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ABSTRACT 

The practice of Civil Engineering has undergone great advances in the last decades, largely due to the 

emergence of structural calculation programs that allow modeling and analyzing of structures. 

It is, thus, of great importance, for the user of these same structural calculation programs, to possess 

the knowledge of which method allows him to obtain the most accurate results and at the same time 

model the structure by the most efficient means. 

For this purpose, the Aqueduct of Pegões, in the city of Tomar, Portugal, was analyzed using the Finite 

Element Method, with the objective of evaluating the safety of the structure, for the seismic action and 

for the simulation of settlements of some of its pillars. 

Throughout the modeling and analysis process, conclusions were drawn on how best to model the 

structure, taking into consideration the options that the Finite Element Method offers. For this purpose, 

two types of modeling elements provided by the SAP2000 structural calculation program were used: 

frame elements and solid elements. 

The analysis of these Finite Element Models allowed the conclusion that the structure is safe for the 

possibility of an earthquake in the Aqueduct zone, but presents some risk as to the settlement of some 

of its pillars. In addition, the model with frame elements has proved to be the most useful for the modeling 

of masonry structures similar to the Aqueduct of Pegões. 

 

Keywords: Aqueduct of Pegões; SAP2000; masonry; frame element; solid element; ARTeMIS 

 

mailto:antoniofernandes.campello@gmail.com.com


 2 

1. INTRODUCTION 

Masonry structures are frequently present in the 
form of large, historic constructions. One such 
case is the Aqueduct of Pegões in the city of 
Tomar, Portugal.  

This Aqueduct is several centuries old and so, 
unsurprisingly, it has collected a number of 
pathologies since the time it first stood. 

In order to analyse this structure and assess its 
safety against different types of actions, the 
Finite Element Method was employed.  

The use of the Finite Element Method allowed 
the drawing of conclusions regarding the best 
strategies to be used in the modelling and 
analysis of the Aqueduct of Pegões structure, 
and also in structures of its kind. 

Throughout the present work, several analysis 
methodologies were used in order to correctly 
model the Aqueduct structure, of which the most 
relevant were modal identification, dynamic 
analysis due to seismic action and static 
analysis due to the action of settlements. 

2. RELATED WORK 

2.1. Aqueducts – Structural Behavior 

Most ancient Aqueducts are composed of either 
stone or brick masonry, or a combination of the 
two.  

There are mainly 3 types of stone masonry 
usually seen in Aqueducts (Gago 2014): 

 Rubble stone masonry – composed of 
angular and irregular shaped rocks, 
connected by mortar joints  

 Dry stone masonry - composed of 
angular and irregular shaped rocks with 
no connection by mortar joints 

 Ashlar masonry – composed of 
regular shaped rocks that can assume 
different patterns, laid in mortar joints 

A reduced resistance when solicited by tension 
forces is a distinct feature of stone masonry. 
Apart from this, stone masonry is also weak 
against shear forces and bending moment, both 
in plane and out of plane (Branco et al. 2014). 

2.2. Modeling of Masonry Structures 

There are essentially 2 methods employed in 
the modelling of masonry structures: the Finite 
Element Method and the Discrete Element 
Method. 

The Finite Element Method is a numerical 
method that returns approximate values in 
discrete points of the domain of the system in 
which it is applied. Essentially, the initial, large 

structure is subdivided into smaller, simpler 
parts that are designated as finite elements. 
(Logan 2011). 

There are two approaches that can be taken 
within the Finite Element Method – the linear 
elastic analysis and the non-linear analysis. 

In the linear elastic analysis, there is a linear 
relation in the stress-strain curve. In the non-
linear analysis, the stress-strain curve is non-
linear and this type of behaviour can be 
observed in stone masonry mainly due to the 
existence of the mortar joint-rock connection 
zones (Binda 1996). 

The Discrete Element Method simulates the 
behaviour of discrete bodies, from the initial 
moment in which they are loaded up until their 
complete detachment from the structure 
(Cundall 1971). 

Overall, the Finite Element Method offers the 
possibility of building more complex and 
sophisticated systems than the Discrete 
Element Method. However, the Discrete 
Element Method is not only faster in providing 
results but also analyses the whole structure 
from the first moment of loading until collapse 
occurs (Gago 2004). 

Considering all aspects, the Finite Element 
Method presents itself as the better choice for 
modelling masonry structures of the same 
calibre as the Aqueduct of Pegões. 

3. CASE STUDY – DESCRIPTION AND 
DAMAGE 

3.1. Historical Note 

The Aqueduct of Pegões, which stands in the 
city of Tomar, in Portugal, was built in 1614 after 
21 years of construction (Amante 2008). The 
main goal of the Aqueduct was to convey water 
to the Convent of Christ, which served as a 
place of stay to kings from other countries, as 
well as members of religious and military 
orders. In modern times, the Aqueduct has lost 
its use as a means of water distribution and now 
serves mainly as a tourist attraction and has 
been classified as a National Monument 
according to the Portuguese Institute for the 
Management of Archeological and Architectonic 
Heritage (“DGPC | Pesquisa Geral” 2017). 

An aerial view of the Aqueduct as it stands today 
can be seen in figure 1. 
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Figure 1 - Aerial view of the Aqueduct of Pegões 

3.2. Geometric Description  

The Aqueduct of Pegões is approximately 6 
kilometres long. For the purposes of this study, 
only the portion of the Aqueduct that is located 
in the Valley of Pegões (figure 2) was studied: 

 

Figure 2 - Top view of the Aqueduct in the Valley of 
Pegões area. Adapted from (Mateus et al. 2016) 

As can be observed in figure 3, the Aqueduct is 
divided into 4 main sections: AB, BE, EF and FI. 

Moreover, it is composed of 60 arches, 17 
ogives and 59 pillars, with a maximum height of 
approximately 30 meters. 

3.3. Constituents 

The Pegões Aqueduct is composed in its 
entirety of stone masonry. Some data has been 
assembled regarding the properties of this 
material by a Structural Diagostic team of field 
experts (Oz 2016). 

The report made it possible to define the type of 
stone masonry present in the Aqueduct: rubble 
stone masonry that serves as filling on the 
inside of the Aqueduct and ashlar masonry on 
the outer layers, as exemplified in figure 3: 

 

Figure 3 - Rubble stone masonry on the inside of the 
pillars and ashlar masonry present in the Aqueduct of 

Pegões 

3.4. Structural Pathologies 

Over its more than 400 years of existence, the 
Pegões Aqueduct has accumulated several 
damages from the various actions that it has 

sustained throughout this time. The same 
Structural Diagostic team of field experts 
mentioned in subchapter 3.3 managed to 
register the most relevant of these pathologies 
(Oz 2016): 

 Leaning of pillars in section EF 

 Sliding of blocks belonging to pillars 
near point A 

 Cracks of varying extension throughout 
the Aqueduct 

4. CASE STUDY –.MODAL 
IDENTIFICATION 

4.1. Obtaining Experimental Data 

In order to obtain the real modes and 
frequencies of vibration of the Aqueduct 
structure, in-field measurements were carried 
out. Data was obtained in this manner by 
placing sensors that obtained the response of 
the structure to the vibrations produced by its 
natural surroundings, in a procedure known as 
Ambient Vibration Test (Ferreira 2013).  

The data extracted from this procedure was 
then stored in a device that enabled the 
conversion of analytical signals into digital ones. 

The measurement equipment can be observed 
in figure 4: 

 

Figure 4 - Measurement equipment used for the 
purpose of obtaining ambient vibrations of the 

Aqueduct of Pegões. Adapted from (Ferreira 2013) 

4.2. Treatment and Analysis of 
Experimental Data 

After all the relevant data was obtained, the next 
step was to treat it in order to get valid results. 

The ambient vibrations collected on-site were 
decomposed through Discrete Fourier 
transforms in velocity waves with different 
values pertaining to the different times of 
measurement (Mendes and Oliveira 2008). This 
allowed the extraction of the frequencies in 
which the structure has the most tendency to 
vibrate. 

There are essentially two types of domains in 
which the above-mentioned analysis can be 
carried out: the frequency domain and the time 
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domain. For the purpose of this study, only the 
frequency domain is relevant. In this domain, 
there are 3 main methods of analysis: FDD 
(Frequency Domain Decomposition), EFDD 
(Enhanced Frequency Domain Decomposition) 
and CFDD (Curve-fit Frequency Domain 
Decomposition). 

All 3 methods revolve around the same 
concept, with slight variations between each 
method. The fundamental way in which all three 
methods operate is by decomposition of the 
signals into various spectral density functions. 
The analysis of the resulting decomposed 
spectra allows peak picking of the single values 
of the vibration modes of the structure. The 
selected modes of vibration can then be 
compared to each other to assess their 
individual validity through a coefficient 
designated as MAC coefficient, which is 
calculated using equation 1: 

 𝑀𝐴𝐶 =  
(𝛷𝑖

𝑇𝛷�̅�)
2

(𝛷𝑖
𝑇𝛷𝑖)(𝛷𝑖

𝑇̅̅ ̅̅ 𝛷�̅�)
 (1) 

In which each 𝛷 represents a different single 
value of the modal shape selected. A value of 1 
signifies good correlation between modal 
shapes and a value of 0 corresponds to two 
modal shapes that have practically non-existent 
correlation. 

Prior to the treatment of the collected data, a 
pre-processing stage occurred in which 
unimportant data along with velocity peaks that 
did not correspond to the vibration of the 
Aqueduct were removed. For this, several 
algorithms were created in the computational 
program MATLAB (“MATLAB” 2017). 

After this pre-processing stage, the actual data 
treatment  was conducted in the modal 
identification program ARTeMIS (“ARTeMIS” 
2017). 

In this program, the model of the Aqueduct was 
initially built in a geometric option. This model is 
composed of the 15 pillars in which the 
measurements were taken, all of which are 
connected by the upper level of the Aqueduct.  

Each pillar was attributed a channel that 
contains the modal information gathered before, 
specifically the velocity at each time, in 
millimeters per second [mm/s] and both the X 
and Y direction of the horizontal plane, as can 
be seen in figure 5: 

 

Figure 5 - Aqueduct model in ARTeMIS program with 
each channel placed on top of the corresponding pillar 

With all the channels in place, it was possible to 
estimate the various modal shapes obtained 
from the FDD, EFDD and CFDD method and 
compare them all by grouping their MAC 
coefficients into MAC tables. 

The estimation culminated in the identification 
of the four first modal shapes and their 
corresponding frequencies (in Hertz) for the 
Aqueduct of Pegões, presented in figures 6 to 
9: 

 

Figure 6 – 1st Transversal Mode: f = 1.93 Hz 

 

Figure 7 – 2nd Transversal Mode: f = 2.03 Hz 

 

Figure 8 – 3rd Transversal Mode: f = 2.40 Hz 

 

Figure 9 – 4th Transversal Mode: f = 2.73 Hz 
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5. CASE STUDY - STRUCTURAL 
MODELING 

5.1. Model Creation 

The first step in the modelling of any structure is 
the decision of which structural calculation 
program to use and which methods to employ in 
the program chosen. The Aqueduct of Pegões 
was modelled using the Finite Element Method, 
employing a Linear Elastic Analysis. To this 
effect, the structural calculation program 
SAP2000 (“SAP2000” 2017) was chosen to 
model the Aqueduct. 

The creation of the finite element model in this 
program took place in 2 different stages 
simultaneously: a finite element model using 
only frame elements connected by joints and a 
finite element model using only solid elements, 
also connected to each other by joints. 

Frame elements are characterized by straight 
lines that connect two joints. .(“Frame - 
Technical Knowledge Base - Computers and 
Structures, Inc. - Technical Knowledge Base” 
2017). 

Solid elements are 8 node elements that are 
used mainly in the modelling of tri-dimensional 
structures. (“Solid - Technical Knowledge Base 
- Computers and Structures, Inc. - Technical 
Knowledge Base” 2017). 

The Solid Element Model (designated as SEM) 
was the first one to be built. In its final form, it 
contains 19349 solid elements connected by 
35877 joints, and can be visualized in figure 10: 

 

Figure 10 - Solid Element Model in SAP2000. The 
green joints at the base of the pillars represent the 

ground-structure connection through fixed supports. 

The Frame Element Model (designated as 
FEM) was built from the SEM. In its final shape, 
it possesses 521 frame elements connected by 
488 joints and can be observed in figure 11: 

 

Figure 11 - Frame Element Model in SAP2000. The 
green joints at the base of the pillars represent the 

ground-structure connection through fixed supports. 

 

5.2. Model Calibration 

After both the SEM and the FEM were built, it 
was time to calibrate them in terms of their 
intrinsic properties in order to achieve the same 
modal shapes and frequencies of the real 
Aqueduct structure, obtained from the ARTeMIS 
analysis. 

The intrinsic mechanical properties calibrated 
were the elastic modulus and the self-weight of 
the structure.  

The first model to be calibrated was the SEM. 
After the initial parameters were defined (taken 
from the references), the iterative process 
began, which consisted in modifying both the 
elastic modulus and the self-weight of the model 
until the structural model could present the 
approximate 4 modal shapes and 
corresponding frequencies presented in 
subchapter 4.2. 

Ultimately, the modal shapes and frequencies 
from table 1 were determined for the SEM: 

Table 1 - Comparison of the modal shapes and 
frequencies obtained in the SEM from SAP2000 with 

the ones obtained from ARTeMIS 

TRANSVERSAL 
MODE 

SAP 
FREQUENCY 

(HZ) 

REAL 
FREQUENCY 

(HZ) 

RELATIVE 
ERROR (%) 

1 1.929 1.930 +0.05 
2 2.055 2.030 -1.22 
3 2.369 2.400 +1.31 
4 2.736 2.730 -0.22 

The parameters resulting from this iterative 
process can be viewed in table 2: 

Table 2 - Parameters obtained from the calibration of 
the SEM 

PARAMETER VALUE 

E (GPA) 2.0 
SELF-WEIGHT (KN/M3) 18 

POISSON COEFFICIENT V 0.3 

The FEM was calibrated using the same 
method. In this case, however, the self-weight 
was already known from the SEM calibration 
process, which left only the elastic modulus to 
be calibrated. The final modal shapes and 
frequencies that resulted from this calibration 
process are available in table 3: 

Table 3 - Comparison of the modal shapes and 
frequencies obtained in the FEM from SAP2000 with 

the ones obtained from ARTeMIS 

TRANSVERSAL 
MODE 

SAP 
FREQUENCY 

(HZ) 

REAL 
FREQUENCY 

(HZ) 

RELATIVE 
ERROR (%) 

1 1.92 1.93 0.36 
2 2.01 2.03 1.20 
3 2.44 2.41 -1.27 
4 2.71 2.73 0.66 
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The parameters resulting from this iterative 
process are presented in table 4: 

Table 4 - Parameters obtained from the calibration of 
the FEM 

PARAMETER VALUE 

E (GPA) 3.5 
SELF-WEIGHT (KN/M3) 18 

POISSON COEFFICIENT V 0.3 

5.3. Model Analysis 

Having built and calibrated both models, the 
next stage was the comparing of the two, in 
order to extract conclusions pertaining to the 
advantages and disadvantages of their use. 

This comparison of the two models was 
accomplished by means of seismic analysis on 
the Aqueduct Structure. The seismic action was 
applied in conformity with Eurocode 8 (CEN 
(European Commitee for Standardization) 
2006), which states that the seismic action 
should be represented through the response 
spectra of the structure. 

According to the Portuguese Annex of the 
Eurocode 8 (IPQ 2010), two types of seismic 
action should be considered in Portuguese 
territory: 

 Type 1 – “distant” scenario, pertaining 

to earthquakes with epicenter in the 
Atlantic region 

 Type 2 – “close” scenario, pertaining to 

earthquakes with epicenter in the 
Continental territory or in the Azores 
Cluster 

For this comparison, only the type 2 seismic 
action was considered.  

Firstly, the FEM was analyzed in terms of its 
bending moment and shear force in a specific 
zone. The analyzed zone consisted of pillars 14 
through 21, which can be identified in figure 12: 

 

Figure 12 - Analyzed zone for Bending Moment and 
Shear Force, comprising pillars 14 through 21 in the 

FEM 

This zone was chosen for analysis due to it 
being one of the most damaged zones in the 
Aqueduct, according to the damage report 
mentioned in subchapter 3.3 (Oz 2016). 

The correlation of Bending Moment and Shear 
Force obtained between the two models can be 

observed from the vertical bar graphs present in 
figures 13 and 14: 

 

Figure 13 - Internal Forces correlation in pillars 14-21 
for Seismic Action Ex 

 

Figure 14 - Internal Forces correlation in pillars 14-21 
for Seismic Action Ey 

From the analysis of both figure 13 and 14, it is 
possible to draw the following conclusions: 

1. There is a good correlation of internal 
forces between the SEM and the FEM, 
for both the Shear Force and Bending, 
Moment that arise from the type 2 
seismic action on the structure. 

2. The only exception to point 1 occurs in 
pillar 19. It is believed that in this pillar 
the correlation is not as high as in the 
other pillars due to it being situated in a 
transition zone of sections of the 
Aqueduct model, as well as it being the 
initial pillar in which the ogive zones 
appear in the Aqueduct structure. 

The modeling experience of both Aqueduct 
models has allowed ascertaining of some other 
important conclusions: 

 With a better refinement of the finite 
element mesh, the results will be closer 
to the real solution. 

 It is important that, whatever model is 
built, it is as close to the real structure 
as possible, both geometrically and 
mechanically.  

 For seismic actions due to response 
spectra, it is important to have a modal 
participation close to 90%, for both the 
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X and Y directions in the horizontal 
plane. 

Finally, the advantages and disadvantages that 
arise from the use of both the SEM and the FEM 
are presented in table 5: 

Table 5 - Advantages/disadvantages that stem from the 
use of both the SEM and the FEM 

 ADVANTAGES DISADVANTAGES 

FEM 

 Requires lesser 
computational costs 

 Quick in the 
obtaining of results 

 Allows for the 
building of complex 
models in a short 
period of time 

 Does not 
allow a local 
verification of 
the state of 
stress of the 
structure 
 

SEM 

 Allows a local 
verification of the 
state of the 
structure 

 Results obtained 
are more precise 
and have better 
detail 

 For too 
extensive and 
complex 
models, 
requires 
excessive 
analysis 
periods 

 Large 
computational 
costs 

6. CASE STUDY – SAFETY ASSESSMENT 

After the conclusion was drawn that the FEM is 
sufficient for the analysis of structures of the 
calibre of the Aqueduct of Pegões, the structural 
safety assessment of the Aqueduct was carried 
out, using the finite element models built in 
chapter 5. 

This safety assessment was carried out for 2 
distinct cases: 

1. Dynamic Analysis 
2. Static Analysis 

6.1. Dynamic Analysis 

For the dynamic analysis, the Aqueduct was 
subject to the seismic action of type 1 and type 
2 response spectra according to the Portuguese 
Annex of the Eurocode 8 (IPQ 2010) on the 
Frame Element Model.  

Eurocode 8 also specifies the possibility of the 
load combinations indicated in equations 2 and 
3: 

 𝐸𝐸𝑑𝑥 " ± " 0.30𝐸𝐸𝑑𝑦  (2) 

 𝐸𝐸𝑑𝑦 " ± " 0.30𝐸𝐸𝑑𝑥  (3) 

In addition to this, Eurocode 0 (CEN 2002) 
stipulates the following load combination of 
equation 4: 

 𝐸𝑑 =  𝐸(∑𝐺𝑘, 𝑗 + 𝑃 + 𝐴𝐸𝑑 + ∑ 𝜓 2, 𝑖 𝑄𝑘, 𝑖 (4) 

In which E and Ed are, respectively, the effect 
of the actions and the design value of the effect 
of the actions, Gk, j is the characteristic value of 

the permanent action, P is the representative 
value of a prestressing action, AEd is the design 
value of the seismic action, ψ2 is the coefficient 
for the determination of the quasi-permanent 
value of a variable action and Qk is the 
characteristic value of the variable action. 

With all of the above taken into consideration, it 
was decided to run the response spectra 
analysis for the two types of seismic action, 
considering only the self-weight of the structure, 
in addition to the following 2 cases: 

1. 𝐸𝐸𝑑𝑥 " ± " 0.30𝐸𝐸𝑑𝑦  ;𝐸𝐸𝑑𝑦 " ± " 0.30𝐸𝐸𝑑𝑥   

2. 𝐸𝐸𝑑𝑥 ; 𝐸𝐸𝑑𝑦  

The Aqueduct pillars were tested for the 
possibility of bearing of their bases due to the 
Bending Moment – Normal Force interaction. 
For this, equations 5 to 7 related to figure 15 
were used: 

 

Figure 15 - Representation of the compressed area 
due to bearing loads in the cross-section of any given 

pillar of the Aqueduct 

 
𝐴𝑐 =  

𝐿𝑐 × 𝐵𝑐

2
 

(5) 

 𝐵𝑐

3
=  

𝐵

2
− 𝑒𝑥  ⇒ 𝐵𝑐 =  3(

𝐵

2
− 𝑒𝑥) 

(6) 

 𝐿𝑐

3
=  

𝐴

2
− 𝑒𝑦  ⇒ 𝐿𝑐 =  3(

𝐿

2
− 𝑒𝑦) 

(7) 

From which results equation 8: 

 
𝜎𝑐 =

2𝑁

9(
𝐵
2

− 𝑒𝑥)(
𝐿
2

− 𝑒𝑦)
 

(8) 

The safety assessment was thus made by 
comparing the acting normal stress due to the 
Normal Force – Bending Moments interaction 
with the characteristic compressive strength of 
the masonry that composes the Aqueduct. The 
acting normal stress is given by equation 9: 

 
𝜎𝑐 =

𝑁

𝐴𝑐
 

(9) 

In which 𝜎𝑐 is the acting compression stress, N 

is the acting Normal Force and 𝐴𝑐 is the 
compressed area visible in figure 15, that 
results from the simultaneous action of the 
Bending Moment on the pillar in both directions 
of the cross-section. 
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The characteristic compressive strength of the 
masonry, fk, is considered to be equal to 3 MPa. 
This value is based on the literature, and it is 
reasonable to say that it is a conservative 
assessment of the properties of the masonry 
that comprises the Aqueduct of Pegões. 

Several different cases were analysed in order 
to account for the most critical of possible 
actions on the structure. In tables 6 and 7, the 
action that produces the most stress on the 
structure is presented, for case 1 and case 2 
respectively, of the load combinations, along 
with the complementary safety assessment 
information: 

Case 1: 𝐸𝐸𝑑𝑥 " ± "0.30𝐸𝐸𝑑𝑦 ;𝐸𝐸𝑑𝑦 " ± " 0.30𝐸𝐸𝑑𝑥  

Table 6 - Greatest stress obtained in the structure due 
to load combination of case 1 

PILLAR N (kN) 
M22 

(kNm) 
M33 

(kNm) 
B 

(m) 
L 

(m) 
σc (kN 
/m2) 

31 -10211 16814 3364. 4.48 6.5 -1310 

Case 2: 𝐸𝐸𝑑𝑥 ; 𝐸𝐸𝑑𝑦  

Table 7 – Greatest stress obtained in the structure due 
to load combination of case 2 

PILLAR N (kN) 
M22 

(kNm) 
M33 

(kNm) 
B 

(m) 
L 

(m) 
σc (kN 
/m2) 

18 -4382 -5314 -3791 3.5 4.6 -1263 

In case 1 the maximum compression stress in 
pillar 31 was caused by a type 2 seismic action 
while in case 2 the maximum compression 
stress in pillar 18 was caused by a type 1 
seismic action, which suggests some 
unpredictability regarding the actions that have 
the most impact on the structure. 

The compressive stress acting on both pillars is 
lower than 3 MPa, which was as the assumed 
compressive strength of the masonry material 
of the Aqueduct. This result indicates that the 
Aqueduct of Pegões is safe against seismic 
actions. 

6.2. Static Analysis 

Pillars 9 through 17 of the Aqueduct exhibit 
inclination that arose from rotation around their 
bases, in a clear case of settlement. 

This condition was simulated in the SAP2000 
(“SAP2000” 2017) structural calculation 
program through the means of imposed 
rotations on the bases of the aforementioned 
pillars, in order to assess the safety of the 
structure against this behaviour. 

In the FEM, the rotations were applied directly 
into the base joints of the pillars, as seen in 
figure 16: 

 

Figure 16 - Imposed rotations at the base of pillars 9-
17 of the FEM in SAP2000 

In the MES, the procedure was different. 
Because of the nature of the solid elements, the 
rotations had to be simulated by means of 
vertical displacements in the joints that 
compose the base of the pillars. This can be 
observed in figure 18: 

 

Figure 17 - Imposed rotations at the base of pillars 9-
17 of the SEM by means of vertical displacements of 

the joints in SAP2000 

The static analysis was run on the SAP2000 
calculation program for the imposed rotations 
along with the self-weight of the structure. 

The acting stresses were calculated 
considering the worst case between the actions 
of the Normal Force, the Bending Moment and 
the Normal Force – Bending Moment 
interaction. The cross section dimensions at the 
base of the pillars considered were the ones of 
the actual structure and not the model ones, in 
order to obtain the most realistic values 
possible. In table 8, it is shown the obtained 
values of the maximum compression stress in 
each pillar. Cells highlighted in green 
correspond to pillars where the maximum stress 
was caused by the action of the Normal Force-
Bending Moment Interaction, while cells 
highlighted in orange correspond to pillars 
where the maximum stress was caused by the 
action of the Bending Moment. 

Table 8 - Maximum compression stresses on each 
pillar from different actions 

PILLAR 
H 

(m) 
B (m) N (kN) M22 (kNm) 

σc  
(Kn/m2) 

9 2.74 2.52 -1829.21 -3621.15 -1148.41 
10 2.71 2.57 -2028.52 -201.57 -314.31 
11 3.18 3.28 -2055.40 -10542.34 -1907.04 
12 3.73 3.92 -3744.20 3083.73 -458.59 
13 4.24 3.92 -4260.25 17290.55 1472.12 
14 3.42 4.02 -3870.91 -29884.32 -3813.43 
15 3.57 4.26 -4095.45 -10971.42 -1212.46 
16 4.48 4.43 -5175.41 -97135.65 -6554.96 
17 4.54 4.06 -5092.83 -41404.49 -2968.66 
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The analysis of table 8 allows the following 
conclusions: 

 The most prevalent action, or at least 
the one that causes the most intense 
values of compressive strength on the 
pillars is the action of the Bending 
Moment. 

 If fk is considered to be 3 MPa, as was 
done in subchapter 6.1, then the 
structure is not safe against the actions 
of imposed rotations at the base of 
pillars 14 and 16, with pillar 17 being 
extremely close to failure. Because in 
the actual structures these pillars have 
not yet failed, it is probable that the 
considered compressive strength of the 
masonry material of the Aqueduct is of 
a higher value than 3 MPa. 

The deformed shape of the structure is 
presented in figures 18 and 19 for the FEM and 
the MES, respectively: 

 

Figure 18 - Deformed shape of the Aqueduct structure 
in the FEM for the action of imposed rotations 

 

Figure 19 - Deformed shape of the Aqueduct structure 
in the SEM for the action of imposed rotations 

It is worth mentioning that the displacement 
values for the two deformed shapes are greatly 
coincidental, as can be seen in table 9, which 
gives their correlation for both the X and Y 
direction in metres. 

Table 9 - Correlation of displacement (in metres) 
between FEM and SEM for X and Y directions 

PILAR 
FEM-SEM 

CORRELATION 
FOR X (%) 

FEM-SEM 
CORRELATION 

FOR Y(%) 

9 99.43 91.12 
10 97.61 95.65 
11 99.73 96.71 
12 97.26 94.84 
13 98.09 95.18 
14 98.42 97.79 
15 98.58 99.74 
16 96.49 97.77 
17 96.90 94.11 

This suggests that both models provide good 
values for the assessment of the structure’s 
safety due to the static loading presented in this 
chapter. 

7. CONCLUSIONS  

The Aqueduct of Pegões was analysed using 
the Finite Element Model, to assess its safety 
and to study the different modelling options of 
the model. In this respect, and taking into 
consideration table 5, the following conclusions 
can be drawn: 

 Both models offer good structural 
solutions, provided they are correctly 
modeled against the actual structure. 
This implies that the model should be 
constructed with a geometry as similar 
as possible to that of the actual 
structure and that the parameters 
chosen allow for the calibration of the 
model so that it presents a correct 
oscillatory behavior. In addition, the 
finite element mesh should be as 
refined as the calculation program 
allows. 

 The Frame Element Model is simpler to 
construct and analyze. Nevertheless, 
this model offers good results and 
presents itself as a reliable solution for 
the analysis and modelling of 
structures. 

 The Solid Element Model carries higher 
computational costs and its 
construction takes a substantially 
longer time. Therefore, in spite of 
providing good results, this model may 
not be advisable for the modelling and 
analysis of structures that are too long 
and complex, in which case the Frame 
Element Model may prove to be the 
best option. 

The dynamic analysis for the safety assessment 
of the Aqueduct of Pegões, which was run by 
means of the response spectra, allowed the 
conclusion that the Aqueduct structure stands a 
good chance of resisting earthquake actions 
that may occur in that region. 

The static analysis indicated that the Aqueduct 
is in risk of serious damage in the analysed 
zone. Such is made clearer by observing the 
settlements that occur in this area. In this sense, 
prevention and rehabilitation measures are 
recommended for the Aqueduct of Pegões. 
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