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SUMMARY 
 
This work presents the results of dynamic measurements carried out at Cabril dam, the highest Portuguese 
arch dam (132 m). The results observed are compared with those of a numerical model of 3D finite 
elements, based on the hypothesis of linear elastic behaviour and by assuming that the hydrodynamic 
water pressure is properly simulated through associated water masses, in accordance with Westergaard’s 
formula.  Reference must be made to the fact that the comparison of the observed response, during 
possible earthquakes, with the numerically calculated response will make it possible to analyse possible 
non-linear effects, such as for instance: the influence of the contraction joints movements and the issue 
related with damping for dynamic actions of different magnitudes. 
In addition, the present work discusses the influence of reservoir water levels and of the thermal state on 
the time evolution of the fundamental parameters of the dynamic response (natural frequencies and modal 
configurations).  The main purpose of that discussion is to define strategies that will make it possible to 
use results from dynamic monitoring under a continuous regimen, either to identify alterations associated 
with phenomena of deterioration in arch dams, or to study the effect of seismic actions of different 
magnitudes. 
 
 

INTRODUCTION 
 
The “in-situ” characterisation of the dynamic response of concrete dams is essential to obtain 
experimental results intended to assess the reliability of numerical models to be used in the simulation of 
the response of these works to dynamic actions, of which the seismic action is the most significant [1]. 
 
The main purpose of this work is to demonstrate that both the technologic progress, at the level of 
equipment for measuring vibration, and the development of modal identification techniques, make it 
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possible to develop dynamic monitoring systems for large dams. These systems are intended to 
continuously record and analyse, with acceptable accuracy, the dynamic response of these structures under 
the action of ambient noise and under seismic actions of different intensity levels. Within the framework 
of dam safety control, these systems may be highly important, namely to identify the variations in the 
dynamic characteristics (natural frequencies and vibration modes) of the dam-foundation-reservoir set.  
These are associated with: i) variations in the reservoir level, and with annual thermal variations; as well 
as with ii) structural alterations accidentally induced, as is the case of intensive earthquakes, or gradually 
induced as a result of deterioration processes. 
 
 

DESCRIPTION OF CABRIL DAM 
 
The Cabril dam is a double curvature arch dam founded on a granitic rock mass.  It presents an 
approximately symmetric geometry in plan and has the particularity of having a higher thickness zone at 
the crest level between abutments (Figure 1). The central cross-section has a 20.2m thickness at the foot, 
close to the pulvino, and a 4.5m minimum thickness at level 290m, at the transition with the crest zone, 
from which the width increases linearly until 8.3m at maximum level (297m), as Figure 1 shows. 
The dam was built on the river Zêzere between September 1952 and December 1953.  The first filling 
began early 1954, and lasted about two years. 
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Figure 1: Elevation and cross-section by the central cantilever. 

 
Immediately in the initial stage of operation, a significant horizontal crack was detected in the downstream 
face (mainly close to the construction joints), in a section located between 10m and 20m below the crest 
[2]. In 1981, after analysis of the structural behaviour, and of complementary observation of the 
foundation, as well as after tests on materials and simulation by physical and mathematical models to 
determine the reasons for cracking, a decision was made to carry out repair works.  These works consisted 
of treatment of the foundation, grouting of retraction joints and treatment of cracks with resin grouting, 
after characterisation of the corresponding openings and depths.  With the refilling of the reservoir, it was 
observed that the dam cracked again in the same zone. 
 
 
 

TESTS 
 
Three ambient vibration tests were conducted with two different types of equipment using two slightly 
different test procedures. Below, both the equipment used and the corresponding test procedure are 
presented. 
 
 



February 2002 test 
 
In the first test, February 20, 2002, a 200 Hz sampling frequency was used, which produced records with 
more than 30 minutes duration.  The records obtained were filtered for 50 Hz (application of low-pass 
filter in 20 Hz = 0.8×50 Hz / 2 and decimalization for the intended 50 Hz) and were subsequently 
decimalized for the frequencies relevant for the structure. 
 
Twelve single-axial accelerometers were used, which were installed as Figure 2 shows, in the radial 
direction of the dam, 9 in the gallery at level 293 (close to the crest) and 3 in the gallery immediately 
below level 274.5, with simultaneous acquisition. 
 

A B C ED F IHG J NLK M PO Q VTR S U III EEIID ID297

170

190

230

210

270

250

290

(m) A/D
Conversor

Modal
Identification

C. S. C. S. C. S.

C. S.

C. S. - Signal Conditioning  
Figure 2: Locations of the sensors in the dam. 

 
 
May 2003 and October 2003 tests 
 
The tests conducted on May 30, 2003 and October 01, 2003 were performed with another type of 
equipment and had a sampling frequency of 250 Hz.  In these tests, the record acquisition had a 30-minute 
duration and, in the analysis of records, the results were also decimalized for the frequencies relevant for 
the structure.  
Similarly to the test previously described, long duration samples were chosen in order to obtain good 
frequency resolutions.  
In these tests, due to the reduced number of sensors and cables available, only 4 accelerometers were 
used, and therefore, another test method was adopted.  A reference sensor was used, which was installed 
on the central cantilever, since the available cable was insufficient. This solution was considered to be 
acceptable because the response of the work is not perfectly symmetric and, therefore, the position of the 
reference sensor is not expected to exactly coincide with the position of the central node of the anti-
symmetric modes.  The other 3 sensors were considered to be roving sensors, in accordance with the 
English literature, because their position changed in each measurement phase performed.  With this 
method, it was possible to obtain more measurement points, even though it required 5 measurement stages 
per test. 
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Figure 3: Position of the sensors in the various test stages. 

 
 

NUMERICAL MODEL 
 
In order to interpret the results of the modal identification, a finite element model was developed to 
analyse and predict the dynamic response of the Cabril dam.  The discretisation adopted for the dam and 
for an adjacent foundation block was the one consisting of isoparametric 3D finite elements with 20 nodal 
points.  A higher refinement at the upper zone (cracking zone) was chosen, which led to a mesh with 174 
elements and 1296 nodal points.  The hydrodynamic effect of the reservoir water has been considered 
through Westergaard’s associated water masses.  
 
For the behaviour of materials, it has been assumed that the foundation rock mass could be considered, in 
a simplified way, as an elastic isotropic medium having a 32.5 GPa modulus of elasticity and a 0.2 
Poisson’s ratio, with a null mass so as to simulate an elastic support.  
 
The structure of the dam was assumedly made of concrete, and it has undergone the normal maturation 
processes, having presently achieved a static modulus of elasticity ranging from 21 to 22 GPa [3]. Both 
the hypothesis of isotropy and of linear elastic performance has been assumed for the whole dam structure, 
except for the cracked zone.  For the latter, an orthotropic material has been assumed, in which the 
modulus of elasticity adopted for the vertical direction was about 10% of the one considered for the other 
directions (0.9 damage factor).  In quantitative terms, a 32.5 GPa6 modulus of elasticity has been 
considered for the whole dam and in every direction, except for the previously mentioned zone where a 
3.25 GPa modulus of elasticity has been assumed for the vertical direction.   
 
Based on the previous assumptions, a graph was prepared in the form of influence lines, which represent 
the variation of frequency according to the reservoir water table (see figure 4b).  The figure shows the 
evolution of the three first natural frequencies7 with the three corresponding modal configurations 
obtained. 

                                                 
6 Mention must be made of the fact that the value of the modulus of elasticity used has been obtained 
based on adjusting the first natural frequency numerically calculated to the one identified with the 30 May 
2003 test.  The latter value corresponds to 1.5 times the static modulus of elasticity, as is the current 
procedure in other ultra-sound tests. 
7 Only the evolution of the three first natural frequencies is presented, since these were only used for 
comparison with the results from the modal identification, as the next paragraphs will show. 
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Figure 4: Variation of the first three natural frequencies as function of water level. 
 
The first natural frequency corresponds to an anti-symmetric modal configuration, with a node being 
formed approximately halfway its development.  The second and third modal configurations are 
symmetric, having one node each.  The only difference is that, in the second frequency, the nodes are 
formed in locations distant from the centre and, in the third one, these are very closely formed at the 
central zone.  This is represented in the modal configuration as a very small opening for the third modal 
configuration and much larger for the second one.  
In the fourth mode, of note is the fact that the corresponding configuration is mainly determined by the 
longitudinal cracking at the upper zone of the work (simulated in the model by a more reduced modulus of 
elasticity in the vertical direction).  When the structural alteration induced by cracking is not considered, 
the 4th. mode is anti-symmetric with 3 nodes [4]. 
 
 

MODAL IDENTIFICATION 
 
Modal identification is used to identify modal parameters of a structure response using experimental data 
measurements. In this particular case, the response of the structure was measured based on ambient 
vibration tests. The main feature of this procedure is that it does not require the knowledge of the loads 
acting on the structure, which are supposed to operate on the system as if it were a white noise. It is 
assumed that this white noise excites the whole structure equally. Nevertheless, both the structural modes 
and the operational modes (modes associated with the activities related to the normal operation of the 
structure) are identified. In this type of procedures based on the output-only modal identification, it is 
essential to develop the ability to differentiate the structural models from the operational modes.  
 
The computer program ARTeMIS Extractor, release 3.2, was used to perform the modal identification of 
the structure [7]. Two diferents techniques were used for modal identification: the Frequency Domain 
Decomposition (FDD) and the Stochastic Subspace Identification (SSI). This two modal identification 
techniques are used to cross-validate the results. The joint analysis of the signals measured in various 
strategic points of the structure makes it possible to identify the modal configurations and the 
corresponding natural frequencies.  
 
The FDD procedure consists of decomposing the system output into a set of systems of a specific degree 
of freedom (SDOF), which are independent for each mode. The singular values are estimated from the 



spectral density of the SDOF system and the configuration of the modes is estimated from the singular 
vectors [6]. 
 
The SSI technique consists of adjusting a parametric model to the time series recorded by the sensors.  
The algorithm PC (Principal Components) has been used for analysing the records [6]. 
 
Figure 5 shows one of the results of the modal identification using the frequency domain decomposition.  
The peaks corresponding to the first four natural frequencies are indicated, which are clearly identified 
based on the analysis of the corresponding modal configurations associated to each selected peak. 
 

 
Figure 5: Singular values of the spectral density matrix. 

 
Figure 6 shows a diagram of the pole stabilisation obtained using SSI. There can be easily concluded from 
the analysis of the figure, that in the first peak of the spectrum, there are two adjusted sets of poles 
forming two vertical lines.  Furthermore, a natural frequency of the structure corresponds to each set of 
poles, which additionally demonstrates the significant proximity between the two first natural frequencies 
and the associated difficulty in identifying them. 
 

 
Figure 6: Stabilisation diagram. 

 
 



COMPARISON AND INTERPRETATION OF RESULTS 
 
The results experimentally obtained from ambient vibration tests are compared with the results 
numerically calculated using the finite element model, as Figure 7 shows.  The same figure also presents 
the results of two forced vibration tests8. As paragraph 4 demonstrates, the numerical results are 
represented as influence lines and illustrate the variation in the natural frequencies of the first three 
vibration modes, according to the reservoir water table.  The experimental results are represented as points 
for the same three first natural frequencies, in each test performed.  
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Figure 7: Comparison between numerical results and test results. 

 
By objectively analysing the figure, a decrease in the natural frequencies for water tables higher than level 
260m can be clearly observed.  As regards the direct comparison of numerical results with those 
experimentally identified using ambient vibration tests, it can be observed that there is a good agreement.  
As for the forced vibration results, the results obtained in 1996 indicate that the identification of the first 
natural frequency corresponded to a symmetric mode.  At the time, the conclusion achieved based on the 
interpretation with a mathematical model, was that it was not possible to identify the first natural 
frequency, to which a modal anti-symmetric configuration corresponded, due to the high proximity 
between the two first natural frequencies. Therefore, by taking into account this aspect, it can be 
concluded that the first natural frequency identified at the time corresponds to the 2nd. modal 
configuration, which, in this case, shows a good coherence with the results presented.  Nevertheless, for 
the higher frequencies there is a certain incoherence level in the results obtained from forced vibration 
tests.  As regards the 1981 results with empty reservoir, the values observed are less than those calculated 
from the mathematical model.  This may be justified by the fact that with the model used it is not possible 
to simulate the effect of the decrease in the overall rigidity that is associated with the opening of the 
contraction joints, which in fact occurs with an empty reservoir situation [1,9]. 
 

                                                 
8 According to the information available, three forced vibration tests were performed in the Cabril dam.  
Nevertheless, only the results of two of these tests have been published, the 1981 test (empty reservoir) 
and the 1996 test (water table: 264m).  Reference has been made to a test performed in 1962.  
Nevertheless there are no published results. 
 



The modal configurations identified for the three first modes previously analysed coincide with those 
calculated from the mathematical model [Oliveira et al]. As regards the fourth vibration mode, Figure 8 
shows the comparison between the modal configuration identified and the one numerically calculated, 
their agreement being obvious. 
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Figure 8: 4th mode shape configuration influenced by horizontal cracking. 
 
 

FINAL CONSIDERATIONS 
 
It has been demonstrated that with the equipment available, the test methodologies for measuring ambient 
vibration (output-only tests) make it possible to obtain reliable and highly significant results for 
characterising the dynamic response of arch dams.  It has been particularly demonstrated that it would be 
of high relevance to install and use continuous dynamic monitoring systems, in order to obtain 
experimental results intended to assess the reliability of the mathematical models used in the analysis of 
the dynamic response of dams. In fact, the data obtained with these systems may act as a complement to 
the information related with structural alterations, which is usually obtained through ultra-sound tests and 
visual inspections.  
 
In the case of the Cabril dam, it has been demonstrated that the ambient vibration tests make it possible to 
confirm the higher or lesser importance of structural alterations (namely cracking induced by accident 
actions, such as intensive earthquakes, or of other origin) by analysing the alterations in the modal 
configurations.   
 
The results presented indicate that the operation of the records of ambient vibration tests can only be dully 
expanded by developing the modal identification techniques based on the integrated use of different 
methods (FDD, SSI) supported by FE mathematical models. As regards the mathematical models, it is of 
high importance to be able to simulate the opening and closing movements of the contraction joints and 
the effect of the dam-foundation-reservoir interaction without using the simplification of the associated 
water masses.  Therefore, it would be highly relevant to develop the dynamic monitoring systems, in order 
to complement the current monitoring systems for controlling the static magnitudes, and consequently 
creating the possibility of measuring magnitudes intended to characterise the dynamic response. 
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