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Abstract: Operational Modal Analysis (OMA) currently represents an appealing technique for
the non-destructive assessment and health monitoring of civil structures and infrastructures.
Many applications have appeared in the literature in the last decade, demonstrating how this
technique can support the observation and understanding of the structural behavior of bridges at
different stages of their lifecycle and the remote detection of structural damage. The present paper
describes some explanatory applications of OMA and modal-based Structural Health Monitoring
(SHM) referring to bridges that have been carried out by the authors over the years. Some aspects
related to the evolution of OMA in the last decade are summarized by means of the presentation
and discussion of a number of case studies; they cover the fields of the non-destructive assessment
and monitoring of bridges in serviceability conditions as well after hazardous events and remark the
potential and the opportunities of OMA in the modern management of road infrastructures.

Keywords: bridges; operational modal analysis; structural health monitoring; vibration;
model validation

1. Introduction

Operational Modal Analysis (OMA) [1] has been a very active field of research over the last two
decades, also thanks to the developments in sensing technologies enabling the accurate measure of the
very low amplitude response induced in large civil structures, such as bridges, by ambient excitation.
Large research efforts have been also spent to increase the reliability and accuracy of the experimental
estimates of modal parameters, yielding theoretical and algorithmic developments as well as refined
testing procedures [2—4]. Over the years, several applications of OMA to bridges concerned the
validation and/or updating of numerical models at the commissioning stage as well as after retrofitting
interventions. For instance, a modal analysis under operational conditions has been used to validate
the modeling assumptions and characterize the baseline condition of the structural behavior [5], and to
support the structural assessment before and after strengthening works aimed at increasing vehicle
traffic and axle loads on a highway bridge [6], in combination with model updating procedures. OMA
has been also successfully applied to analyze the dynamic response of footbridges, whose design
criteria—lighter loads—and architectural features make them slender and, as such, prone to problems
related to the serviceability limit state of vibration. One of the challenges in structural design is the
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vibration control under the dynamic loads associated with pedestrian walking and/or running and
allotting the frequency bandwidth of the structure far from the one associated to the pace frequency
of the users. To this aim, an experimental analysis of the dynamic response of the real bridge is
one of the key steps of the testing before the commissioning of the infrastructure [7]. An illustrative
application of OMA to the assessment of the dynamic behavior of a footbridge is illustrated in [8].
The numerical model of the footbridge was updated, and it was used to support the design of a set of
tuned mass dampers to control the amplitude of vibrations [9]. In [10] the vibration serviceability of
eight footbridges is assessed, at completion and after model updating, based on simplified load models
to simulate a pedestrian-induced input. The study highlighted how the adopted load models were
sensitive to small changes in the natural frequencies, thus jeopardizing the reliability of the design.
Some attempts of using OMA and model updating for damage assessment of bridges are also reported
in the literature [11,12]. In these cases, the numerical model of the structure is updated in the healthy
and in the damaged states, so that the comparison between the two models guides the identification of
damage location. The use of OMA and model updating to assess the sensitivity of modal parameters
in terms of increasing scour-induced settlements is instead discussed in [13], remarking the potential
of OMA-based strategies for scour monitoring and early warning. The successful applications of OMA
and model updating to bridges recently motivated the Italian Ministry of Transportation to recommend
their application in the analysis of existing bridges in order to reduce modeling uncertainties and
support the structural maintenance and design of strengthening interventions [14]. Following the
progress in the data acquisition, processing, and transmission technologies, OMA techniques have
been further developed to fit the requirements of permanent dynamic monitoring and remote damage
detection in the field of the civil structures and infrastructures. In more detail, the development of
several automated OMA techniques (see, for instance, [15,16] and the references therein) has raised
the interest towards the applications of dynamic identification and continuous monitoring in civil
engineering. Many existing bridges are indeed subjected to traffic loadings larger than those considered
in the design stage, resulting in the acceleration of fatigue problems and reduction in the service life [17].
Besides, the detection of damage and degradation phenomena is still based on visual inspections and
this may yield inconsistent results due to the different experience and capacity of bridge inspectors,
or leave undetected the damage at unreachable locations, affecting the overall safety. Modal-based
Structural Health Monitoring (SHM) systems can be therefore exploited for timely damage detection
and maintenance support, thus shifting from the current reactive or scheduled approaches to a proactive
one with the related benefits in terms of life cycle costs and down-time reduction. The benefits of the
modal-based SHM of bridges have been recently recognized by some codes and guidelines [14,18].
Examples of assessment of the structural health conditions of bridges by continuous modal-based
SHM are reported, for instance, in [19,20], pointing out the potential of the technology but also some
issues related to the influence of environmental and operational variables on the estimated modal
properties that jeopardize the reliability of damage detection.

The present paper summarizes basic and relevant aspects of OMA and modal-based SHM,
and explanatory applications are illustrated with reference to selected case studies involving bridges.
The paper is organized as follows. After a brief introduction about OMA, Section 2 presents the
application of OMA to some reinforced concrete arch bridges and possible correlations for the prediction
of the fundamental frequency; moreover, it shows how the results of modal tests can be used for the
validation of a numerical model of a bridge which underwent a provisional intervention after collapse
of a pier due to scour; finally, the role of OMA in a vibration serviceability assessment of a footbridge is
discussed with reference to a real case study. Section 3 recalls relevant concepts of modal-based SHM
and presents some applications of the continuous monitoring of modal parameters; the selected case
studies remark the effectiveness of the technology and point out the influence of non-stationarities
and environmental and operational variables on the monitoring results. Finally, a summary and final
remarks are reported in Section 4.
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2. Operational Modal Analysis and Applications to Bridges

2.1. Basics

OMA procedures yield experimental estimates of the modal parameters from measurements of
the structural response only. While many OMA methods have been derived from input-output modal
analysis procedures, over the years OMA has evolved as an autonomous discipline. Its application
in the field of civil engineering is very attractive because tests are cheap and fast, and they do not
interfere with the ordinary use of the structure. However, very sensitive, low-noise measurement
equipment is required to resolve the low amplitude structural vibrations in operational conditions [1].
The fundamental assumptions of OMA are linearity, stationarity, and observability (of the modes of
interest). As the input is immeasurable, a broadband excitation is assumed to excite the structure so
that all the structural modes in the frequency range of interest are detectable. A random in time and
space input has been proved to yield the best modal identification results [21].

OMA methods can be classified according to different criteria. When the domain of implementation
is considered, they are defined as time domain methods if they are based on the analysis of response
time histories (or, alternatively, correlation functions) and frequency domain methods if spectral
density (PSD) functions are processed. Moreover, other relevant distinctions are between parametric
(if modal parameter estimates are obtained from a model fitting the data) and non-parametric methods,
and between high-order and low-order methods (if the number of identifiable modes is limited by the
number of measurement channels).

Popular OMA techniques are the Frequency Domain Decomposition (FDD) [22] and the Stochastic
Subspace Identification (SSI) [23]. FDD is a frequency domain, non-parametric OMA method relying
on the singular value decomposition of the output PSD matrix. Structural resonances are identified
through peak picking in the resulting singular value plots, and the corresponding singular vectors are
good estimates of the corresponding mode shapes. The enhanced version of the method (EFDD) is
also able to provide damping estimates [24]. SSI is a time domain, parametric OMA method based
on a state-space description of the dynamic problem. Realizations of the state matrix and output
matrix are obtained from measurements of the structural response through algebraic manipulations
and used to extract the modal parameters. Other methods such as the poly-reference least squares
complex frequency [25] and Second Order Blind Identification (SOBI) [26] methods are becoming more
and more popular because they simplify the identification of the structural modes thus providing
interesting opportunities for the automation of OMA. The interested reader can refer to the literature [1]
for more details about the theoretical background of OMA methods and their application to civil
engineering structures.

2.2. Output-Only Modal Identification of Arch Bridges

Reinforced concrete (RC) arch bridges are complex structures whose dynamic characteristics are
sometimes difficult to predict, particularly in the presence of frequency-veering and mode hybridization
phenomena [27]. Many of the existing RC arch bridges in Italy have been built in the early decades after
the World War II according to outdated design codes. Moreover, the traffic loading has increased with
respect to the past, and many bridges demand structural interventions to safely sustain the current
traffic volumes. However, the studies on RC arch bridges are relatively limited in number, while an
extensive technical literature deals with the dynamic response of masonry arch bridges.

This section reports the results of an experimental campaign carried out on highway RC arch
bridges in the Campania region, Southern Italy. Based on these tests, a database of modal properties
has been collected and complemented with other results found in the technical and scientific literature.
Attention is paid to RC arch bridges in Italy with the aim of improving the knowledge of the main
parameters and features affecting the dynamic response of a common structural type in Italian roads
and highways.
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In 2018 five highway RC arch bridges have been analyzed through OMA tests. Though the
names and locations of the bridges must remain confidential, their relevant geometric features and
fundamental modal properties are summarized in Table 1. Their typical structural configuration
is outlined in Figure 1, which shows similar Italian RC arch bridges erected in the same period
(source: maps.google.it). The detailed discussion of the experimental results is out of the scope of the
present section; however, some aspects related to the lessons learned executing the tests and processing
the vibration measurement data are illustrated.

Table 1. Fundamental modal properties of a set of highway RC bridges in Southern Italy (¢; means the
i-th mode shape, V is for vertical bending, H is for horizontal bending).

Bridge Total Span Rise Until the
Numlgaer Length (m) Lengpth (m) Crown (m) fiHz) @1 H(H2) &
I 76.4 60.8 15.4 2.78 A% 3.62 H
I 76 76 19.3 2.95 H 3.04 \%
I 60.8 60.8 18 2.85 \% 3.82 H
v 140 120 32.5 1.32 H 1.45 \%
\Y 60 60 20.8 2.53 v 3.38 H

Figure 1. Sample images representative of the tested RC arch bridges (source: maps.google.it).

In particular, the development of correlations for the prediction of the fundamental frequency of
RC arch bridges from basic geometric data is presented. Predictive correlations are certainly useful for
the operators who must design and carry out OMA tests, and for the personnel having in charge the
management of the bridge and its periodic inspections in the absence of more sophisticated analyses.
In order to accomplish this task, additional data concerning homogenous structural configurations have
been collected from the literature [28]. For the sake of simplicity, the selected geometrical parameter is
the span length, whose correlation with the fundamental frequency of the RC arch bridge in logarithmic
form has been investigated, in agreement with similar studies reported in the literature and referring
to masonry arch bridges [29]. This is, in more detail, the way the predictive correlations have been set:

e  Equation (1) relates the fundamental frequency and the span length s in m without any consideration
of the associated mode shape (Figure 2a);

e Equation (2), based on a subset of the available data, applies to the bridges showing vertical
antisymmetric mode shapes associated to the fundamental frequency (Figure 2b).

f = —4.527-In(s) + 22.041 1)
f = —4.188-In(s) + 20.729 @)
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Figure 2. Empirical correlations for the prediction of the fundamental frequency of RC arch bridges (a),
the fundamental frequency of RC arch bridges corresponding to an antisymmetric vertical bending
mode (b).

The prediction accuracy of the empirical correlations has been checked against the modal
identification results reported in [30,31] for similar RC arch bridges located in Central Italy and Portugal.

It is worth noting that, even if conclusive results cannot be drawn yet, and more data need to be
collected to reach a firm conclusion, the results obtained from the use of the empirical correlations
to the considered validation examples are encouraging (Table 2) and well correlated to the modal
frequencies of bridges characterized by a maximum span length lower than 100 m.

Table 2. Predictive performance of the empirical correlations for the estimation of the fundamental
frequencies of RC arch bridges.

Bridge Span (m) fexp (Hz) feorr Hz)—Equation (1) feorr (Hz)—Equation (2)
Montecastelli bridge [30] 68.7 3.18 2.89 3.01
Arch bridge in Portugal [31] 80 211 2.20 2.38

2.3. Model Validation

This section illustrates a sample application of OMA aimed at validating the Finite Element
(FE) model of a road bridge in Southern Italy, the Ufita bridge. The bridge has been tested in
the context of a wider research project (PON — National Operational Program 2007-2013 Research
Project “STRIT”—OR3 Use of advanced monitoring techniques, coordinated by Prof. G. Fabbrocino)
investigating different tools and technologies for the risk management of transportation infrastructures.
A steel-concrete composite structure characterized the bridge, with longitudinal steel beams connected
by transverse and diagonal steel profiles forming a truss structure, and an 8.8 m-wide and 0.3 m-high
RC deck—see Figure 3a,b.

The structure can be schematically represented as a continuous beam with four supports; in the
original configuration, the three spans were about 27 m long, with a total length of the bridge of about
81 m. The two intermediate piers, located in the riverbed, were 6 m high, with a 2.4 X 9 m RC cross
section. In 2013 one of the two piers collapsed during a major flood event, and it was replaced by a
provisional pier located in a position 8.45 m away from the original one, on a more stable part of the
riverbed. An overview of the bridge with the provisional pier is provided in Figure 3a.

The implementation of the FE model (Figure 3c) in SAP2000 [32] has followed an accurate
geometric survey by a laser scanner. The deck was modelled by shell elements, while one-dimensional
elements were used for the steel beams. Nominal values were adopted for the physical and elastic
properties of concrete and steel [33].
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The output-only modal identification of the bridge was carried out by installing twenty uniaxial
IEPE (Integrated Electronics Piezo-Electric) accelerometers with the following characteristics: 10 V/g
sensitivity, £0.5 g full-scale range. The data acquisition system was characterized by a sigma-delta
ADC (analog- to-digital converter) with 24-bit resolution, 102 dB dynamic range, and built-in analog
antialiasing filter. The sensor layout is schematically shown in Figure 4. The positions and orientations
of the sensors were defined in a way that ensured the observability of bending as well as torsional
modes. All sensors were installed on the deck.

The response of the bridge to ambient vibrations was recorded for 1 h at a sampling rate of
100 Hz. The time series were bandpass filtered and decimated before modal parameter estimation.
The decimated sampling rate was 20 Hz.

(b) (c)
Figure 3. Ufita bridge overview (a); view of the composite deck (b); FE model (c).
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Figure 4. Ufita bridge plain view: sensor layout (length in m).

FDD and SSI were applied for modal parameter estimation. When FDD was applied, a Hanning
window and 50% overlap were adopted in the computation of the PSDs. A large number of averages
in the computation of PSDs ensured that the random error was kept low; in addition, the adoption of a
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fine frequency resolution of 0.01 Hz ensured that the bias was also minimum. When SSI was applied,
the number of block rows and the maximum model order were selected after a sensitivity analysis
aimed at enhancing the quality of the resulting stabilization diagram [34].

The modal identification results are summarized in Table 3, where the identified frequencies,
f, and the associated damping ratio, &, are given. FDD and SSI provided very consistent estimates.
All the identified modes were normal.

Table 3. Ufita bridge: output-only modal identification results.

Mode f(Hz) &(%)  Mode Shape Description

I 3.75 0.7 Out-of-plane bending
I 4.39 24 In-plane bending
I 5.40 1.2 Torsion
v 5.90 2.0 Out-of-plane bending

A good correlation between the results of the numerical and experimental modal analysis can be
observed (Table 4), thus confirming the validity of the FE model which is able to reproduce quite well
the fundamental modes of the bridge in operation. The largest discrepancy can be observed in terms
of the natural frequency of the second mode; moreover, while the test showed that the fundamental
modes were well separated, the FE model yielded close natural frequency estimates for the first two
and the second two modes. However, the correlation in terms of mode shapes was satisfactory for
all the considered modes. Thus, even if the FE model could not be referred to as fully representative
of the response of the bridge in operational conditions, it already provided encouraging results in
view of the subsequent structural analyses aimed at assessing the current safety level under static and
dynamic loadings.

Table 4. Ufita bridge: comparison between numerical and experimental results.

Mode  fexp (Hz)  fppm (Hz) Af(%) MAC

I 3.75 3.55 -5 0.97
I 4.39 3.58 -18 0.97
11 5.40 597 11 0.85
v 5.90 6.03 2 0.87

2.4. Vibration Serviceability Assessment of a Footbridge

Footbridges represent a special class of bridges, since they are usually subjected to lower loads
with respect to highway and railroad bridges; as a result, they are often characterized by slender
structures which make them prone to human-induced vibrations due to the closeness between the
natural frequencies of the footbridge and the pace frequency during walking and/or running [10,35,36].
Vibration serviceability is therefore a primary concern for this type of structure, and several guidelines
are currently available to assess the vibration response of footbridges and verify the corresponding
serviceability limit state (see, for instance, [37-39]).

In particular, the available codes and guidelines typically define some limits to the natural
frequencies of footbridges to avoid pedestrian-induced resonance. In case those limits are not fulfilled,
the vibration serviceability of the footbridge must be checked by comparing the maximum vertical and
horizontal accelerations under human-induced loadings with some reference limits [10].

The present section illustrates the evaluation of the vibration serviceability of a footbridge though
experimental testing. In particular, the modal parameters of the structure were identified through an
OMA test, first; after having checked that the identified natural frequencies do not satisfy code limits,
measurements of the structural response under various pedestrian-induced excitation were carried out;
the maximum recorded accelerations were finally compared with code limits to assess the vibration
serviceability of the footbridge.
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The structure under test is the pedestrian bridge (Figure 5) located in the recently built hospital
complex in the Eastern part of Naples (Southern Italy), the so-called “Ospedale del Mare”. It is a
steel tied-arch bridge with a 5.0 m-wide steel-concrete composite deck. The span length is 66.0 m.
The footbridge is a part of the pedestrian path from the parking area for healthcare personnel to
the hospital.

Figure 5. The pedestrian bridge in the “Ospedale del Mare” hospital complex in Naples, Italy.

The sensor layout shown in Figure 6 was adopted for the output-only modal identification of
the footbridge. Fifteen force balance accelerometers (+0.5 g full-scale range, 20 V/g sensitivity) were
installed on the deck. The sensor layout ensured the observability of the vertical and horizontal
bending modes as well as torsional modes. The measurement equipment was completed by a data
acquisition system characterized by 16-bit resolution and built-in analog antialiasing filter.

[
N
N
(o)}
[6)]
(o]
[y
o
(o]
=
N

Figure 6. “Ospedale del Mare” footbridge: sketch of the plan view and sensor layout (length in m).

The ambient vibration response of the footbridge was recorded for 1700 s at a sampling frequency of
100 Hz. After a preliminary visual inspection and data validation [40], the collected data were bandpass
filtered and decimated by a factor of 5. FDD and SSI have been applied for modal parameter estimation.

On the analogy with the case study discussed in the previous section, a Hanning window,
50% overlap and 0.01 Hz frequency resolution have been considered in the computation of PSDs,
while a sensitivity analysis with respect to the number of block rows has been carried to enhance the
quality of the stabilization diagram resulting from the application of SSI. The singular value plots
obtained by applying FDD to the collected dataset are shown in Figure 7.

The results of modal identification are reported in Table 5. All the identified modes were normal.
Very consistent results have been obtained from the two OMA methods, as confirmed also by the
CrossMAC values [1] close to 1 denoting a very good correlation among the mode shape estimates
provided by FDD and SSI.
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Figure 7. “Ospedale del Mare” footbridge: singular value plots (continuous colored lines) and identified

frequencies (dashed lines).

Table 5. “Ospedale del Mare” footbridge: output-only modal identification results.

Mode f(Hz) & (%) Mode Shape CrossMAC
I 1.34 0.2 Horizontal bending ~1
Vertical bending
154 04 /T\I\\\]\l/l/ ~1
Vertical bending
1 216 02 /I/T\I\ ~1
~1 ~~1
v 2.40 0.3 Torsion ~1
\% 2.62 0.3 Horizontal bending coupled with torsion ~1
VI 3.65 0.3 Torsion coupled with transverse displacements ~1
Vertical bending
viI 4.05 0.6 /I'\[\ //l\l\ ~1
Vertical bending
VI 413 04 TN /TN 098
Vertical bending
X 622 06 SN TN /TN 0.99
~— U
Vertical bending
X 715 13 /I\ N /TN 0.99
\J/ N
XI 8.31 0.5 Torsion coupled with transverse displacements 0.98
Vertical bending
X1 9.23 0.8 0.99




Infrastructures 2020, 5, 86 10 of 23

As the acceptance criteria of the modal response of the structure are concerned, it is worth
noting that only simplified thresholds and/or critical frequency bandwidth are reported in relevant
National and International design codes. Consequently, whenever pedestrian bridges are concerned,
different sources are needed. In the following, reference is made to two relevant documents: the first
is the report of the project “Human induced vibrations of steel structures”, herein referred to as
HIVOSS [37]; the second was released by the French Technical Department for Transport, Roads and
Bridges Engineering and Road Safety (Service d’études techniques des routes et autoroutes—Sétra),
herein referred to as SETRA [39]. In particular, the critical frequency range for vertical modes is
1 + 5 Hz according to SETRA, and 1.24 + 4.6 Hz according to HIVOSS; the critical frequency ranges for
transverse modes are 0.3 + 2.5 Hz and 0.5 + 1.2 Hz for SETRA and HIVOSS, respectively.

Comparing the modal identification results in Table 5—f identifies the modal frequency, & is the
corresponding damping ratio—with the critical frequency ranges for vertical and transverse modes
points out that the vertical and transverse accelerations under pedestrian-induced excitation also
require a more detailed analysis. To this aim the acceleration response of the footbridge to pedestrians
walking and running on it has been recorded and analyzed. In particular, the following tests have been
carried out:

e 1 pedestrian walking along the middle of the deck—1p wm—(Figure 8a);

e 1 pedestrian walking along one side of the deck—1p ws;

e 2 pedestrians walking along the middle of the deck—2p wm—(Figure 8b);

e 2 pedestrians walking along one side of the deck—2p ws;

e 5 pedestrians walking along the middle of the deck—5p wm;

e 5 pedestrians walking along one side of the deck—5p ws;

e 10 pedestrians walking along the middle of the deck, one way—10p wo—(Figure 8c);

e 10 pedestrians walking along one side of the deck, return—10p wr;

e 1 pedestrian running along the middle of the deck—1p rm;

e 1 pedestrian running along one side of the deck—1p rs—(Figure 8d);

e 2 pedestrians with a loaded trolley walking along the middle of the deck to simulate the passage
of stretcher bearers—2t wm—(Figure 8e);

e 2 pedestrians with a loaded trolley walking along one side of the deck to simulate the passage of
stretcher bearers—2t ws;

e 2 pedestrians with a loaded trolley running along the middle of the deck to simulate the passage
of stretcher bearers—2t rm;

e 2 pedestrians with a loaded trolley running along one side of the deck to simulate the passage of
stretcher bearers—2t rs.

Two passages for each test case have been recorded and processed to extract the maximum vertical
and horizontal accelerations exhibited by the structure. The results are reported in Table 6a for the first
passage and Table 6b for the second one.
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Table 6. (a) “Ospedale del Mare” footbridge: maximum recorded acceleration (amax) in horizontal (ap,)
and vertical (ay) direction under different pedestrian-induced loadings, first passage. (b) “Ospedale del
Mare” footbridge: maximum recorded acceleration (amax) in horizontal (ap) and vertical (ay) direction
under different pedestrian-induced loadings, second passage.

@)
amax 1p 1p 2p 2p 5p 5p 10p 10p 1p 1p 2t 2t 2t 2t 1s
%‘ ) wm WS Wm WS Wm WS wo wr rm 18 wm  Wws m

ap 0.8 1.1 1.0 1.1 1.6 2.0 2.0 1.5 1.1 2.8 1.3 2.0 1.8 2.3
ay 43 3.6 6.1 4.8 6.2 8.8 8.8 114 158 161 121 135 248 212

(b)
amax 1p 1p 2p 2p 5p 5p 10p 10p 1p 1p 2t 2t 2t 2trs
CSL:' ) wm WwWs wm WS wm WS WO wr rm rs wm  ws rm

ap 0.9 1.1 0.8 1.1 1.6 22 21 25 1.2 1.6 1.6 1.8 1.8 2.0
ay 34 3.4 4.7 4.6 59 7.1 7.6 86 l6.6 177 123 13.6 216 228

Figure 8. “Ospedale del Mare” footbridge: vibration measurements under pedestrian-induced loadings:
1 walking pedestrian (a), 2 walking pedestrians (b), 10 walking pedestrians (c), 1 running pedestrian
(d), 2 walking pedestrians with loaded trolley (e).
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In addition to the previously mentioned test cases, the vibration response of the footbridge has
been measured also in the case of ten pedestrians randomly walking on the deck, obtaining 2.15 cm/s?
and 11.47 cm/s? as maximum values of the horizontal and vertical acceleration, respectively.

The measured peak accelerations have been compared with the limits defined by the guidelines [37,39]
and reported in Table 7 for the sake of completeness. Even though the natural frequencies were allotted
in the critical ranges, the structure exhibited peak vertical and horizontal accelerations complying with
the limits associated to the maximum comfort level (CL 1).

The described tests for vibration serviceability assessment were part of the tests carried out at the
commissioning stage; the footbridge is now fully operational.

Table 7. Vertical (ay jimit) and transverse (ap Jimit) acceleration limits for different comfort levels.

Comfort Level Description Ay limit (cm/} 5) A limit (cm/} s?)
HIVOSS [37] SETRA [39] HIVOSS [37] SETRA [39]
CL1 Maximum <50 <50 <10 <15
CL2 Medium 50 + 100 50 + 100 10 + 30 15+ 30
CL3 Minimum 100 =+ 250 100 = 250 30+80 30+80
CL4 Unacceptable >250 >250 >80 >80

3. Modal-Based Structural Health Monitoring and Applications to Bridges

3.1. Basics

Newly built structures are relatively few nowadays in many European Countries, while most of
the infrastructure stock has been designed and erected decades ago. Thus, structural deterioration
and degradation are primary concerns due to the related increase in maintenance costs and of the
frequency of structural failures. As mentioned in the previous sections, excessive loads may reduce
the residual life of the bridge and endanger its safety. Therefore, there is an urgent need for rational
and effective approaches for the structural maintenance of substandard structures. In this context,
modal-based SHM is increasing its attractiveness because of the possibility to carry out timely damage
detection on a remote and automated basis.

Several damage detection techniques employing modal parameters or derived quantities as
damage sensitive features are documented in the technical literature. They assume that damage
affects the mass and/or stiffness properties of the structure (including external and/or internal
restraints) [41]. Modal-based damage detection is global in nature, and this is certainly an advantage
over traditional non-destructive testing methods since the location of damage must not be known a
priori, and accessibility is not a primary requirement.

Frequency shifts are frequently used as damage indicators because natural frequencies can be
estimated with good accuracy and in a relatively simple way [19,42,43]. However, while their global
nature can be successfully exploited for damage detection, this feature might yield some limitations
for damage localization. The use of modal damping ratios as damage indicators is less frequent
because of the larger uncertainties affecting the estimates with respect to natural frequencies and mode
shapes. Nevertheless, studies aimed at detecting damage from damping variations can be found in the
literature [44].

The use of mode shapes as damage indicators has advantages related to the lower sensitivity to
environmental effects with respect to natural frequencies, and to the availability of spatial information
that can be used to localize the damage. The changes in the mode shapes can be evaluated at a global
level by means of the Modal Assurance Criterion (MAC) [45], and local perturbations can be estimated
via the Coordinate Modal Assurance Criterion (COMAC) [46] and other similar indexes. However,
the applications of the MAC and COMAC to damage detection in bridges demonstrated a limited
reliability being prone to false damage detection, so that attention has been focused on different indexes
such as the mode shape curvature [47], the modal strain energy [48], the modal flexibility [49] and the
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modal interpolation error [50]. It is clear that the above-mentioned indexes are not completely free of
drawbacks and limitations, which mainly rely on the number of identified modes, the level of noise
in the measurements and the need for mass-scaled mode shapes in the case of the modal flexibility.
A comparative performance assessment of these damage indicators with reference to an RC bridge
can be found in [51]. In spite of the previously mentioned limitations, modal-based SHM currently
represents a widely accepted technology also thanks to the recent development of reliable and robust
automated OMA procedures, which make possible the continuous monitoring of modal parameters
while keeping the accuracy of their estimates high.

Following the advances in the area of automated OMA procedures, permanent monitoring systems
could be developed, as an alternative to periodic monitoring strategies. Permanent monitoring systems
work on a continuous basis measuring relevant physical (such as temperature, humidity, and so
on) as well as mechanical parameters (strains, velocities, accelerations) and extract by appropriate
signal processing techniques the related damage sensitive features (modal parameters, etc.) to assess
the health state of the target structure. The conceptual advantage of permanent monitoring is the
possibility of applying advanced data mining and data fusion procedures to detect unexpected and/or
anomalous conditions directly from the incoming measurements of the structural response. However,
the large volumes of data to be processed and eventually transmitted make permanent monitoring
more expensive and difficult to design and manage than periodic monitoring. This consists of the
installation of a sensor network on the target structure for a limited time, from a few hours to some
weeks depending on the objectives of the assessment. Periodic monitoring is often used in conjunction
with FE model updating for model-based damage detection, as opposed to data-driven damage
detection. While periodic, model-based monitoring can represent an effective diagnostic tool, its most
relevant drawback is associated to its discontinuous nature, which prevents the observation of slowly
varying phenomena, such as those due to environmental effects, or sudden events, such as earthquakes.

From this perspective, permanent data-driven monitoring seems to better fit the objective of
timely damage detection than periodic monitoring. On the other hand, the applications of permanent
modal-based SHM to bridges must tackle some specific challenges related to the accuracy of the
modal parameter estimates in the presence of non-stationarities of the structural response, and of
environmental and operational factors. The latter might yield changes of the modal parameters of the
same order of magnitude of the damage-induced variations, thus causing problems of false and/or
missed alarms [41]. In the following, the potential of modal-based SHM as a global method for remote
damage detection is discussed with reference to a laboratory application [52]. The reliability of modal
parameter monitoring in the presence of non-stationary responses due to vehicle-induced excitations
is also reviewed. Finally, the compensation of the influence of environmental and operational variables
is illustrated with reference to a specific application to a real bridge.

3.2. Modal-Based Damage Detection

The present section briefly reports the main findings of a laboratory test on shaking tables aimed,
among the rest, at assessing the applicative perspectives of modal-based damage detection as a
global SHM strategy for existing bridges in earthquake-prone regions. It is one of the laboratory
activities carried out in the context of the PON 2007-2013 Research Project “STRIT” aimed at detecting
earthquake-induced damage at unmeasured locations through the monitoring of the fundamental
natural frequencies. More details about the test specimen, designed according to obsolete codes,
and data processing procedures can be found in [52]. Brittle failures due to shear and insufficient
ductility due to inadequate anchorage detailing or lap splicing, associated to the use of smooth-steel
reinforcement bars and low-strength concrete, mark the seismic response of substandard circular piers.
Modal-based damage detection techniques for the SHM of existing bridges in earthquake-prone areas
were validated by means of shaking table tests carried on a 1:3 scale single span bridge representative
of existing highway bridges built in the 1960s in Italy (Figure 9).
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Figure 9. The scaled bridge specimen installed on the shaking table system.

To this end, the specimen was equipped with a monitoring system able to continuously process
the ambient vibration response of the structure in order to provide estimates of its fundamental
modal parameters. During the tests, the response of the structure under different support conditions
(simply supported, and with seismic isolation devices) was analyzed. Following the concept of a remote
and automated seismic damage detection system, the ambient vibration response of the structure
was continuously recorded before as well as after the application of earthquake shakings. The health
assessment of the structure was carried out afterwards by analysing the shifts in the natural frequencies
and the changes in the mode shapes due to the shaking.

Twelve force-balance accelerometers were installed on the deck so that observability of the
fundamental bending and torsional modes was ensured. For each structural configuration (as-built,
retrofitted), the ambient vibration response of the bridge was recorded for about two hours in the
healthy state as well as after shaking. Modal parameters were progressively estimated from 600 s-long
time histories of the structural response.

Figure 10 clearly shows the different behavior of the as-built bridge (Figure 10a) with respect
to the retrofitted bridge with seismic isolation devices (Figure 10b). In the latter configuration,
in fact, the natural frequencies remained unaltered after shaking, confirming that no damage occurred.
Similar results were obtained by comparing the mode shapes before and after shaking [52]. In the
as-built configuration, on the contrary, the bridge exhibited clear drops in the natural frequency time
series, confirming the occurrence of damage as a result of the applied shaking. This caused crack
opening at the base of one of the piers (Figure 11). This was recognized as a critical cross section
because of the construction joint at the interface between the pier and foundation and the lap splice
of longitudinal smooth reinforcements. No other cracks occurred in the structure, but the observed
damage yielded a significant change of the dynamic properties (natural frequencies as well as mode
shapes) in spite of the partial closure of the crack at the end of the shaking test that limited the
possibility to visually appreciate the severity of the damage. Thus, the present case study points out
the potentialities of modal-based SHM systems for remote damage detection in earthquake-prone
regions, even when damage is partially hidden at the end of ground shaking and it is located far
from the installed sensors. The interested reader can refer to [52] for more details about the statistical
characterization of the healthy and damaged state of the bridge model from the observed time series of
the modal properties.
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Figure 10. The bridge model: natural frequency time series in the as-built (a) and retrofitted (b)
configuration before and after shaking (adapted from [52]).

Figure 11. The bridge model: observed crack after shaking.

3.3. Traffic-Induced Transient Response

The assumption of linear stationary structural vibration responses behind several OMA methods
is frequently not fulfilled in real-world applications. Large non-stationary (and often non-linear)
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responses may be due to extreme natural events, such as earthquakes; however, vehicle-induced
excitations can also yield a non-stationary response. As a result, obtaining accurate modal parameter
estimates from the analysis of the structural response only might be challenging, and the reliability of
monitoring results must be carefully checked.

The present section deals with the application of automated OMA to a steel bridge, showing that
reliable identification of the modal parameters is possible in the presence of transients due to impulsive
traffic loading. Moreover, the influence of traffic, meant as an operational variable, on the results of
continuous monitoring of the modal parameters is discussed considering relevant studies available in
the technical literature.

While several studies have confirmed that modal parameters can be used as damage sensitive
features for SHM applications, their effectiveness has long been debated because early applications
were mostly based on periodic dynamic testing. As a result, the changes in the modal parameters
were addressed to damage only, while the variability of the estimates due to environmental and
operational variables (EOVs) was not considered. This makes the identification of damage from
shifts in the selected damage indexes less obvious or even impossible if a continuous monitoring of
damage sensitive features (and EOVs whenever possible) is not carried out. This circumstance solicited
significant research efforts in recent years on the development of reliable and accurate techniques
for the automated extraction of modal parameters [15,16,19,20]. However, while the results are not
dependent on the operator skills, the lack of supervision in the modal parameter extraction process
requires extensive testing of the available automated OMA procedures to check the reliability of
results in different operating conditions. An extensive analysis of the performance of an automated
OMA method based on simulated as well as experimental data is reported in [16]. In that context,
a stationarity assumption was made, and the reliability of modal parameter estimates was jeopardized
by large earthquake-induced transients [16,52]. Here, the same algorithm [16] is applied to the analysis
of the vibration response of the “St. Francesco di Paola” steel revolving bridge in Taranto, which is
the bridge that serves the base of the Italian Navy located in the Mar Piccolo (Figure 12a), in order to
check the effectiveness of the automated OMA algorithm in the presence of some large and impulsive
transients due to vehicle passages (Figure 12b).

The vibration response of the structure was recorded for a few hours, and the results of automated
modal parameter monitoring (Figure 12c) have been compared with those obtained from the application
of traditional (manual) OMA techniques. The average value and standard deviation of the automatically
identified modal frequencies are reported in Table 8 together with the results of traditional OMA
applied to a sample dataset; the comparison confirms the reliability and accuracy of the monitoring
results even if they have been extracted under challenging conditions related to the specific structural
scheme of the bridge (two nearby cantilevers) under impulsive loading due to the passage of buses
and small trucks.

Figure 12c also shows that the natural frequencies of the fundamental modes exhibited some
variations even in the short time window considered in this sample application. Those variations could
be mainly addressed to traffic, the temperature being approximately constant over the considered
(short) monitoring period.

The illustrated example confirms that traffic is one of the drivers of the natural frequency variability
of bridges over time. Similar conclusions can be found in several studies in the literature [53-55].
Some of them have shown that the natural frequencies of short bridges are more sensitive to traffic
with respect to those of medium- and long-span bridges, as a result of the mass ratio between the
passing vehicles and the bridge [55,56]. However, monitoring the dynamic response of bridges
under traffic conditions might be further complicated by the interaction with the passing vehicles [57]
and by the simultaneous influence of other EOVs, such as temperature. Thus, given the complex
interaction between EOVs and dynamic responses of individual bridges, their prevailing effects on
modal properties must be compensated in order to enhance the sensitivity to damage of the selected
feature and the reliability of SHM.



Infrastructures 2020, 5, 86 17 of 23

10.0
9.0 oMode | xMode2 aAMode3 OMode4
0.2
80 |goooDoopooOggOooo0o
®o1 g 7.0
g = 6.0
g0 2 50
3 2
s 2 40
<o 30 [ x XXX XX XX XX XXX X X
= 3.
20 [COOCOOTOOTVO OO0 O
-0.2
1.0
03 0.0
0 600 1200 1800 245PM 321PM 3:57PM 433PM 5:09PM 5:45PM
Time (s) Time (h:min)
(b) (c)

Figure 12. St. Francesco da Paola revolving bridge in Taranto (a), sample of the acceleration time
histories (the early 30 min of the test) clearly showing the passage of heavy vehicles on the bridge—(b),
tracking of the fundamental frequencies (c).

Table 8. St. Francesco da Paola revolving bridge: average value (fay) and standard deviation (o¢) of the
automatically identified natural frequencies in comparison with the result of traditional Operational
Modal Analysis (OMA) applied to a sample dataset.

Traditional OMA Automated OMA
Mode  (Single Dataset)  (Multiple Datasets)

f (Hz) fay (0¢) (Hz)
1 2.22 2.22 (0.02)
2 2.70 2.77 (0.03)
3 415 4.19 (0.02)
4 7.77 7.70 (0.07)

3.4. Compensation of Environmental Effects

A relevant disadvantage of modal-based SHM is definitely the sensitivity of natural frequency
estimates to EOVs. Several studies have shown that EOV-induced changes in natural frequencies are
often of the same order of magnitude as the damage-induced ones. If the influence of EOVs on modal

parameters is not considered, false and missed identification errors may occur, thus jeopardizing the
reliability of SHM.
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An effective compensation of the influence of EOVs on natural frequency estimates is therefore of
paramount importance for a real application of the technique. Since modelling the effects of EOVs on
the dynamic response of a structure is often very difficult, black-box models are preferred. They allow
mapping the changes of the selected damage features against the explicit measurements of relevant
EOVs [43,58-61], but the resulting model does not refer to physical laws and, as such, its usability is
restricted to the structure on which it has been identified. In addition, defining which EOVs must be
measured and where is often very challenging in the case of full-scale structures because of accessibility
issues and the need for representative measurements of the EOVs [42,62].

The temperature, for instance, is typically a key EOV that drives the dynamic response of the
monitored structure. However, it is usually not uniformly distributed along the structure, and there
might be differences with the temperature of air, or between the temperatures of indoor and outdoor
surfaces, because of the solar radiation and thermal inertia [19,42,62]. Compensation methods not
requiring explicit measurements of the EOVs [19,63-65] are therefore particularly attractive, and several
research efforts have been spent in their development in recent years.

This section summarizes relevant findings obtained from the application of SOBI [66] for
compensation of the environmental and operational influences on the natural-frequency time series of
a full-scale bridge without explicit measurements of the relevant EOVs.

The main assumption of the method is the existence of a linear relationship between the observed
natural frequencies and the unmeasured EOVs (also called the sources). However, the mixing matrix
determining the linear relationship is also unknown and determined from the data.

Figure 13a shows the Infante D. Henrique bridge in Portugal, which has been instrumented
in order to continuously monitor its modal parameters by means of an automated algorithm [54].
Here, attention is paid to the fluctuations of the frequencies that are clearly shown in Figure 13b,
and to the capacity of SOBI to predict such fluctuations and identify the associated potential sources.
The application of the algorithm developed by the authors proved that three sources—Figure 13c—e
—were deemed to be relevant; indeed, they were able to describe more than 98% of the variability of
the natural frequencies of the structure in healthy conditions; this circumstance is confirmed by the
plot in Figure 13b, showing a good agreement between the experimental and the predicted values.

This result was consistent with a previous study [19], where up to three types of predictors
(temperature, rms acceleration—associated to the traffic on the bridge, and damping) were considered.
However, the model obtained from the application of SOBI was able to get better results in terms
of prediction errors with respect to the regression models developed in [19]. Further investigations
and analysis of the sources provided by SOBI allowed to recognize that, in addition to temperature
(Figure 13c) and traffic (Figure 13e), humidity (Figure 13d) was the third relevant EOV affecting the
natural frequency estimates.

The identification of the third environmental variable took advantage of the comparison between
the estimated time series of the related source and data made available from a local weather station
(Figure 13d). It is worth noting that only the temperature of the bridge was explicitly measured,
while traffic was indirectly quantified through the rms values of acceleration.

These results demonstrate that SHM system can be implemented without any need for devices
aimed at measuring physical parameters (temperature distribution, humidity and so on), provided that
the variability of natural frequency estimates in operational conditions can be effectively predicted by
the black-box model obtained by applying SOBI to the collected time series. Moreover, the reported
results provide an original insight on the identification of the causes of the natural frequency variations
in operational conditions and on the opportunity of differentiating environmental effects from damage.
In fact, together with the possibility of developing accurate predictive models of the normal variability
of natural frequencies, one of the major advantages of SOBI is its capacity to trace the patterns of
the unknown EOVs, thus supporting their a-posteriori identification. The interested reader can refer
to [66] for more details.
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Figure 13. The Infante D. Henrique bridge (a); comparison between predicted and experimental bridge
frequencies depending on time (b); patterns of relevant environmental and operational variables (EOVs)
estimated by Second Order Blind Identification (SOBI): temperature (c), humidity (d), and traffic (e).
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4. Summary and Final Remarks

The paper reports several experiences made by the authors in the field of dynamic identification
of bridge structures over the years. They were selected in order to point out the capability of
vibration-based techniques and particularly of OMA in supporting the design, erection, commissioning
and management of bridge structures. The analyzed case studies confirm the feasibility of data-driven
approaches based on the application of advanced OMA techniques in enhancing the knowledge on the
dynamic behavior of existing bridges and assess their health state through continuous monitoring.
In particular, the use of OMA for FE model validation, the formulation of predictive correlations
for the estimation of the fundamental frequency of RC arch bridges, and for vibration serviceability
assessment of pedestrian bridges has been discussed. Moreover, applications of automated OMA
procedures for the continuous monitoring of fundamental modal parameters and structural health
assessments have been reviewed, remarking the attractiveness of this technology for the applications to
full-scale bridges. The illustrated experiences remarked the potential of modal-based damage detection
as a global method for structural health assessments; moreover, they revealed the possibility to achieve
reliable results from the continuous modal-based SHM of bridges even in the presence of transients
due to traffic and significant influence of EOVs on modal property estimates.
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