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Abstract 

The “Paço Ducal de Vila Viçosa” dates from the 16th century, having been enlarged and improved during the 
16th and 17th centuries, and represents an important historical and cultural monument in Portugal. Among 

the constructional characteristics, stand its 110 m long facade and being the largest edification in rammed 
earth of the Iberian Peninsula. 

The main goal of the present study is to develop a numerical model, to allow the evaluation of the structural 
response of the palace to the seismic action, as defined by EC8.  

Specialized bibliography was consulted to obtain the mechanical parameters to be used in the model 
regarding the materials of the structural elements of the palace. To guarantee the data quality of the present 
work, dynamic characterization tests were carried out, to better evaluate the elasticity modulus of the 
rammed earth that is present in the structure of the palace.  

The structural analysis developed in this model is a linear 3d analysis by response spectrum. In this analysis 
it was analyzed the influence that the flexibility/stiffness of the stories has in the various evaluated 
parameters of the model, namely: displacements, basal shear forces, frequencies and spectral 
accelerations.  

The analyses have shown that the structure of “Paço Ducal de Vila Viçosa” is not able to resist to the code 
seismic action as defined by EC8. The structural elements were grouped according to the stress levels that 
they have regarding the seismic action, with the main goal of identifying the most vulnerable areas of the 
palace.  

Introduction 

The main objective of this dissertation is to make a numerical model of the Paço Ducal of Vila Viçosa in order 
to evaluate the possible seismic vulnerability of the building structure. This need arises from the fact that at 

present time there is no study to evaluate the seismic resistance of this building, with a high historical and 
cultural value in the national context. 

The Paço Ducal structure model was developed in Sap2000. The seismic response was evaluated 
considering the seismic action definition according to EC8.  

Historical background 

The Paço Ducal of Vila Viçosa is an important Portuguese monument. It was erected by D. Jaime I, 4th Duke 

of Bragança. 

The works executed by D. Jaime I began in 1501, dating from the chapel and the cloister. There were works 

of expansion and improvement promoted by the 6th Duke, D. João I, dated from 1566, in order to meet the 
need of his marriage. 

Later, in the beginning of 1583, D. Teodósio II, 7th Duke of Bragança, widens the “Paço Ducal de Vila 
Viçosa”. In this time the imposing facade was built, being all covered with marble. 



Until 1640, the Palace was known for several works and improvements, at which time D. João IV, then 8th 
Duke of Bragança, was proclaimed King of Portugal, beginning the Bragança Dynasty, and ending the 
Philippine Dynasty. 

From this moment on the Palace has not super major alterations, serving as one of the many residences of 
the Portuguese kings in Portugal, that provided a more sporadic occupation. 

In figure 1 and in figure 2 it’s represented an aerial view of the “Paço”. Here is visible the several bodies that 
were object of the evaluation of the seismic behavior study. 

 

Modeling of the “Paço Ducal de Vila Viçosa” 

The Paço Ducal besides the historical and cultural importance previously mentioned has an additional 
relevance for being the largest building in rammed earth of the Iberian Peninsula. 

In simplistic terms, we can say that rammed earth is a constructive technique that is based on the 
compacting of earth between taipals, which are usually wooden planks. This process consists in mixing a soil 
with some cohesion and moisture, usually clay, with another, usually sand or gravel, in suitable proportions 

so that by compacting them, rammed earth walls are obtained. 

Currently there are numerous techniques to proceed the stabilization of the 
rammed earth. This techniques are based on the addition of lime and or cement. 

At it’s time of construction the stabilization techniques applied in rammed earth of 
“Paço” consisted in adding lime or animal blood to the rammed earth. This 
procedure lead to worst mechanical performances when compared to the ones 

obtained with the new stabilization techniques. 

From a constructive point of view rammed earth is still used today. Nowadays with 
the processes of stabilization rammed earth presents better mechanical 

characteristics than the ones of the old constructions. Nevertheless addiction of 
lime and cement has it’s limitations. In figure 3 is shown the distribution of 
rammed earth constructions in Portugal. 

Figure 1 - Main facade of the “Paço Ducal de Vila 
Viçosa” (Net 1)

Figure 2 – Aerial view of the “Paço Ducal de Vila 
Viçosa” (Net 2)

Figure 3- Distribution of 
rammed earth constructions in 
Portugal (Jorge et al., 2005)



As regards the weight of the rammed earth used to model the walls of the “Paço” was used Table 1, it was 

accepted that the walls would be constituted by a satisfactory rammed earth, then the value was chosen to 
not only to contemplate the weight of the rammed earth walls but also the weight of the floors. The weight of 
the floors is then considered by assuming that the mass of the rammed earth constituent of the walls is 1,9 

ton /m3 and that the mass of the floors can be simulated by the remaining 0,2 ton / m3 attributed to the walls. 

Table 1 summarizes the mechanical parameters used in the numerical model. 

For the design of the structural model, there were considered the thickness of the existing walls in the 

building. Each vertical wall is represented as a bar member. 

For the design of the horizontal elements ("lintel beams") only the zones located vertically and between the 
openings corresponding to the spans were considered. 

Figure 4 and figure 5 shows a schematic representation of the modelation used in the design of therein 
facade. Figure 4 shows the vertical elements used to design the main façade of the “Paço”. Also in this case 
it was chosen to model these elements as being bar elements. Figure 5 shows the horizontal elements used 

to design the main facade of “Paço”. Both elements were design as bar elements. 

The floors in the Paço structure were executed in wood. Due to the uncertainty about the dimensions of the 
elements that constitute them, as well as their possible variability in the different areas of “Paço”’s structure., 
it was choose in this work to evaluate the influence of flexible floors in the seismic response of the “Paço”, 

and not to deepen the characteristics of each of the constituent floors of the structure. 

For modeling the floors it was admitted that the area elements of the stories had no mass, this option has 
been taken for not to have associated vertical vibration modes, this fact was compensated by considering an 

additional mass of 0.2 ton /m3 for the walls of the model. 

Figure 4 - Columns used to model the main facade of 
“Paço Ducal de Vila Viçosa”

Figure 5 - Beams used to model the main facade of 
“Paço Ducal de Vila Viçosa”

Volumic weight walls (KN/m3) 21 ( has the weight of the foors included in this value)

Elasticity modulus (Mpa) 320 ( based in the dynamic characterization tests)

Dumping coeficient 5

Poisson coefficient 0,2

Resistance to compression (Mpa) 1,2

Resistance to traction (Mpa) 0

Floors volumic weight (KN/m3) 0 ( considered throut the majoration of the walls weight)

Elasticity modulus (wood floors) Variable

Table 1- Mechanical parameters used to model “Paço Ducal de Vila Viçosa”



To analyze the effect of flexible floors in the global structure there were admitted various cases of different 

stiffnesses in the wood floors of the model.  

Dynamic characterization tests 

In order to perform a calibration of the model it is essential to carry out a dynamic characterization of the 

structure based on experimental results, since these tests make possible to reduce the uncertainty 
associated with the modeling of a structure of this type. 

Figure 6 shows the points used to measure the accelerations in the present work, one at the roof level 

(points 2 and 4), the other at the top floor, the other at third floor (points 1 and 3), the other at second floor 
(points 5, 6 and 7), and the other in a terrace (point 8). 

For the points shown in figure 6, the results obtained for the fundamental frequencies of the “Paço”, 

corresponding to the records made at each point, are shown in table 2. 

The model was then calibrated according to the following procedure: 

. Determination of the fundamental frequencies of the structure by processing the data collected in dynamic 
characterization tests and compiled in table 2; 

. Fixing the value of 21 kN / m3 for the volumic weight of the walls, this value is considered as the upper limit 

of a satisfactory rammed earth, this value as incorporated the mass of the floors of the model. Note that in 
the model it was decided to consider null the mass of the floor area elements so that there are no local 
vibration modes associated therewith; 

. Consider that the connections of the model are fixed since the “Paço” has its foundations based on rocky 
soils; 

. Admit that floors have a rigid behavior; 

. Adjust the modulus of elasticity of the walls until the frequencies of the main vibration modes of the 
numerical model approach the frequencies of the vibration modes measured in the dynamic characterization 
tests. 

Location Test In the x axis In the y axis

1 Without reliable 
results

________ ________

2 Mf002 4,0 Hz; 8,0 Hz 2,0 Hz; 3,0 Hz; 4,0 Hz

3 MG004 2,0 Hz; 4,0 Hz; 5,5 Hz 2,0 Hz; 3,5 Hz; 8,0 Hz

4 Without reliable 
results

________ ________

5 MI002 2,2Hz; 3,2 Hz; 4,5 Hz 2,2Hz; 3,2 Hz; 4,5 Hz

6 MJ002 2,2 Hz; 5,0 Hz 2,0Hz; 3,0 Hz; 4,0 Hz

7 Without reliable 
results

________ ________

8 MI002 6,0 Hz 4,0 Hz; 6,0 Hz

Table 2- Fundamental frequencies obtained  
in the dynamic characterization tests 

Figure 6- Locations used to  
mesure the fundamental frequencies 



Seismic action according to EC8 

For Continental Portugal two types of earthquakes are proposed for the design of structures, being 
designated by seismic action type 1 and seismic action type 2. 

 Figure 7 shows the zoning considered for the Portuguese territory regarding the two type of seismic actions. 

. 

The “Paço Ducal de Vila Viçosa”, is situated in the village of Vila Viçosa, in zone 1.5 and 2.4 according to 

EC8 the reference soil acceleration is , ag = 0.6 m / s2 for the seismic action type 1 and ag = 1.1 m / s2 for 
seismic actions type 2. 

The foundations are considered to be in a type A soil, since they were executed at the surface of the bed 

rock. 

Another fundamental aspect addressed by the EC8 is the ductility presented by structures, for the analysis of 
the Paço, however, it was considered, that due to the limited ability of the rammed earth to withstand tensile 

stresses should be considered a behavior factor q = 1. 

Taking into account all these factors the two response spectrum that are represented in figures 8 and 9 
respectively represent for the seismic action type 1 and the seismic action type 2. 

Influence of the floor stiffness in the structural model 

A major issue that was posed in modeling the Paço structure was the importance of the contribution of the 

floors in the seismic response of the building. 
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Figure 8- Response spectrum of  
the seismic action type 1 

Figure 9- Response spectrum of  
the seismic action type 2

Figure 7- Division of Portugal according the seismic zones defined by EC8 in the left  
seismic action type 1; in the right seismic action type 2 (Em 1998: Eurocode 8 Design of 

structures for earthquake resistance)



The floors of this type of old buildings rests on a system of wooden beams that is perpendicular to the 
facades and lean on the walls, in own fittings existing in them. Normally, these beams are laterally supported 
by wooden billets, and on this system rests the coating, usually consisting of wooden planks. 

Usually buildings with this type of flexible floors are more susceptible to different types of collapses. In the 
following figures there are shown different types of collapses associated with these types of buildings. 

 

 

Another problem that occurs in the case of structures that have flexible floors is the distortion that can occur 

in in their plane which in turn implies that the distribution of the horizontal forces by the vertical resistant 
elements is not the most adequate, making these structures more vulnerable to this type of seismic 
solicitations. Figure 13 shows the difference in the response of a structure with flexible floors (A) and the 

same structure with rigid floors (B) to a seismic action. 

 

In abstract, the type of floors in this type of building usually does not allow them to be rigid enough to behave 

like diaphragms. As they are too flexible, the floors may not have the capacity to redistribute in the most 
convenient way the inertia forces generated by the earthquake to all vertical structural elements. 

Value comparison for different floor stiffnesses 
Displacements for different floor stiffnesses  

In order to be able to evaluate the true relevance of the stiffness in the structure, from the point of view of the 

structural behavior of the building, different values were considered for the stiffness of the constituent floors 
of the model. This operation was performed by changing the modulus of elasticity (and consequently the 
distortion modulus) of the wood floors. It should be noted, that in each of the analyzes only one stiffness was 

considered on all floors and that parameter it was changed in each posterior analysis. For the 

Figure 10 - Long walls  
(Candeias 2008) 

Figure 11- Bad connection of 
walls (Candeias 2008)

Figure 12- Collapse of a 
flexible floor (Net 3)

Figure 13- Difference between the seismic  behavior of a structure with 
flexible floors and rigid floors (Net 4)



accomplishment of all these analyzes, it was attributed an elastic modulus of 320 MPa to the rammed earth 
walls of “Paço”. 

In order to identify differences in deformations for the different floor flexibilities, the control points shown in 
Figure 14 were considered. 
 

 

In table 3 are shown the results of the absolute displacements obtained through the control points of figure 

14 and for the extreme situations of considering rigid floors or floors without stiffness in their plan. 

Through the analysis of the table it can be concluded that the absolute displacements measured in the 

different control points decrease very significantly for the rigid floor hypotheses. 

Figure 14- Considered control points

Floors without stiffness 
in their plan

Rigid floors

Locatio
n

Seismic 
action type 

1

Seismic 
action type 

2

Seismic 
action type 

1

Seismic 
action type 2

X 
(cm)

Y 
(cm)

X 
(cm)

Y 
(cm)

X 
(cm)

Y 
(cm)

X 
(cm)

Y 
(cm)

P1 2,6 5,8 1,9 4,4 0,8 1,6 0,9 1,4

P2 3,1 2,4 2,3 1,9 1,0 1,3 1,1 1,2

P3 2,5 4,4 1,8 3,4 0,8 1,0 0,9 0,9

P4 1,7 6,8 1,3 5,2 0,8 0,7 0,8 0,7

P5 0,7 1,1 0,7 0,9 0,3 0,7 0,5 0,8

P6 0,8 0,7 0,8 0,7 0,3 0,3 0,4 0,4

P7 3,4 0,8 2,5 0,6 0,8 0,4 0,9 0,6

P8 1,6 1,8 1,2 1,4 0,7 0,4 0,8 0,6

P9 0,2 1,2 0,2 0,6 0,2 0,6 0,4 0,6

P10 2,1 1,5 1,6 1,2 0,8 0,3 0,8 0,4

Table 3- Measured displacements in the control points for different floor stiffnesses



Differences in the basal shear forces for the different stiffness of the floors 

The diferences between basal shear forces for different floors stiffnesses considered in the numerical model, 

are presented on table 4. 

Another objective of this study was to try to understand how the basal shear forces vary according to the 

stiffness attributed to the constituent material of the floors. The table 1 shows how the basal shear forces 
vary according to the stiffness attributed to the wood floors. 

Seismic analysis of the model of the “ Paço Ducal de Vila Viçosa” 

Through the previous chapter, where the influence of the stiffness of the floors in the design of the “Paço” 

was quantitatively analyzed, it was decided that the best option would be to use the model that contemplates 
the rigid floors. 

This option is related to the fact that the basal cutting forces present a higher value in the case of modeling 
with hard floors, than in the case of more flexible floors. 

Analysis of the obtained results 

The performed safety check in the present work only takes into account the elements that are subject to 

tensile stresses or to excessive compression stresses for the seismic action. 

In order to determine the stresses to which the structural elements of the model are subjected, a linear 

combination criteria was applied. Through the program Sap2000 were obtained the bending moments that 
are generated in the x and y direction as well as axial force that the structural elements are submitted due to 
the seismic action. To these force is added the axial force and bending moments to which the respective 

elements are submitted due to the structure self weight load.  

Floors without stiffness in their plan

seismic 
action 1 

seismic 
action 2 

Basal shear force x (kN) 12626 10444

Basal shear force y (kN) 8803 8097

Rigid floors

seismic 
action 1 

seismic 
action 2

Basal shear force x (kN) 17761 21606

Basal shear force y (kN) 15431 18943

Table 4- Global basal shear forces for different floor stiffnesses 



Subsequently, all these forces are transformed into stresses and the safety of each structural element is 
verified. It is considered that the safety of the structural element in question is ensured as long as it does not 
exhibit tensile stresses or compressive stresses of more than 1,2 MPa. In order to contemplate all possible 

tensions generated in the cross sections of the structural elements due to the possible load combinations 
generated in the seismic action the following expressions are written: 

 

 

In which Npp represents the axial force to which the structural element is subject due to the structure self 

weight, Mx the maximum bending moment in the x direction due to the seismic action and the structure self 
weight, My the maximum bending moment in the y direction due to the seismic action and the structure self 
weight, Nsismo the axial force generated by the seismic action, A the cross-section of the structural element, 

welastx the elastic flexural modulus for the x direction of the structural element, Welasty the elastic flexural 
modulus for the y direction of the structural element. 

In order to locate vulnerable areas of the “Paço”, the structural elements were grouped in six different groups 
according to the stresses they present regarding the seismic action. Subsequently there are presented the 
considered groups. 

. calculated stress <3 MPa; Very high compression 

.3 MPa = <calculated stress <= -1.2 MPa; High compression 

.1.20 MPa <calculated stress <0 MPa; Ok - allowable compression 

. 0 MPa <= calculated stress <= 0.2 MPa; Reduced tensile stress 

. 0.2 MPa <calculated stress <1 MPa; tensile stress 

. 1 MPa <calculated stress; High tensile stress 

Taking into account the intervals considered we obtained the following table 5. 

Table 5- Structural elements grouped by seismic generated tensions

Very high compression High compression Admssible 

compression

Reduced 

tensile stress 

Tensile stress

Number of 

structural 

elements

0 57 477 1252 1192



Final considerations 

The main objective of this work was to evaluate the seismic performance of the “Paço Ducal de Vila Viçosa”. 

In the work there were done dynamic characterization tests in order to reduce the degree of uncertainty 
related to the characteristics of the materials that are present in the structure. 

The analysis carried out in this work on the Paço structure was performed using a linear dynamic response 
analysis model. It should be noted that at the level of the present work the coefficient of behavior of the 
structure was considered to be worth one. 

In this study it was evaluated the importance that the stiffness of the floors has relatively to the structure 
global seismic behavior. It was verified in the end that less flexible floors lead to a situation much more 

unfavorable to the level of the basal shear forces generated at the level of the structural model. 

The safety check performed in the present work consisted in combining the stresses caused by each type of 

seismic action and the efforts generated by the self weight of the structure and verify that for each case of 
the different possible combinations, each structural element does not present tensile tensions or 
compression stresses greater than 1.2 MPa. Considering the obtained results, we are able to conclude on 

the inability of the “Paço Ducal de Vila Viçosa” to resist to the regulamentar seismic action defined by EC8.  

Possible future developments 

As a suggestion for possible future works that may be carried out, it is proposed to evaluate the true rigidity 
of each constituent floor of the structure, since this aspect of modeling strongly influences the obtain results 

of the numerical model. 

It is proposed that in order to determine more realistic models of the “Paço”, non-linear analyzes of the 

structure are performed, since they represent in a more realistic way the behavior associated with structures 
of this type, which materials does not allow tensile stresses. Or in alternatively we suggest to study what 
would be the most convenient coefficient of behavior to be used in the analysis of this structure, since we 

have attributed a unitary coefficient of behavior, which can be too much conservative. 
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