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Abstract

Operational modal analysis is a non-destructive structural investigation that considers only the loads resulting from service
conditions. This approach allows the measurement of vibrations on a given structure with no need to interrupt its use. The
present work aims to develop a numerical model to represent the global structural behavior of a vessel breasting dolphin
using a technique that is simple and cheap in order to obtain a fast answer about the stiffness of a pier after the collision of
ships with capacity up to 400,000t. To determine the modes of vibration, one accelerometer was installed on the breasting
dolphin located on the pier and a frequency domain technic was conducted over recorded data to obtain modal parameters
of the structure. In situ measurements were compared to data from a finite element model based on the original structural
design in order to adapt the model to accurately represent the actual behavior of the system. This allowed a reliable structural
analysis that accounted for existing structural damage and imperfections. The results of the experiment presented herein are
the numerical characterization of the structure, along with the structural analysis to assess the degree of damage currently
observed on the system. It is noted that the dolphin subjected to ship impacts presents a reduction in stiffness of approximately
10% and its global damage level can be monitored from now after new accidents.

Keywords Structural health monitoring - Ambient vibration analysis - Natural frequency - Dynamics of structures - Marine
structures

1 Introduction

Most of the goods produced in a country usually pass
through harbors at one point. As such, these transporta-
tion terminals are a key factor for national development and
economic growth. The insufficiency or low productivity of
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maritime terminals currently generates a bottle-neck effect
in the Brazilian transportation chain.

Performing the structural analysis and design of a pier
requires knowledge of certain characteristics that may influ-
ence the behavior of structures in these environments. These
include wind and sea currents, sedimentation, bathymetry,
soil type, and tidal variations. Furthermore, correctly model-
ling loads attributed to the mooring and breasting of ships
is paramount. This is not a trivial task and requires a meas-
ure of experience from structural engineers. The design
standard NBR-9782 (Associacdo Brasileira de Normas
Técnicas 1987) presents recommendations and minimum
requirements for the design of this type of structure. A study
conducted by (Comin and Souza 2017) compares different
standardized approaches for determining these loads and
concludes that the Brazilian standard presents the most con-
servative approach for mooring loads, while the opposite is
observed when defining loads attributed to vessel-breasting.

The behavior of structural systems may change through-
out its lifespan as a result of modifications to its original con-
ditions. Collisions between vessels and berthing structures
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are not rare occurrences and may happen due to failure of

marine fenders or inadequate approaches during storms, for
instance.

2 Problems of Berthing Structures
2.1 Collisions

Figure 1 shows the usual berthing maneuvering of a Very
Large Ore Carrier at the pier with tugs assistance.

The most common cause of the collision is the rupture
of the marine fender, usually a result from exceptional ship
movements during berthing maneuvers on agitated seas.
This type of event is potentialized by the angle of approach
of the vessels, chosen to ensure that the initial contact is
made on a single fender, as illustrated in Figure 2. During
storms, however, strong waves induce a contact that not only
compresses the fender but also subjects it to lateral friction,
possibly rupturing the rubber element designed to receive
the breasting load. Consequently, the vessel collides with the
concrete pier, resulting in the type of structural pathology
shown in Figure 3.

2.2 Damage Level of Marine Structures

The identification of damages and the level of structural dete-
rioration, along with the recovery of the elements, are a con-
stant concern for harbor maintenance engineers. Del Grosso
et al. (2007) state that an agile and precise structural assess-
ment can effectively reduce financial losses and accelerate
the restoration of damaged structures to operating conditions.

Civil engineers responsible for pier maintenance rec-
ognize the limitations of the commonly practiced visual
inspections, and regularly face difficulties to ensure the
safety of these structures during service. The exceptional
difficulty stems from the accelerated deterioration imposed
by maritime environments, characterized by the presence
of highly corrosive agents, continuous incidence of waves

Figure 1 Vessel berthing maneuvering
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Figure 2 Angle of the approach of the vessel

and currents, in addition to the impact with large vessels.
Furthermore, a large part of the structure is submerged and
covered with marine life, rendering underwater structural
evaluations difficult even for specialized divers.

As such, it is fundamental to determine an analysis
approach capable of assessing the present condition of
the structure and predicting its remaining lifespan, within
standardized serviceability recommendations. The first
challenge when determining the failure mechanisms of a
given structure is defining which indicators are more rel-
evant to accurately assess its current state. Traditionally,
structural investigations are based on searching for cracks
and fissures. Depending on the depth and geometry of
these pathologies, further computational analyses may be
performed if necessary, or direct procedures for recovery
and reinforcement may be implemented.

Figure 4 presents a theoretical model for damage pro-
gression on a structure proposed by (Griffith 1921), based
on a philosophical approach for assessing the accumula-
tion of damage within said structure. It is pragmatic to
conclude that the visual perception of pathologies is only
possible in advanced stages of structural deterioration,
when there is little time to plan preventive actions and
corrective solutions that require urgency.

Considering that cumulative damage may cause changes
in the physical properties of the structure such as mass
and stiffness, it is also possible that modal properties such
as natural frequency and modes of vibration are affected.

As explained for (Zhou 2008), analyzing the changes in
the frequency of a structure is a relevant additional tool for
civil engineers, since these may indicate structural damage
in less advanced stages. In this context, techniques for the
identification of the modal parameters of a structure, as
natural frequency, modes of vibration, and damping ratios,
based on in situ measurements, are of considerable interest
when attempting to correlate the behavior identified on the
field with the validation of numerical models developed to
assess the load-bearing capacity of structures.

Corroborating the previous statement, Beskhyroun et al.
(2012) performed the continuous monitoring of a bridge in
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Figure 3 Structural damage
caused by the collision of very
large vessels in 2006 and 2015

New Zealand and observed a reduction of 0.05 Hz in the
natural frequency of the first mode of vibration after an
earthquake. Although small, this change was permanent.

A theoretical study conducted by Lee et al. (2008) mod-
elled a concrete-filled steel box pier, considering different
levels of erosion at the support base, which resulted in a
reduction of up to 6% in the frequency of the first mode
of vibration.

2.3 Operational Vibration Analysis

The dynamic behavior of structures may be experimentally
determined using two distinct approaches: the traditional
approach, based on measuring the response of the system
when subjected to an artificial excitation (impulsive or con-
tinuous), and ambient vibration experiments, consisting of
determining the dynamic behavior of the structures during
actual service conditions.

Due to the large size of civil structures, the traditional
approach demands the use of machines that are heavy and
therefore difficult to mobilize. This is a result of the high
amount of energy required to induce vibration modes of
interest. Furthermore, artificial excitations usually require
interrupting the operation of the structure under analysis.
An example of forced excitation in bridges over bodies of
water is the fixation of floaters on the main beams, followed
by sudden release of the support cables.
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Figure 4 Escalation of structural damage and visual detection (Grif-
fith 1921)

Alternatively, ambient vibration analyses take advan-
tage of existing loads on the structure such as wind, waves,
and vehicular traffic. Since it does not require interrupting
operations and present a lower cost of implementation, this
approach is the most adequate for assessing the dynamic
behavior of large structural systems. Pravia and Braido
(2015) used a mobile phone to measure the accelerations
of a bridge in use, and confirmed the practical potential of
this approach.

In this context, this methodology is proven as an excel-
lent tool for defining the level of structural damage in struc-
tures, since it is a faster and more economical alternative
than the traditional tests using induced dynamic loads. In the
ambient analysis, only the actual response of the structure
is observed, with its excitation being inherent to its service
conditions and the environment in which it is located. As
such, there is no need for interrupting the use of the system,
and only measuring equipment is necessary, easy to trans-
port and operate. Furthermore, this approach eliminates the
installation of cables throughout the structure, drastically
reducing the time and labor required to prepare the analysis.

There are two frequently used methods for performing
analyses in the frequency domain; the basic PP method
(Peak picking), and a more advanced approach called fre-
quency domain decomposition (FDD).

Tavares (2013) performed ambient vibration experiments
on a cable-stayed bridge and observed differences under 1%
between the PP and FDD methods. FDD shows a better per-
formance when identifying vibration modes with similar
frequencies.

On the FDD method, natural frequencies are evaluated
based on the peaks of spectral estimates in numerous points.
The excitation on the structure is assumed to be caused by
a White Gaussian noise (WGN), a stochastic approach in
which all frequencies present spectral intensity. The princi-
pal hypothesis, however, is that the dynamic response of a
frequency close to the natural frequency of the structure is
essentially dominated by the contribution of the mode of res-
onance. This hypothesis characterizes single-degree of free-
dom (SDoF) methods, since, assuming that this assumption
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Figure 5 Spectrum with FDD method

holds at the vicinity of resonance frequencies, the response
of the structure may be treated as a SDoF oscillator with
the same frequency w, and the same damping ratio {; of the
resonant mode. This approximation is valid when the differ-
ent modes of vibration of the structure are clearly separated.
Figure 5 presents an example of a spectrum with 2 natural
frequencies identified with the FDD method.

In this method, responses measured at different points in the
system are analyzed, compared, and used to estimate the spectral
density functions of the response. Using the premise of a WGN
excitation, Araujo (2012) presents the formulae for determin-
ing the spectral density of the system response, from which the
dynamic properties are directly determined. As such, the spec-
tral density functions will present peaks with amplitudes that
correspond to the natural damped frequencies. This procedure
requires converting data obtained in the time domain to the fre-
quency domain and the transformation is usually performed with
the Fast Fourier Transform (FFT), since, as stated by (Peeters
2000), this method is characterized by its short processing time.

3 Methodology of Dolphin Analysis
3.1 Structure Under Analysis

A pier usually features a number of breasting and mooring
dolphins, the latter of which are not subjected to impacts
from vessels and thus excluded from the present analysis.
The breasting dolphin studied herein is comprised of a rein-
forced concrete (RC) block supported by 18 concrete-filled
steel tubular shafts with an internal diameter of 104 cm, as
shown in Figure 6. The block presents plane dimensions of
15.8 mx 10.9 m with a height of 2.0 m, built using structural
concrete with Fy =18 MPa. The upper surface of the block
is located at level 4+ 5.0 m considering to sea level (O m). The
modulus of elasticity of concrete of the piles was taken as
23.75GPa with a specific weight of 25 kN/m?.

@ Springer

The steel tubes were driven to level -27.0, with the 6 cen-
tral tubes driven until -40.0 m. Following the removal of
unwanted material from the interior of the tubes, these were
filled with structural concrete, reinforced by 12 longitudinal
rebars of @325mm and spiral stirrups of @10mm. The seabed,
after dredging operations, is located at-26 m. The inclination
of the piles is 1:3.

3.2 Instrumentation

To collect data during the dynamic measuring experiment,
a data acquisition system was utilized, connected via cable
to a high sensitivity accelerometer, in turn, fixated on the
structure. Figure 7 shows the position of the devices on the
dolphin.

The measurement of the dynamic response of the struc-
ture without the use of artificial excitations results in the
incidence of acceleration functions with small amplitudes,
requiring equipment with high sensibility and resolution.
The accelerometers used in this study feature a sensibility
of 10000 mV/g within a range of -0.5 and + 0.5 g. The 24-bit
analog converters present a maximum resolution of approxi-
mately 4 pg. The models of the accelerometer and converter
are 393B12, PCB Piezotronics and the data collector FET
analyzer is of the type Microlog Analyser series GX from
SKF®.

The data collector was configured to use the filters
defined by the Hanning window. According to Magalhaes
et al. (2012), this is the most adequate filter window for
correcting leakage errors during operational modal analy-
ses. Moreover, Nyquist’s theorem states that the sampling
frequency must be double that of the highest frequency to be
measured; thus, for a sampling rate of 0—8 Hz, acceptable
resolution is obtained for frequencies of up to 4 Hz.

Following recommendations from DIN 45,669-2
(Deutsche Industry Norm 2005), the instruments were

Figure 6 Breasting dolphin
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Figure 7 Position of accelerometer and data acquisition system used
to perform measurements

installed in regions expected to receive the most influ-
ence of vibrations on the structure and also to exclude
possible points in the modal nodes. During the testing
phase, the accelerometer was fixed in the corners and
center of the block surface and the best results were
obtained in the center of the block, fixed in the 1000-
mm embedded bolts of the bollard. Other learning of the
testing phase was about the “Z” direction displacements,
which were verified, but results observed were not rel-
evant, either due to the higher stiffness of this direction
or the absence of vertical service loads on the structure.
As such, measurements of displacement were limited to
the “X”” and “Y” directions, taking “X” parallel to the side
of the ship, and “Y” perpendicular to its direction. Data
was collected for 22 min.

3.3 Numerical Model

The numerical model was constructed with SAP2000, V
17 developed by Computers and Structures Inc., a commer-
cial software for numerical modeling focused on analysis
and design of structural systems, widely used by structural
engineers.

The model was based on detailed information from
the original design and in situ measurements, performed
to verify the dimensions of the most relevant geomet-
ric parameters. The piles were modeled as bar elements,
with one end fixed at —27 m and the other fixed on the
concrete block. The underground portion of the struc-
ture was represented by spring supports placed every
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Figure 8 Structural model of the breasting dolphin

1 m along the piles, with an elastic constant of k=3000
kN/m, in accordance with the original design. The con-
crete block was modelled as a single shell element with
a thickness equal to 2 m. Figure 8 shows the numerical
model of the structure.

Considering that the dynamic response of this type
of structure is mostly influenced by the first and second
modes of vibration, the calibration of the numeric model
is considered acceptable as long as it accurately repre-
sents these two initial frequencies. This approach is cor-
roborated by Soares and Sotomayor (2015) and Doebling
et al. (1996).

To determine the initial stiffness of the structural sys-
tem, three simulations with distinct load configurations
were performed. In the first one, the structure is under
the influence of a horizontal load of 1000 kN, in the X
direction. The second model is subjected to a load of
identical intensity, but in the Y direction. The third simu-
lation consists the application a torsional load of 1000
kN-m on the structure. The stiffness coefficients were
determined as a function of the displacements resulting
from the loads applied in each simulation. These param-
eters were obtained by dividing the applied force by the
displacement in each of the three cases. The values of
initial stiffness are shown in Table 1.

Further details of the numerical model, learnings of test-
ing phase, details of original structural design, bathymetry,
and soil probing for the dolphin are available in (Henrique
2019).
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Table 1 Initial stiffness coefficients of the model

Table 2 Frequencies of the initial model

Load Displacement Original stiffness Model Frequency (Hz) Mode
F.=1000 kN 0.686 cm (x) 1457 (kN/cm) 1 1.61 Flexure of piles
F,=1000 kN 0.188 cm (y) 5319 (kN/cm) 2 2.48 Rotation in z
M_,=1000 kN-m 0.087 cm (y) 11,494 (kN-cm/rad) 3 3.38 Rotation in z

3.4 Data Process

The frequency domain decomposition was developed by
Brincker et al. (2001) and is based on the theory that it is
possible to organize correlation functions using the matrix
form as follows (Brincker and Ventura 2015):

T
R0 = Epoye+ o] = 7 [ oy otas )

where T is the time duration of records, 7 is the time lag.
R (7) is the correlation matrix, and y(7) is the structure
response in vector form given by:

Y@ =a,q,(1) + ayq, () + -+ = Aq(1) )

A is the matrix containing the vibration modes and ¢(¢) a
column vector representing the modal coordinates. Replac-
ing (2) in (1), the following equation is reached:

R,(7) = AE[q(q(t + T)"|A" = AR (A" 3)

where R, (7) is the correlation matrix of modal coordinates.
By applying the Fourier transform on both sides of the equa-
tion, the spectral density matrix is obtained:

G,(N) = AG,(HA" )

with G, (f) and G (f) corresponding respectively to spectral
density matrix of structure response and modal coordinates.

Assuming that vibration modes are not correlated, then
the matrix G,(f) is diagonal and can be synthesized as
follows:

G,(f) = Alg:(NA" (5)

where gi(f) are the spectral densities of G,(f). By per-
forming a decomposition on singular values (SVD) of
the spectral density of structure response, it is following
that:

G,(f) = USU" = U[s2 10" )

Thus, the values s, of the diagonal matrix of § are the
eigenvalues and represents the natural frequencies of G, (f).
The matrix U contains the eigenvectors and corresponds to
vibration modes of the structure.
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4 Results and Discussion
4.1 Vibration Modes of the Initial Model

Table 2 presents the modes of vibration obtained with
the numerical model. The first mode, with a frequency of
1.61 Hz, corresponds to the flexure of the piles about the
longitudinal axis. The second and third modes, of 2.48 Hz
and 3.38 Hz, respectively, are related to rotation about the
Z axis. From the fourth to the twelfth mode, rotation about
the Z axis with an approximate frequency of 4.00 Hz is
repeatedly observed, indicating that the structure is behav-
ing as a rigid body.

According to EUROCODE-8 (The European Commis-
sion 2009), vibration modes with mass participation above
90% must be calibrated. However, the first three modes of
vibration of the model show mass mobilization of 63%,
35%, and 65% for displacement in X, rotation in Z, and
displacement in Y, respectively. Although these values are
inferior than those prescribed in the European standard,
they are coherent, given that the block of concrete corre-
sponds to 41% of the mass of the system as a whole. From
the fourth mode on, mass participation is inferior to 1%.

4.2 Experimental Results
The breasting dolphin exhibited three peaks of frequency

throughout the experiment, performed during bad weather
conditions on December 25, 2018, that induced sea waves
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Figure 9 Spectrum of the response measured during the experiment
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Table 3 Error of analyzed frequencies after calibration of the model

Table 5 Losses in stiffness

Mode Experiment Calibrated mode Error (%)
|Fg—Fyl
Frequency F (Hz) Frequency F), (Hz) (% . 100%)
1.44 1.46 1.4%
2.22 2.32 4.5%
3 321 3.06 4.7%

of long period (approximately 12 Hz) that hit the vessel
berthed on the pier.

As illustrated in Figure 9, the first mode, of 1.44 Hz,
and the second, of 2.22 Hz, presented a high peak with
a narrow base, characterizing a well-defined mode of
vibration, isolated from the structure. The third mode,
of 3.21 Hz, presents a broad base surrounded by several
peaks in the vicinity.

4.3 Calibration of the Model

In order to calibrate the model to the experimental data,
it is necessary to adjust the three vibration modes to the
real ones measured. According to Magalhdes (2012) and
Donahue et al. (2005), the moduli of elasticity (E) are the
most suitable factor to reduce its natural frequencies without
changing its global behavior.

Considering that vibration modes obtained numerically
show acceptable agreement with the experimental data, the
tiny adjustment was made by reducing the Moduli of elas-
ticity by 4.9%, from 23.76 to 22.60GPa. Other simulations
imputing damages in the block or piles resulted in bigger
differences for the first mode.

With the calibration, final divergences for all three vibra-
tion modes were inferior to 2% and 5%, as shown in Table 3.
Thus, the model is considered well calibrated, that is, an
accurate representation of the global behavior of the actual
structure. After adjusting the model, the procedure was
repeated in order to determine the current stiffness of the
structure. Results are shown in Table 4.

4.4 Losses in Stiffness
The reduction of stiffness observed in the axis parallel to
the side of the vessel was of 9.7%, while the perpendicular

direction shows a reduction of 4.6%. The torsional stiffness
was reduced by 8.4%, as shown in Table 5.

Table 4 Final stiffness coefficients of the model

Load Displacement Original stiffness
F.=1000 kN 0.760 cm (x) 1316 kN/cm
Fy= 1000 kN 0.197 cm (y) 5076 kN/cm
M_,=1000 kN-m 0.095 cm (y) 10,526 kN-cm/rad

Axis Original stiffness Current stiffness Loss (%)
X 1457 kN/cm 1316 kN/cm 9.7
Y 5319 kN/cm 5076 kN/cm 4.6
Torsional 11,494 kN-cm/rad 10,526 kN-cm/rad 8.4

These results are consistent with the structural behavior
of the dolphin, since the position and slope of the piles pro-
vide a higher global stiffness in the perpendicular direction
if compared with the longitudinal one. As such, the loss
of proportional stiffness was smaller in the most reinforced
direction, despite this being the direction bearing the load
resulting from the vessel, damped by the existing rubber
fenders.

5 Conclusions

This paper presented the results of the ambient vibration
analysis of a vessel-breasting dolphin. Accelerations were
collected at specific points on the structure and, subse-
quently, data from the field experiments was processed,
allowing the calibration of a numerical model.

The methodology was proven as an efficient tool for struc-
tural analysis and assessment of current damages on struc-
tures with years of operation. The historical data set for one
structure is shown as a key resource for future evaluations
of said structure in case of new accidents. The simplicity of
this approach can provide quick information on the behavior
of the structure is of great relevance for tackling real-world
challenges faced by engineers and structural designers.

Given the small divergences observed between numerical
and experimental results, the finite element model developed
for this research can be regarded as an accurate representa-
tion of the actual behavior of the structure, and its capability
of providing reliable data concerning its stiffness. Thus, it
is concluded that the mathematical model implemented is
consistent with the experiments performed.

Ordinary loads resulting from the vessels in contact with
the structural system are only applied in the direction per-
pendicular to these ships (X), as such, the structural design
features increased robustness in this direction, in order to
properly absorb the loads. The loss of stiffness in this direc-
tion is about 4.6%.

On the other hand, the structure shows a reduction in
stiffness of 10% in direction ¥ when compared to the initial
model. It makes sense because the loads applied for the ves-
sel during the accidental contact with the pier start with a
very strong lateral friction on the fender and hits the block
with some transversal impact, exactly in the less strength
direction of the dolphin.
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The methodology presented became a very useful tool
for monitoring the structural health of the pier and it is an
easy way to know the real condition of the structure after
new accidents.

References

Associacdo Brasileira de Normas Técnicas (1987) Ac¢des em estru-
turas portudrias, maritimas e fluviais — Procedimento. Associagdo
Brasileira de Normas Técnicas, Rio de Janeiro, NBR-9782. (in
Portuguese)

Araujo IDG (2012) Anélise Modal Operacional: Métodos de identifi-
cagdo baseados na transmissibilidade. PhD thesis, Universidade
de Sdo Paulo, Sdo Carlos, 42—46. (in Portuguese)

Beskhyroun S, Wegner LD, Sparling BF (2012) New methodology for
the application of vibration-based damage detection techniques.
Struct Control Health Monit 19(8):632-649. https://doi.org/10.
1002/stc.456

Brincker R, Ventura C (2015) Introduction to operational modal analy-
sis. Wiley, West Sussex, pp 110-165

Brincker R, Zhang L, Andersen P (2001) Modal identification of out-
put-only systems using frequency domain decomposition. Smart
Mater Struct 10(3):441-445

Comin C, Souza RM (2017) Port structures - the distribution of forces
on infrastructure due to mooring and berthing of vessels. Ibracon
Struct Mater 10:645-658

Del Grosso A, Lanata F, Brunetti G, Pieracci A (2007) Structural health
monitoring of harbor piers. The 3rd International Conference on
Structural Health Monitoring of Intelligent Infrastructure, Van-
couver, 13-17

Deutsche Industry Norm (2005) Measument of vibration immission
— Part 2: Measuring method. Deutsche Industry Norm, Berlin,
DIN 45669-2

Doebling SW, Farrar CR, Prime MB, Shevitz DW (1996) Damage
identification and health monitoring of structural and mechanical

@ Springer

systems from changes in their vibration characteristics: a literature
review. Report Los Alamos National Laboratory Los Angeles,
23-38.https://doi.org/10.2172/249299

Donahue MJ, Yim S, Dickenson S (2005) Implications of observed
seismic performance of a pile supported wharf for numerical mod-
eling. Earthq Spectra 58:15-26

Griffith AA (1921) Theory of rupture of brittle materials. Trans R Soc
A 21:163-198

Henrique T (2019) Structural modeling of breasting dolphin pier with
operational modal analysis. Master thesis, University of Espirito
Santo, Vitéria, 43-47

Lee SY, Nguyen KD, Huynh TC, Kim JT, Yi JH, Han SH (2008)
Vibration-based damage monitoring of harbor caisson structure
with damaged foundation-structure interface. Smart Struct Syst
10:517-546

Magalhides F (2012) Identificagdo modal estocastica para validagao
experimental de modelos numéricos. Master degree thesis, Uni-
versidade do Porto, Porto, 187-198. (in Portuguese)

Magalhaes F, Caetano E, Cunha A, Flamand O, Grillaud G (2012)
Ambient and free vibration tests of the Millau Viaduct: evaluation
of alternative processing strategies. Eng Struct Mag 45:372-384

Peeters B (2000) System Identification and damage detection in civil Engi-
neering. PhD thesis, Catolic University of Leuven, Leuven, 165-198

Pravia ZMC, Braido JD (2015) Measurements of bridges vibration
characteristics using a mobile phone. Ibracon Struct Mater
8:721-743

Soares CP, Sotomayor OAZ (2015) Avaliagdo da integridade estrutural
de plataformas offshore tipo jaqueta. I Congresso Nacional de
Engenharia de Petrdleo, Rio de Janeiro, 513-518. (in Portuguese)

Tavares MAO (2013) Identificacdo modal e monitorizagdo dindmica de
uma ponte em arco. Master thesis, Universidade do Porto, Porto,
93-121. (in Portuguese)

The European Commission (2009) Design of structure for earthquake
resistance — Part 2: bridges. The European Commission, London,
Eurocode 8

Zhou Z (2008) Vibration-based damage detection of bridge super-
structures. A Tool for Structural Health Monitoring. PhD thesis,
University of Saskatchewan, Saskatoon, 18-23



