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Featured Application: Design and implementation of structural health monitoring systems
for bridges.

Abstract: Currently, there is a growing concern about the conservation and maintenance of infras-
tructure. Within this context, bridges deserve special attention, given their technical complexity and
strategic nature. To this end, modern technology provides the opportunity to implement systems for
structural health monitoring (SHM), a field in which great advances have been made in recent years.
In this sense, one of the fastest-growing lines of work in Civil Engineering is the early detection of
incidents because of changes in the dynamic behaviour of structures. Throughout this paper, some
of the most notable considerations that the authors have been appreciating in the latest structures
studied are summarized. These may be of interest for the possible incorporation of dynamic parame-
ters in SHM systems that could be implemented in other structures in the future. With this purpose,
a review of the different issues that must be studied within the dynamic analysis of a structure is
carried out, such as the structural typology, the type of instrumentation, the recorded accelerations,
the analysis of the natural frequencies, the study of the modal damping ratio and the set of thresholds;
issues that are also accompanied by examples observed in two real monitored structures.

Keywords: structural health monitoring; dynamics; bridges; natural frequencies; modal damping ratio

1. Introduction

In most developed countries, there is a growing concern regarding the conservation
and maintenance of already built and in-service infrastructures, which society needs to
meet the increasing demands of transportation and which millions of citizens use every day.
In the case of linear infrastructures, there is no doubt about the critical nature of bridges,
whose technical complexity is accompanied by a clear strategic role within communications
systems, on which territorial connectivity may depend and, hence, its importance. Two
recent tragedies that have affected bridges in service serve as an example: the fall of the
Morandi Bridge in Italy in 2018, which left 43 dead, and the collapse of line 12 of the Mexico
City Metro in 2021, with 25 deaths [1,2].

Within the context of the United Nations Sustainable Development Goals [3] in the
world community, which include the construction of resilient infrastructure, promoting
sustainable industrialization, and fostering innovation, the changes that have occurred
in recent years in technology, including the Internet of Things and big data, represent
a true revolution in the field of structural health monitoring systems (hereinafter, SHM)
of infrastructure.
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Several publications have studied SHM systems in-depth, especially in recent years.
Among the most relevant, these can be highlighted: Deraemaeker et al. on vibration-based
SHM methodology using output-only measurements under changing environments [4];
Gomez et al. on the testing and long-term monitoring of a curved concrete box girder
bridge in California (United States) [5]; Cross et al. on the long-term monitoring and data
analysis of the Tamar Bridge (United Kingdom) [6]; and the comprehensive review about
operational modal analysis in bridges conducted recently by Hasani and Freddi [7].

Regarding the introduction of new technologies in SHM systems, the current panorama
is in continuous evolution and fields of work that until now were unthinkable are opening.
Thus, for example, a number of recent publications may be mentioned: Han et al. about
the introduction of nanosensors [8]; Dong, Bas, and Catbas or Bai et al. in relation to
the use of systems based on computer vision to monitor the behaviour of bridges, even
long spans [9,10]; Xu et al. on the methodology for identifying damage in spacecraft from
measurements made on optical fibre [11]; Ramén—Zamora et al. in the field of evaluation
of reinforcement corrosion in concrete structures by means of embedded sensors [12]; Jia
and Li on the introduction of tools based on deep learning [13]; and Biondi et al. on the
application of synthetic aperture radars [14].

Undoubtedly, the early detection of incidents because of changes in the dynamic
behaviour of structures is an emerging line of study in civil engineering, as is also happening
in other areas of technology. However, bridges are not repetitive constructions since each
structure responds to the specific needs of the environment in which it is located, such as
topography, geology, or the required functionality.

Furthermore, among the problems that we encounter today are the excess of data
obtained in the instrumentation, which must be analysed, interpreted, and selected to have
a true image of the situation of the monitored structure, the relative lack of academic studies
on real monitored structures in service, and the uncertainty about both the influence of
environmental variables and the calculation methodology used in the case of the modal
damping factor to propose systems that monitor the status of the structures.

This paper highlights some considerations that the authors have appreciated in the
latest structures studied that may be of interest for the possible incorporation of dynamic
parameters in SHM systems that could be implemented in other structures in the future.

It must be noted that this paper is only focused on the incorporation and analysis of
the dynamic parameters in SHM systems, so the appropriate design and implementation
of the whole SHM system of bridges (devices, wiring, connections, etc.) is out of the scope.

2. Some References of Interest about the Dynamic Monitoring of Structures

This section presents the most relevant background information within the state-of-
the-art related to the dynamic monitoring of structures that have been published in recent
years and are the starting point for the preparation of this paper.

The addressed references have been extracted from papers focused on the dynamic be-
haviour of bridges, from which the knowledge has evolved over time and which has given
rise to the current understanding of the phenomena, synthesising the main characteristics
of the topic.

As an introductory summary of the issue, it can be said that there are several relevant
references where the dynamic behaviour of real structures in terms of natural frequencies
is analysed; a smaller group of studies take into account not only eigenfrequencies but also
damping and just a few references where the dynamic behaviour of damaged structures is
studied. In global terms, it must be noted that there is an important lack of academic studies
about the dynamic behaviour of real structures, so any effort to increase the knowledge in
this sense is welcomed by Civil Engineering.

In detail, the studies carried out on the monitoring of the Europe Bridge [15] in
Austria should be cited, where a certain correlation was observed between the first natural
frequency and the ambient temperature. Likewise, it was necessary to compensate for
the additional moving masses. The introduction of both corrections allowed for obtaining
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reasonably stable values of the first natural frequency of the structure and, therefore, to
establish thresholds that could be used in an SHM system.

In the same sense, Magalhaes, Cunha, and Caetano carried out various studies on
the dynamic monitoring of the Infante Don Enrique Bridge in Porto (Portugal) [16-18],
where they studied the evolution over time of the modal parameters under the influence
of environmental effects. In these papers, a model is proposed to correct the natural
frequencies based on several variables, among which are the temperature and the recorded
accelerations, which made it possible to establish a threshold to implement an SHM system,
even despite the small variations detected.

The work carried out by Gentile and Saisi on the evolution over time of the dynamic
behaviour of the Paderno Bridge in Italy [19], in this case, a historic bridge, should also be
mentioned. The study showed that small variations over time in the natural frequencies
occured, which were attributed to changes in excitation.

Along these same lines, Soria, Diaz, Garcia-Palacios, and Iban studied the dynamic
behaviour of a pedestrian walkway in Valladolid (Spain) [20,21]. In this work, the great de-
pendence of the modal parameters on temperature was confirmed and that, once corrected,
they could be taken as a reference in an SHM system.

On the other hand, Astiz also studied the dynamic behaviour of the stay cables of the
Waterford Bridge in Ireland. In that case, it was concluded that the maximum accelerations
in the cables were not produced by traffic, but by wind, and that it was not a resonant
phenomenon that occurred at a specific speed but that the accelerations were an increasing
function of wind speed, so they seemed to be motivated by wind buffeting, although vortex
shedding was also considered as a possible cause [22].

More recently, Tan et al. published their conclusions on the implementation of an SHM
system on a cable-stayed bridge, in which they studied its dynamic behaviour and were
able to establish thresholds after applying corrections for the effect of temperature [23].

More particularly, in relation to the possible identification of damage through changes
in the dynamic behaviour of structures, the scale test carried out by Kélling, Resnik, and
Sargsyan [24] is of great interest. In this test, new dominant natural frequencies appear in
the damaged structure, as well as a reduction in the value of the main natural frequency
(from 4.1 Hz to 4.0 Hz, 2.4% less). Likewise, as far as the damping factor is concerned,
in forced vibration tests, there is a notable increase in damping, between 50 and 100%
of its value. However, in environmental vibration tests, reductions between 10 and 20%
were found.

Another interesting reference is the one cited by Wenzel in relation to the Regau Bridge
in Austria [15]. In the analysis of the behaviour of the damaged structure, important
variations were observed both in the frequency amplitude, which became 28% less, and in
the damping, which increased by 85%.

Finally, in relation to the problems that arise in practice when calculating the modal
damping ratio, the studies carried out on the Berlin Bridge in Halle can be cited [15]. They
reveal the behaviour of cable-stayed bridges, in which a significant overlap can occur
between the natural frequencies and, therefore, complicate these calculations. In addition,
the disparity of the results can also be seen depending on the calculation method used,
in this case, the logarithmic decrement, the theoretical curve adjustment, and the random
decrement technique method (RDT).

Likewise, in the case of the Regau Bridge, previously referenced, discrepancies were
evident in the calculations of the modal damping ratio when the bandwidth method
was used on the signal spectrum and depending on the filter that was used over the
recorded accelerogram.

3. Materials and Methods

This section includes the details of the two real structures that were studied, including
the monitoring that was carried out after opening to traffic, and that serve to exemplify the
analysed issues, as well as the general description of the parameters under study.
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3.1. E-1 Structure

The first of the structures is the viaduct over the Tagus River called “Arcos de Al-
conétar”, which from now on will be designated as the E-1 structure (Figure 1). This viaduct
is located within the itinerary of Highway A-66, belonging to the State Road Network in
Spain [25-27].

Figure 1. Viaduct “Arcos de Alconétar” (E-1 structure) (Mitma).

This structure is composed of two twin structures 400 m in length, whose main spans
are metal arches (spans of 220 m and 42.5 m rise) with an upper deck. Each of the arches is
formed by two longitudinal pieces with a box section braced together. The deck, formed
from a continuous section of composite steel-concrete structure, is simply supported on
the metal pillars that rest on the arch and the reinforced concrete piers belonging to the
access sections. The length of the spans, 26 m, is identical both in the access sections and in
the main section. The steel used in the whole structure (arches, deck beams, and pillars on
arches) is a weathering steel with improved resistance to atmospheric corrosion.

The dynamic instrumentation of the structure was made up of 10 accelerometers
(5 force feedback capacitive accelerometers, with a resolution of 1.3 x 10~° g at frequencies
lower than 10 Hz, installed on each road), 2 anemometers and 2 wind vanes (on the left
road). These accelerometers were located on each roadway as follows: three vertical
accelerometers in the haunches of the arch (two in the south haunch and one in the north
haunch) and two accelerometers in the key of the arch, one of them vertical and the
other transversal. In all cases, they were inside the arch box, on the lower side. The
instrumentation was completed with a total of 37 thermometers and 2 laser distance meters
to measure the movement of the expansion joints of the structure. The monitoring period
in which there are dynamic records is between the months of March and September 2010.
The range of ambient temperature recorded throughout this period was between 10 and
40 °C, which allowed us to detect its influence over dynamic parameters, as explained in
the following sections.

The behaviour of the E-1 structure was studied in different technical papers due to
the particularities of the construction system of the bridge and the technical incidents that
occurred during its execution, especially regarding the vortex shedding phenomenon (von
Karman vortices), which caused a resonance phenomenon [28-32].

3.2. E-2 Structure

The second of the structures is the viaduct “Arroyo del Valle” (Figure 2), which will
be designated as the E-2 structure for the rest of the paper. This viaduct is part of the
Madrid-Segovia—Valladolid /Medina del Campo high-speed railway line, also in Spain,
which opened to traffic at the end of 2007 [33-35].
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Figure 2. Viaduct “Arroyo del Valle” (E-2 structure) (Adif-AV, Mitma).

The total length of the viaduct is 1755 m, divided into 2 extreme spans of 52.50 m and
25 intermediate spans of 66.00 m each. It is made up of a concrete box beam with a hollow
trough-type cross-section with a lower and upper slab and a variable depth between 3.30 m
in the centre of the span and 5.00 m in the pier support area. There are a total of 25 piers,
with a hollow rectangular concrete box section. In addition, there is an ogival-type arch
in the central area of the viaduct, formed by two semi-arches with a radius of curvature
of 312.00 m and a hollow rectangular concrete box section so that the key of the arch
materializes the fixed point of the structure, and both ends remain free.

The instrumentation that was implemented in the viaduct made it possible to control
the following variables: pier movements, relative movements of pier/abutment—deck,
accelerations due to centrifugal force and braking, vertical accelerations, wind speeds
(gusts), train speeds, temperatures, and environmental conditions. For the study of dynamic
behaviour, there were 15 accelerometers (accelerometers installed in structure E-2 were
precision capacitive accelerometers, with a resolution of 30 x 10° g at frequencies lower
than 100 Hz), 12 of which were vertical, 2 longitudinal, and 1 transversal. All these devices
were inside the box section, either on the central axis or the lateral extremes, but in all
cases, on the lower side. The structure was monitored between the months of June 2008
and December 2009 [36,37]. The range of temperatures recorded throughout this period
was between 4 and 29 °C.

3.3. Parameters under Study

According to the general theory of Dynamics of Structures, as described by Chopra [38]
or Clough and Penzien [39], the behaviour of these bridges has been analysed by means of
the study of the following dynamic parameters:

Accelerations, registered in the experimental accelerograms;
Eigenfrequencies, obtained by the analysis of the accelerograms in the frequency
domain and modes of vibration associated with these natural frequencies;

e  Modal damping ratios calculated from the accelerograms after filtering in the neigh-
bourhood of the eigenfrequencies.

These parameters were complemented with the records of environmental conditions,
such as temperature and wind, for each dynamic event.

4. Results

During the period of time indicated previously, the monitoring of these structures
provided, in the case of structure E-1, a total number of 541 registered events, which were
selected in order to both be equally distributed along the research and include extreme
values of measured accelerations and wind velocity, arising to 41 representative events
(7.6%). In structure E-2, the monitoring was activated one day per month during the
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research period, providing 218 registered events. In this case, 16 events were selected
(7.3%), one per each completed monitored day.

As it was mentioned in the previous subsection, from events information, accelero-
grams were studied in the frequency domain in order to obtain eigenfrequencies. Moreover,
after filtering the signals around each natural frequency, values of the modal damping ratio
were obtained using the logarithmic decrement method. All these numerical results were
collected, together with the environmental conditions, into a database.

Nevertheless, this paper is intentionally focused on the qualitative aspects of the
dynamic behaviour of these structures rather than the quantitative details, which are part
of other previously referred publications.

5. Discussion

The qualitative study of the numerical results raises the discussion about the following
aspects: structural typology, type of instrumentation, accelerations, natural frequencies and
vibration modes, damping, and thresholds, which are detailed below.

5.1. About the Structural Typology

The first question that must be reflected on before considering the incorporation of
dynamic parameters in an SHM system for bridges is whether the structural typology is
appropriate for this or not.

This is because, to determine with certain precision the natural frequencies and modal
damping ratios, accelerograms of a certain duration are required.

Regarding natural frequencies, according to the Nyquist-Shannon Sampling Theorem,
a higher sampling rate allows a wider range of frequencies to be covered. However, in the
case of bridges, their importance is relative since the values of their natural frequencies
are usually low, so the areas of greatest interest for study are usually between 0 and 10 Hz.
Therefore, attending strictly to this issue, a sampling frequency of 20 Hz (data every 0.05 s)
could be enough. On the contrary, what is of greatest interest is that this frequency range is
defined with the greatest possible precision, which is the result of having accelerograms
of a certain length. For example, an accelerogram of 50 s duration would allow the study
frequency range to be analysed with a discretization of 0.02 Hz; while one of 5 s duration
would only achieve a discretization of 0.2 Hz.

In the case of the modal damping ratio, something similar happens. The most common
situation is that available accelerograms correspond to specific events. In these circum-
stances, to determine the modal damping ratio, the free vibration sections must be located.
Therefore, the longer the duration of the free vibration sections within the accelerogram,
the greater certainty in the calculation of the modal damping ratio.

Therefore, if the modal damping ratio of the structure is lower, the recorded ac-
celerograms will be more appropriate. In other words, a priori, compared to structures
where concrete is the predominant construction material, metallic and composite struc-
tures would be more suitable for the implementation of SHM systems that incorporate
dynamic parameters.

As an example, Figure 3a,b includes, respectively, two accelerograms corresponding
to the E-1 and E-2 structures. As can be seen, the first accelerogram has a length in free
vibration regime much greater than the second, practically its entire length, about 55 s
in the first case compared to barely 2 s in the second case, between t = 40 and t =42 s,
which allows the dynamic parameters to be determined with much greater precision in
the E-1 structure. Furthermore, all this, regardless of the fact that in absolute value, the
accelerations recorded in the first structure are lower, of the order of a tenth (maxima of
0.010 g in E-1 compared to 0.10 g in E-2).
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Figure 3. Examples of real recorded accelerograms: (a) E-1 structure; (b) E-2 structure.

5.2. About the Type of Instrumentation

In order to have a greater knowledge of the structure to be studied and to allow the
adequate implementation of an SHM system, the advantages of having continuous instru-
mentation compared to a discontinuous one are clear [4-7]. Furthermore, as indicated in the
introduction, new technologies offer great possibilities that have yet to be explored [8-14].

However, excessive instrumentation, which generates a large amount of information
but whose data have no practical interest in the installed bridge SHM system, should also
be avoided. In that case, the investment made in the system would not be useful. Technical
professionals with knowledge and experience must plan in advance which instrumentation
is necessary for the desired objective.

Therefore, a balanced situation must be reached so that the instrumentation installed
in the structures is truly useful for the projected SHM system at a reasonable cost.

5.3. About the Analysis of the Accelerations

It is also interesting to analyse the values of the recorded accelerations. It is desirable
to be able to compare the experimental values both with the values obtained with the
computational model and with those prescribed by the applicable structural code.

Regarding the comparison with the values of the computational model, for the exci-
tations due to the passage of vehicles, in the case of railway viaducts, it may be simpler,
given that the loads of each train and circulation speeds can be known very approximately.
In the case of road bridges, this is more complicated since, a priori, the configuration of
the vehicles that produces the excitation, their weight, or the speeds of circulation are not
known, which has a great influence on the values.

As an example, Figure 4 shows the relationship between the maximum vertical accel-
erations in the different sections of the arch of the E-1 structure and the circulation speed
under the hypothesis that the excitation is due exclusively to a heavy vehicle circulating
with the maximum authorized mass (440 kN) and without concomitant wind. It must be
emphasized that the monitoring range of accelerations must be wide enough to detect all
possible cases. In this example, it can be seen that, even with small changes in speed, for
example, between 60 and 70 km/h, the variation in accelerations can be very relevant, of
the order of three times. However, these differences are higher if wider speed intervals
are compared.
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Figure 4. Influence of the circulation speed on the maximum vertical accelerations obtained with the
computational model of the E-1 structure.

5.4. About the Analysis of the Natural Frequencies and Vibration Modes
5.4.1. Study of the Available Background Information: Computational Models and
Load Test

As a prior stage to carrying out the analysis of the vibration frequencies, a study of
the available background information must be undertaken, particularly of the structure
computational model and the load test.

The computational model of the structure provides very relevant information: the
natural frequencies and vibration modes of the structure. Therefore, an attempt should be
made to find the correspondence between each of the recorded events with the theoretical
vibration frequencies and, if feasible, also with those obtained during the load test. Thus,
for example, when the analysis of the E-1 structure was carried out, a very acceptable
correspondence was observed.

However, on other occasions, this analysis is not so immediate, and a further step
should be taken. This can happen in the case of concrete structures, where the moving load
may not be enough to excite the structure as a whole or do so to a lesser extent. Therefore,
the possibility of the spans being excited independently should not be ignored, even with
the same frequency of passage of the moving load.

An example of this is indicated in Figure 5, corresponding to a dynamic event recorded
in the E-2 structure (event recorded on 13 August 2008 at 2:46 p.m., selected channel AV011,
vertical accelerometer installed in the centre of the first span of the viaduct). The spectrum
shows its highest peak around 3.4 Hz. However, in this structure, the first vibration modes
are between 1.36 and 1.77 Hz (from vibration mode number 1 to number 8, respectively),
an area where several peaks of the spectrum would occur but very far from the highest
peak. Indeed, a possible explanation would have to be sought in moving loads. The
train that caused this event was, according to the information available, a type S-102 train
traveling at 141.85 km/h. Taking into account the characteristics of the composition of this
train, the dynamic load would have a frequency spectrum with a peak in the vicinity of
3.1 Hz. Likewise, based on the computational model, this first span of the viaduct vibrating
independently would have a natural frequency between 2.8 Hz (supposed simple support
at both ends, which obviously does not happen) and 4.2 Hz (supposed simple support at
one end and perfect embedment at the other, which is the theoretical behaviour). However,
with the information available, it is not feasible to specify at what point the span would
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Figure 5. Analysis of the natural frequencies in an event of the E-2 structure, accelerometer AV(011:

(a) Accelerogram; (b) Spectrum.

5.4.2. Possible Correction of Values

Another issue already noted by some authors, as indicated in Section 2, is the variation
in the values obtained for the natural frequencies and, consequently, the possible need to
correct them to implement an SHM system, given that the mentioned variations may not
be negligible and would give rise to false positives.

Indeed, the referenced studies state that the values of the natural frequencies can be
affected by temperature and that they can also be correlated with the maximum accelera-
tions recorded since it is an indirect measure of the load that is supporting the structure
and, therefore, of the internal mechanisms that are activated in the materials to resist
such actions.

In the case of the E-1 structure, an in-depth study was carried out on the influence
of several variables: the arch temperature, the ambient temperature, the average wind,
and the maximum accelerations, both vertical and transversal. Regarding the role of
temperature, the analysis of individual correlations showed a greater correlation in the case
of ambient temperature and not for the arch temperature. In the case of the average wind,
no correlation was observed, and in the case of maximum accelerations, it was seen that
there was a certain correlation in both the vertical and transverse cases, although they were
manifested to a greater or lesser extent depending on the vibration modes. These results
were in coherence with the behaviour suggested by other authors in the case of various
bridges [15-18,20-23].

Consequently, a model that took into consideration the ambient temperature and the
maximum accelerations, both vertical and transverse, was proposed. It allowed achiev-
ing correlations with a coefficient of determination (R?) of up to a value of 0.90 in the
case of the natural frequency fexp 6, as shown in Figure 6, where the relationship with
the ambient temperature is represented, as it is the variable that, independently, had a
greater correlation.
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5.5. About the Analysis of the Modal Damping Ratio
5.5.1. Study of the Modal Damping Ratio Values

In contrast to what was indicated in the previous section, the values of the modal
damping ratio show greater variability between some events and others, as Wenzel sug-
gested for other bridges [15]. Therefore, with few tests, it is difficult to specify this variable,
recommending a study over time. Likewise, it is interesting to reference these values with
those of other structures of similar typology.

5.5.2. Possible Correction of Values

If the results are precise, as happened in the E-1 structure, it is also advisable to study
the possible correlation of the damping factor with other variables in an analogous manner
to the case of natural frequencies. However, in this case, the conclusions are not so obvious
or immediate.

As an example, the in-depth analysis of the case of the E-1 structure showed the
following [28]:

e  Although, a priori, the mechanical properties of the materials could vary depending
on the temperature, in the E-1 structure, no relationship was observed between the
variations recorded in the modal damping ratio neither with the ambient temperature
nor the arch temperature.

e  On the other hand, some correspondence was seen (coefficients of determination R? of
the order of 0.20 and 0.30) in the case of two of the natural frequencies and the average
wind speed. The justification for this fact may be that the modal damping ratio has an
aerodynamic component, although this contribution is usually very small.

e  Finally, the relationship with the maximum vertical and transverse accelerations was
also analysed since it is a measure of the degree of excitation of the structure. However,
in this case, no clear relationships were obtained.

As can be seen, although the conclusions are not as clear as with the natural fre-
quencies, the possibility that there may be relationships between the damping factor and
environmental variables should not be ignored in order to implement SHM systems. There-
fore, it would be desirable to study in each case if there is a relationship between damping
and environmental parameters.

5.5.3. About the Calculation Method of the Modal Damping Ratio

Another relevant issue is knowing which calculation method is used to determine the
modal damping ratio and maintaining the same criterion throughout the monitoring period.

As is well known, there are multiple calculation methods that can be classified accord-
ing to whether they require controlling the excitation or not and, within the latter, whether
they are applicable to specific events or to continuous records.
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The methods of amplification at resonance, of the bandwidth on the amplitude-
frequency curve, and of the energy loss per cycle at resonance are among the calculation
methods that are required to control the excitation. However, these three methods are
complex to apply on real structures because they require the performance of a test whose
implementation is not easy on structures in service since they require stopping the traffic
and precisely controlling the excitation source, and lastly, but possibly most important,
exciting the structure with frequencies close to the resonance frequency, which poses the
serious possibility of causing structural damage.

On the contrary, calculation methods that do not require controlling the excitation, that
is, those that study ambient vibrations, avoid the problems indicated above. Within this set,
among those that are applicable to records of specific dynamic events, we can mention the
logarithmic decrement method, the bandwidth method over the signal spectrum with its
two possible formulations (half-power and half-quadratic gain), and the adjustment to the
theoretical curve. Likewise, among the methods that are applicable to continuous records,
we can mention the random decrement technique (RDT) and the stochastic subspace
identification (SSI).

However, for the same dynamic event, the results of the modal damping ratio obtained
by applying the different calculation methods can be very different. As an example, Figure 7
shows an accelerogram corresponding to a specific dynamic event of the E-1 structure
(event recorded on 20 August 2010 at 7:55 p.m., selected channel C-5, corresponding to the
vertical accelerometer installed in the haunch of the arch, feyp 5 = 1.675 Hz), its study in the
frequency domain, the filtered wave, and the values of the modal damping ratio obtained
as a result of applying different calculation methods. As can be seen, there is an important
variation in the results, which in this case ranges from the 0.18% value obtained through
the methods of logarithmic decrement, adjustment to the theoretical curve, and the RDT
combined with the logarithmic decrement, to the value of 0.30% obtained through the RDT
method combined with curve fitting. Therefore, in SHM systems, it is essential to know
which modal damping ratio calculation method has been used and to maintain the same
criterion throughout the monitoring period.
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0.002

R W
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@) (b)
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Figure 7. Calculation of the modal damping ratio in a dynamic event of the E-1 structure:
(a) Registered accelerogram; (b) Spectrum; (c) Filtered accelerogram; (d) Modal damping ratios
obtained by applying different calculation methods.
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In line with what is indicated in the preceding paragraphs, the authors are finalizing
a specific study, both theoretical and experimental, where the possibility of introducing
improvements in calculation methodologies is also assessed [40].

5.5.4. Relationship between Modal Damping Ratios and Natural Frequencies

To conclude this review of the issues related to the dynamic behaviour of the structures
that should be studied, another relevant element is the analysis of the possible relationship
between the recorded modal damping ratios and the natural frequencies.

In this sense, it is of interest to check whether the experimental data obtained fit the
hypothesis proposed by Rayleigh or not [38,39]. If damping is supposed to be proportional
to the mass and stiffness matrices of the structure, the following expression for the i-th
modal damping ratio of the system can be derived:

1 %) L%}
§i = 5 (wl + lxlwi) = inf, + mas fi, 1)

where & and «; are the proportionality parameters.
Based on the N experimental data of natural frequencies and associated modal damp-
ing ratios, the best possible adjustment would be the one that minimizes the sum of the

squared differences between the estimated modal damping factors ¢; and those measured
experimentally. This is equivalent to optimizing the following function:

G(ag, 1) = Z(‘fz - 51')2 . 2)

The condition of the best adjustment to minimize the function G is that the partial
derivatives with respect to each of the parameters are null. Thus, combining the two
previous expressions, we have:

oG _ « « Gi _
2 -x (et db) -0

min[G(ao, a1)] = .
S =T (327 fm —2mfigy) =0

)

Solving the system of equations, we arrive at:
Antsen (5 ) -4n(%)
%Zi(ff)&(é)—l\l , (4)
ny = 4 (Z(fiffi) — T fo>
1 1

These expressions may be directly applied to the experimental data.

As an example, if this formulation is applied to the data obtained after the field
tests of the E-1 structure, coefficients ag = 0.02272472 and &7 = 0.00020197 result. The
recorded modal damping factors (green points), their average values (blue points), and
the adjustment obtained by applying the formulation indicated in this section (orange
curve) have been represented in Figure 8. It can be seen how the values obtained with the
instrumentation reasonably adjust in this case to the Rayleigh hypothesis.

Since accelerograms in E-2 are extremely short, as mentioned above, the results for
the modal damping ratio are not as clear as in E-1, so it was not possible to carry out a
similar study.
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Figure 8. Example of the study of the relationship between natural frequencies and modal damping
ratio under the Rayleigh hypothesis in structure E-1.

5.6. About the Set of Thresholds

Last, but not least, some considerations must be indicated about the set of thresholds.
Indeed, this is certainly the decisive issue if an SHM system is going to be installed, in other
words, if it will be really capable of the early detection of damages.

In the opinion of the authors, as well as other cited references, natural frequencies,
once corrected by ambient variables and statistically analysed, can be adopted for setting
thresholds. However, it must be pointed out once more that in steel and composite
structures, values can be more precisely calculated than in concrete structures. This is
because of the fact that damping is higher in these last cases, so accelerograms have a
shorter extension and, in consequence, frequencies have a lower resolution.

On the other hand, the set of thresholds based on damping values is a promising
issue because it is a parameter that can reflect damage in structures in a more sensitive
way, particularly in bridges. However, nowadays, two main aspects must be solved. First
is the great dispersion in measurements, even under the same environmental conditions;
therefore, further studies must be carried out, both in scale tests and in real structures.
Second is the great dependence of these values on the calculation method. Therefore, it
is important to clarify how these methods affect the results and if some improvements
are possible.

6. Possible Future Lines of Research

As a consequence of the studies carried out by the authors, several possible future
lines of research are proposed:

e  Firstly, the extension of this type of study to other real bridges with more actual results,
which analyse the dynamics of structures of different typologies, given that, although
there are more and more studies in the field of SHM systems, there are relatively few
that relate the behaviour of real structures.

o Likewise, due to the enormous influence that the calculation method adopted can
have on the values of the modal damping ratio, an in-depth study must be carried out
on this issue, both on a theoretical and experimental level, which also analyses the
possibility of introducing improvements in the mentioned procedures.

e  Thirdly, it is necessary to explore the physical modelling of the correlations observed
during the experimental analysis, especially in the case of the variation of the natural
frequencies as a function of the ambient temperature, as well as the damping factor
for certain natural frequencies as a function of the average wind speed.

e  Fourth and last, more studies should be carried out on the variation in dynamic
parameters as a consequence of specific damage having occurred, both through com-
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putational models, which will allow analysing of the behaviour, especially in terms of
frequencies, and in scale tests, which will make it possible to see the behaviour both in
terms of frequencies and the modal damping ratio.

7. Conclusions

Throughout this paper, some of the most relevant considerations that the authors have
found in the different studies that they are carrying out on the incorporation of dynamic
parameters in SHM systems have been jointly revealed.

To this end, after a review of the main technical references, the main issues analysed
are the structural typology, the type of instrumentation, the accelerations, the natural
frequencies, with special attention to the possible correction of the registered values, and
the modal damping ratio, including an important reflection on calculation methods.

Furthermore, this general overview of bridge monitoring has been accompanied by
various practical examples corresponding to two real viaducts: one road, whose main
span is a long-span metal arch, and a railway, corresponding to a continuous prestressed
concrete girder.

As a consequence of all the above, as happens in other areas of engineering, the
potential of incorporating dynamic parameters in SHM systems in the case of bridges has
been confirmed.

Nevertheless, the suitability of the structure where the dynamic SHM system should
be installed, the possibility of having continuous registers or not, the analysis of the
accelerations and its comparison both with the computational model and those prescribed
by structural codes, the study of natural frequencies and vibration modes and its high
dependence on ambient variables, not only the ambient temperature, but also maximum
accelerations, the analysis of modal damping ratios, whose values can considerably vary, in
some cases related with ambient variables also, such wind and maximum accelerations, and
which are enormously influenced by the applied calculation method, and the considerations
about setting thresholds, are altogether essential issues that must be considered, as they
have been addressed in this paper.

Finally, the article ends with the proposal of several possible lines of future research
oriented toward expanding the typologies of structures studied, detailed analysis of modal
damping ratio calculation methods, exploring the physical modelling of the observed cor-
relations, and carrying out more studies on the dynamic behaviour of damaged structures.
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