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Abstract: This dissertation has been developed with two fundamental goals in mind – to understand 

and study the structural behaviour of a monumental building with a masonry superstructure and to study 

the construction processes used in this type of constructions. 

Due to its dimension and peculiar history, as well as the possibility of accessing the construction process 

behind its reinforced concrete dome, the Santa Engrácia Church, currently the National Pantheon, 

constitutes an excellent case study for this dissertation. 

The initial intention of studying the interaction between the new, reinforced concrete structure and the 

old, masonry one, as well as of studying the structural behaviour of the dome, were starting points for a 

broader study which includes an analysis of the behaviour of domes and of the building itself. 

Spherical domes subjected to their own-weight were analyzed through numerical models, which 

accounted for the presence or absence of openings at the top and of clerestorys. The meridional and 

circumferential stresses of the models were assessed, with an analysis of the possibility of cracking 

under their own-weight and under imposed variations in temperature. 

For the case study at hand, the National Pantheon, a numerical model was developed and its structural 

operation analyzed, with finite elements of linear elastic behaviour. Furthermore, static analyses for the 

action of the own-weight were made, as well as dynamic analyses of the action of regulatory seismic 

activity. Through these analyses the safety of the structure was assessed for the actions of gravity and 

seismic events in areas of maximum stress. 

Keywords: Concrete; Masonry; Portuguese National Pantheon; Structural analysis; Dome; Linear 

elastic analysis. 

1. Introduction  

Masonry construction has a key role in most existing monuments. Its simplicity and durability has led to 

widespread use in old buildings. Arched structures such as the arch, vault and dome have, due to their 

shape, high resistance to compression, with balance and stability as a result of the positioning of their 

lines of thrust. They have, in this way, raised the potential of masonry construction by tackling difficulties 

in overcoming large spans. 

Due to low resistance to tension and bending, masonry does not allow for the use of linear elements for 

large spans. In this context, arched structures have taken a central role in old buildings. However, with 

the development of new construction materials, such as steel and reinforced concrete, masonry 

structures have progressively been replaced as structural elements by these more recent materials. 

Many monuments featuring arched structures, such as domes and vaults, are amongst those considered 

World Heritage. These buildings represent a true source of knowledge for their construction systems, 

whether they be masonry or regular concrete with fine aggregates, as well as for the functioning of these 

structures. Notable examples include the domes at the Pantheon of Rome, the Cathedral of Florence, 

the Saint Peter’s Basilica, at the Vatican, and of the Saint Paul’s Cathedral, in London. 

In Portugal, the National Pantheon of Lisbon used to have a stone masonry structure with four half-

vaults at the top. Recently, a cylindrical drum and a double dome were built in order to complete the 
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structure. These new elements are made of reinforced concrete, giving the structure a second, different 

construction system. Given the growing interest in the preservation of historical heritage, the study of 

the structural and construction diversity in the National Pantheon gives us the possibility of developing 

great knowledge on the construction techniques and the structural behaviour of structures of this type. 

This study is thus directed at tridimensional arched structures, namely domes. The analysis focuses on 

their structural behaviour and makes use of the SAP2000 software, with finite linear elastic behaviour 

elements, for studying the behaviour of the structure under the action of its own-weight, as well as of 

regulatory seismic action. 

2. Case Study – The Portuguese Nacional Pantheon  

2.1. Historical Evolution 

The monument of study is the National Pantheon in Lisbon. It was built by Master Mason João Antunes 

and construction began in 1682. Its design is distinct for having a centralized plant in a Greek cross, 

where the undulating external walls attach the four arms of equal size, marked in the corners by turrets 

and also by having proportions and scales with Italian references.  

In 1712, with the death of Master João Antunes, the monument was 

unfinished, with a cover and interior finishings still to be built. 

However, with the construction of the convent of Mafra, construction 

of the Santa Engrácia Church came to a halt between 1747-1763, and 

a wood dome was put in place to cover the church, in which state it 

stayed until the 1960s. On November the 1st 1755, with the 

earthquake, the church did not suffer considerable damage and 

remained practically intact. With the building still unfinished, it 

became a storage site for scrap, coal, sand and other items needed 

for the factories located in the area of Santa Clara, through the 

Portuguese Ministry of War. Around this time a provisional structure 

in iron and glass plates was built for the opening in the dome. 

On the 29th of April 1916, the Santa Engrácia Church takes the title 

of National Pantheon, and measures are taken in order to recover the 

existing structure and for the construction of the dome in 1956. 

Among several proposals for the finishing of the monument it was 

architect Luís Amoroso Lopes the chosen one for resuming 

construction. It was finished between 1960 and 1966, with the 

inclusion of the reinforced concrete dome designed by Luís Amoroso 

Lopes, with engineer Edgar Cardoso responsible for the structural 

study and for overseeing construction, (Araújo, Melo, & Neto) and 

(SIPA, 2017). 

2.2. Constructive Process of the Dome 

The new structure to be built was a reinforced concrete dome, which would be set on the stone masonry 

structure already in place. It was thus necessary to guarantee an efficient connection between these 

two structures. As a solution to this, engineer Edgar Cardoso considered it was essential to build a 

reinforced concrete ring. This ring is located between the terrace and the top level of the half domes, 

measures 2 m in height and is lodged between two slabs, also in reinforced concrete. The ring is made 

of an inner reinforced concrete wall and an outer, adjacent one in brick masonry, with reinforced 

concrete pillars and cyclopean concrete. Both the walls and the reinforced concrete pillars are built from 

the bottom slab (Cardoso, 1965) . 

A middle drum, made of two cylindrical bodies, was placed on top of the reinforced concrete ring. The 

drum is made of ashlar stone masonry, lioz limestone, brick masonry, cyclopean concrete and elements 

of reinforced concrete. The latter is used, in particular, on the pillars that set at the reinforced concrete 

ring and on the inner cylindrical body, which is composed of a reinforced concrete wall (Cardoso, 1965). 

The configurations of the walls change when above a certain height, mainly the outer wall. At this height, 

the wall is composed of reinforced concrete pillars, coated with ashlar stone masonry and, adjacent to 

Figure 2.1 – Front façade with the 
construction of the dome: Above – 

Before; Below - After (adapted). 
Source: SIPA 
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these, there are two stone columns. At the top of the cylindrical drum is a reinforced concrete lintel that 

connects the two walls of the drum and marks the start of the two reinforced concrete domes which are 

aligned with the walls of the drum (SIPA, 2017). 

 

 

Figure 2.2 – Left:  Study of the dome building works, Cross section, Luís Amoroso Lopes, 1958; Right: Cross 

section of the reinforced concrete ring (SIPA, 2017). 

 

 
Figure 2.3 – Left: Exterior drum at terrace level; Right: Placement of the reinforcements in the interior dome 

(SIPA, 2017). 

The two domes, parabolic in shape, have an opening at the top that is closed by a clerestory, which 

serves as the connection between the domes through eight reinforced concrete pillars coated in ashlar 

stone masonry. For the construction process of the inner dome, a metallic falsework centering was used, 

from the interior of the building, in order to withstand the wood form. The coating stones inside the dome 

are applied on the wooden boards that are supported in the falsework centering, reinforcing the 

concrete’s form. The reinforcement mesh from the reinforced concrete lintel is placed above the inner 

coating stones (at the base of the dome), and a system of form is placed on top of this reinforcement, 

followed by concreting the dome. The outer surface of this dome does not have any kind of finishing. 

The concrete is in plain sight, having been painted years later, (Delgado, 2006) and (SIPA, 2017). 

In the construction process of the outer dome, a falsework centering structure was created in order to 

apply the forms. This wooden structure is supported on the inner dome. After the wooden form is applied, 

the reinforcements are put into place. Similarly to the inner dome, on the outer dome the coating stone 

also functions as a form for the reinforced concrete as seen from the outside. Concreting is done after 

the ashlar stone masonry is applied (Delgado, 2006). It can thus be concluded that the connection 

between the reinforced concrete and the coating stone is made both through metallic elements and 

through the cement mortars and sands in the concrete (SIPA, 2017). 
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3. Structural Analysis of the Domes 

The numeric simulation of the structural behaviour in a masonry structure reveals a high degree of 

complexity, given its non linear nature. The mortar, present in the masonry structure, leads to a non 

linear behaviour in this structure. Due to this, several numerical construction models were created, each 

with different degrees of complexity. Nowadays there is a vast diversity of analysis methods, which vary 

from solutions based on classic methodologies of the plasticity theory to computational formulations with 

a greater degree of development, (Gago, 2004) and (Monteiro, 2012). 

The linear elastic analysis is a simplified analysis methodology used for the modelling of a structure, 

through finite elements models. This methodology presents us with a qualitative interpretation on the 

answer of the structure’s real behaviour, although in an approximate way (Gago, 2004). In the linear 

elastic analysis the material is considered to have a linear elastic behaviour, featuring an infinite 

resistance both in scenarios of tension and compression. However, it is necessary to point out the 

reduced resistance capacity in masonry specifically in cases of tension, which can lead to cracking 

(Monteiro, 2012). 

In this study the application of the finite elements method with an elastic linear behaviour is considered 

for the modelling of the spherical domes. Given this method’s simplicity and the quality of the provided 

results, although retrieved from approximations of the real conditions, it allows for a qualitative 

evaluation of a three-dimensional arched structure’s behaviour – in this case, of the dome’s. 

3.1. Description of the Models Used 

For this work four different models of spherical domes were developed, with a radius of 8,85 m and a 

thickness of 0,30 m, through shell elements, using the software SAP2000. Class C20/C25 reinforced 

concrete was used as the material, featuring an own-weight of 25 kN/m3 and a modulus of elasticity of 

30 GPa. The first model is of a simple spherical dome whilst the second one is of a dome with an opening 

at the top with a diameter of 4,30 m. In the third and fourth models the domes are subject to a load equal 

to that of the own-weight of a clerestory, distributed along the edge of the dome’s opening. In the fourth 

model, however, the load is twice as much. Through these models, structural behaviour is analysed 

under the action of the own-weight in order to assess the liability of the structure to cracking. Following 

this, further analysis is conducted for the effects of uniform variation in temperature in both the simple 

dome and the clerestory dome. The study on the structural behaviour of the domes essentially assesses 

their stress distribution, namely circumferential and meridional stresses. The circumferential stresses 

are designated 11 and run parallel to the circumferences of the dome. The meridional stresses are 

designated 12 and run parallel to the meridians of the dome. 

3.2. Results Analysis  

A first analysis was carried out to determine the interaction of the slab and membrane components in a 

shell elements model. Due to the reduced bending in the simple support dome model, it was concluded 

that the contribution of the slab component is so small that it can be considered zero. In the case of the 

hinged support dome, peaks in stress and bending moments show up near the base. These peaks are 

a result of the confinement effect produced by the supports that cause reactions at the base, 

contradicting the natural behaviour that the dome would have and creating a bending effect in this area. 

According to the inherent knowledge of the Theory of Membranes, in a spherical dome one can observe 

circumferential tensions for a circumference tangent slope of over 51,8º (Gago, 2004). In the simple 

supports spherical dome, it is possible to establish a comparison with the Theory of Membranes, as the 

slab component is approximately zero. Thus we can confirm that in the spherical dome model, the 

tension stresses arise when the tangent to the dome has an inclination with the horizontal plane of 

precisely 53 º, in agreement with the Theory of Membranes, which predicted an inclination higher than 

51,8º.  

In the case of the dome with an opening at the top, this particular alteration in the structure does not 

translate into any significant alteration in its balance. The same happens when a clerestory is added. 

The compression increases, however, because of its nearly unlimited resistance capacity to 

compression and of the distribution of the clerestory’s weight along the dome, the dome behaves in a 
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way that is very similar to a dome without an opening in regards to stress distribution. Both this similarity 

and the balance in the dome come as a result of the three-dimensional behaviour of the structure.  

Circumferential compression stresses were detected along the elements on the edges of the opening 

both in the model of the dome with an opening and the model of the dome with added load equal to the 

own-weight of the clerestory. These result, through a summation of forces, in a horizontal action which 

balances the destabilizing moment caused by the vertical action from the own-weight of the elements. 

  
Stresses 11: Min = -133 kN/m2;  

Max = 150 kN/m2 
Stresses 22: Min = -350 kN/m2;  

Max = -23 kN/m2 

Figure 3.1 – Stresses 11 and 22 of the Simple Dome Model with Hinged support. 

  
Stresses 11: Min = -5999 kN/m2;  

Max = 921 kN/m2 
Stresses 22: Min = -4071 kN/m2; 

Max = 2033 kN/m2 

Figure 3.2 – Stresses 11 and 22 of the Dome Model subject to double the clerestory’s action. 

  
Stresses 11: Min = -6583 kN/m2; 

Max = 1080 kN/m2 
Stresses 22: Min= -4392 kN/m2; 

Max = 3830 kN/m2 

Figure 3.3 – Stresses 11 and 22 of the Dome Model with clerestory, subject to a temperature variation of 20ºC. 

Regarding the possibility of cracking for the dome currently under analysis, it could potentially occur with 

the application of twice the own-weight of the clerestory. However, the maximum tension stress for the 

concrete, 2,0 MPa, is below its axial tensile strength (fctm), 2,2 MPa. Under these conditions there is no 

possibility of cracking, with an emphasis on the fact that the load takes on conservative values.  

In regards to the effect of the applied uniform temperature variation, high tension stresses arise in the 

meridional direction, 3,8 MPa, which surpass the axial tensile strength in concrete, 2,2 MPa. Taking this 
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into account, there is the possibility of cracks forming in the circumferential direction. In the case of these 

cracks forming due to temperature variations, these will be located on the outer surface of the dome, 

near the base. 

4. Structural Behaviour of the Portuguese National Pantheon  

4.1. Numerical Model 

For the study of the building of the National Pantheon a numerical model of 

the complete structure was made through finite elements with linear elastic 

behaviour. To this end, some simplifications were implemented, specifically 

in plant geometry considering the bisymmetrical masonry structure. The 

model is composed of a masonry structure (pre-existing structure) and 

another of reinforced concrete (recent structure pertaining the dome). 

Different structural elements were used for each structural body. Solid 

elements were used in the masonry structure, in order to represent the larger 

areas and the thick walls of the building. Shell elements are used in the 

reinforced concrete structure, and it is assumed that only the reinforced 

concrete components are part of the structural functioning and that the 

remaining materials are considered as additional mass. 

The material used in the numerical model is a C20/25 concrete for the most 

recent structure and lioz limestone masonry for the already existing structure. 

Initially, mechanical properties of materials were determined based on 

bibliographic research. However, appropriate calibration of the numerical 

model was made through on-site dynamic characterization, thus obtaining the 

characteristics of the materials that best convey the functioning of the actual 

structure. In this light, an own-weight of 27 kN/m3 (Primeira Pedra – Lioz 

Calcários, 2018) and a modulus of elasticity of 3,65 GPa were used for the 

masonry structure.   

In the reinforced concrete structure, the theoretical value for the modulus of elasticity of the C20/25 

concrete was halved to 15 GPa. Taking into account the period in which the structure was built, the 

concrete used is characterized by a low stiffness compared to those currently in use. The selected 

concrete (C20/25) is classified as low class, however, its stiffness and resistance are superior to that of 

the class currently in the structure, even though the latter is currently not known in detail. Regarding the 

own-weight of the reinforced concrete, a value of 61 KN/m3 was considered in order to represent the 

total mass of the existing materials – reinforced concrete walls, brick masonry and stone coating – in 

the 30 cm thick shell elements in the model.   

4.2. Static Analysis  

Comparative analysis between the 

complete model of the structure and a 

model containing only the masonry 

structure was conducted in order to study 

the effects caused by the construction of 

the new structure - the reinforced concrete 

dome. To this effect, an analysis of the 

distribution of vertical stresses and of the 

maximum and minimum principal stresses 

of the two models was carried out. There is 

a high concentration of stresses at the top 

of the ashlar masonry wedges. The 

reinforced concrete dome is supported by the four ashlar masonry wedges and in the four ashlar 

masonry arches built into the half domes, and it is in these areas that the main concentrations of stresses 

are located. Therefore, those areas are the subject of more detailed analysis.  

Figure 4.1 – Above: 
Completed model cross 

section; Below: 

Completed model. 

Figure 4.2 – Vertical stresses distribution (σ33) 

σMin = -2348 kN/m2; σMax = 104 kN/m2. 
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Stresses σ11 – Circumferential 

σMin = -2430 kN/m2; σMax = 637 kN/m2 

Stresses σ22 – Meridional 

σMin = -5139 kN/m2; σMax = 2096 kN/m2 

Figure 4.3 – Circumferential and Meridional Stresses in the reinforced concrete structure, inner side. 

It is concluded that the ashlar masonry wedges are the predominant elements of the masonry structure, 

sustaining the vertical loads from the reinforced concrete structure. These would be sufficient to 

withstand the weight of the reinforced concrete dome, in fact absorbing almost all of the loads from it. 

The ashlar masonry arches also absorb part of the load from the dome, although they transfer a high 

percentage of these loads along their arched structure, offloading them to the ashlar masonry wedges. 

The remaining load distributed by the arches is routed through the half domes. The arches thus function 

as intermediate supports that transfer the loads to the more rigid ashlar masonry wedges. 

With regard to the distribution of stresses for non-increased actions, the values obtained do not raise 

concerns. A particular characteristic of the masonry structure is its reduced resistance to tension. 

However, the values obtained correspond to 0.1 MPa which do not present any significant problems to 

the structure. As for compression stresses, the maximum value is 2.3 MPa. This value is below the 

compressive strength (fc) of the stone masonry structure, 6 MPa (Ferreira & Farinha, 1977). This way 

the resistance to compression is verified. In the reinforced concrete structure, the representation of the 

clerestory was not considered, and a load equivalent to its weight was instead applied. In this structure 

the maximum stresses are located at the base of the drum and around the edge of the openings, where 

the loads are applied to the clerestory. The structure transfers its stresses, namely a majority of the 

compression, along the alignment of the ashlar masonry wedges, both in the circumferential and 

meridional directions. As for the increased actions (Gx1,35), there are also no significant values in the 

masonry structure, meaning they are within the safety limits. However, in the reinforced concrete 

structure there is the possibility of cracking on the outer surface of the dome, immediately below the rim 

of the opening. 

4.3. Dynamic Analysis  

Regarding the dynamic analysis of the structure, modal analysis was carried out in order to identify the 

main movements for each mode and their respective periods. The first four modes of vibration 

correspond to translations, two in Y and two in X, and have the same period every two modes. This 

comes as a result from the symmetry of the structure.  

Table 4.1 – Results of the modal analysis of the first 5 modes: Period, Frequency and Mass Participation.  

Modes 
Period 

[S] 
Frequency 

[Hz] 

Mass participation factor 
[%] 

Accumulated value 
[%] 

Preponderant 
Movement 

UX UY RZ ΣUX ΣUY ΣRZ 
 

1 0,37 2,72 0% 29% 0% 0% 29% 0% Y plane translation 

2 0,37 2,74 23% 0% 0% 23% 29% 0% X plane translation 

3 0,26 3,80 53% 0% 0% 76% 29% 0% X plane translation 

4 0,26 3,81 0% 44% 0% 76% 73% 0% Y plane translation 

5 0,20 4,88 0% 0% 78% 76% 73% 78% Z rotation 

In the evaluation of the seismic action, the permanent load and the combination of actions pertaining to 

the earthquake of type 1 – the most impactful one - are taken into account. The effect an earthquake 

exerts on a structure leads to increased compression and tension stresses. Therefore, the distributions 

that maximize the effect of compressions, as well as the effect of the tensions, were analyzed. 
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Seismic Action 1 
Combination of atctions: Seism 1 and Permanent 

Load 

  

σ33: Min = 1 kN/m2; Max = 2456 kN/m2 σ33: Min = -757 kN/m2; Max = 523 kN/m2 

Seismic Action 1 

  
σ11: Min = 34 kN/m2; Max = 844 kN/m2 σ22: Min = 12 kN/m2; Max = 5028 kN/m2 

Figure 4.4 – Distribution of the vertical stresses (σ33) on the masonry structure for seismic action 1 and for the 
combination of actions, and of the circumferential (σ11) and meridional (σ22) stresses of the reinforced concrete 

structure for seismic action 1. 

Once again, the ashlar masonry wedges function as fundamental elements of the masonry structure 

regarding the support of the reinforced concrete structure. These exhibit compression stresses, for both 

the maximum distributions of compressions as well as tensions. It is in these areas that the maximum 

values of compression are observed in the static analysis and, in this sense, even when the earthquake 

is considered as an action tensile action the permanent load prevails over the seismic action. For the 

distributions of high compressions the verified maximum value is 4.6 MPa, located on the diagonal of 

the top of ashlar masonry wedges. Bearing in mind that the compressive strength of the masonry 

structure is 6 MPa the results obtained are within the safety parameters. There are no significant tension 

stresses. 

In the reinforced concrete structure, in the alignment with the ashlar masonry wedges, the presence of 

high compression stresses can be observed. It is towards these structural elements that the reinforced 

concrete structure directs the highest percentage of its vertical loads. However, in the rest of the 

structure’s base, the presence of higher tension stresses can be observed, particularly in the places 

where the dome is not supported, as well as immediately above the ashlar masonry arches. Although 

significant tension stresses arise in the alignment of the ashlar masonry arches, this response may result 

from the fact that the numerical model does not represent the actual behaviour of the structure perfectly. 

Due to being less rigid as structural elements, the ashlar masonry arches, when compared to the 

wedges, are subject to smaller loads coming from the reinforced concrete structure. However, they take 

the role of intermediate supports, offering support, albeit little, to the reinforced concrete structure.  

In the structure of the Portuguese National Pantheon there is a reinforced concrete ring that connects 

the stone masonry structure and the reinforced concrete one. This ring consists of reinforced concrete 

walls that are 2 m high, with a reinforced concrete slab on top and another underneath. The bottom slab 

is supported directly on the masonry structure and has been reinforced in order to allow for better 

distribution of the loads from the pillars. In addition to having the function of connecting the two 
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structures, this reinforced concrete ring sets the routing of the loads from the reinforced concrete 

structure to the masonry structure.  

When subjected to horizontal forces, a masonry wall displays the following main rupture mechanisms: 

overturning, sliding and diagonal cracking. The building in study is characterized by having large 

columns and walls, thus being very robust. Due to this, the structure is expected to behave globally in 

its response. For this reason, it would not make sense to compare this structure with a common building 

in masonry structure. On the other hand, the failure modes mentioned are relative to masonry walls. In 

this light, the properties of the failure modes in masonry walls are not directly used. It is instead 

necessary to analyze the structure as a whole taking into consideration its behaviour as a whole.  

Given the global behaviour that the structure displays, it has been deduced that, in the event of failure 

by diagonal cracking, local rupture would occur. This verification will not be made within this dissertation, 

and is presented as a suggestion for future work. However, 

given the characterization of the structure and the high 

thickness of the structural elements, it is believed that this 

failure mechanism does not present itself as significant for a 

majority of the elements. For this reason, failure by 

overturning and sliding will be assessed in greater detail, 

both for the level of the structure’s base and for the contact 

area between the masonry structure and the reinforced 

concrete structure. 

With regard to the verification of overturning safety, the 

calculation system represented in Figure 4.5 was used, 

which takes into account the center of gravity (CG) of the 

structure, which corresponds to the point of application of 

the actuating forces – horizontal force referring to seismic 

action (H) and vertical force referring to the structure's own-

weight (P). Through the verification from equation (4.1) it 

was established that, both for the level of the base of the 

structure and for the level of the contact zone between the 

structures, safety is assured. 

𝑒 =
𝑀

𝑁
≤

𝑏

2
                                                                          (4.1) 

With regard to the verification of sliding safety, equation (4.2) is used for this calculation, which takes 

into account base shear force (Fb), and the vertical force due to the permanent load (N). When 

performing the calculations for this verification, a cohesion value of zero was assumed (Cu) – it is not 

necessary to take into account the area of the walls (A) – and a conservative value of 0.40 for the friction 

coefficient (TgΦ) of new masonry structures was used, in agreement with the value indicated by EC6 

(EC6-1). This verification is carried out at the base level and in the connection of the structures. Safety 

is verified for the structure in general. 

5. Conclusions 

Studying old buildings is also a matter of having the willingness to understand a historical process in 

motion. (Appleton, 2011) The case study at hand - the Portuguese National Pantheon - reflects in its 

essence what João Appleton described about an ancient building. One of the goals of this work was the 

understanding of the construction process of the most recent structure – in reinforced concrete – of the 

building in study. The key role of the reinforced concrete ring in attaching the new structure to the existing 

one is highlighted, as well as its function of ensuring an efficient routing of the vertical loads of the upper 

elements to the robust stone masonry structure. The great deal of importance that the coating stone has 

in the construction of the reinforced concrete domes is also noted. This stone coating is applied first in 

order to function as a form, with the concrete being applied on the coating. In this way, the stone 

elements in the domes also contribute to the resistance and balance of the arched structure. 

Figure 4.5 – Calculation system for 
overturning verification at base.  

𝐹𝑏 < 𝐶𝑢. 𝐴 + 𝑁. 𝑡𝑔𝛷                                                                 (4.2)                 
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Given the interest in the study of the domes, a detailed analysis of the structural behaviour was carried 

out in a numerical model of a spherical dome. To this end, the finite element method with linear elastic 

behaviour was used, along with the software SAP2000. In the analysis, the domes were subjected to 

the action of their own-weight, and subsequently a uniform variation of the temperature was applied. It 

was determined that the domes have reasonable resistance capacity, and no presence of tension 

stresses that would lead to cracking was observed. The model which uses greater tension stresses sees 

the application of double the load of the clerestory. However, there is no possibility of cracking. As for 

the action of the temperature variation, it causes the structure to have a lower resistance, which makes 

cracking a possibility in this case. Tension stresses appear in the meridional direction, leading to 

possible circumferential fissures near the base of the dome. 

A numerical model of the structure of the building in study was also made, and its behaviour was 

analyzed through the evaluation of the masonry and reinforced concrete structures. In order to 

determine approximations of real parameters, dynamic characterization tests were carried out in the 

building with the goal of calibrating the numerical model through the adjustment of the mechanical 

properties of the materials. Through static analysis of the structure, the important contribution of the 

ashlar masonry wedges to resisting the vertical actions coming from the domes stands out. These 

vertical elements, isolated from the remaining structure, would be sufficient to withstand the load of the 

structural body of the reinforced concrete structure. However, the arches built into the half domes serve 

as intermediate supports, transferring their actions to the ashlar masonry wedges.  

With regard to the distribution of stresses, the compression stresses in the masonry structure are lower 

than the permissible limits. In the case of tension stresses, these are low and do not raise concerns. In 

a masonry structure the existence of small cracks is assumed to be a common phenomenon. However, 

it is important to check if these fissures impair the proper functioning of the structure, affecting its balance 

and safety. In the reinforced concrete structure the tension stresses are close to the axial tensile 

strength, which can lead to cracking. However, no concerns are raised with regard to failure due to it 

being a reinforced structure. 

Through dynamic analysis, the maximum compression and tension stresses of the structure were 

studied. When an earthquake impacts a structure, on the one hand it increases tension stresses, but on 

the other it increases compression stresses. As such, with respect to the combination of actions, it is 

observed that the compression stresses are located at the top of the ashlar masonry wedges, 

emphasizing the important contribution of these structural elements. As for tension stresses, these 

exhibit significant values at the base of the reinforced concrete structure. However, they do not raise 

any concerns considering that the reinforced concrete ring is located at this level, which ensures 

resistance to tension stresses.  Regarding the verification of shearing effects due to seismic action, it is 

concluded that, from the three types of failure modes, if diagonal cracking were to occur it would be 

local, taking into account that the structure acts as a whole. The established principles for a common 

masonry building thus do not apply. As a result, only the overturning and sliding failure modes were 

analyzed at the base level of the structure and at the level of the contact zone between the structures. 

Safety is verified for both types of rupture mechanism. 

In light of the studies carried out for the structure of the (building of the) Portuguese National Pantheon, 

it is believed that the structure will withstand regulatory seismic action. No critical areas were observed 

for the vertical actions, thus assuring the safety of the structure. 

Bibliography 

Appleton, J. (2011). "Reabilitação de Edifícios Antigos - Patologias e Tecnologias de Intervenção" - 2ª 

Edição. Edições Orion [in Portuguese]. 

Araújo, G., Melo, I., & Neto, M. J. (s.d.). "The Building Works of Saint Engratia - The Pantheon under 

the Republic". Lisbon: Ministério da Cultura, Instituto de Gestão do Património Arquitectónico 

e Arqueológico, National Pantheon. 

Cardoso, E. (1965). "Verificação da Estabilidade da Construção Existente". Lisboa: Panteão Nacional 

[in Portuguese]. 



11 
 

Delgado, J. (2006). "Projecto de Recuperação da cúpula, 1ª fase - Estudo prévio". Lisboa: Ázimo, 

Lda., IPPAR - Direcção Regional de Lisboa [in Portuguese]. 

EC2. (2004). EN 1992 Eurocode 2 - Design of concrete structures. Comité Européen de 

normalisation, CEN: Brussels. 

EC6-1. (2005). EN 1996 -1-1, Eurocode 6: Design of Masonry Structures - Parte 1-1: Common rules 

for reinforced and unreinforced mansonry structures. Brussels: Comité Européen de 

normalisation, CEN. 

EC8-1. (2004). EN 1998-1, Eurocode 8: Design of structures for earthquake resistance. Parte 1: 

General rules, seismic actions and rules for buildings. Brussels: Comité Européen de 

normalisation, CEN. 

EC8-3. (2005). EN 1998-3, Eurocode 8: "Design of structures for earthquake resistance, Parte 3 - 

Assessment and retrofitting of buildings. Brussels: Comité Européen de normalisation, CEN. 

Ferreira, V., & Farinha, B. (1977). "Tabelas Técnicas para Engenharia Civil", 8ª Edição. Lisbon: 

Associação dos Estudantes do I.S.T. [in Portuguese]. 

Gago, A. S. (2004). "Análise Estrutural de Arcos, Abóbadas e Cúpulas", PhD Thesis . Instituto 

Superior Técnico, Techinal University of Lisbon, Lisbon . 

Guimarães, M. (2009). "Caracterização de Paredes de Alvenaria de Pedra por Técnica Sónica", MsC 

Thesis. FEUP, Porto. 

Lopes, M. (2008). "Sismos e Edifícios". Edições ORION [in Portuguese]. 

Lourenço, P., Pagaimo, F., & Júlio, E. (2005). "Caracterização das Paredes de Alvenaria da Vila de 

Tentúgal". [in Portuguese]: Revista Portuguesa de Engenharia de Estruturas 54: 35-42. 

Monteiro, J. P. (2012). "Análise Sísmica de Edifícios "Gaioleiros"", MsC Thesis. Instituto Superior 

Técnico, Techinal University of Lisbon, Lisbon. 

NTC2008. (s.d.). Norme Tecniche per le Costruzioni. NTC, 2008. 

Primeira Pedra - Lioz Calcários. (2018, Fevereiro 22). Retrieved from 

http://www.primeirapedra.com/stones/lioz/ [in Portuguese] 

SAP2000®. (s.d.). Three Dimensional Static and Dynamic Finit Elemente Analysis and Design of 

Structures. CSI Computers & Structures, inc, Structural and Earthquake Engineering 

Software, Berkeley, Califórnia, EUA. 

SIPA. (2017, Setembro 11). SIPA, Igreja de Santa Engrácia/Panteão Nacional. Retrieved from 

http://www.monumentos.gov.pt/Site/APP_PagesUser/SIPA.aspx?id=4721 [in Portuguese] 

 


