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Abstract

Historically, the dynamic testing of concrete dams has been associated with experimental modal analysis (EMA) and the
performance of forced vibrations tests. Nevertheless, this type of tests requires the use of a heavy equipment and the inter-
ruption of the regular operation of the structure. An alternative to EMA relies on the application of operational modal
analysis (OMA), through the performance of ambient vibration tests, and thus, it is essential to investigate if the application
of OMA to concrete dams can provide good results with high levels of accuracy. In this context, this work addresses the
performance of ambient vibration tests on concrete dams with quite diverse geometrical attributes and on the application of
state-of-art output-only modal identification methods, to gain awareness of the issues that may occur during the application
of OMA methods to signals with such low amplitudes (of the order of micro g), such as those that are usually recorded when
dealing with these massive structures. More specifically, the paper describes the ambient vibration tests executed on six very
different concrete dams. The most relevant modal properties are estimated through the application of modern output-only
modal identification techniques, stressing the good level of accuracy achieved, which is quantified through the calculation of
modal properties’ uncertainties. Finally, a novel approach considering the uncertainties estimated is used to study the effect

of noise on the quality of modal estimates and to qualify the adequacy of sensors to perform these tests on dams.
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1 Introduction

Classically, forced vibration tests have been used to identify
the dynamic properties of structures for numerical modelling
(or design) updating and validation [1-5]. The application
of an experimental modal analysis by performing forced
vibration tests is an effective and rigorous mean of defining
the modal properties of a civil engineering structure. This
methodology has been successively employed on dams in
the past, as well as on bridges [6] and buildings [7]. Never-
theless, this procedure shows a few disadvantages, since for
bridges, and for dams crossed by roads, on one hand, traffic
must be interrupted to perform the test, and on the other, the
dimensions and weight of the equipment that needs to be
used to excite these enormous structures may rise convey-
ance issues [8].

P< Sérgio Pereira
sbp@fe.up.pt

Construct-ViBest, Faculty of Engineering (FEUP),
University of Porto, Rua Dr. Roberto Frias, 4200-465 Porto,
Portugal

Notwithstanding, the technological progression that
occurred in the area of data acquisition during the past few
decades contributed significantly to the dissemination of
ambient vibration tests as a reliable alternative. These func-
tional tests allow to carefully identify the modal properties
of civil engineering structures with no need to disturb their
normal service conditions. Besides, the modal properties
are extracted from data acquired under normal operation
conditions, instead of artificially created excitation. The suc-
cessful application of operational modal analysis has already
been verified in many different examples of civil engineer-
ing structures, such as cable-stayed bridges [9], suspension
bridges [10], footbridges [11], viaducts [12], stadia roofs
[13], towers [14], wind turbines [15], buildings and infill
walls [16, 17], or even nuclear power plants [18]. Ambient
vibration tests are often performed, prior to rehabilitation
activities to study and to better understand the structure,
after the construction of essential infrastructures to validate
numerical models or even as part of inspection plans to
assess the safety of structures already built. Moreover, the
information yielded by operational modal analysis can be
used in the definition of dynamic monitoring systems [19]
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for the shaping and tuning of devices directed to the control
of vibrations.

Given that when conducting an ambient vibration test, the
vibrations registered are not caused by any artificial source
specifically prepared for the test, but to the surrounding
ambience or to nearby human activity, the vibration levels
detected are usually relatively lower than the ones that are
typically verified when forced vibrations are used, leading
to the necessity of employing superior equipment during the
test, namely sensors and data acquisition system. Nonethe-
less, the testing of more flexible structures such as towers or
pedestrian bridges, which are easier to excite, may propor-
tionate good results, even using equipment of lower quality.

For instance, when testing concrete dams, it usually
should be expected to measure low vibration levels [20],
given the massive nature of these structures and the isolated
locations where many of them are positioned, so superior
equipment is needed to perform successful experimental
campaigns. Nevertheless, the dynamic testing of concrete
dams based on the recording of ambient-induced vibrations
has been carried out before [21-25] quite often as a supple-
ment to forced vibration campaigns. Recently, the execution
of these tests on dams to correct numerical models and to
corroborate structural assumptions became more common
[26-29], prompting the implementation of structural health
monitoring systems based on the recording of vibrations that
rely entirely in environmental excitation and on dependable
measuring and acquisition equipment [30, 31].

Nevertheless, top-quality equipment may not always be
available, given that it usually represents high costs. There-
fore, in certain situations, low-cost options, with not so high
potentialities, can emerge as an alternative solution. In this
sense, when performing operational modal analysis, it is
essential to examine the accuracy of the outcomes reached
with accelerometers with a broad range of potentialities [32].

Therefore, the present work addresses the ambient vibra-
tion testing of a set of concrete dams with diverse structural
profiles, which had the purpose of identifying the issues
related to the low intensity of the signals recorded through
the execution of ambient vibration tests on dams, and study-
ing the quality of the results that can be attained with these
type of application (Fig. 1).

In the following sections, details are presented about the
tests performed in Alto Lindoso, Bouca, and Castelo do
Bode dams. Estimates are obtained for the modal proper-
ties of the tested dams and the uncertainty associated with
these properties. A summarized set of results is presented
for the tests performed in Caldeirdo, Santa Luzia, and Agu-
ieira dams.

Finally, the time-series of accelerations recorded at Alto
Lindoso and Bouca arch dams are numerically adulterated
with growing degrees of noise to simulate that different
accelerometers were used during the tests, instead of the
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force-balance accelerometers that were actually used. The
results obtained with real experimental data and with simu-
lated data and studied and compared.

2 Experimental procedure and equipment

Unlike forced vibration tests, which require the use of shak-
ers or instrumented hammers, during ambient vibration tests,
there is neither the need to excite the structure artificially
nor to measure the input action that is causing the struc-
ture to vibrate, rendering a relatively simple experimental
procedure [Santos, 34]. Therefore, ambient vibration testing
roughly consists of recording the vibrations on a structure
that is subjected to anything else than ambient noise. For
this, a combination of reference sensors and moving sen-
sors can be used, noting that the first remain fixed at their
positions, while the latter may be placed at various locations
during the test.

When preparing a dynamic test, it is crucial to have in
mind that the spatial precision required to determine the
mode shapes of the structure correctly plays an essential role
in the definition of the number of points to instrument during
the test. For this, and to guarantee that reference points are
positioned away from nodal points, it is vital to predicting
the mode shapes of the structure, prior to the execution of
the test, for which the consideration of similar structures and
the analysis of numerical models are of good help. Moreo-
ver, the distribution of sensors as references or moving sen-
sors rests on the number of sensors accessible to execute the
test and on the size of the structure tested. For instance, if the
quantity of sensors available is smaller than the number of
points to cover, at least one sensor must be used as a refer-
ence, though it is advisable to use more than one reference
point. When testing smaller structures and the number of
sensors available is not a limitation, it is desirable to perform
the test using all the points as fixed sensors (references),
since this will simplify data processing.

In terms of data acquisition, it is vital that the dimension
of the time-series recorded and the sampling rate selected to
record them are chosen carefully, since the volume and qual-
ity of the data available largely depends on these two factors.
In the case of the sampling frequency, the value to adopt
can be limited either by the attributes of the equipment used
or by the dynamic properties of the structure under study.
So that aliasing errors can be effectively avoided [35], the
sampling rate should be greater than at least two times the
highest frequency captured by the accelerometers or than the
cutting frequency of analogue low-pass filters that may exist
in the measuring chain. In addition, the total of vibration
modes to be determined will be limited by the sampling rate,
since it will only be possible to detect frequencies lower than
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Fig. 1 Pictures of the tested
dams [33]

1 - Alto Lindoso dam (crown length: 110m; height: 297m)

2 - Caldeirdo dam (crown length: 122m; heigth: 39m)

5 - Castelo do Bode dam (length: 402m; heigth: 115m)

s

half of this parameter’s value, and so it should be adopted
accordingly.

Furthermore, the quality of the modal parameters’ esti-
mation depends on the length of the time-series recorded
in each setup, which impacts, in particular, the estimation
of damping estimates. To choose the best length for the
time-series, a few points should be considered such as the
structure’s first frequency, the values of damping, the ratio
between signal and noise intensities, and also the method
used to perform the identification of modal properties (para-
metric methods can improve the quality of the results) [36].
For this reason, the optimal time length varies with the struc-
ture studied and with the equipment available to perform
the experiment. A rule proposing that time-series as long as
1000-2000 times the value of the first frequency’s period
should be acquired can be found in [37], though reliable out-
comes can be achieved with relatively shorter lengths (more
than five times shorter), as presented by [36]. Time-series
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with extensions between 15 and 60 min have been used in
the experimental campaigns presented in this work, corre-
sponding to lengths from 1800 to 7200 times the period of
the respective structure’s first frequency.

Systems used to perform measurements and to record
data during experimental campaigns are composed of many
elements, the most important of which are probably the sen-
sors. Accelerometers are the most common type of sensor
used to test civil engineering structures, and force-balance
accelerometers are the adequate type of accelerometer to
test them. However, another type of sensors measuring, for
instance, displacements, velocities, or strains are also com-
mon and alternative types of accelerometers, with various
working operational basis, such as piezoelectric, MicroElec-
troMechanical or capacitive, can be used as well. Force-
balance accelerometers start measuring at DC, which means
that they can detect the lowest frequencies (as an example,
in [38] a tower’s fundamental frequency of just 0.35 Hz is
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detected using force-balance accelerometers). In addition,
these sensors are particularly suited to the testing of defi-
ciently excited structures, such as remotely located concrete
dams, since they have high sensitivity and low noise.

Generally, sensors produce continuous electrical signals
that are then transformed in analogue-to-digital converters
to the discrete signals that are saved in computers. The most
relevant property of these converters is the number of bits,
since the resolution of the measurement roughly corresponds
to the division of the measuring range by two to the power
of the number of bits. Therefore, it is worth noting that even
if the best sensors are used to perform a measurement, the
quality of the digital signal (which will be used to process
the data) can be compromised if low-quality analogue-to-
digital converters are used to transform the signal. Besides
the mentioned elements, low-pass filters or signal amplifiers
may be included in the acquisition chain as well to enhance
the quality of the digital signal. Furthermore, data process-
ing methods can be used to try to improve the quality of the
identification reducing the impact of noise [39].

Experimental tests may either resort to centralized
schemes, where the signal produced in each sensor is trans-
ferred through electrical cables to a single data acquisition
system, and all signals are converted to digital form at this
point or to autonomous portable recorders where measuring
and conversion occur in the same device, and digital signals
are then put together in a computer. Examples of both types
of acquisition systems are presented in Fig. 2. These port-
able recorders consist of tri-axial force-balance accelerom-
eters, that may be located in the interior or in the exterior of
the recorder, an analogue-to-digital converter with 24 bits, a
flashcard enable the direct download of the recorded data to
a computer, and a rechargeable battery that provides energy
for many hours. Prior to the test, the recorders parameters
must be set up according to the test plan and recording char-
acteristics intended. The synchronization between devices is
assured through GPS.

Based on the characteristics of each dam, the experimen-
tal campaigns addressed in this work were executed resort-
ing to the portable recording devices or the central acquisi-
tion system, according to the pros and cons of each system.
For instance, the centralized system used has a range limit

Fig.2 On the left: centralized

acquisition system with cables;
on the right: portable recorder

with GPS antenna
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of about 150 m, while the portable devices can only be used
outside, due to the need of having a GPS signal.

3 Data processing and noise simulation

The data recorded during ambient vibration tests should first
be pre-processed, which may include the elimination of off-
sets, filtering, resampling, and storage. After this, output-
only identification algorithms [40, 41] can be used to obtain
the modal properties of the structure, which can provide
accurate results even if the excitation is not a stationary
white noise [42]. In the present work, the peak-picking (PP)
[43] and the covariance-driven stochastic subspace identifi-
cation (SSI-Cov) [44] methods are used.

The peak-picking is a basic identification method, with
a few drawbacks, but very helpful for an expeditious analy-
sis of the data. In turn, the SSI-Cov is a robust and stable
method, though its application is more time-consuming.
Therefore, the sequential application of these methods to
accelerations time-series recorded in a structure results in a
stable procedure that produces reliable results. In addition,
to better understand the accuracy achieved with the identifi-
cation, a variant of the SSI-Cov method is used that was first
introduced by [45] and then computationally improved by
[46], which provides the possibility of estimating the uncer-
tainty associated with the identified modal properties and
allows to enhance the efficiency of automatic operational
modal analysis [47]. Stabilization diagrams are used to help
distinguish between real and spurious modes [48].

To enrich the study developed around the data recorded
during the experimental campaigns that were carried out,
an investigation is conducted to determine the feasibility of
using accelerometers with other functioning principles than
force-balance (FB). For this, the noise floors that may be
expected for regular piezoelectric (P) and MicroElectrical-
Mechanical (MEMS) [49] accelerometers were established.
Laboratory experiments were performed on two piezoelec-
tric accelerometers (PE1 and PE2), and two MicroElectrical-
Mechanical accelerometers (MEMS 1 and MEMS 2), repre-
senting sensors with medium and high quality, respectively.




Journal of Civil Structural Health Monitoring (2021) 11:465-484

469

In all the studied cases, noise floors were constant in the
frequency range under analysis.

The spectral noise levels of the studied accelerometers
were evaluated in a laboratory environment and then simu-
lated through the numerical generation of white noise time-
series, which are presented in Fig. 3. It should be noted that
considering the logarithmic nature of the vertical scale in
Fig. 3, the difference in quality between MEMS and piezo-
electric is evident. The two studied piezoelectric accelerom-
eters show a noise floor below 107!! [g%/Hz], yet for MEMS,
these values are approximately 10~° and 107'° [g?/Hz)].

In addition, Fig. 4 presents accelerations recorded in the
central measuring point of each of the tested dams, when the
respective power plants were not operating, so that vibra-
tion levels can be compared. The exception is Castelo do

Bode dam whose turbines operated during the entire test.
The levels of vibration verified vary from tens of micro g,
either when human works using heavy machines occur in the
surroundings or when the dam is crossed by traffic to just a
few micro g in calm conditions.

The auto-spectra obtained with the signals displayed in
Fig. 4 are presented in Fig. 5, exposing the minimum signal
amplitude that allows to adequately characterize the auto-
spectra observed in all the dams tested, which is between
107" and 107 g%/Hz.

Comparing Fig. 3 with Fig. 5, it becomes clear that when
using MicroElectricalMechanical accelerometers to perform
ambient vibration tests on dams, it is likely that only noise
will be recorded. This is further analysed in the next few
sections.
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Fig.5 Auto-spectra resulting

from the time-series presented
in Fig. 4
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4 Alto Lindoso dam

4.1 Description of the dam and ambient vibration
test

Alto Lindoso is an arch dam with double curvature inte-
grated into a tight canyon located in the north of Portugal
(see Fig. 6), which started operating in 1992 [33]. This
110-m high concrete dam has a 297-m long crest which
embodies a connection over the two margins of Lima
River. The respective power plant is less than 100 m afar
from the dam and the two vertical Francis turbines operat-
ing in the plant (214.3 rpm-3.57 Hz) represent an installed
capacity of 630 MW.

—————— S —

6 8 10 12 14 16 18 20
Frequency [Hz]

An ambient vibration test was performed on Alto Lin-
doso dam on the 22nd of February 2017, for which ten
recorders with tri-axial force-balance accelerometers were
used, though only the radial direction was recorded. Given
the dam’s substantial scale, a test layout contemplating 21
recording positions was prepared, with one measuring point
for each of the 21 concrete blocks of the dam. The defined
test grid was covered over four measuring setups during
which four accelerometers acted as moving sensors, while
other six accelerometers were used as references throughout
the entire test. The reference points were marked in Fig. 7
with red dots, whilst blue dots were used to mark the 15
points covered by moving sensors.

The full test took 4 h, divided into four setups of 58 min,
separated by 2-min intervals used for sensor repositioning.
The data acquisition was realized with a sampling rate of

NMC (339,00)
b NPA (338,00)

-

229,00)
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100 Hz that was then adjusted to half of that through deci-
mation (50 Hz). During the test, a level of water of 322 m
was verified.

4.2 Modal properties’ identification
The identification process starts with the employment of
the Peak-Picking method which, though not very accurate,

allows to achieve rough estimates of the most relevant natu-
ral frequencies in an expeditious manner.

Fig.7 Alto Lindoso dam: test

Figure 8 presents the averaged and normalized power
spectral density function (ANPSD) that was obtained with
the application of this method, where the identified vibra-
tion modes and respective peaks are highlighted with orange
circles. Then, to achieve natural frequency estimates and
mode shapes with higher accuracy, the SSI-Cov method was
applied, which allows as well to identify damping values.
Model orders between 20 and 90 were considered during the
application of SSI-Cov to each measured setup.

Figure 9 presents the stabilization diagram obtained
from the third setup, where vertical alignments of poles
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Fig.8 Alto Lindoso dam: aver- T T T T T T
aged normalized power spectral
density function
)
172}
=5
Z
<
1 1 1 1 1 1
3 35 4 4.5 5 5.5 6 6.5 7
Frequency [Hz]
Fig.9 Alto Lindoso arch dam: Mode! Swmbilization Diazam l Allfoles  OSmblebreq o Stabke (amp. X MAC ]
stabilization diagram order
0 - [
80 A o
2 4
Q 1 -
. =
50 4 — % i % . :
xe: - s
% 1 B ! s
0 s l : 1 4 § o
2 4 E ' L2 ¥ x
10 — - : - v )
3,0 35 40 45 50 55 60 65 70

Fraquency [Hz)



472

Journal of Civil Structural Health Monitoring (2021) 11:465-484

are clearly distinguished, and blue dashed lines point to
the alignments determine as being associated with vibra-
tion modes of the structure.

In addition, it is relevant to note that the entire set of
peaks and alignments observed, respectively, in the power
spectral density function and the stabilization diagram
were investigated, which included the analysis of the
shapes of the modal configurations resulting from all of
them. The group of identified vibration modes settled at
the end of the analysis corresponds to the ones that were
achieved simultaneously through the two identification
methods, and that presented reasonable mode shapes, as
well.

The first four modes of vibration of the dam were deter-
mined, and Table 1 presents values for their modal proper-
ties and the description of their modal configurations. Since
four setups were needed to perform the test, the values here
presented represent the averaging of the results from stable
poles in the stabilization diagrams of each setup. It is worth
noting that two distinct frequencies are related to the first
symmetric vibration mode (designated as modes 2a and 2b),
since quite different frequency values were obtained for the
different levels of vibration verified during the test.

The standard deviation values related to the estimates
of model properties (i.e., natural frequencies and damping
ratios) are presented in Table 1 as well, giving extra insight
into the accuracy achieved with the identification. For
instance, for Alto Lindoso dam, modes one and four (both
antisymmetric) present the smaller values for the standard
deviation of both frequency and damping estimates, respec-
tively, below 0.01 Hz and 0.2%. On the other hand, the other
two modes (both symmetric) present standard deviations’
estimates that, though acceptable, are significantly higher.

Figure 10 presents the well-delimited and coherent
modal configurations that were obtained for the four vibra-
tion modes determined. While modes one and four present
antisymmetric shapes, modes two and three show nearly
symmetric ones.

In 1992, a forced vibration test was realized in Alto Lin-
doso Dam [51]. During this test, the level of water in the
reservoir was 326 m above sea level, which represents opera-
tional conditions close to those verified during the perfor-
mance of the ambient vibration test in 2017, when the water
level was about 4 m below. A numerical model was also

developed back in 1992 to compare numerical and experi-
mental results [51].

In the numerical model presented the material constitut-
ing the dam is assumed to have an elastic behaviour, the rock
mass foundation was assumed as elastic isotropic. In turn,
for simplification, the foundation was considered to be mass-
less, and the water in the reservoir was modelled through the
addition of Westergaard masses [52]. To compare the results
obtained, Table 2 presents the natural frequencies achieved
through the experimental tests performed in 1992 and 2017,
together with the ones obtained with the numerical model
built in 1992, and a good agreement is verified between the
modal properties obtained from the three mentioned sources.

4.3 Noise simulation

The spectra resulting from the time-series recorded in Alto
Lindoso dam and the spectra of the noises previously simu-
lated and presented in Fig. 3 are compared in this section.
Subsequently, the time-series of noises that were numeri-
cally simulated are combined with the measured data, and
a comparison is made between the results achieved with the
studied scenarios (MEMS1, MEMS2, PE1, PE2, and FB).

The mentioned noise floors are analysed together with
auto-spectra resulting from experimental data recorded with
two sensors that were in separate points, while the field-test-
ing campaign took place. These spectra are presented in sub-
sections (a) and (b) of Fig. 11. Considering the noise floors
related to piezoelectric sensors, it should be noted that even
if PEI1 is permanently under the peaks of the experimental
spectra, in turn, PE2 is under many peaks, but sporadically
overpassing some peaks. On the other hand, the contrary
is verified with MEMS, given that MEMS?2 is permanently
above the peaks, while MEMSI either stands through the
peaks or above the peaks.

Finally, data simulating band-limited white noise were
mixed with experimental time-series of accelerations
recorded on-site, considering constant spectral noise over
the frequency range that is being analysed. New time-series
were obtained through the addition of the ones containing
noise to the experimental measurements, thus simulating
the outcomes that would have been recorded in the case that
piezoelectric (or MEMS) accelerometers had been used dur-
ing the experimental campaign.

Table 1 Modal properties of

Alto Lindoso Mode order JrmeanHZ] SialHzZ] & eanl %1 Ea [%] Mode shape description
I 3.5460 0.0045 1.190 0.120 Antisymmetric
2nd a 3.7520 0.0257 2.850 0.690 Symmetric
2nd b 3.9630 0.0105 2.160 0.280 Symmetric
31 5.0080 0.0170 1.590 0.360 Symmetric
4t 6.5630 0.0094 1.310 0.170 Antisymmetric
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Table2 Comparison between the natural frequencies obtained with
the experimental and numerical works developed in 1992 and 2017

Mode Ambient vibration  Forced vibration Numerical
test 2017 [Hz] test 1992 [Hz] model 1992
[Hz]
Ist 3.55 3.45 343
2nd 3.75/3.96 3.80 3.93
3rd 5.01 5.30 5.03
4th 6.56 6.60 6.51

Subsections (c) and (d) of Fig. 11 show auto-spectra
obtained with experimental data that was actually recorded
on-site with the force-balance accelerometers (in blue) and
with data simulating piezoelectric and MEMS-based record-
ings. Most of the peaks in the spectra obtained from the
experimental data (FB) appear as well in the results from
the analysis of the piezoelectric simulations (PE1 and PE2),
which is not verified with the results extracted from the
MEMS’ simulated data. In this last case, many time-series
result in spectra where the peaks are hidden below the noise
floor.

L
100

.
100
Distance [m]

Through the application of the SSI-Cov method, auto-
matic modal identification was performed, first using the
experimental data obtained during the test (FB) and then
the other four sets of time-series which resulted from
the combination of experimental data with numerically
simulated noises. Modal properties were identified for the
entire set of time-series, including each mode’s natural
frequency, damping ratio, and the standard deviations of
the previous estimates.

Modal properties’ estimates obtained for the five cases
under study are presented in Table 3, including average
and standard deviation values of vibrations modes num-
ber one and two. Analysing either natural frequencies or
damping ratios, it is verified that the values of standard
deviations related to these parameters rise parallelly to
the intensity of the noise added to the experimental data,
even if, for the two piezoelectric cases (PE1 and PE2), just
minor result variations are observable, comparing these
with the original results. On the other hand, significant
changes occur with the results determined from data simu-
lating MEMS measurements, with much higher uncertain-
ties being identified. It is worth noticing that the first mode
was not even identified when using MEMS?2 time-series,
which is also verified with higher order modes.
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(c) (d)

5 Bouca dam The Boug¢a dam is a concrete double arch dam located in
Pedrograo Grande, Portugal, whose reservoir is accom-

5.1 Description of the dam and ambient vibration plished with water from the Z&zere River. The 63-m-high
test and 175-m-long dam is operating since 1955 when two Fran-

cis turbines operating at 214.3 rpm (3.57 Hz) were installed
in the hydroelectric plant that lays downstream from the
dam. An aerial picture of the dam is presented in Fig. 12,
side-by-side with a scheme of the cross section.

Table 3 Natural frequencies, damping ratios, and corresponding On the 12th of June 2018, an ambient vibration test was
standard deviations for the first two vibration modes of Alto Lindoso  realized on Bougd dam. To perform the test, nine force-bal-
dam ance accelerometers were positioned on the first visit gallery
Scenario FrneanHZ] f..[Hz] & oanl %) £,.,1%  of the dam, which were fixed in the same position during
Mode 1 the entire test. The nine sensors were connected to a central
ode acquisition station through cables, but the farthest one was
FB 3.5460 0.0045 1.194 0.123
only 65 m away.
PE1 3.5460 0.0046 1.278 0.136 . . .
Nine measuring points were used, so that each sensor
PE2 3.5450 0.0064 1.054 0.212 ... . . ..
were positioned in the middle of each of the dam’s nine
MEMSI1 3.5630 0.0165 1.340 0.457 . . .
MEMS2 interior blocks, corresponding to the part of the dam where
Mode 2 B B - B the spillway is located. The test layout is presented in Fig. 13
oce using a scheme of the structure and blue dots to point the
FB 3.9630 0.0105 2.164 0.280 . . .
PEI 39620 0.0106 5 159 0950 position of each measuring point.
’ ' ' ’ The test consisted of five recording setups, each of them
PE2 3.9640 0.0106 2.139 0.284 . . . N
MEMS| 3.9600 0.0175 5 375 0.466 with 13 min of duration, and the data acquisition was per-
’ ) ’ ’ formed with a sampling rate of 100 Hz (reduced to 50 Hz
MEMS?2 3.9470 0.0302 2.084 0.708

during pre-processing). The elevation of the water in the

‘‘‘‘‘‘
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reservoir throughout the experimental procedures was con-
stant at 174.7 m.

5.2 Identification of modal properties

The procedure used in the previous section to identify the
modal properties of Alto Lindoso dam was repeated, once
again using the Peak-Picking method to obtain a first set of
natural frequencies expeditiously. In Fig. 14, orange circles

Fig. 12 Aerial view [33] and cross section [50] of Bouca dam

Fig. 13 Test layout of the ambi-
ent vibration test performed on

were used to highlight the peaks of the ANPSD function that
were identified as being associated with vibration modes.
The first vibration mode of the dam was identified with a
frequency close to 3.30 Hz, but a significant number of other
peaks appear between 3 and 12 Hz.

The SSI-Cov method was used afterwards to cor-
roborate the preliminary analysis and to achieve a more
accurate group of modal properties estimates, for which
model orders between 20 and 80 were used. With the

Bougd dam

Fig. 14 ANPSD function
obtained from data recorded
during the experimental cam-
paign carried out at Bougd dam,
with orange circles highlighting
the identified vibration modes

Frequency [Hz]
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application of the SSI-Cov method to the recorded data,
similar results were achieved through all the setups. The
stabilization diagram that resulted from the application of
this method to the experimental data measured during the
third setup is presented in Fig. 15, where precise align-
ments of poles are observable. Blue lines mark the align-
ments associated with the vibration modes of the dam.

Table 4 presents the modal properties of the eight
vibration modes that were identified.

Regarding the uncertainties associated with modal
properties, it can be noted that smallest standard devia-
tion values are related to the first two vibration modes,
whereas the third vibration mode, whose identification
was not achieved for the whole set of analysed setups,
seem to present the less accurate estimates, showing the
highest values for the standard deviations of the modal
properties.

Figure 16 presents the modal configurations that were
obtained for the eight vibration modes determined, being
all of them well characterized. The first two vibration
modes are, respectively, antisymmetric and symmetric,
similar to what was verified with Alto Lindoso dam.
Finally, alternate states of symmetry are found in the
configurations of modes 3-8.

5.3 Noise simulation

The procedure presented in Sect. 4.3 is repeated, now using
data recorded at Bouca dam to compare the auto-spectra
resulting from measured data (FB) with the simulated noise
floors associated with piezoelectric (PE1 and PE2) and
MEMS (MEMS1 and MEMS2) sensors that were previously
defined. This comparison is presented in Fig. 17a.

Unlike what was observed for Alto Lindoso dam, in the
case of the test performed in Boug¢a dam, no relevant ampli-
tude variations are verified between spectra obtained from
data measured in different positions during the same setup,
which can be explained by the shorter length of the crown
at Bou¢ad dam and by the fact that the measuring grid is con-
centrated in the central part of the dam, reasonably distant
from the abutments.

In this case, while the noise floors used to simulate piezo-
electric sensors (PE1 and PE2) are either above or crossing
the peaks of the spectra obtained from real data, the two
spectra simulating MEMS are permanently over such peaks.
The procedure consisting of adding the original recordings
of accelerations to the data simulating band-limited white
noises was repeated, assuming a constant spectral noise
inside the studied interval of frequencies. Therefore, time-
series of accelerations simulating the dynamic testing of
Boucd dam using piezoelectric and MEMS accelerometers
were obtained.

Fig. 15 Stabilization diagram Mode! SubilzationDiagam | All Puies o Stable Fraq. + Sabie Damp xMAC
obtained from the application crder — —
of the SSI-Cov method to data 80 - - ‘ 25— 3 ‘i Tha 1 - = ?‘
recorded during the ambient 20 g 1% B g 3 ) ' ; { ” L.
vibration test performed at o3 ’0: . % & " g
Bouga dam, with blue lines 01§ % s 3 B o Ta 3 g
highlighting the identified 5 g Y. $¢ j ]
vibration modes B & 1 3 " £
40 4 L L B 4 ‘
JP P ¥
:o J : . L .- w
10 — — e (I .
30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130
Fraquency [Hz,
;ablefld Modal properties of Mode order SeanHZ] SualHzZ] & eanl %1 Ea [%] Mode shape description
ougd dam
1% 3.296 0.0069 1.464 0.206 Antisymmetric
ond 3.733 0.0058 1.308 0.161 Symmetric
3d 5.074 0.0342 3.203 0.605 Symmetric
4th 5.676 0.0169 1.816 0.298 Antisymmetric
5th 6.875 0.0342 1.782 0.504 Symmetric
6h 8.452 0.0204 1.566 0.254 Antisymmetric
7t 10.289 0.0236 0.999 0.256 Symmetric
gth 11.394 0.0336 1.942 0.486 Antisymmetric

‘‘‘‘‘‘
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Fig. 16 Mode shapes of Bou¢a Mode Shape 1 Mode Shape 2
arch dam first eight vibration
modes i i i ! i
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Fig. 17 a: auto-spectra from real data (blue) and auto-spectra from noise floors numerically generated; b: auto-spectra from real data added to

numerically generated noises

The auto-spectra obtained from real data measured in
Bouca dam with force-balance sensors (in blue) and the
auto-spectra that resulted from the four scenarios simulat-
ing that piezoelectric and MEMS accelerometers were used
during the test are presented in Fig. 17b. It is worth not-
ing that only a minor fraction of the peaks in the spectra
resulting from the experimental data (FB) are reflected in the
spectra resulting from the time-series used to simulate that
piezoelectric sensors had been used (PE1 and PE2) during
the test. In turn, the ‘MEMS’ derived spectra do not seem
to distinctly show any peak at all, which lay unknown below
the noise floors (Fig. 18).

Such as in the case of Alto Lindoso dam, an automatic
operational modal analysis was performed resorting to the
application of the SSI-Cov method to the time-series of

accelerations available for the five scenarios under study
(FB, PE1, PE2, MEMS1, and MEMS2).

The modal properties obtained for the first two vibra-
tions modes of the structure through the study of each of
the studied scenarios are presented in Table 5, including
mean and standard deviations values of natural frequen-
cies and damping ratios. As was expected, the analysis of
Table 5 reflects a relationship between the amplitude of
uncertainties and the level of noise added to the recorded
time-series, being that the first increases with the second.
For instance, only the second vibration mode could be
identified using MEMS, and the standard deviation values
associated with modal properties identified are excessively
high.




Journal of Civil Structural Health Monitoring (2021) 11:465-484

479

Table5 Natural frequencies, damping ratios, and corresponding
standard deviations for the first two vibration modes of Bu¢a dam

Scenario Smean!HZ] SalHzZ] & eanl %1 Ea [%]
Mode 1

FB 3.2960 0.0069 1.464 0.206
PE1 3.3010 0.0157 1.544 0.438
PE2 3.2910 0.0185 1.554 0.528
MEMSI1 - - - -
MEMS?2 - - - -
Mode 2

FB 3.7330 0.0058 1.308 0.161
PE1 3.7350 0.0082 1.228 0.283
PE2 3.7380 0.0113 1.340 0.383
MEMSI 3.7470 0.1281 1.942 2.687
MEMS?2 - - - -

6 Castelo do Bode dam

6.1 Description of the dam and ambient vibration
test

Castelo do Bode is a concrete arch-gravity dam located
between Tomar and Abrantes, in Portugal, whose reservoir
is accomplished with water from the Zézere River. The
115-m-high and 402-m-long dam is operating since 1951
when three vertical Francis turbines working at 214.3 rpm
(3.57 Hz) where installed in the hydroelectric plant that
lays at the downstream foot of the dam. Figure 16 presents
an aerial picture of the dam, side-by-side with a scheme
of the cross section.

On the 17th of July 2018, an ambient vibration test was
realized on Castelo do Bode dam. Since the dam’s crown
is too large to be covered using sensors connected to a
central acquisition system, ten portable recorders (model
GSR-24 from Geosig) where used to perform the test,
which remained in the same position during the entire

. -

experimental campaign, given that enough sensors were
available.

Measuring points were selected, so that every two con-
secutive concrete blocks at least one of them had a sensor
recording data, with the exception being the two spillway
blocks where two sensors were positioned, to characterize
this particular part of the structure better. All accelerom-
eters were positioned in the middle of a concrete block. The
test layout is presented in Fig. 19 using a scheme of the
structure and red dots to point the position of each measur-
ing point. The test consisted of eight recording setups, each
of them with 13 min of duration, and the data acquisition
was performed with a sampling rate of 100 Hz (reduced to
50 Hz during pre-processing). The elevation of the water in
the reservoir throughout the experimental procedures was
constant at 116.6 m.

6.2 Identification of modal properties

Once again, the identification of modal properties started
with the application of the Peak-Picking method. Auto-
spectra and averaged normalized power spectral density
functions (ANPSD) were obtained and analysed. The latter
is presented in Fig. 20.

Since the turbines in the power station operated during
the entire test, parasite frequencies corresponding to their
rotation frequency (214 rpm~3.57 Hz) and their harmon-
ics are observable in the spectra resulting from all the data
series recorded in the dam. This is the case of the first
observable peak present in Fig. 20, which is very thin. On
the other hand, it is hard to distinguish the peak of the first
harmonic (7.14 Hz) in the ANPSD function.

Afterwards, the SSI-Cov method was used to confirm
and improve the identification of the dam’s modal proper-
ties and similar stabilization diagrams resulted from the
analysis of the time-series recorded during the entire test.
Figure 21 shows the stabilization diagram obtained from
data recorded during the third setup, where blue lines were
adopted to point the alignments related to the vibration

9 10

n
)
-

»w

Fig. 19 Castelo do Bode dam: test layout
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modes determined. Comparing the stabilization diagram in
Fig. 21 with those presented in Figs. 9, 15, it can be observed
that in the case of Castelo do Bode dam, except for the first
and second vibration modes, higher model orders had to be
used until clear and stable vertical alignments of poles were
formed. Therefore, model orders between 70 and 150 were
considered during the application of SSI-Cov method.

Finally, it is relevant to note that the entire set of peaks
and alignments observed, respectively, in the power spec-
tral density function and the stabilization diagram were
investigated, which included the analysis of the shapes of
the modal configurations resulting from all of them. The
group of identified vibration modes settled at the end of the
analysis corresponds to the ones that were achieved simul-
taneously through the two identification methods, and that
presented reasonable mode shapes as well.

The modal properties of the five vibration modes identi-
fied are presented in Table 6. The presented values result
from the averaging of the results obtained from the selected
stable poles for the recorded setups.

Besides the estimates of the mean values, also standard
deviations are presented for natural frequencies and damp-
ing ratios in Table 6, which give extra information on the
accuracy of the estimates obtained.

It is relevant to note that the 3rd and 4th modes, which
needed higher model orders before getting stabilized (see
Fig. 21), coincide with the modes presenting higher standard
deviations values for natural frequencies, out of the identi-
fied vibration modes. Contrarily, the lower standard devia-
tion estimate is associated with the 2nd mode of vibration,
which presents a steady arrangement of poles from much
lower model orders.

Fig.20 ANPSD function 102 g . . . . . . =
obtained from data recorded F ]
during the experimental cam- ]
paign carried out at Castelo do 1
Bode dam, with orange circles 1073 E
highlighting the identified 9}
vibration modes =5
Z
<
10k 3
| 1 1 1
3 4 5 6 7 8 9 10
Frequency [Hz]
Fig. 21 Castelo do Bode arch o Stbilization Dizgram [ aivoks osaicruoy o+ Subletump. xS |
dam stabilization diagram order
150 - ;
$ "% o k%
140 4 ) 2 *s. =
130 - Fe— ¢ =0 2 285
120 - i s 5 N, \
110 - ' 5 ! 2 o
.
) : . H il
) 4 % s
80 | i { ;
70 . , . $ . ¢ i, ;
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Table 6 Modal properties of Mode order e Hz] f.Hz] £l %] £, 1%] Mode shape description
Castelo do Bode
1st 3.6480 0.0204 6.415 0.621 Global
2nd 4.2300 0.0145 3.273 0.313 Left side of the spillway
3rd 5.2360 0.0326 3.069 0.639 Global
4th 6.4300 0.0409 2.188 0.648 Left side of the spillway
5th 8.9500 0.0289 1.300 0418 Left side of the spillway
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The dam’s asymmetric nature and the additional stiffness
granted by the two elements used for water discharge (see
the spillways picture and scheme in Figs. 18, 19) create con-
ditions for the occurrence of local vibration modes, which
result in mode shapes with very close modal ordinates near
the spillway. In contrast, the other half of the mode con-
figuration match the traditional shapes, presenting a count
of geometric inflexions that increase between consecutive
modes.

Regarding the global modes identified and their shapes,
the two traditional configurations, presenting either one
or two geometric inflexions, could not be identified.

Fig.22 Castelo do Bode dam:
mode shapes of the identified

Mode Shape 1

Furthermore, an identical mode shape to that of the 1st
mode (3.648 Hz) was found with a frequency of about
8 Hz. This may be related with a mode of higher order
presenting a similar shape at the top of the dam, yet dis-
tinctly developing at lower regions of the dam. Conse-
quently, it would have been necessary to synchronously
record data in the structure’s galleries, so that this mode
could be undoubtedly identified and included in the results
presented.

Figure 22 presents the modal configurations of the five
vibration modes identified. Global modes are associated
with vibration modes 1 and 3, while the other three vibra-
tion modes are related to the deflection of the left part of
the structure.
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7 Other tested dams

The procedures followed during the tests presented before,
and the subsequent data processing were used as well in the
tests and modal properties identification of Caldeirdo, Santa
Luzia, and Aguieira dams. The results obtained for these
three dams are summarized in this section. More informa-
tion about the tests performed on these dams can be found
in [53].

Natural frequencies and damping ratios for the first two
vibration modes identified in each test are presented in
Table 7. In addition, the values of reservoir level (above
sea level) and the values of turbine rotation frequency in
the power plants near each dam are presented as well, since
they influence modal properties and the modal identification
process, respectively.

The damping ratios obtained for the first two identi-
fied vibration modes generally present values between 1.5
and 2.1% for the three dams (with the exception being the
second mode of Caldeirdao dam). In the case of natural fre-
quencies, however, quite different values were obtained for
Santa Luzia and Aguieira dams when compared with Cal-
deirdo dam, which present natural frequencies above 12 Hz
for the first two modes, showing how stiff the structure is.

Finally, mode shapes for the first two identified modes
of each dam are presented in Fig. 23. Identical mode
shapes were found in the cases of Caldeirdo and Santa
Luzia dams, while in the case of Aguieira dam, which
is composed by three arches, more complex shapes are
obtained, since the complete shape results from the sum
of each arches’ individual shape.

Table 7 Modal properties of the first two identified modes and test conditions

Dam First mode Second mode Reservoir level  Turbine rotation
- - [m] frequency [rpm]
Frequency [Hz] Damping [%] Frequency [Hz] Damping [%]
Caldeirdo 12.265 2.074 15.759 0.336 699.9 333.3
Santa Luzia 4.910 1.694 6.596 1.870 655.1 500
Aguieira 3.956 1.910 4.368 1.886 123.6 125
Dam First Identified Mode Second Identified Mode
Caldeirdo NA
e
s /‘ \
Santa ‘ Y
°
Luzia |
i ‘o ,/..
b“‘.\ 77,
Aguieira T sl et

‘‘‘‘‘‘
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8 Conclusions

Experimental campaigns relying solely on excitation from
the surrounding environment have been conducted in a set
of six Portuguese concrete dams with quite diverse structural
characteristics and the data collected used to identify their
modal properties, demonstrating that it is appropriate to use
operational modal analysis to the study of concrete dams.
The tests were performed under diversified operational con-
ditions, occasionally incorporating excitation due to elec-
tricity production turbines rotating in nearby hydroelectric
developments. The tested structures include four-arch dams
with quite contrasting dimensions, one arch-gravity dam,
and one multiple arch dam.

Each dam was tested with (at least) one of the two acqui-
sition systems available, which was chosen for each case
regarding the geometrical characteristics of the structure.
Most of the tests were conducted in the dam’s crowns, com-
monly of easy access and consisting of road connecting the
two margins of a river. The test performed in Bou¢a dam was
the exception, since the crown of the dam corresponds to its
main spillway, which is not accessible, forcing the test to be
performed in the first visit gallery.

The excitation to which dams are subjected may vary sig-
nificantly from one to the next and even on the same struc-
ture depending on the hour of the day. In the cases where
there is a power plant in the vicinity of the dam, the intensity
of the vibrations recorded may increase 100—1000 times due
to the operation of the turbines, thus varying from few micro
g to few milli g. This effect was recorded in all the tested
dams, except for Santa Luzia dam, whose production com-
plex is located afar from the dam.

Finally, a few conclusions can be drawn to sum up the
work developed:

e Six concrete dams with quite distinct characteristics were
submitted to dynamic tests, and it was concluded that
operational modal analysis is suited for the testing of
these types of structures.

e Generally, relatively low levels of vibration should be
expected, though the proximity to an active power plant
may significantly alter this outcome and lead to contami-
nation of the data recorded with the turbine’s rotation
frequencies and their multiples.

e Ideally, to guarantee quality results, force-balance accel-
erometers should be used during the performance of
ambient vibration tests, though piezoelectric ones seem
to be suited, as well. On the other hand, MEMS acceler-
ometers are not likely to provide good results.
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