201 -49% Verify -120 199 -60% Verify 527 -12 410 -3% Verify

Seismic_17 514 286 68 158 43% Verify 72 166 43% Verify 347 6 340 2% Verify

Seismic_18 569 316 41 169 24% Verify 40 174 23% Verify 385 0 361 0% Verify

Seismic_19 612 340 4 177 2% Verify -2 179 -1% Verify 413 1 374 0% Verify

Seismic_20 667 370 -23 186 -13% Verify -34 186 -18% Verify 450 -5 389 -1% Verify

Seismic_21 569 316 41 169 24% Verify 40 174 23% Verify 385 0 361 0% Verify

Seismic_22 612 340 4 177 2% Verify -2 179 -1% Verify 413 1 374 0% Verify

Seismic_23 514 286 68 158 43% Verify 72 166 43% Verify 348 6 340 2% Verify

Seismic_24 667 370 -24 186 -13% Verify -34 186 -18% Verify 451 -5 389 -1% Verify

SLU1_1 764 424 39 199 20% Verify 37 197 19% Verify 516 0 408 0% Verify

SLU1_2 801 445 19 204 9% Verify 14 201 7% Verify 541 4 413 1% Verify

SLU2_1 789 438 23 202 11% Verify 18 200 9% Verify 533 2 411 0% Verify

SLU2_2 750 417 49 198 25% Verify 50 196 25% Verify 507 0 406 0% Verify

SLU3_1 759 422 39 199 20% Verify 38 197 19% Verify 513 0 407 0% Verify

SLU3_2 796 442 20 203 10% Verify 15 201 7% Verify 538 4 412 1% Verify

SLU4_1 785 436 23 202 12% Verify 18 200 9% Verify 530 1 411 0% Verify

SLU4_2 746 414 50 197 25% Verify 50 195 26% Verify 504 0 405 0% Verify

SLU5_1 760 422 35 199 18% Verify 33 197 17% Verify 513 0 408 0% Verify

SLU5_2 821 456 3 206 1% Verify -5 204 -3% Verify 555 6 415 1% Verify

SLU6_1 802 445 9 204 4% Verify 0 202 0% Verify 542 2 413 1% Verify

SLU6_2 737 410 52 196 27% Verify 54 194 28% Verify 498 -1 404 0% Verify

SLU7 590 328 22 173 13% Verify 19 176 11% Verify 399 0 368 0% Verify

SLU8_1 587 326 32 172 19% Verify 32 176 18% Verify 396 0 367 0% Verify

SLU8_2 624 347 13 179 7% Verify 9 181 5% Verify 421 4 378 1% Verify

SLU9_1 612 340 16 177 9% Verify 12 179 7% Verify 413 1 374 0% Verify

SLU9_2 573 318 42 170 25% Verify 44 174 25% Verify 387 0 362 0% Verify

SLU10_1 582 323 33 171 19% Verify 32 175 18% Verify 393 0 365 0% Verify

SLU10_2 619 344 13 178 7% Verify 9 180 5% Verify 418 4 377 1% Verify

SLU11_1 607 337 17 176 9% Verify 13 179 7% Verify 410 1 373 0% Verify

SLU11_2 569 316 43 169 25% Verify 44 174 26% Verify 384 -1 361 0% Verify

SLU12_1 583 324 29 171 17% Verify 27 175 15% Verify 394 0 365 0% Verify

SLU12_2 644 358 -4 182 -2% Verify -11 183 -6% Verify 435 6 384 2% Verify

SLU13_1 625 347 2 179 1% Verify -5 181 -3% Verify 422 2 378 1% Verify

SLU13_2 560 311 46 167 27% Verify 48 172 28% Verify 378 -1 358 0% Verify

SLU14 768 426 29 200 14% Verify 25 198 13% Verify 519 1 409 0% Verify

BENDING OUT OF THE PLANE

Combination 

BENDING IN THE PLANE SHEAR

l 0.8 m

t 2.25 m

3450 kN/m2

2 -

FC 1.2 -

1437.5 kN/m2 

l 0.8 m
t 2.25 m
h 9.3 m
b 1.5

90 kN/m2

56.25 kN/m2

2 -
FC 1.2 -

l 1.85 m

t 0.8 m

3450 kN/m2

2 -

FC 1.2 -

1437.5 kN/m2 

Mechanical parameters 

Bending in the plane

Geometrical parameters

Mechanical parameters 

Shear 

Geometrical parameters

Mechanical parameters 

Bending out of the plane

Geometrical parameters

Table 4-26. Parameters for the verification of the Wall 5.  
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Wall 6: As can be seen from the Table 4-29 the section does not check mainly in shear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

l 9 m

t 0.5 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

l 9 m
t 0.5 m
h 7.2 m
b 1.5

25 kN/m2

15.625 kN/m2

2 -
FC 1.2 -

l 0.5 m

t 9 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

Mechanical parameters 

Bending in the plane

Geometrical parameters

Mechanical parameters 

Shear 

Geometrical parameters

Mechanical parameters 

Bending out of the plane

Geometrical parameters

Table 4-28. Parameters for the verification of the Wall 6. 

Table 4-27. Verification of  section 1 - Wall 5 in Ultimate limit state (SLU) and in Life sustaining 

state (SLV). 

N MEd/MRd Verification VEd/VRd Verification MEd/MRd Verification 

kN kN/m2 kNm kNm - - kN kN - - kN/m2 kNm kNm - -

Seismic_1 450 250 100 143 70% Verify 110 157 70% Verify 304 13 313 4% Verify

Seismic_2 450 250 100 143 70% Verify 110 158 70% Verify 304 13 313 4% Verify

Seismic_3 547 304 36 164 22% Verify 36 171 21% Verify 370 8 353 2% Verify

Seismic_4 547 304 35 164 22% Verify 36 171 21% Verify 370 8 353 2% Verify

Seismic_5 633 352 9 180 5% Verify 3 182 1% Verify 428 -7 381 -2% Verify

Seismic_6 634 352 9 180 5% Verify 3 182 1% Verify 428 -7 381 -2% Verify

Seismic_7 731 406 -55 195 -28% Verify -71 194 -37% Verify 494 -13 403 -3% Verify

Seismic_8 731 406 -55 195 -28% Verify -71 194 -37% Verify 494 -13 403 -3% Verify

Seismic_9 400 222 131 131 100% Verify 148 150 98% Verify 271 12 288 4% Verify

Seismic_10 456 253 116 144 80% Verify 126 158 80% Verify 308 6 315 2% Verify

Seismic_11 456 253 116 144 80% Verify 126 158 80% Verify 308 6 315 2% Verify

Seismic_12 401 223 127 131 97% Verify 139 150 92% Verify 271 12 288 4% Verify

Seismic_13 780 434 -98 201 -49% Verify -120 199 -60% Verify 527 -12 410 -3% Verify

Seismic_14 725 403 -71 194 -37% Verify -88 193 -46% Verify 490 -5 402 -1% Verify

Seismic_15 725 403 -71 194 -37% Verify -88 193 -46% Verify 490 -5 402 -1% Verify

Seismic_16 780 434 -98 201 -49% Verify -120 199 -60% Verify 527 -12 410 -3% Verify

Seismic_17 514 286 68 158 43% Verify 72 166 43% Verify 347 6 340 2% Verify

Seismic_18 569 316 41 169 24% Verify 40 174 23% Verify 385 0 361 0% Verify

Seismic_19 612 340 4 177 2% Verify -2 179 -1% Verify 413 1 374 0% Verify

Seismic_20 667 370 -23 186 -13% Verify -34 186 -18% Verify 450 -5 389 -1% Verify

Seismic_21 569 316 41 169 24% Verify 40 174 23% Verify 385 0 361 0% Verify

Seismic_22 612 340 4 177 2% Verify -2 179 -1% Verify 413 1 374 0% Verify

Seismic_23 514 286 68 158 43% Verify 72 166 43% Verify 348 6 340 2% Verify

Seismic_24 667 370 -24 186 -13% Verify -34 186 -18% Verify 451 -5 389 -1% Verify

SLU1_1 764 424 39 199 20% Verify 37 197 19% Verify 516 0 408 0% Verify

SLU1_2 801 445 19 204 9% Verify 14 201 7% Verify 541 4 413 1% Verify

SLU2_1 789 438 23 202 11% Verify 18 200 9% Verify 533 2 411 0% Verify

SLU2_2 750 417 49 198 25% Verify 50 196 25% Verify 507 0 406 0% Verify

SLU3_1 759 422 39 199 20% Verify 38 197 19% Verify 513 0 407 0% Verify

SLU3_2 796 442 20 203 10% Verify 15 201 7% Verify 538 4 412 1% Verify

SLU4_1 785 436 23 202 12% Verify 18 200 9% Verify 530 1 411 0% Verify

SLU4_2 746 414 50 197 25% Verify 50 195 26% Verify 504 0 405 0% Verify

SLU5_1 760 422 35 199 18% Verify 33 197 17% Verify 513 0 408 0% Verify

SLU5_2 821 456 3 206 1% Verify -5 204 -3% Verify 555 6 415 1% Verify

SLU6_1 802 445 9 204 4% Verify 0 202 0% Verify 542 2 413 1% Verify

SLU6_2 737 410 52 196 27% Verify 54 194 28% Verify 498 -1 404 0% Verify

SLU7 590 328 22 173 13% Verify 19 176 11% Verify 399 0 368 0% Verify

SLU8_1 587 326 32 172 19% Verify 32 176 18% Verify 396 0 367 0% Verify

SLU8_2 624 347 13 179 7% Verify 9 181 5% Verify 421 4 378 1% Verify

SLU9_1 612 340 16 177 9% Verify 12 179 7% Verify 413 1 374 0% Verify

SLU9_2 573 318 42 170 25% Verify 44 174 25% Verify 387 0 362 0% Verify

SLU10_1 582 323 33 171 19% Verify 32 175 18% Verify 393 0 365 0% Verify

SLU10_2 619 344 13 178 7% Verify 9 180 5% Verify 418 4 377 1% Verify

SLU11_1 607 337 17 176 9% Verify 13 179 7% Verify 410 1 373 0% Verify

SLU11_2 569 316 43 169 25% Verify 44 174 26% Verify 384 -1 361 0% Verify

SLU12_1 583 324 29 171 17% Verify 27 175 15% Verify 394 0 365 0% Verify

SLU12_2 644 358 -4 182 -2% Verify -11 183 -6% Verify 435 6 384 2% Verify

SLU13_1 625 347 2 179 1% Verify -5 181 -3% Verify 422 2 378 1% Verify

SLU13_2 560 311 46 167 27% Verify 48 172 28% Verify 378 -1 358 0% Verify

SLU14 768 426 29 200 14% Verify 25 198 13% Verify 519 1 409 0% Verify
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 Wall 7: Also, in this section can be noticed that the shear verification is the most 

critical.  

 

 

 

 

 

 

Table 4-29. Verification of  section 1 - Wall 6 in Ultimate limit state (SLU) and in Life sustaining 

state (SLV). 

l 1.14 m

t 0.7 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

l 0.8 m
t 0.7 m
h 9.3 m
b 1.5

25 kN/m2

15.625 kN/m2

2 -
FC 1.2 -

l 0.7 m

t 0.8 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

Mechanical parameters 

Bending in the plane

Geometrical parameters

Mechanical parameters 

Shear 

Geometrical parameters

Mechanical parameters 

Bending out of the plane

Geometrical parameters

N MEd/MRd Verification VEd/VRd Verification MEd/MRd Verification 

kN kN/m2 kNm kNm - - kN kN - - kN/m2 kNm kNm - -

Seismic_1 263 58 541 1053 51% Verify 109 102 106% No verify 58 7 58 13% Verify

Seismic_2 265 59 537 1060 51% Verify 108 102 105% No verify 59 7 59 12% Verify

Seismic_3 441 98 243 1619 15% Verify -35 126 -28% Verify 98 1 90 1% Verify

Seismic_4 443 98 239 1624 15% Verify -36 127 -29% Verify 98 1 90 1% Verify

Seismic_5 949 211 -576 2575 -22% Verify -39 178 -22% Verify 211 -30 143 -21% Verify

Seismic_6 951 211 -580 2577 -23% Verify -40 179 -22% Verify 211 -30 143 -21% Verify

Seismic_7 1127 250 -873 2681 -33% Verify -183 193 -95% Verify 250 -36 149 -24% Verify

Seismic_8 1129 251 -878 2681 -33% Verify -184 194 -95% Verify 251 -36 149 -24% Verify

Seismic_9 295 66 498 1163 43% Verify 225 107 210% No verify 66 2 65 2% Verify

Seismic_10 501 111 163 1781 9% Verify 181 134 135% No verify 111 -10 99 -10% Verify

Seismic_11 503 112 159 1786 9% Verify 180 134 134% No verify 112 -10 99 -10% Verify

Seismic_12 297 66 494 1170 42% Verify 224 107 209% No verify 66 1 65 2% Verify

Seismic_13 1095 243 -830 2670 -31% Verify -299 191 -157% No verify 243 -30 148 -20% Verify

Seismic_14 891 198 -500 2515 -20% Verify -256 173 -148% No verify 198 -19 140 -14% Verify

Seismic_15 889 198 -495 2513 -20% Verify -255 173 -147% No verify 198 -19 140 -14% Verify

Seismic_16 1097 244 -835 2671 -31% Verify -300 191 -157% No verify 244 -30 148 -21% Verify

Seismic_17 501 111 155 1781 9% Verify 58 134 43% Verify 111 -6 99 -6% Verify

Seismic_18 706 157 -180 2239 -8% Verify 14 156 9% Verify 157 -17 124 -13% Verify

Seismic_19 679 151 -143 2187 -7% Verify -86 153 -56% Verify 151 -12 122 -10% Verify

Seismic_20 885 197 -478 2508 -19% Verify -130 173 -75% Verify 197 -23 139 -16% Verify

Seismic_21 713 158 -194 2251 -9% Verify 11 156 7% Verify 158 -17 125 -14% Verify

Seismic_22 685 152 -157 2200 -7% Verify -89 154 -58% Verify 152 -12 122 -10% Verify

Seismic_23 507 113 141 1798 8% Verify 55 134 41% Verify 113 -6 100 -6% Verify

Seismic_24 891 198 -492 2515 -20% Verify -133 173 -77% Verify 198 -23 140 -17% Verify

SLU1_1 969 215 -327 2593 -13% Verify -44 180 -25% Verify 215 -20 144 -14% Verify

SLU1_2 302 67 1470 1188 124% No verify -272 108 -252% No verify 67 1 66 2% Verify

SLU2_1 959 213 -283 2584 -11% Verify -58 179 -32% Verify 213 -20 144 -14% Verify

SLU2_2 952 212 -259 2578 -10% Verify -40 179 -23% Verify 212 -21 143 -15% Verify

SLU3_1 963 214 -316 2588 -12% Verify -44 180 -25% Verify 214 -20 144 -14% Verify

SLU3_2 296 66 1482 1167 127% No verify -272 107 -255% No verify 66 2 65 3% Verify

SLU4_1 952 212 -271 2578 -11% Verify -58 179 -33% Verify 212 -20 143 -14% Verify

SLU4_2 946 210 -248 2572 -10% Verify -41 178 -23% Verify 210 -20 143 -14% Verify

SLU5_1 950 211 -331 2576 -13% Verify -40 179 -22% Verify 211 -19 143 -13% Verify

SLU5_2 162 36 2665 678 393% No verify -420 85 -493% No verify 36 17 38 44% Verify

SLU6_1 933 207 -257 2560 -10% Verify -63 177 -35% Verify 207 -19 142 -13% Verify

SLU6_2 921 205 -217 2548 -9% Verify -34 176 -19% Verify 205 -20 142 -14% Verify

SLU7 696 155 -168 2220 -8% Verify -38 155 -24% Verify 155 -14 123 -12% Verify

SLU8_1 760 169 -277 2333 -12% Verify -33 161 -20% Verify 169 -16 130 -12% Verify

SLU8_2 93 21 1521 404 377% No verify -261 72 -365% No verify 21 5 22 24% Verify

SLU9_1 750 167 -233 2316 -10% Verify -47 160 -29% Verify 167 -16 129 -12% Verify

SLU9_2 743 165 -209 2304 -9% Verify -29 159 -18% Verify 165 -17 128 -13% Verify

SLU10_1 754 168 -265 2323 -11% Verify -33 160 -21% Verify 168 -15 129 -12% Verify

SLU10_2 87 19 1533 378 405% No verify -261 70 -372% No verify 19 6 21 29% Verify

SLU11_1 744 165 -221 2306 -10% Verify -47 159 -29% Verify 165 -15 128 -12% Verify

SLU11_2 737 164 -197 2294 -9% Verify -29 159 -19% Verify 164 -16 127 -13% Verify

SLU12_1 741 165 -280 2301 -12% Verify -29 159 -18% Verify 165 -15 128 -12% Verify

SLU12_2 370 82 2716 1408 193% No verify -408 117 -348% No verify 82 21 78 27% Verify

SLU13_1 724 161 -206 2271 -9% Verify -51 158 -33% Verify 161 -14 126 -11% Verify

SLU13_2 712 158 -167 2251 -7% Verify -22 156 -14% Verify 158 -16 125 -13% Verify

SLU14 905 201 -219 2530 -9% Verify -49 175 -28% Verify 201 -19 141 -13% Verify
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l 0.8 m
t 0.7 m
h 9.3 m
b 1.5

25 kN/m2

15.625 kN/m2

2 -
FC 1.2 -

l 0.7 m

t 0.8 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

Mechanical parameters 

Shear 

Geometrical parameters

Mechanical parameters 

Bending out of the plane

Geometrical parameters

Table 4-30. Parameters for the verification of the Wall 7. 

Table 4-31. Verification of  section 1 - Wall 7 in Ultimate limit state (SLU) and in Life sustaining 

state (SLV). 

N MEd/MRd Verification VEd/VRd Verification MEd/MRd Verification 

kN kN/m2 kNm kNm - - kN kN - - kN/m2 kNm kNm - -

Seismic_1 59 74 24 29 83% Verify 40 14 286% No verify 106 2 17 14% Verify

Seismic_2 60 75 24 29 82% Verify 40 14 283% No verify 107 2 17 14% Verify

Seismic_3 126 158 19 50 38% Verify 31 19 157% No verify 225 2 25 6% Verify

Seismic_4 126 158 19 51 37% Verify 30 19 155% No verify 226 1 25 6% Verify

Seismic_5 166 208 -14 58 -24% Verify -41 22 -186% No verify 297 1 26 3% Verify

Seismic_6 167 209 -14 58 -24% Verify -41 22 -187% No verify 298 1 26 3% Verify

Seismic_7 233 292 -19 60 -31% Verify -51 26 -196% No verify 415 0 18 0% Verify

Seismic_8 233 292 -19 60 -32% Verify -51 26 -197% No verify 416 0 18 0% Verify

Seismic_9 19 24 17 10 161% No verify 23 9 247% No verify 34 3 6 43% Verify

Seismic_10 51 64 6 26 21% Verify -1 13 -11% Verify 92 2 15 15% Verify

Seismic_11 52 65 5 26 21% Verify -2 13 -14% Verify 92 2 15 15% Verify

Seismic_12 20 25 17 11 156% No verify 23 9 240% No verify 35 3 6 42% Verify

Seismic_13 273 342 -12 55 -21% Verify -33 28 -120% No verify 487 0 8 -5% Verify

Seismic_14 241 302 0 59 -1% Verify -10 26 -36% Verify 431 0 16 0% Verify

Seismic_15 241 302 0 59 0% Verify -9 26 -35% Verify 430 0 16 0% Verify

Seismic_16 273 343 -12 55 -21% Verify -34 28 -121% No verify 488 0 8 -5% Verify

Seismic_17 96 121 11 42 26% Verify 12 17 71% Verify 172 2 23 8% Verify

Seismic_18 128 161 0 51 -1% Verify -12 20 -62% Verify 229 1 26 5% Verify

Seismic_19 163 204 6 57 10% Verify 3 22 12% Verify 290 1 26 4% Verify

Seismic_20 195 244 -5 60 -9% Verify -22 24 -92% Verify 348 1 24 3% Verify

Seismic_21 130 163 -1 51 -2% Verify -13 20 -68% Verify 232 1 26 5% Verify

Seismic_22 164 206 5 57 9% Verify 1 22 6% Verify 294 1 26 4% Verify

Seismic_23 98 123 11 43 25% Verify 11 17 63% Verify 175 2 23 8% Verify

Seismic_24 196 246 -6 60 -10% Verify -23 24 -97% Verify 351 0 23 2% Verify

SLU1_1 204 256 7 60 11% Verify -2 24 -8% Verify 364 2 22 8% Verify

SLU1_2 353 443 -335 34 -999% No verify -891 32 -2821% No verify 631 12 -23 -52% Verify

SLU2_1 204 256 4 60 7% Verify -9 24 -36% Verify 365 2 22 7% Verify

SLU2_2 194 243 3 60 5% Verify -9 24 -36% Verify 346 2 24 9% Verify

SLU3_1 204 255 7 60 11% Verify -2 24 -6% Verify 364 2 22 8% Verify

SLU3_2 354 443 -335 33 -1002% No verify -891 32 -2819% No verify 632 12 -23 -51% Verify

SLU4_1 204 256 4 60 7% Verify -8 24 -35% Verify 365 1 22 6% Verify

SLU4_2 193 242 3 60 5% Verify -8 24 -35% Verify 345 2 24 9% Verify

SLU5_1 202 254 8 60 14% Verify 4 24 15% Verify 361 2 23 7% Verify

SLU5_2 727 911 -560 -296 189% No verify -1479 45 -3292% No verify 1298 19 -367 -5% Verify

SLU6_1 203 254 4 60 7% Verify -8 24 -32% Verify 363 1 23 5% Verify

SLU6_2 185 232 3 59 4% Verify -8 23 -32% Verify 330 2 24 9% Verify

SLU7 146 183 3 55 5% Verify -5 21 -26% Verify 261 1 26 4% Verify

SLU8_1 160 201 6 57 10% Verify 0 22 -1% Verify 286 1 26 6% Verify

SLU8_2 397 498 -336 14 -2361% No verify -890 33 -2661% No verify 710 12 -47 -25% Verify

SLU9_1 161 201 3 57 6% Verify -7 22 -33% Verify 287 1 26 5% Verify

SLU9_2 150 188 2 55 4% Verify -7 21 -33% Verify 267 2 26 7% Verify

SLU10_1 160 200 6 57 10% Verify 0 22 0% Verify 286 1 26 5% Verify

SLU10_2 398 498 -335 14 -2379% No verify -889 33 -2659% No verify 710 12 -47 -25% Verify

SLU11_1 160 201 3 57 6% Verify -7 22 -31% Verify 286 1 26 4% Verify

SLU11_2 150 187 2 55 4% Verify -7 21 -32% Verify 267 2 26 6% Verify

SLU12_1 158 199 8 57 14% Verify 5 22 25% Verify 283 1 26 5% Verify

SLU12_2 771 966 -561 -359 156% No verify -1477 46 -3195% No verify 1376 18 -429 -4% Verify

SLU13_1 159 199 3 57 6% Verify -6 22 -28% Verify 284 1 26 3% Verify

SLU13_2 141 177 2 54 3% Verify -6 20 -29% Verify 252 2 26 7% Verify

SLU14 190 238 3 60 6% Verify -7 24 -30% Verify 340 2 24 6% Verify
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Wall 8:  

 

 

 

 

 

 

 

 

 

l 1.3 m

t 0.7 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

l 1.3 m
t 0.7 m
h 9.3 m
b 1.5

25 kN/m2

15.625 kN/m2

2 -
FC 1.2 -

l 0.7 m

t 1.3 m

1500 kN/m2

2 -

FC 1.2 -

625 kN/m2 

Mechanical parameters 

Bending in the plane

Geometrical parameters

Mechanical parameters 

Shear 

Geometrical parameters

Mechanical parameters 

Bending out of the plane

Geometrical parameters

Table 4-32. Parameters for the verification of the Wall 8. 

Table 4-33. Verification of  section 1 - Wall 8 in Ultimate limit state (SLU) and in Life sustaining 

state (SLV). 

 

N MEd/MRd Verification VEd/VRd Verification MEd/MRd Verification 

kN kN/m2 kNm kNm - - kN kN - - kN/m2 kNm kNm - -

Seismic_1 93 102 44 49 91% Verify 59 26 226% No verify 102 0 26 2% Verify

Seismic_2 93 102 44 49 90% Verify 59 26 225% No verify 102 0 26 1% Verify

Seismic_3 188 206 32 75 42% Verify 20 36 56% Verify 206 0 40 -1% Verify

Seismic_4 188 207 31 75 42% Verify 20 36 55% Verify 207 0 40 -1% Verify

Seismic_5 221 243 28 78 36% Verify -12 39 -31% Verify 243 -4 42 -8% Verify

Seismic_6 221 243 28 78 36% Verify -12 39 -32% Verify 243 -4 42 -8% Verify

Seismic_7 316 347 15 71 21% Verify -51 46 -111% No verify 347 -4 38 -11% Verify

Seismic_8 317 348 15 71 21% Verify -51 46 -111% No verify 348 -4 38 -11% Verify

Seismic_9 27 29 53 16 325% No verify 79 16 493% No verify 29 0 9 -2% Verify

Seismic_10 65 72 48 37 132% No verify 58 22 259% No verify 72 -1 20 -7% Verify

Seismic_11 66 72 48 37 131% No verify 58 22 257% No verify 72 -1 20 -7% Verify

Seismic_12 27 30 53 17 320% No verify 79 16 489% No verify 30 0 9 -3% Verify

Seismic_13 382 420 6 52 12% Verify -71 50 -142% No verify 420 -4 28 -13% Verify

Seismic_14 344 378 11 64 17% Verify -50 48 -106% No verify 378 -2 35 -7% Verify

Seismic_15 344 378 11 65 17% Verify -50 48 -105% No verify 378 -2 35 -7% Verify

Seismic_16 383 420 6 52 12% Verify -71 50 -143% No verify 420 -4 28 -13% Verify

Seismic_17 137 151 39 64 60% Verify 34 31 111% No verify 151 -1 34 -3% Verify

Seismic_18 176 193 34 73 46% Verify 13 35 38% Verify 193 -2 39 -5% Verify

Seismic_19 232 255 26 78 33% Verify -4 39 -11% Verify 255 -2 42 -4% Verify

Seismic_20 271 298 21 77 27% Verify -26 42 -60% Verify 298 -3 42 -7% Verify

Seismic_21 177 194 33 73 46% Verify 12 35 35% Verify 194 -2 39 -6% Verify

Seismic_22 234 257 26 78 33% Verify -5 40 -14% Verify 257 -2 42 -4% Verify

Seismic_23 138 152 38 64 60% Verify 33 31 108% No verify 152 -1 35 -3% Verify

Seismic_24 272 299 21 77 27% Verify -27 43 -62% Verify 299 -3 42 -7% Verify

SLU1_1 285 313 43 76 57% Verify 7 43 17% Verify 313 -3 41 -8% Verify

SLU1_2 288 317 60 76 80% Verify 100 44 229% No verify 317 15 41 37% Verify

SLU2_1 283 311 44 76 58% Verify 14 43 33% Verify 311 -2 41 -6% Verify

SLU2_2 294 323 41 75 55% Verify 5 44 12% Verify 323 -3 40 -8% Verify

SLU3_1 290 319 43 75 58% Verify 8 44 18% Verify 319 -3 41 -8% Verify

SLU3_2 294 323 61 75 81% Verify 301 44 683% No verify 323 15 40 37% Verify

SLU4_1 288 317 45 76 59% Verify 15 44 34% Verify 317 -2 41 -6% Verify

SLU4_2 299 329 42 74 56% Verify 6 45 13% Verify 329 -3 40 -8% Verify

SLU5_1 275 302 41 77 53% Verify 3 43 6% Verify 302 -3 42 -8% Verify

SLU5_2 281 308 70 77 91% Verify 492 43 1139% No verify 308 27 41 66% Verify

SLU6_1 272 298 43 77 56% Verify 15 42 34% Verify 298 -2 42 -5% Verify

SLU6_2 290 318 38 75 50% Verify -1 44 -1% Verify 318 -3 41 -8% Verify

SLU7 205 225 30 77 39% Verify 4 37 11% Verify 225 -2 41 -5% Verify

SLU8_1 223 246 34 78 44% Verify 6 39 15% Verify 246 -3 42 -6% Verify

SLU8_2 227 249 51 78 66% Verify 49 39 126% No verify 249 16 42 37% Verify

SLU9_1 221 243 36 78 46% Verify 13 39 34% Verify 243 -2 42 -5% Verify

SLU9_2 232 255 32 78 41% Verify 4 39 10% Verify 255 -3 42 -6% Verify

SLU10_1 229 251 35 78 44% Verify 7 39 17% Verify 251 -3 42 -6% Verify

SLU10_2 232 255 52 78 66% Verify 300 39 760% No verify 255 16 42 37% Verify

SLU11_1 227 249 36 78 46% Verify 14 39 35% Verify 249 -2 42 -4% Verify

SLU11_2 238 261 33 79 42% Verify 5 40 12% Verify 261 -2 42 -6% Verify

SLU12_1 214 235 32 77 41% Verify 2 38 4% Verify 235 -3 42 -7% Verify

SLU12_2 219 241 61 78 78% Verify 49 38 128% No verify 241 28 42 66% Verify

SLU13_1 210 231 34 77 44% Verify 13 38 35% Verify 231 -2 42 -4% Verify

SLU13_2 228 251 29 78 37% Verify -2 39 -5% Verify 251 -3 42 -6% Verify

SLU14 266 292 39 78 50% Verify 5 42 12% Verify 292 -2 42 -6% Verify
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    Wall 9: this section is related to the bell tower, as before the most critical section of 

this part of the structure was chosen. From the results obtained it can be seen that the 

wall does not verify, the verification that is least satisfied is the one related to the shear. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    

l 5 m

t 1.9 m

2000 kN/m2

2 -

FC 1.2 -

833.333 kN/m2 

l 5 m
t 1.9 m
h 7.2 m
b 1.5

45 kN/m2

28.125 kN/m2

2 -
FC 1.2 -

l 1.9 m

t 5 m

2000 kN/m2

2 -

FC 1.2 -

833.333 kN/m2 

Mechanical parameters 

Bending in the plane

Geometrical parameters

Mechanical parameters 

Shear 

Geometrical parameters

Mechanical parameters 

Bending out of the plane

Geometrical parameters

Table 4-34. Parameters for the verification of the 

Wall 9. 

N MEd/MRd Verification VEd/VRd Verification MEd/MRd Verification 

kN kN/m2 kNm kNm - - kN kN - - kN/m2 kNm kNm - -

Seismic_1 1374 145 5228 2733 191% No verify 1128 441 256% No verify 145 74 1039 7% Verify

Seismic_2 1465 154 5223 2866 182% No verify 1122 454 247% No verify 154 72 1089 7% Verify

Seismic_3 2942 310 3756 4139 91% Verify 738 617 120% No verify 310 22 1573 1% Verify

Seismic_4 3033 319 3751 4165 90% Verify 732 626 117% No verify 319 20 1583 1% Verify

Seismic_5 4408 464 -3589 3801 -94% Verify -927 745 -124% No verify 464 -171 1445 -12% Verify

Seismic_6 4500 474 -3594 3727 -96% Verify -932 752 -124% No verify 474 -173 1416 -12% Verify

Seismic_7 5976 629 -5061 1672 -303% No verify -1317 861 -153% No verify 629 -223 635 -35% Verify

Seismic_8 6068 639 -5066 1491 -340% No verify -1322 867 -152% No verify 639 -225 567 -40% Verify

Seismic_9 606 64 3859 1379 280% No verify 864 322 268% No verify 64 49 524 9% Verify

Seismic_10 1516 160 1214 2937 41% Verify 247 460 54% Verify 160 -24 1116 -2% Verify

Seismic_11 1608 169 1209 3060 40% Verify 242 472 51% Verify 169 -26 1163 -2% Verify

Seismic_12 698 73 3854 1564 246% No verify 858 339 254% No verify 73 48 594 8% Verify

Seismic_13 6743 710 -3693 -36 10304% No verify -1053 912 -115% No verify 710 -198 -14 1457% No verify

Seismic_14 5925 624 -1052 1770 -59% Verify -442 858 -52% Verify 624 -126 673 -19% Verify

Seismic_15 5833 614 -1047 1942 -54% Verify -436 851 -51% Verify 614 -125 738 -17% Verify

Seismic_16 6835 719 -3697 -269 1373% No verify -1058 918 -115% No verify 719 -200 -102 195% No verify

Seismic_17 2329 245 2148 3807 56% Verify 415 555 75% Verify 245 -10 1447 -1% Verify

Seismic_18 3239 341 -498 4200 -12% Verify -201 645 -31% Verify 341 -83 1596 -5% Verify

Seismic_19 3897 410 676 4101 16% Verify 25 703 4% Verify 410 -62 1558 -4% Verify

Seismic_20 4807 506 -1969 3433 -57% Verify -591 776 -76% Verify 506 -136 1304 -10% Verify

Seismic_21 3545 373 -514 4194 -12% Verify -219 673 -33% Verify 373 -89 1594 -6% Verify

Seismic_22 4203 442 659 3945 17% Verify 7 729 1% Verify 442 -67 1499 -4% Verify

Seismic_23 2634 277 2131 4008 53% Verify 397 587 68% Verify 277 -15 1523 -1% Verify

Seismic_24 5113 538 -1986 3070 -65% Verify -609 799 -76% Verify 538 -141 1167 -12% Verify

SLU1_1 4894 515 -144 3337 -4% Verify -188 783 -24% Verify 515 -95 1268 -7% Verify

SLU1_2 5025 529 2001 3181 63% Verify 1144 793 144% No verify 529 153 1209 13% Verify

SLU2_1 5025 529 191 3181 6% Verify -111 793 -14% Verify 529 -98 1209 -8% Verify

SLU2_2 4761 501 33 3481 1% Verify -109 773 -14% Verify 501 -100 1323 -8% Verify

SLU3_1 4905 516 -168 3324 -5% Verify -200 784 -26% Verify 516 -96 1263 -8% Verify

SLU3_2 5037 530 1977 3167 62% Verify 1133 794 143% No verify 530 152 1203 13% Verify

SLU4_1 5036 530 167 3167 5% Verify -123 794 -15% Verify 530 -99 1204 -8% Verify

SLU4_2 4772 502 9 3469 0% Verify -121 774 -16% Verify 502 -101 1318 -8% Verify

SLU5_1 4873 513 -330 3360 -10% Verify -254 781 -33% Verify 513 -92 1277 -7% Verify

SLU5_2 5092 536 3246 3097 105% No verify 1967 798 247% No verify 536 321 1177 27% Verify

SLU6_1 5092 536 230 3097 7% Verify -126 798 -16% Verify 536 -97 1177 -8% Verify

SLU6_2 4652 490 -34 3590 -1% Verify -123 764 -16% Verify 490 -101 1364 -7% Verify

SLU7 3721 392 81 4159 2% Verify -97 688 -14% Verify 392 -75 1580 -5% Verify

SLU8_1 3778 398 -169 4142 -4% Verify -159 693 -23% Verify 398 -72 1574 -5% Verify

SLU8_2 3909 411 1977 4096 48% Verify 1173 704 167% No verify 411 176 1556 11% Verify

SLU9_1 3909 411 167 4096 4% Verify -82 704 -12% Verify 411 -75 1556 -5% Verify

SLU9_2 3645 384 9 4177 0% Verify -80 682 -12% Verify 384 -77 1587 -5% Verify

SLU10_1 3789 399 -193 4139 -5% Verify -171 694 -25% Verify 399 -73 1573 -5% Verify

SLU10_2 3920 413 1953 4091 48% Verify 1162 705 165% No verify 413 175 1555 11% Verify

SLU11_1 3920 413 143 4091 3% Verify -94 705 -13% Verify 413 -76 1555 -5% Verify

SLU11_2 3656 385 -15 4174 0% Verify -92 683 -13% Verify 385 -79 1586 -5% Verify

SLU12_1 3757 395 -354 4149 -9% Verify -225 691 -33% Verify 395 -70 1576 -4% Verify

SLU12_2 3976 419 3222 4067 79% Verify 1996 710 281% No verify 419 344 1545 22% Verify

SLU13_1 3976 419 205 4067 5% Verify -96 710 -14% Verify 419 -75 1545 -5% Verify

SLU13_2 3536 372 -58 4195 -1% Verify -94 672 -14% Verify 372 -78 1594 -5% Verify

SLU14 4837 509 105 3400 3% Verify -126 779 -16% Verify 509 -98 1292 -8% Verify

Combination 
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To conclude, as foreseen in this chapter, verifications of the walls that make up the 

church were carried out. Applying all the corresponding verifications , it can be said 

that the predominant failure is due to the shear that occurs in the walls, which is 

strongly linked to the mechanical resistance.  

The most stressed and worst conditioned walls are the bell tower, both from a dynamic 

and static point of view, as they do not pass the shear verification and do not pass the 

bending for lateral loads verification.  

   The bell tower, in turn, besides being the element that is dynamically and statically 

in the worst state, also presents considerable displacements in both cases. For the 

purposes of the model of calculation this can be explained by the fact that, the different 

floors of the bell tower, distributed along its height, were not considered as rigid planes, 

since after several inspections carried out on the site, they are in a state that does not 

allow us to consider them as structural.  

 

4.4 Vault verification 

The statics of masonry arches is treated scientifically only from the end of the 18th 

century with the studies of Coulomb. The concept of the pressure curve and its method 

for a minimal thrust was developed by Mèry  in the latter half of the 19th century. [23] 

Table 4-35. Verification of  section 1 - Wall 9 in Ultimate limit state (SLU) and in Life sustaining state 

(SLV). 

N MEd/MRd Verification VEd/VRd Verification MEd/MRd Verification 

kN kN/m2 kNm kNm - - kN kN - - kN/m2 kNm kNm - -

Seismic_1 1374 145 5228 2733 191% No verify 1128 441 256% No verify 145 74 1039 7% Verify

Seismic_2 1465 154 5223 2866 182% No verify 1122 454 247% No verify 154 72 1089 7% Verify

Seismic_3 2942 310 3756 4139 91% Verify 738 617 120% No verify 310 22 1573 1% Verify

Seismic_4 3033 319 3751 4165 90% Verify 732 626 117% No verify 319 20 1583 1% Verify

Seismic_5 4408 464 -3589 3801 -94% Verify -927 745 -124% No verify 464 -171 1445 -12% Verify

Seismic_6 4500 474 -3594 3727 -96% Verify -932 752 -124% No verify 474 -173 1416 -12% Verify

Seismic_7 5976 629 -5061 1672 -303% No verify -1317 861 -153% No verify 629 -223 635 -35% Verify

Seismic_8 6068 639 -5066 1491 -340% No verify -1322 867 -152% No verify 639 -225 567 -40% Verify

Seismic_9 606 64 3859 1379 280% No verify 864 322 268% No verify 64 49 524 9% Verify

Seismic_10 1516 160 1214 2937 41% Verify 247 460 54% Verify 160 -24 1116 -2% Verify

Seismic_11 1608 169 1209 3060 40% Verify 242 472 51% Verify 169 -26 1163 -2% Verify

Seismic_12 698 73 3854 1564 246% No verify 858 339 254% No verify 73 48 594 8% Verify

Seismic_13 6743 710 -3693 -36 10304% No verify -1053 912 -115% No verify 710 -198 -14 1457% No verify

Seismic_14 5925 624 -1052 1770 -59% Verify -442 858 -52% Verify 624 -126 673 -19% Verify

Seismic_15 5833 614 -1047 1942 -54% Verify -436 851 -51% Verify 614 -125 738 -17% Verify

Seismic_16 6835 719 -3697 -269 1373% No verify -1058 918 -115% No verify 719 -200 -102 195% No verify

Seismic_17 2329 245 2148 3807 56% Verify 415 555 75% Verify 245 -10 1447 -1% Verify

Seismic_18 3239 341 -498 4200 -12% Verify -201 645 -31% Verify 341 -83 1596 -5% Verify

Seismic_19 3897 410 676 4101 16% Verify 25 703 4% Verify 410 -62 1558 -4% Verify

Seismic_20 4807 506 -1969 3433 -57% Verify -591 776 -76% Verify 506 -136 1304 -10% Verify

Seismic_21 3545 373 -514 4194 -12% Verify -219 673 -33% Verify 373 -89 1594 -6% Verify

Seismic_22 4203 442 659 3945 17% Verify 7 729 1% Verify 442 -67 1499 -4% Verify

Seismic_23 2634 277 2131 4008 53% Verify 397 587 68% Verify 277 -15 1523 -1% Verify

Seismic_24 5113 538 -1986 3070 -65% Verify -609 799 -76% Verify 538 -141 1167 -12% Verify

SLU1_1 4894 515 -144 3337 -4% Verify -188 783 -24% Verify 515 -95 1268 -7% Verify

SLU1_2 5025 529 2001 3181 63% Verify 1144 793 144% No verify 529 153 1209 13% Verify

SLU2_1 5025 529 191 3181 6% Verify -111 793 -14% Verify 529 -98 1209 -8% Verify

SLU2_2 4761 501 33 3481 1% Verify -109 773 -14% Verify 501 -100 1323 -8% Verify

SLU3_1 4905 516 -168 3324 -5% Verify -200 784 -26% Verify 516 -96 1263 -8% Verify

SLU3_2 5037 530 1977 3167 62% Verify 1133 794 143% No verify 530 152 1203 13% Verify

SLU4_1 5036 530 167 3167 5% Verify -123 794 -15% Verify 530 -99 1204 -8% Verify

SLU4_2 4772 502 9 3469 0% Verify -121 774 -16% Verify 502 -101 1318 -8% Verify

SLU5_1 4873 513 -330 3360 -10% Verify -254 781 -33% Verify 513 -92 1277 -7% Verify

SLU5_2 5092 536 3246 3097 105% No verify 1967 798 247% No verify 536 321 1177 27% Verify

SLU6_1 5092 536 230 3097 7% Verify -126 798 -16% Verify 536 -97 1177 -8% Verify

SLU6_2 4652 490 -34 3590 -1% Verify -123 764 -16% Verify 490 -101 1364 -7% Verify

SLU7 3721 392 81 4159 2% Verify -97 688 -14% Verify 392 -75 1580 -5% Verify

SLU8_1 3778 398 -169 4142 -4% Verify -159 693 -23% Verify 398 -72 1574 -5% Verify

SLU8_2 3909 411 1977 4096 48% Verify 1173 704 167% No verify 411 176 1556 11% Verify

SLU9_1 3909 411 167 4096 4% Verify -82 704 -12% Verify 411 -75 1556 -5% Verify

SLU9_2 3645 384 9 4177 0% Verify -80 682 -12% Verify 384 -77 1587 -5% Verify

SLU10_1 3789 399 -193 4139 -5% Verify -171 694 -25% Verify 399 -73 1573 -5% Verify

SLU10_2 3920 413 1953 4091 48% Verify 1162 705 165% No verify 413 175 1555 11% Verify

SLU11_1 3920 413 143 4091 3% Verify -94 705 -13% Verify 413 -76 1555 -5% Verify

SLU11_2 3656 385 -15 4174 0% Verify -92 683 -13% Verify 385 -79 1586 -5% Verify

SLU12_1 3757 395 -354 4149 -9% Verify -225 691 -33% Verify 395 -70 1576 -4% Verify

SLU12_2 3976 419 3222 4067 79% Verify 1996 710 281% No verify 419 344 1545 22% Verify

SLU13_1 3976 419 205 4067 5% Verify -96 710 -14% Verify 419 -75 1545 -5% Verify

SLU13_2 3536 372 -58 4195 -1% Verify -94 672 -14% Verify 372 -78 1594 -5% Verify

SLU14 4837 509 105 3400 3% Verify -126 779 -16% Verify 509 -98 1292 -8% Verify

Combination 
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In general, a ‘exact’ calculation of the masonry arch is extremely difficult, if not 

impossible, because the material laws are not precisely known and it is difficult to 

consider the effects of settlements, cracks, load patterns etc.  

For the verification of the vaults in masonry, in a static configuration, the calculation 

program used was Arco. The "safe theorem" of the plastic analysis method, often 

known as the "lower bound" or "equilibrium" theorem, serves as the basis for the 

program.  

The “safe theorem” can be stated as follow: “a masonry arch is safe if a line of thrust, 

in equilibrium with external loads and lying wholly within the thickness, can be found 

and the corresponding stresses are sufficiently low.” [24] 

The software uses the Mèry method (1840), which states that the static verification 

of the arch requires the determination of the pressure curve to check that this curve 

is contained in the central core of inertia of the segments. If this condition is verified, 

the arch will be fully compressed, without any tensile stress zone.   

Mèry demonstrated that for a symmetrically loaded and constrained arch, the static 

regime could be determined using an equilibrium polygon with forced passage for two 

points the upper middle third of the section in the correct horizontal action key and 

the lower middle third in the section at the ends (Figure 4-34. The springers represent 

the weakest zone of this structure which, when subjected to uniformly distributed load, 

reveals any cracks in this zone, together with the key point. [25] In this way, knowing 

the external loads, it was possible to obtain the course of the pressure curve. 

 

 

 

 

 

 

 

 

Springer Joint 

Figure 4-34.  
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Since the arc is symmetrically loaded, the study can be limited to half of it, applying 

the transmitted force of the remaining part to the key section (Figure 4-35. 

 

 

 

 

 

 

 

 

 

 

 

In order to draw the pressure curve, the reaction Q and the thrust of the arch named 

as S need to be determined. Knowing the weights of the individual arch segments and 

the weight of the superstructure bearing on each segment, it is possible to determine 

the resultant of the applied vertical load (Figure 4-36. 

This resultant can be determined using the point-tail method to determine the 

position of the resultant of the weight forces by choosing an arbitrary pole P and 

drawing the vertex-joints of each vector from pole to vector. Using the straight lines 

Figure 4-35.  

Figure 4-36.  
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from pole P, the line of action of the resultant and the thrust of the arc can be 

determined. By drawing the lines of action of each weight force from p1 to pn and 

drawing the lines from the pole p to the vertices of the vectors until they meet the 

lines of action of the weight forces, one will obtain a line through which the line of 

action of the resultant can be determined. Once the line of action of the resultant is 

known, it is possible to determine the line of action of the thrust S, by imposing the 

passage of this line to the lower middle third in the section at the springers and for 

the intersection of the line of action of the resultant is the line of action of the reaction 

in key Q (Figure 4-37.Figure 4-39.) 

 

 

 

 

 

 

 

 

 

 

Given the reactions of all the forces, the modulus of each force can be determined 

graphically. At this point it is possible to identify the pressure curve using the pole P' 

which is identified by the line of action of the force Q and the thrust S, by drawing the 

straight lines joining the pole P with the vectors of the weight forces it is possible to 

obtain the pressure curve, if this curve is contained in the central core of inertia of the 

arc then the arc will result to be entirely compressed (Figure 4-39.).  

 

 

 

 

Arbitrary 

Pole 

Figure 4-37. 
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Once the method used by the software was understood, the implementation of it was 

started. The software's interface is user-friendly and intuitive, allowing the user to set 

the language in which the program is to be operated, Italian or English.  

First of all, the geometry of the problem must be set, where various parameters such 

as length, thickness and the layers above the dome are required, as well as other 

parameters. Regarding the definition of the densities, since the dead load effect is 

Figure 4-39.  

Arc completely  

compressed 

Pole P’ 

Arbitrary 

Pole 

Figure 4-38 
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favourable as it tends to centre the thrust line, a partial factor value 0.9 was applied 

to the material densities. [26] 

 

 

 

 

 

 

 

 

 

  

Once the geometry has been defined, the program plots it in a format very similar to 

AutoCAD. Then, it is necessary to define if there is any type of live load (q)  in the 

vaults, in which the value and the start and end position must be specified.  In the 

case of the overload a partial factor  of 2.0 was adopted to allow also for uncertainties 

in the arch geometry. 

 

 

 

 

 

 

 

 

Then, the solve options must be set, once done that the solution is obtained. The 

trust-line is drawn in blue, the diagrams of the maximum stresses in each section at 

extrados (green curve) and intrados (magenta curve). Maximum stresses are 

calculated according to the classical elastic theory for no-tension materials, that is:  

Figure 4-40. Definition of the geometry in Arco Software. 

Figure 4-41. Definition of the Load  in Arco Software. 
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σmax =
2N

3u
 

 

(41) 

 

being N the compression axial force per ring unit width and u the distance of the 

trust-line from the compressed edge. If the trust-line lies outside the ring thickness, 

no equilibrium is possible without tension, and stresses are calculated as if the section 

were wholly reactive:  

σmax =
N

t
±
6Ne

t2
 

 

(42) 

 

It is important to mention that in order to be on the side of security,   backfill  is  

taken  into  account  as  a  mere  vertical surcharge, ignoring  the horizontal passive 

pressures which can be mobilized when the  arch  sways  into  the  backfill. [26] 

To get a more realistic representation of what the vaults are and how to divide them, 

it was decided to divide them into three different sections, obtaining arches with 

different diameters. In turn, based on the results previously analysed, it was decided 

to take the geometry of the most required vault.  

 

 

 

 

 

 

 

 

    As can be seen in the Figure 4-42, the vaults has been divided in 3 different 

segments, the first segment indicated with the number 1 corresponds to the first ach, 

the segment 2 corresponds to the diagonal of the vault, and finally the segment 3 

corresponds to the transversal arch.  

Figure 4-42. Division of the vaults in different segments. 
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    The following are the diagrams of the different vaults, and the results obtained with 

the use of the software. Starting with the analysis of the central vault, the results are 

as follows.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Figure 4-43 represents the pressure line obtained for the section 1 related to 

the central vault, as can be seen two results are displayed, first the maximum stresses 

at the intrados (magenta line) and at the extrados (magenta line). Regarding the 

pressure at the intrados, it can be noticed that the results are positive (σi = 0.57  MP ) 

number which represents that the stresses are of compression.   

The program also allows for a detailed report on each of the sections into which the 

arch was divided. It provides for each one the tension at the intrados, extrados, and 

the percentage of compression. Also, the reactions at spring (making a distinction 

between the right and the left side) and at the walls are determined. In addition, the 

software supplies the tie  thrust that needs to be applied. 

Figure 4-43. Pressure line of the Central Vault- Centred distributed load - Section 1. 
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From the Figure 4-44 it can be seen that section 11 experiences the maximum 

compression stress. Analyzing the situation in which the distributed load is not 

centered, it is located in a lateral side, the result obtained is described by the Figure 

4-45, where it can be noticed that σe12.9  MP , while σi = −0.633 MP .  

 

 

 

 

 

 

Figure 4-44. Report of the section 1 related to the Central Vault. 
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The same procedure conducted previously was executed on the remaining sections 

of the vaults under examination. The subsequent section presents the outcomes 

obtained for the left and right vaults.  

Continuing with the vault of the left-hand side, the examined portion was Section 2, 

which corresponds to the diagonal of the vault. This particular section holds the 

highest dimensions, making it the most critical segment of analysis. From the Figure 

4-46, it can be noticed that for this condition on load, the vault is in equilibrium, as 

not traction stresses are present, whit values of stresses at the intrados and extrados 

of σe = −1.01 MP   MP   nd σi = 10.8MP  . 

 Also, evaluating the case in which the distributed load is not symmetrical (Figure 

4-47)it is possible to notice that the vault is not under equilibrium, with values of σe =

−1.39  MP   nd σi = 10.8 MP .  

  

 

Figure 4-45 - Pressure line of the Central Vault- Asymmetrical Lateral 

distributed load - Section 1. 
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Finally, the results obtained for the case of the right-side vault are detailed. The same 

considerations were assumed as for the previous cases, the structure was divided into 

Figure 4-46. Pressure line of the Left Lateral Vault- Centred distributed load - 

Section 2. 

Figure 4-47.  Pressure line of the Left Lateral Vault- Asymmetrical load - 

Section 2. 
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the same number of sections and the analysis of the influence of a non-symmetrical 

load was considered.  

 In the case of section 2, which represents the diagonal of the vault, it can be 

observed that for the symmetric load it is not in equilibrium (Figure 4-48), with values 

of tension for the intrados and extrados equal to  σe = −0.695 MP   nd σi = −4.55MP .  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-48. Pressure line of the Lateral Right Vault – Condition of 

centred distributed load - Section 2. 
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In the case of asymmetric loading, the condition of non-equilibrium is repeated with 

values equal to σe = −0.695 MP   nd σi = −4.55MP .. This can be observed in Figure 

4-49. 

 

The Table 4-36 represents a summary of the analyzed vaults with the results 

obtained. From this table it can be seen that of all the sections analyzed, considering 

both load positions, whether symmetrical or non-symmetrical, the section always has 

an internal tensile stress. 

Furthermore, it can be observed that the compressive stresses are high, surpassing 

the allowable limits for the masonry's resistance capacity. For this reason, some 

action should be taken to solve this problem. 

Figure 4-49. Pressure line of the Lateral Right Vault – Condition of asymmetrical load - Section 

2. 
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It is important to mention that during the modeling process in this software, several 

iterations were performed to optimize the geometry and achieve the best results. 

Multiple attempts were made to refine the analysis and obtain the most accurate 

outcomes. 

 

 

 

 

 

 

 

 

 

After applying this graphical method to perform the verification of the vaults some 

weaknesses can be seen. The first is based on the fact that it is a graphical method, 

which is approximate. The second is that the method presents a restriction which is 

the boundary condition, not in all cases the boundary condition between the vaults 

and the walls is simply supported. For this reason, in many cases it may be that the 

structural element passes the verification through this method, but then when it is 

inspected it shows cracks.  

 

 

 

 

 

 

 

Table 4-36. Results of the vault verification. 

Vault Division [MPa] [MPa] [MPa] [MPa]

1 0.79 0.577 12.9 -0.633

2 4.57 -1.87 8.21 -2.34

3 -0.826 5.52 -0.7282 0.25

1 -0.254 1.44 -0.267 2.74

2 -0.695 4.55 -1.1 7.17

3 -0.745 4 -0.329 7.86

1 -0.14 2.14 -0.327 0.479

2 -1.01 7.82 -1.39 10.8

3 0.291 0.6 -0.396 1.2

Position
Symetrical Load Non Symmetrical load

Central 

Right Lateral

Left Lateral 
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5       
       Local analysis 

 

In the “Norme Tecniche per le Costruzioni 2018” it is indicated that in masonry 

constructions subject to seismic action, particularly in buildings, local mechanisms 

and overall mechanisms can occur. Local mechanisms affect individual masonry 

panels or larger portions of the building and are favored by the absence or poor 

effectiveness of connections between walls and horizons and at masonry intersections. 

The safety of the construction must be assessed against both types of mechanism.  

For the seismic analysis of local mechanisms, the methods of limit analysis of the 

equilibrium of masonry structures can be used, considering, albeit in an approximate 

form, the compressive strength of the masonry , the quality of the connection between 

the masonry walls, and the presence of chains and tie rods. With such methods, it is 

possible to assess the seismic capacity in terms of resistance or in terms of 

displacement. 
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5.1 Calculation Method  

Out-of-plane failure mechanism analysis are developed with limit analysis, basing on 

kinematic approach which consists in the evaluation of horizontal action that activate 

the specific mechanism considered basing on the geometry and the constraints of the 

wall.  

5.1.1 Linear Kinematic Analysis  

 

Out-of-plane failures on walls are usually caused by actions perpendicular to wall's 

plane. Current regulations suggest checking in and out-of-plane failures with limit 

analysis, with kinematic approach, which consists in the evaluation of horizontal 

action that activate the specific mechanism considered basing on the geometry and 

the constraints of the wall. In the kinematic analysis it is considered that masonry is 

composed by rigid bodies. The aim of this analysis is to evaluate the limit equilibrium 

conditions of these rigid bodies. [27] 

For each failure mechanism considered the analysis requires the following steps:  

− the structure is commuted into a kinematic chain finding on the masonry one or 

more rigid bodies which are allowed to mutually rotate.  

− evaluation of the multiplier of horizontal loads 𝛼0which entails the activation of the 

mechanism.  

− evaluation, with non-linear kinematic analysis, of the evolution of the multiplier of 

horizontal loads 𝛼 at the increasing of the displacement 𝑑𝑘 of a control point of the 

kinematic chain, usually the centre of mass, till the annulment of the horizontal force 

due to seismic action.  

− conversion of the curve into capacity curve, or in spectral acceleration 𝑎∗ and 

spectral displacement 𝑑∗, with evaluation of the ultimate displacement due to the 

mechanism (ultimate limit state).  

− safety checks, performed controlling compatibility of displacements and/or 

resistance.  

The following assumptions are made for the application of the method:  

- masonry tension resistance is null  

- rigid bodies can't mutually slide.  
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- masonry has an infinite compression resistance 

With linear kinematic analysis it's possible to find, after a virtual rotation 𝜗𝐾is 

assigned to the generic rigid body k, the displacements function of the assigned 

rotation and of the geometry of the structure. The load multiplier 𝛼0 is obtained 

applying the virtual work principle, written in term of displacements, imposing that 

the total work of external forces is equal to the total work of internal forces, as follows:  

 

(43) 

 

 

where: 

• n is the number of all weight forces applied to the different blocks of the 

kinematic chain.  

• m is the number of external forces, taken independent of the seismic action, 

applied to the different blocks.  

• Pk is the result of the weight forces applied to the k-th block (weight of the 

block, applied in its center of gravity, added to the other weights carried).  

• Qk it is the result of the weight forces not on the k-th block but whose mass 

generates a horizontal seismic force on it, as it is not effectively transmitted 

to other parts of the building.  

• Fk is the generic external force applied to one of the blocks; these forces can 

favor the activation of the mechanism (for example, thrust of times) or hinder 

it (for example, contrast arcs, that is, the forces of attraction that develop in 

the presence of parts of the construction not involved in the mechanism).  

• δpy,k is the vertical virtual displacement of the center of gravity of the forces of 

own weight and Pk flows, acting on the k-th block, assumed positive if upward.  

• δF,k is the virtual displacement of the point of application of the external force 

Fk, projected in the direction of the same (positive or negative sign depending 

on whether it favors or contrasts the mechanism).  

• δPQ,k is the virtual horizontal displacement of the center of gravity of the 

horizontal forces α (Pk + Qk) acting on the k-th block, assuming as positive 

the one of the seismic action that activates the mechanism.  
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• Li is the total work of possible internal forces (lengthening of a chain, sliding 

with friction in the presence of clenching between the blocks of the 

mechanism, due to translational or torsional motions, deformation in the 

plane of floors connected or not rigid). 

In the case of linear kinematic analysis, the checks to be carried out are 

distinguished at the quota at which the kinematics is being evaluated, making a 

distinction between the ground quota and at elevated quota. If the check concerns an 

isolated element, or a section of the construction however substantially placed on the 

ground, the security check is executed if the spectral acceleration  0
∗  that starts the 

mechanism, compared with the acceleration to the ground, respects the following 

inequality:  

For a Damage Limit State. 

At quota zero:  

 

(44) 

 

At elevated quota:  

 

(45) 

 

Where:  

  

(46) 

 

 

For a Life-sustaining Limit State.  

 

At quota zero: 

 

 

(47) 

 

At elevated quota:  
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(48) 

 

 

5.1.2 Nonlinear kinematic analysis  

 

The evolution of kinematic is followed by analytical - numerical, considering a 

sequence of finished virtual rotations and revising varied geometry of the system: fixed 

a finished rotation 𝜗𝐾, we can establish the multiplier 𝛼 corresponding to it, as well as 

done in the example of the starting configuration of the system, but considering of the 

variation of geometry. 

By means of trigonometric relations, supposing that the actions remain unvaried, is 

possible to obtain the expressions for the arms of the acting forces depending on the 

rotation 𝜗𝐾 that the structure makes, and to follow the variations of the coefficient 𝛼 

until his annulment. 

Growing the angle of rotation, there's a decrease of the arm of the vertical forces in 

relation to the cylindrical hinge (for some values of 𝜗𝐾 the point of application of some 

forces comes out of the thread of wall on which we find the rotation pole and, in these 

cases, the moment produced by these forces, that become unstable, will be negative, 

contributing to the decrease of the resistant moment) and an increase of the 

horizontal arm forces: It follows a reduction of the stabilizing moment, that in a certain 

form is annulled, and an increase of the overturning moment. Corresponding, a 

decrease of the coefficient 𝛼, that will be cancelled in that form in which the resistant 

moment is null.  

It's possible to define the angle 𝜗𝐾0  (to which correspond the displacement dk0 of 

the considered control point) that characterize the configuration why there's the 

annulment of the multiplier 𝛼, and to say of the stabilizing moment Ms. 

The security check of the local mechanisms towards the Limit State of life safety 

consists in the comparison between the ultimate displacement capacity du* of the 

local mechanism and the request of displacement obtained by the displacement 

spectrum in correspondence with the secant period TSLV. [27] 

At quota zero: 

z
z,SLV

SLV

a (z)a
q
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(49) 

 

 

At elevated quota:  

 

 

(50) 

 

Where:  

 

(51) 

 

 

5.2 Analysis of the mechanisms 

For the verification of these mechanisms the software used was PRO_CineM which 

enables the automatic analysis of local kinematics.  

As input to the software the geometry of the wall, the materials of which the walls 

are composed, and the roofs must be defined. As far as the material is concerned, it 

is possible to choose between the different types of masonry provided by the 

“NTC2018”. At the same time, it is likewise possible to set the various openings, such 

as doors and windows, as well as the damping walls. The seismic parameters and the 

level of knowledge of the building are also to be entered.  

Of importance, it is to be noted that the various mechanisms that the software is 

able to analyze are the following:  

-Simple overturning kinematics of a single-story monolithic wall.  

-Simple overturning kinematics of a monolithic multiple-story wall.  

-Single-plane and multi-plane diagonal wedge overturning.  

-Vertical deflection of single-story and multi-story monolithic wall.  

-Horizontal deflection of confined and unconfined monolithic wall.  

-Overturning the tympanum.  

*
u De SLVd S (T )

2
* SLV
u ez SLV 2

Td S (T ,ξ,z)
4π



-0.5
ez SLV z,kS (T ,ξ,z)=1.1ξ η(ξ)a (z)
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Once all inputs have been defined, the analysis is carried out. The various walls that 

were verified are presented in the next sections. 

 

5.2.1 Façade  

 In the evaluation of this wall, the influence of the vaults, which exert weight on the 

wall, was considered. The influence of the walls of the main nave, which act as bond 

walls, was also considered. In turn, when defining these walls, it is important to define 

an angle of inclination, in this case because the quality of the masonry is very poor it 

was decided to opt for an angle of 30 degrees.  

At the same time, the presence of the roof covering, which is made of wood, was also 

taken into consideration. The closure of this roof generates a tympanum, which will 

be an object of possible vulnerability in the construction. 

The Figure 5-1 represents the 3D model done in the software, where it is possible to 

see the adhesion walls that are in the lateral sides. On the other hand, the Figure 5-2 

represents a front view of the wall from can be seen the openings (main door and 

window) and it is also possible to see the roofs that directly influence this wall. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5-1. 3D model of the wall obtained from PRO_CINEm. 
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The verified mechanisms are as listed further below:  

 

Kinematic N° 1: Overturning of the tympanum  

-Activation fee of the kinematic mechanism:  8.50 [m] 

-First mode of vibration normalized to 1 at the top of the building y(z): 1.000 [-] 

-Overturning Moment Mrib: 177.276 [kN*m] 

-Stabilizing moment Mst: 249.566 [kN*m] 

-Horizontal load collapse multiplier 𝛼0 : 1.408 [-] 

-Spectral acceleration of kinematic activation a0*: 1.083 [g] 

-Mass participating in the kinematic M*: 30.494 [kN] 

-Participating mass fraction of the structure e*: 0.963 [-]  

Figure 5-2. Front view and a section of the wall obtained from PRO_CINEm. 
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The results obtained through the use of the software are as follows: 

 

 

 

 

 

 

 

 

 

 

 

At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - 0.135

Verification factor 0.091 0.125

Result verification Verify Verify

Linear Kinematic Analysis SLD

0.055

At zero level In elevation 

ag,SLV (g)

ag,SLV S)/q,SLV (g) 0.123 -

az(z),SLV (g) - 0.192

Verification factor 0.114 0.177

Result verification Verify Verify

Linear Kinematic Analysis SLV

0.137

Table 5-1- Results of the Linear Kinematic Analysis for the Damage 

Limit  and Life Sustaining Limit state. 

Figure 5-3. Results obtained from PRO_CINEm for the Overturning of the tympanum. 
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From the Table 5-1 it can be seen that in the case of linear kinematic analysis, the 

comparison is made in terms of acceleration, i.e. in terms of the acceleration that 

activates the mechanism vs. the maximum acceleration of the site, either at zero level 

or at a given ground level. In the case of linear kinematics, the checks are satisfied.  

In contrast, in Table 5-2 it can be seen that for the Life sustaining and Collapse limit 

state, the verifications are carried out in terms of displacement, comparing the 

displacement requested by the mechanism vs. the displacement that the structure is 

able to withstand, in this case it can be seen that the verifications are not satisfied.  

 

At zero level In elevation 

Ts (sec)

du* (m)

dSLC,z (m) 0.098

dSLC,e (m) 0.488

Verification factor 0.338 1.683

Result verification Verify Not Verify

Non - Linear Kinematic Analysis SLC

1.307

0.29

Table 5-2. Results of the Non- Linear Kinematic Analysis for the Damage 

Limit, Life Sustaining and Collapse Limit state. 

At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - 0.135

Verification factor 0.091 0.125

Result verification Verify Verify

Non - Linear Kinematic Analysis SLD

0.055

At zero level In elevation 

Ts (sec)

du* (m)

dSLV,z (m) 0.058

dSLV,e (m) 0.250

Verification factor 0.301 1.295

Result verification Verify Not Verify

Non - Linear Kinematic Analysis SLV

0.999

0.193
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Kinematic N° 2: Overturning Single Wall with involvement of one of the orthogonal 

walls at zero:  

-Activation fee of the kinematic mechanism:  0.00  [m] 

-First mode of vibration normalized to 1 at the top of the building y(z): 0.000 [-] 

-Overturning Moment Mrib: 22572.640 [kN*m] 

-Stabilizing moment Mst: 4596.248 [kN*m] 

-Horizontal load collapse multiplier 𝛼0 : 0.204 [-] 

-Spectral acceleration of kinematic activation a0*: 0.148 [g] 

-Mass participating in the kinematic M*: 410.300 [kN] 

-Participating mass fraction of the structure e*: 1.016 [-]  

The results obtained through the use of the software are as follows: 

 

Figure 5-4. Results obtained from PRO_CINEm for the Overturning Single Wall. 
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At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - NR

Verification factor 0.669 NR 

Result verification Verify NR

Linear Kinematic Analysis SLD

0.055

At zero level In elevation 

ag,SLV (g)

ag,SLV S)/q,SLV (g) 0.123 -

az(z),SLV (g) - NR

Verification factor 0.831 NR 

Result verification Verify NR

Linear Kinematic Analysis SLV

0.137

Table 5-3. Results of the Linear Kinematic Analysis for the Damage 

Limit  and Life Sustaining Limit state. 

At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - 0.135

Verification factor 0.669 0.912

Result verification Verify Verify

Non - Linear Kinematic Analysis SLD

0.055

At zero level In elevation 

Ts (sec)

du* (m)

dSLV,z (m) 0.125

dSLV,e (m) NR

Verification factor 0.268 NR 

Result verification Verify NR

Non - Linear Kinematic Analysis SLV

3.866

0.467

At zero level In elevation 

Ts (sec)

du* (m)

dSLC,z (m) 0.161

dSLC,e (m) NR

Verification factor 0.230 NR 

Result verification Verify NR

Non - Linear Kinematic Analysis SLC

5.385

0.7

Table 5-4. Results of the Non- Linear Kinematic Analysis for 

the Damage Limit, Life Sustaining and Collapse Limit state. 
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From the tables Table 5-3 and Table 5-4 representing the linear and non-linear 

kinematic analysis, it can be remarked that the verifications are satisfied in both 

cases, due to the fact that the verification factors are lower than one. Therefore, this 

mechanism cannot be activated in the current construction conditions. 

Kinematic N° 3:  Flexible horizontal ejection at high altitude 

-Activation fee of the kinematic mechanism:  0.00  [m] 

-First mode of vibration normalized to 1 at the top of the building y(z): 0.812 [-] 

-Overturning Moment Mrib: 917.233 [kN*m] 

-Stabilizing moment Mst: 494.438 [kN*m] 

-Horizontal load collapse multiplier 𝛼0 : 0.539 [-] 

-Spectral acceleration of kinematic activation a0*: 0.405 [g] 

-Mass participating in the kinematic M*: 27.898 [kN] 

-Participating mass fraction of the structure e*: 0.985 [-]  

    

The results obtained through the use of the software are as follows: 

 

Figure 5-5. Results obtained from PRO_CINEm for Flexible horizontal ejection at high altitude. 
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At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - 0.11

Verification factor 0.244 0.272

Result verification Verify Verify

Linear Kinematic Analysis SLD

0.055

At zero level In elevation 

ag,SLV (g)

ag,SLV S)/q,SLV (g) 0.123 -

az(z),SLV (g) - 0.156

Verification factor 0.304 0.385

Result verification Verify Verify

Linear Kinematic Analysis SLV

0.137

Table 5-5. Results of the Linear Kinematic Analysis for 

the Damage Limit  and Life Sustaining Limit state. 

At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - 0.11

Verification factor 0.244 0.272

Result verification Verify Verify

0.055

Non - Linear Kinematic Analysis SLD

At zero level In elevation 

Ts (sec)

du* (m)

dSLV,z (m) 0.122

dSLV,e (m) NR

Verification factor 0.329 NR 

Result verification Verify NR

2.093

0.371

Non - Linear Kinematic Analysis SLV

At zero level In elevation 

Ts (sec)

du* (m)

dSLC,z (m) 0.161

dSLC,e (m) NR

Verification factor 0.290 NR 

Result verification Verify NR

Non - Linear Kinematic Analysis SLC

2.909

0.556

Table 5-6. Results of the Non- Linear Kinematic Analysis for the 

Damage Limit, Life Sustaining and Collapse Limit  state. 
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Like the previous mechanism, the verifications are satisfied in both cases, due to the 

fact that the verification factors are lower than one. Therefore, this mechanism cannot 

be activated in the current construction conditions. This can be observed in the Table 

5-5 and Table 5-6.  

The same model was run, but with an earthquake at 30%, in which case the 

mechanism overturning of the tympanum in the nonlinear analysis in Life sustaining 

limit state and in collapse limit state at elevated quota verifies. The result is that all 

the verifications are satisfied. 

5.2.2 North Façade  

In the evaluation of this wall, the influence of the vaults, which exert weight on the 

wall, was considered. The influence of the façade wall and the wall adjacent to the bell 

tower were taken into consideration, which act as bond walls. In turn, when defining 

these walls, it is important to define an angle of inclination, in this case because the 

quality of the masonry is very poor it was decided to opt for an angle of 30 degrees.  

At the same time, the presence of the roof covering, which is made of wood, was also 

taken into consideration, in this case the cover type is a cover with flap. In addition to 

considering the influence of the side walls, the presence of the chains located in the 

left aisle was also considered. It is worth mentioning that the exact mechanical 

parameters of the chains are not known, the lowest mechanical parameters were 

chosen in order to be on the safe side. 

The Figure 5-6 represents the 3D model done in the software, where it is possible to 

see the adhesion walls that are in the lateral sides. On the other hand, the Figure 5-7 

represents a front view of the wall from can be seen the openings and it is also possible 

to see the roofs that directly influence this wall and the chains.  
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In this case, only one mechanism was verified, the Overturning Single Wall.  

Kinematic N° 1: Overturning of a Single wall.   

-Activation fee of the kinematic mechanism:  0.00  [m] 

-First mode of vibration normalized to 1 at the top of the building y(z): 0.000 [-] 

-Overturning Moment Mrib:  12730.210 [kN*m] 

-Stabilizing moment Mst: 2169.492  [kN*m] 

Figure 5-6. 3D model of the wall obtained from PRO_CINEm. 

Figure 5-7. Front view and a section of the wall obtained from 

PRO_CINEm. 
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-Horizontal load collapse multiplier 𝛼0 : 0.170 [-] 

-Spectral acceleration of kinematic activation a0*: 0.144 [g] 

-Mass participating in the kinematic M*: 288.330 [kN] 

-Participating mass fraction of the structure e*: 0.989 [-]  

The results obtained through the use of the software are as follows: 

 

 

  

 

 

Figure 5-8. Results obtained from “Overturning of a single wall”. 
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At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - N.R

Verification factor 0.688 N.R

Result verification Verify N-R 

Linear Kinematic Analysis SLD

0.055

At zero level In elevation 

ag,SLV (g)

ag,SLV S)/q,SLV (g) 0.246 -

az(z),SLV (g) - N.R

Verification factor 1.708 N.R

Result verification No Verify N-R 

Linear Kinematic Analysis SLV

0.137

Table 5-7. Results of the Linear Kinematic Analysis for the Damage Limit  

and Life Sustaining Limit state. 

At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - N.R

Verification factor 0.688 N.R

Result verification Verify N-R 

Non - Linear Kinematic Analysis SLD

0.055

At zero level In elevation 

Ts (sec)

du* (m)

dSLV,z (m) 0.125

dSLV,e (m) N.R

Verification factor 0.446 N.R

Result verification Verify N-R 

Non - Linear Kinematic Analysis SLV

3.167

0.28
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In this case, it can be observed from the Table 5-7 that in the context of the linear 

kinematic analysis for a state of Life sustaining limit state at zero level, the mechanism 

does not verify, since the verification factor is greater than one. This means that the 

acceleration that is presented is greater than the one that activates the mechanism, 

therefore it is activated in this state. 

The model was also run considering an earthquake of 30%, as in the previous model. 

In this case the checks are satisfied in all cases, satisfying the case of the linear 

kinematic analysis for a state of Life sustaining limit state at zero level.  

 

5.2.3 Bell Tower  

In the evaluation of this wall, the different wooden ceilings inside the bell tower were 

considered. These ceilings have an influence on the wall because their weight is 

transferred on it. At the same time, an equivalent roof was considered at the top.  The 

influence of the orthogonal walls was considered, always in order to be on the side of 

safety, the quality of the material considered was low and as a consequence the angle 

of inclination was taken as 30 degrees.  

The Figure 5-9 represents the 3D model done in the software, where it is possible to 

see the adhesion walls that are in the lateral sides. On the other hand, the Figure 5-10 

represents a front view of the wall from can be seen the opening at the top part. It is 

also possible to see the roofs that directly influence this wall. It is important to 

mention that the precise location of these different wooden planks is not perfectly 

known, but it was decided to adopt an approximation. 

At zero level In elevation 

Ts (sec)

du* (m)

dSLC,z (m) 0.161

dSLC,e (m) N.R

Verification factor 0.383 N.R

Result verification Verify N-R 

Non - Linear Kinematic Analysis SLC

4.412

0.42

Table 5-8. Results of the Non- Linear Kinematic Analysis for the 

Damage Limit, Life Sustaining and Collapse Limit state. 
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Figure 5-9. 3D model of the wall obtained from 

PRO_CINEm. 
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The verified mechanisms are as listed further below 

Kinematic N° 1: Overturning Single Wall with involvement of one of the orthogonal 

walls at high altitude.  

In the first instance, this mechanism was evaluated at the top of the bell tower. 

-Activation fee of the kinematic mechanism:  20.00 [m] 

-First mode of vibration normalized to 1 at the top of the building y(z): 0.833 [-] 

-Overturning Moment Mrib:  2145.650 [kN*m] 

-Stabilizing moment Mst: 998.460 [kN*m] 

-Horizontal load collapse multiplier 𝛼0 : 0.465 [-] 

-Spectral acceleration of kinematic activation a0*: 0.401 [g] 

-Mass participating in the kinematic M*: 92.181 [kN] 

Figure 5-10. Front view and a section of the wall obtained from PRO_CINEm. 
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-Participating mass fraction of the structure e*: 0.966 [-]  

The results obtained through the use of the software are as follows: 

 

 

 

 

 

 

 

 

 

 

 Figure 5-11. Results obtained from PRO_CINEm for the Overturning single wall. 

At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - 0.135

Verification factor 0.247 0.337

Result verification Verify Verify

Linear Kinematic Analysis SLD

0.055

At zero level In elevation 

ag,SLV (g)

ag,SLV S)/q,SLV (g) 0.123 -

az(z),SLV (g) - 0.286

Verification factor 0.307 0.713

Result verification Verify Verify

Linear Kinematic Analysis SLV

0.137

Table 5-9. Results of the Linear Kinematic Analysis for the Damage 

Limit  and Life Sustaining Limit state. 
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From the Table 5-9 and Table 5-10 it can be seen that at a height of 20 m this 

mechanism is verified for both linear and non-linear kinematic analysis and for all the 

limit states.  

Kinematic N° 2: Overturning Single Wall with involvement of one of the orthogonal 

walls at high altitude.  

-Activation fee of the kinematic mechanism:  16.00  [m] 

-First mode of vibration normalized to 1 at the top of the building y(z): 0.667 [-] 

-Overturning Moment Mrib: 8078.974  [kN*m] 

-Stabilizing moment Mst: 1424.285 [kN*m] 

-Horizontal load collapse multiplier α0 : 0.176 [-] 

-Spectral acceleration of kinematic activation a0*: 0.182 [g] 

At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - 0.201

Verification factor 0.247 0.501

Result verification Verify Verify

Non - Linear Kinematic Analysis SLD

0.055

At zero level In elevation 

Ts (sec)

du* (m)

dSLV,z (m) 0.125

dSLV,e (m) 0.224

Verification factor 0.312 0.559

Result verification Verify Verify

Non - Linear Kinematic Analysis SLV

2.02

0.401

At zero level In elevation 

Ts (sec)

du* (m)

dSLC,z (m) 0.161

dSLC,e (m) 0.224

Verification factor 0.268 0.726

Result verification Verify Verify

Non - Linear Kinematic Analysis SLC

3.069

0.601

Table 5-10. Results of the Non- Linear Kinematic Analysis for the 

Damage Limit, Life Sustaining and Collapse Limit state. 
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-Mass participating in the kinematic M*: 157.181 [kN] 

-Participating mass fraction of the structure e*: 0.809 [-]  

The results obtained through the use of the software are as follows:  

 

The tables obtained are presented below. 

 

 

 

 

 

 

 

 

 

Figure 5-12. Results obtained from PRO_CINEm for the Overturning single wall. 

At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - 0.161

Verification factor 0.544 0.885

Result verification Verify Verify

Linear Kinematic Analysis SLD

0.055

At zero level In elevation 

ag,SLV (g)

ag,SLV S)/q,SLV (g) 0.123 -

az(z),SLV (g) - 0.229

Verification factor 0.676 1.258

Result verification Verify No Verify

Linear Kinematic Analysis SLV

0.137

Table 5-11. Results of the Linear Kinematic Analysis for the Damage Limit  

and Life Sustaining Limit state. 
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As can be observed in Table 5-11 for the case of linear analysis in the state of Limit 

state for safeguarding life, the verification is not satisfied, with the verification factor 

exceeding 1. In the case of nonlinear analysis, the verifications are indeed satisfied. It 

is important to mention that beyond this threshold, as the altitude decreases, the 

verifications are no longer satisfied, with the situation becoming increasingly critical. 

Proceeding to examine an alternative form of local mechanism that may arise. 

Kinematic N° 3: Flexible horizontal ejection at high altitude.  

-Activation fee of the kinematic mechanism:  0.00 [m] 

-First mode of vibration normalized to 1 at the top of the building y(z): 0.100  [-] 

-Overturning Moment Mrib:  200.543   [kN*m] 

-Stabilizing moment Mst: 1025.772  [kN*m] 

At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - 0.161

Verification factor 0.544 0.885

Result verification Verify Verify

0.055

Non - Linear Kinematic Analysis SLD

At zero level In elevation 

Ts (sec)

du* (m)

dSLV,z (m) 0.125

dSLV,e (m) 0.179

Verification factor 0.342 0.490

Result verification Verify Verify

3.093

0.365

Non - Linear Kinematic Analysis SLV

At zero level In elevation 

Ts (sec)

du* (m)

dSLC,z (m) 0.125

dSLC,e (m) 0.179

Verification factor 0.342 0.490

Result verification Verify Verify

Non - Linear Kinematic Analysis SLC

3.069

0.365

Table 5-12. Results of the Non- Linear Kinematic Analysis for the 

Damage Limit, Life Sustaining and Collapse Limit state. 
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-Horizontal load collapse multiplier α0 : 5.115 [-] 

-Spectral acceleration of kinematic activation a0*: 4.303 [g] 

-Mass participating in the kinematic M*: 14.093 [kN] 

-Participating mass fraction of the structure e*: 0.991 [-]  

By employing the software, the obtained results were as follows 

 

 

 

 

 

 

 

 

 

 

Presented below are the obtained tables.  

 

 

 

 

 

 

 

 

 

 

Figure 5-13. Results obtained from PRO_CINEm for Flexible horizontal 

ejection at high altitude. 

At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - 0.024

Verification factor 0.023 0.006

Result verification Verify Verify

Linear Kinematic Analysis SLD

0.055

At zero level In elevation 

ag,SLV (g)

ag,SLV S)/q,SLV (g) 0.123 -

az(z),SLV (g) - 0.034

Verification factor 0.029 0.008

Result verification Verify Verify

Linear Kinematic Analysis SLV

0.137

Table 5-13. Results of the Linear Kinematic Analysis for the Damage Limit  

and Life Sustaining Limit state. 
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As observed in both cases, whether in linear or nonlinear analysis, the verifications 

are satisfied for all considered limit states. The same mechanism was evaluated at 

different altitudes, and the verifications were consistently satisfied. 

It is of utmost importance to emphasize that, like the preceding cases, the identical 

model was employed, considering a seismic event of 30%. Nonetheless, unlike the 

instances where the verifications proved to be satisfactory, in this specific case, 

pertaining to the “overturning of a single wall”', the verification factor surpasses 1, 

leading to the dissatisfaction of the verification. 

In conclusion, it can be established that for the analysed structural components, 

under a 100% seismic event, the construction exhibits issues concerning the 

activation of local mechanisms. However, when considering a 30% seismic event, the 

main façade satisfies the verifications, while the north façade also meets the 

At zero level In elevation 

ag,SLD (g)

ag,SLD S)/q,SLD (g) 0.099 -

az(z),SLD (g) - 0.024

Verification factor 0.023 0.006

Result verification Verify Verify

0.055

Non - Linear Kinematic Analysis SLD

At zero level In elevation 

Ts (sec)

du* (m)

dSLV,z (m) 0.034

dSLV,e (m) NR 

Verification factor 0.107 NR 

Result verification Verify NR 

0.529

0.319

Non - Linear Kinematic Analysis SLV

At zero level In elevation 

Ts (sec)

du* (m)

dSLC,z (m) 0.057

dSLC,e (m) NR 

Verification factor 0.119 NR 

Result verification Verify NR 

Non - Linear Kinematic Analysis SLC

0.808

0.478

Table 5-14. Results of the Non- Linear Kinematic Analysis for the Damage 

Limit, Life Sustaining and Collapse Limit state. 
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requirements. On the other hand, the bell tower proves to be a critical element as it 

does not satisfy the verifications under a 30% seismic event.  

After evaluating the local collapse mechanisms, measures must be implemented to 

strengthen the structure and mitigate identified risks to ensure long-term safety and 

stability. 
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6  
      Reinforcement  

          techniques  
  

 This last chapter addresses the topic of structural strengthening interventions in 

structural components that do not meet design requirements or fail to adequately 

verify the applied loads. In many cases, existing structures may exhibit deficiencies in 

their load-carrying capacity or resistance to specific forces, compromising their 

integrity and safety. In response to this issue, various techniques and solutions for 

structural reinforcement have been developed with the aim of strengthening and 

improving the performance of these elements. 
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6.1 Reinforcement of walls  

 

  Within the critical structural elements that require reinforcement, walls stand out as 

a fundamental priority. In this context, the most crucial verification to consider is their 

shear capacity. Ensuring the resistance of walls to shear forces is indispensable for 

ensuring the stability and safety of any structure against lateral loads such as 

earthquakes or strong winds. Therefore, it is essential to carry out a comprehensive 

analysis and propose improvements in the methods of verification and reinforcement 

of walls, with the aim of strengthening their shear resistance and, consequently, 

enhancing the quality and durability of constructions. 

In the present section, the available wall reinforcement techniques in the market, 

notably those of Italian origin, will be discussed within the theoretical framework. A 

comprehensive evaluation of the advantages and disadvantages associated with each 

technique will be presented, leading to a conclusive assessment of the most suitable 

approach for the analyzed construction. The primary reinforcements for masonry 

walls are as follows:  

6.1.1 Reinforced plaster (or reinforced mortar) with welded mesh.  

 

     The technique involves the construction of two concrete slabs on both faces of the 

masonry, reinforced with metal mesh and connected to the masonry itself through 

transverse bars. The consolidation is effective only if the concrete slabs are constructed 

on both sides and the necessary connections (injected bars) are properly installed. 

  For the consolidation to be effective, it must be applied on both sides of the wall, and 

the two concrete slabs should be properly connected with transverse connectors (at 

least 4 per square meter). Plating the walls with reinforced plaster is a measure that 

can be employed when the walls are severely damaged or inconsistent, and for limited 

sections of the wall heavily loaded with vertical loads (thus not related to seismic 

actions).  

The mesh used must be made of stainless steel (as indicated in Paragraph C8.7.4.1 of 

the NTC18), properly overlapped at interruptions to ensure continuity, and effectively 

anchored to the connectors passing through the thickness of the wall. In the Figure 6-1, 
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a detailed depiction of the previously specified aspects can be observed. The correct 

and incorrect ways of implementing this intervention.  

  

 

 

 

 

 

 

 

 

 

 

 

   It is strongly discouraged if there is a need to reinforce large portions of a building 

due to the significant increase in stiffness and resulting mass which can lead to 

foundation problems, such as exceeding the bearing capacity of the soil and 

settlements, due to the excessive load resulting from the reinforcement. The 

reinforcement system, necessarily, cannot have a thickness less than 5 cm per wall 

facade (approximately ranging from 5 to 7 cm). This translates into an increase of at 

least 250 kg per square meter of wall. 

   As a result of this, within the "Directive of the President of the Council of Ministers for 

the assessment and reduction of seismic risk to cultural heritage", issued on October 

12, 2007, and subsequent amendments, the intervention of wall consolidation with 

reinforced plaster using electro-welded mesh is defined as "invasive and inconsistent 

with conservation principles." In addition, the reinforcement system is not reversible. 

[28] 

   Based on the reasons, which can be summarized as the significant increase in 

stiffness and mass, the lack of chemical-physical compatibility with the masonry, and 

Figure 6-1. Correct and incorrect way to apply the reinforcement, image extracted from 

internet. 

 inadvisable method of 

applying consolidation 

correct method of 

applying consolidation 
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the non-reversibility, it can be concluded that this type of intervention is not 

recommended for the analysed construction.  

6.1.2 Composite Reinforced Mortar  

      

The CRM reinforced plaster is created by using a preformed composite mesh embedded 

in a structural mortar and applied to the surface of the masonry element to be 

reinforced. In this system, the composite mesh is capable of absorbing tensile forces, 

while the structural mortar helps absorb compressive forces. The transfer of forces 

between the substrate and the reinforcement mesh is also ensured by the presence of 

connectors, which provide structural collaboration between the masonry element and 

the reinforced  plaster. 

  The thickness of CRM reinforcement systems typically ranges from 3 to 5 cm, 

excluding the levelling of the substrate. For this reason, it is commonly referred to as 

high-thickness reinforcement. 

   CRM (Composite Reinforced Mortar) reinforcement systems typically consist of 

preformed meshes made by impregnating alkali-resistant fibres, such as glass, carbon, 

basalt, or aramid, in a single production phase. The meshes serve to increase tensile 

strength and confine the elements being reinforced. Preformed corner angles made of 

fiberglass, carbon fibre, basalt, or aramid, using the same materials and manufacturing 

process as the meshes, are employed to achieve structural continuity at the corners.  

  Fully or partially preformed connection elements made of alkali-resistant fiberglass, 

carbon fibber, basalt, or aramid, using the same materials, are utilized to ensure the 

connection between the reinforced plaster and the masonry element, as well as with 

the reinforcement installed on the opposite face, where applicable. Cement-based or 

lime-based mortars with guaranteed structural performance are employed. Chemical 

anchors are used to bond the connectors together or to anchor them into the masonry 

substrate. 

 The meshes, corner angles, and composite connection elements that make up CRM 

reinforcement systems are manufactured using long continuous fibers of glass, carbon, 

basalt, or aramid, embedded in a thermosetting polymer matrix. 
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    Like reinforced concrete, it is necessary for the reinforcement to be applied on both 

sides of the masonry surface, and these two sides should be interconnected through 

elements that are compatible in terms of material with the used mesh. 

   In this case as well, due to the increased thickness (although less than in the case of 

reinforced concrete), there is an increase in the stiffness and mass of the wall, which 

could lead to similar foundational issues such as exceeding the load-bearing capacity 

and settlements. 

   The CRM reinforcement technique is applicable to all types of masonry, including 

stone, brick, or block masonry, with a preference for multi-leaf or loosely connected 

sack walls that are at high risk of disintegration during seismic events. Unlike traditional 

reinforced concrete, which involves the use of cementitious mortars combined with 

welded wire meshes, the use of CRM system offers the advantage of employing lime-

based plasters. Lime plasters have a lower elastic modulus, higher breathability, and 

better chemical-physical compatibility, making them more suitable for use in protected 

buildings. 

    

 

 

 

 

 

 

 

 

        

  

    

    In summary, the CRM method would be a suitable option for the analysed church 

due to its ability to enhance structural strength, compatibility with protected buildings, 

Figure 6-2. Composite reinforced mortar, image extracted from 

internet. 
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and potential for reversibility in the consolidation process. Additionally, the fact that 

most of the walls in the church to be reinforced are composed of random stone 

masonry, sometimes with voids within the same wall, makes the CRM option 

particularly well-suited. [29] 

6.1.3 Fiber Reinforced Cementitious Matrix  

 

     Fiber reinforced Cementitious Matrix are obtained by using grids made of high-

strength steel wires, aramid, basalt, carbon, PBO, and glass. These grids are combined 

with specific inorganic matrices designed for reinforcement, such as lime-based or 

cement-based chemical binders, which are formulated to ensure adhesion to the 

substrate. In the case of FRCM applied on both sides of the masonry, connectors are 

not necessary as the grids bond directly to the substrate. The application is preferable 

when it is symmetrically applied to both surfaces of the structure. However, in 

exceptional cases, it can also be applied from only one side. In the case of sack walls 

or walls with disconnected leaves, it is mandatory for the reinforcement to be present 

on both faces and for passing connectors to be installed. This ensures structural 

continuity and proper load transfer between the two leaves of the wall, providing 

enhanced stability and resistance to seismic forces.  

   Typically, when a single grid is used, the thickness of the system ranges from 5 to 15 

mm, excluding the level of the substrate. For this reason, it is commonly referred to as 

a low-thickness reinforcement. In the case of multiple grids, the thickness increases 

but is usually limited to around 30 mm.  

   The high strength-to-weight ratio of FRCM systems allows them to resist tensile forces 

without significantly increasing the mass or altering the stiffness of the structure. FRCM 

reinforcements generally exhibit good chemical and physical compatibility with the 

masonry substrate, and they are reversible. 

  The reinforcement system is strongly discouraged by manufacturers for use on 

heterogeneous masonry (such as mixed stonework and bricks) where the surface is not 

perfectly flat. In such cases, the thickness of the reinforcement may exceed the allowed 

limits in certain areas, compromising its effectiveness. Therefore, alternative 

reinforcement methods should be considered for such irregular masonry structures to 

ensure proper and reliable strengthening. [30] 
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   Due to the strong recommendation against using this reinforcement technique for 

walls constructed with disordered masonry, despite its advantages, this method was 

discarded. The potential challenges posed by the irregular surface and varying 

thicknesses of the reinforcement in such masonry types outweighed the benefits. It is 

crucial to consider alternative reinforcement methods.  

6.1.4 Fiber Reinforced Polymer  

 

The FRP reinforcement system consists of an organic matrix reinforced with fiber 

fabric. This matrix serves to protect the fibers and acts as a means of transferring 

forces between the fibers and potentially between the fibers and the structural element 

to be reinforced (in cases where connectors are not present). The matrix enhances the 

load-bearing capacity of the fibers and helps distribute the applied forces throughout 

the reinforcement system, improving the overall strength and performance of the 

structure.  

For masonry structures reinforced with FRP subjected to cyclic tensile and 

compressive stresses, such as those induced by seismic events, the bond between the 

masonry and FRP can significantly deteriorate over the lifespan of the structure. In 

such cases, it becomes necessary to incorporate reinforcement into the form of 

grooves or apply mechanical connection devices.  

When applying FRP fabrics or laminates to masonry surfaces, it is important to 

consider the lack of breathability of composite materials. Therefore, reinforcement 

interventions using such materials should not typically cover extensive areas of the 

masonry in order to preserve adequate breathability of the system. It is crucial to 

strike a balance between providing reinforcement and maintaining the natural 

moisture exchange of the masonry, which is important for its long-term durability and 

preservation.  

Reinforcement systems with FRP (Fiber Reinforced Polymers) present delamination 

resistance issues. In the reinforcement of masonry structures, the role of the bond 

between the masonry and the composite is of great importance, as failure due to loss 

of bond in the reinforcement is a brittle and undesirable mode of failure (CNR-DT 

200/2013). In addition, in heterogeneous masonry, the same strip of fabric can be 

connected to different materials characterized by different interface properties. If the 

adhesive strength used for applying the reinforcement is higher than the strength of 
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the material to which the reinforcement is applied, the loss of bond between the 

composite and the masonry occurs through the decohesion of a superficial layer of 

the brick, stone block, or mortar. [31] 

In summary, due to the potential delamination issues and the low mechanical 

strength of random rubble masonry, the use of FRP reinforcement is not chosen as a 

preferred reinforcement method in this type of historical construction. More suitable 

alternatives that are respectful of the integrity and authenticity of the structure should 

be considered. 

6.1.5 Active Confinement of Masonry (CAM) 

The main element of the CAM system is a metallic strip that, when closed upon itself 

and tensioned, creates hoops that provide active three-dimensional confinement. 

Additionally, these metallic strips form actual metal reinforcement, which, depending 

on their placement, contribute to both shear and flexural strength. They also exhibit 

good resistance to out-of-plane actions. Furthermore, when the mesh is spread 

throughout the masonry structure, it benefits from a box-like effect. The CAM system's 

metallic strip ensures high performance in compact dimensions (19x0.9 mm). Thanks 

to the pre-tensioning of the steel strips, the behaviour of the structure is improved 

even under static conditions.  

The strips are closed upon themselves to form closed loops, and the system is 

consequently applied on both faces of the wall, without adding mass or stiffness. The 

formation of a three-dimensional lattice allows for a final condition of triaxial 

confinement, which provides increased compressive strength to the masonry volume 

through induced confinement. At the same time, the connections act as reinforcement 

and offer load-bearing capacity in tension. [32] 

The pre-stressed steel ribbons function as tie rods, resisting both deformations and 

disconnections of the building elements. Specifically, as the straps create closed loops 

in both horizontal and vertical directions, the CAM ribbon replicates the reinforcement 

scheme with horizontal and vertical ties. [33] 
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The mechanism of brittle collapse due to displacement of stone elements in rubble 

masonry is the primary brittle mechanism to be avoided. The disintegration of the 

masonry can also affect only one of the double faces that constitute the rubble 

masonry. The disintegrating masonry typology has such poor characteristics that it 

can withstand minimal shaking, relying solely on the frictional resistance between the 

various stone elements. The ensemble of ribbons that traverse the thickness of the 

masonry and compose the widespread mesh of CAM creates a diatonic mechanical 

connection between the two faces that constitute the rubble masonry. They absorb 

the pushing action of the core, and the ensemble of the lattice under restraint provides 

a beneficial action against the displacement of components and helps promote good 

interaction between faces and core. The action exerted by the CAM diatonic system, 

in terms of containment force against thrust, is significantly superior to any other type 

of diatonic system, whether existing or artificially created, as it does not work based 

on adhesion (the diatonic system's capacity depends on the state of vertical stress) 

but rather through mechanical means (the CAM diatonic system's capacity is solely a 

function of the number of ribbons).[34] 

The CAM system is also completely reversible, and being composed of only stainless-

steel elements, it is 100% recyclable.  

Utilizing the CAM method in an existing masonry structure provides multiple 

justifications. Firstly, it enhances the strength and stability of the structure, improving 

its load-bearing capacity. This method also offers complete reversibility, allowing for 

Figure 6-3. Figure a) The intended method for transferring stress from the ribbons of 

the rectangular arrangement to the confined masonry involves applying hydrostatic 

compression. Figure b) The connections between a double layer vertical wall. 
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easy removal or modification without damaging the original masonry. Additionally, the 

use of stainless-steel elements in the system ensures 100% recyclability, promoting 

environmentally friendly construction practices. By reinforcing the masonry, it 

preserves the building's structural integrity, prolonging its lifespan and avoiding 

extensive reconstruction. Moreover, the implementation of this method can be cost-

effective, minimizing material waste and requiring less invasive construction 

procedures. 

After analyzing all the information presented earlier, it can be concluded that two 

potential interventions to consider for the studied construction in the walls would be 

the implementation of composite reinforced mortar and active confinement of 

masonry (CAM). These interventions have been identified as effective solutions to 

address the structural challenges and enhance the overall performance and longevity 

of the construction.  

In relation to the bell tower, a potential intervention to address its stability concerns 

in static conditions would involve the implementation of a steel structure with newly 

constructed solid wood floors. This approach entails utilizing a steel framework to 

provide support for the new wooden floors, thereby reinforcing the masonry of the bell 

tower, particularly with regards to horizontal load-bearing capabilities. 
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6.2 Vault reinforcement   

As discussed in Chapter 4.4, the structural element "vaults" exhibit notable structural 

concerns. Tensile stresses exceeding the load-bearing capacity of the masonry, along 

with elevated compressive stresses, have been observed. Hence, an appropriate 

solution needs to be devised. The proposed reinforcement methodology involves the 

implementation of an external cladding system utilizing galvanized steel fibre strips 

and a geomesh composed of pure natural hydraulic lime. The objective is to restore 

structural continuity and integrity to the vaults. 

 

 

 

 

 

 

 

 

To designing the reinforcement intervention, the software GeoForce One, developed 

by the renowned brand Kerakoll, was employed. Kerakoll is a leading company in the 

manufacture and supply of sustainable construction products. Known for their 

innovative and environmentally friendly solutions, Kerakoll offers a wide range of 

materials and systems for building construction and rehabilitation. [35] 

Similarly, to the static verification of the vaults, in this case, the vault was divided 

into sections due to the limitation of modeling the entire structure. The same 

nomenclature was used as in the previous case to designate these sections, taking as 

a reference the Figure 4-42. 

To assess the critical condition of the structure prior to the intervention, a structural 

analysis was conducted by modelling the structure both before and after the 

intervention. This involved defining two distinct scenarios: pre-opera (before the 

intervention) and post-opera (after the intervention).   

Figure 6-4. Scheme of how the reinforcement is applied. 
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The calculation model followed the subsequent steps. The initial step involved the 

precise definition of the masonry type employed. In the examined construction, the 

arches were constructed using solid brick masonry with lime mortar. Consequently, 

the mechanical properties of this specific material were adopted for the analysis. 

Additionally, it is possible to determine the level of knowledge applicable to the 

construction, as expounded upon in preceding chapters. In the present case, the LC2 

(KL2) level was ascertained. As can be observed in the Figure 6-5.  

 

 

 

 

 

 

 

 

 

 

 

 

Once the material characteristics were established, the subsequent phase entailed 

defining the geometric attributes of each arch element slated for analysis. The 

employed software facilitated this process by incorporating a dedicated module 

tailored specifically to handle such elements. Consequently, only pertinent geometric 

data were required to be inputted. Regarding the post-opera phase, which 

encompasses the reinforcement intervention, the introduction of GEOSTEEL steel fiber 

was incorporated into the arches.  

Once the geometry and materials were defined, the next step involved conducting 

the analysis. The software performs a nonlinear static analysis, which results in a 

capacity curve depicting displacement versus load multiplier. This curve represents 

Figure 6-5. Material definitions. Image extracted from the GeoForce 

One. 
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the structural capacity to withstand the load and provides insight into the margin of 

safety.  

 

The following are the results obtained for the central nave arch, which, due to its 

geometry, presents the highest criticalities. The width of the applied reinforcement in 

the central vault is 80 cm. 

Figure 6-6. Pre opera of the central vault- Section 1. Image extracted from the 

GeoForce One. 
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The Figure 6-6 illustrates the initial condition of the vault prior to reinforcement. The 

capacity curve demonstrates that the vault is incapable of sustaining the applied 

loads, as evidenced by the load multiplier being less than unity. However, following 

the implementation of reinforcement measures, it is notable that the load multiplier 

increases to unity, as depicted in Figure 6-7.  

In the case of Section 2, which consists of the arch in the opposite direction, it can 

be observed that without intervention, the load multiplier is close to 0.7 (Figure 6-8). 

However, when reinforcement is applied, the load multiplier increases significantly, 

approaching a value of 1.6 (Figure 6-9).  

 

 

Figure 6-7. Post opera of the central vault – Section 1. 
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Figure 6-8. Pre opera of the central vault- Section 2. 
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Figure 6-9. Post opera of the central vault – Section 2. 
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Lastly, analyzing the diagonal section, which represents the most critical part due to 

the length of the arch and the inability to apply reinforcements over an extensive area, 

the results obtained before the reinforcement application are very low, with a load 

multiplier of 0.03 (Figure 6-10). After the reinforcement is applied, this value 

increases, approaching 0.7 (Figure 6-11). It is noteworthy that it is not possible to 

achieve a load multiplier of unity for this section. However, it is important to consider 

that modeling inaccuracies were encountered in this specific section, resulting in less 

precise results. 

 

 

 

 

Figure 6-10. Pre opera of the central vault- Section 3. 
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In order to avoid excessive length in this report, it is worth mentioning that the same 

analyses were conducted for the lateral vaults, employing a reinforcement thickness 

of 40 cm. Prior to reinforcement, the load multiplier for these vaults was below unity, 

albeit not as low as observed in the central vault. However, after the reinforcement 

was implemented, all cases demonstrated a load multiplier greater than unity. It is 

important to note that the most critical scenario in the lateral nave vaults is also 

observed in the diagonal section. 

As can be seen in the Figure 6-12, various reinforcements were designed for the 

different vaults, where the width of these "metallic bands" increases according to the 

considered section. This design approach considers the varying structural demands 

of different sections of the vaults and ensures that the reinforcement is appropriately 

distributed to strengthen the specific areas that require additional support. 

Figure 6-11. Post opera of the central vault – Section 3. 
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Figure 6-12. Vault’s reinforcement. 
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7    
           Conclusion  

 

In conclusion, this study has focused on the structural analysis of Santo Stefano 

Church in Frassino. Through detailed information collection regarding the geometry 

and materials composing the construction, a comprehensive structural evaluation has 

been conducted. 

By employing calculation programs and structural analysis, both static and dynamic 

studies have been performed. The obtained results have allowed for the verification of 

the capacity of the church's main structural elements, such as walls and vaults.  

The findings revealed that these elements do not meet the seismic resistance 

requirements under seismic activity conditions. Considering this issue, the application 

of various reinforcement techniques suitable for enhancing the seismic capacity of the 

church has been explored. 

This study highlights the significance of addressing the structural safety of historical 

buildings, particularly in areas prone to seismic activities. The findings serve as a solid 

foundation for future interventions and reinforcement measures aimed at preserving 

and safeguarding this valuable architectural heritage. 

Moreover, it is strongly recommended that future research focuses on evaluating the 

proposed reinforcement techniques at a calculation level. Conducting a detailed 

analysis of the effectiveness and feasibility of these techniques to enhance the seismic 

capacity of Santo Stefano Church is imperative. 
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To conclude, this study has provided a comprehensive evaluation of the structural 

analysis of Santo Stefano Church in Frassino, identifying the need for improvements 

to enhance its seismic resistance. The conclusions emphasize the importance of 

ongoing research and the development of effective solutions to protect our valuable 

architectural heritage and ensure the safety of individuals using these historical 

buildings. 
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