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Abstract

In the last years, in Italy, due to the recent catastrophic collapses, an increasing amount of
resources has been invested in the maintenance of existing infrastructures. In particular, the
monitoring of the structural “health’ has assumed a crucial role in the assessment of structures
and infrastructures. The technological advancement obtained in the field of informatics and
electronic has allowed to move from a discrete and partial control of the structural conditions
to a continuous and complete Structural Health Monitoring (SHM). Different techniques may
be applied and the Operational Modal Analysis (OMA), among others, aims at identifying the
health status of the structure by the modal properties when is under its operating conditions.
This paper compares the results of OMA technique using the vibration data obtained by two
different sensors equipment applied to an existing bridge located in Benevento, Italy. A dynamic
test was performed in 2020 by using a low cost experimental equipment specially designed and
developed by the University of Sannio. The tests results have been compared with the data
obtained on the same bridge in 2018 by using a commercial and more expensive sensors
equipment. The main purpose of the comparison is to support the “homemade” equipment
development identifying the aspects on which to improve the same.
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1 INTRODUCTION

A large number of road infrastructures has widely overcome 50 years of service design life
and need urgent prevention and control measures. Following the critical events occurred in the
last years to several highway infrastructures, the issue of their maintenance has assumed a
primary role [1]. The interest is very significant since they are not single punctual elements but
are part of a more extensive network. Hence, the potential disruption could have exceptional
consequences in both the economic and social sides, proportionally to the importance of the
infrastructure itself. Structural damage depends on several elements as, among others, quality
and type of materials, age, construction techniques, loads level and environmental conditions.
Generally, degradation or damaging phenomena can be responsible to modify the mechanical
properties of the materials [2]. In reinforced concrete elements, the corrosion of the steel bars
is the main cause of degradation phenomena. Due to the porosity of concrete, some chemicals
including carbon dioxide, oxygen and water, can penetrate the material triggering the
carbonation process. Chloride ions, if passing a critical concentration threshold [3], perforate
the protective oxide film surrounding the rebars, starting the corrosion phenomena. The latter
case is typical of bridges that are subjected to winter frosts and are generally kept operational
using de-icing salts. The same is true for all those structures located in coastal areas or directly
exposed to seawater [4].

From here, the necessity of checking the “structures health” by using effective monitoring
systems. The most appropriate monitoring system depends on many factors. Traditional
checking and monitoring methods for infrastructures rely on visual inspections, but they often
lead to a temporary interruption of use and must be carried out by highly qualified personnel.
Furthermore, mainly due to the subjectivity of the evaluation, it is difficult, using this technique,
to obtain an effective monitoring over time [5]. Hence, with the main target to provide
automatic tools useful for observing the evolution of degradation phenomena in support of
traditional techniques, many others elaborate methods were developed [6, 7]. When the devices
that allow the loading and damaging condition of a structure to be recorded, analyzed, localized
and predicted, become an integral part of the structure, the monitoring approach is called
Structural Health Monitoring (SHM) [8]. The SHM is a process based on a series of axioms [9]
and phases [10] widely applied in various engineering sectors due to its ability to respond to
adverse structural changes, improving structural reliability and life cycle management. To
implement a SHM system, several components, such as sensors, data acquisition, transmission
system and software for data processing, are needed. By analyzing data collected from sensors,
it is possible to identify any damaging in progress and evaluate the structural performance both
in operating and in exceptional (e.g. earthquakes or after earthquakes) conditions. The number
of sensors to use depends on the structural dimension. For long structure as a bridge, it can
represent a very expansive cost. For this reason, the development of low cost and easy to install
sensors can be a fundamental target in the SHM applications. This work shows the results
obtained by applying a network of nine prototype accelerometer sensors with these
characteristics to an existing RC bridge located in south Italy.
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2  OPERATIONAL MODAL ANALYSIS

The dynamic behavior of a structure depends on mass, stiffness, damping and nevertheless
by external and internal constraints. These properties give information about the free vibration
response, therefore, if they do not change (e.g., as a result of structural damages), the dynamic
characteristics remain the same. Generally speaking, the analysis of the dynamic behavior of a
structure can be addressed using analytical or experimental approaches. For bridges, the most
used technique in experimental approaches is the Operational Modal Analysis (OMA). It allows
to identify the modal parameters of the structures [11, 12, 13] based on vibration data collected
when the structure is under its operating conditions, i.e., vehicular traffic, wind, etc. It relies on
a series of basic assumptions such as linearity, stationarity, observability [14, 15]. OMA test is
a suitable technique for SHM because interruption of the structure use is not required. Sensors
can be permanently installed to identify changes in the dynamic properties. On the other hand,
unknown load conditions can make it more difficult for the processing phase.

Over the last few decades, several mathematical methods have been developed to determine the
modal parameters of the structure by OMA methodology (time or frequency domain, SDOF or
MDOF methods, etc.).

In frequency domain, the Frequency Domain Decomposition (FDD) consists of the
identification of the peaks of the Power Spectral Density (PSD) matrix of output. The basic
assumption is that the resonance response is dominated by the contribution of the mode whose
natural frequency is closest [16]. The contribute of the other modes is negligible, and therefore,
FDD is classified as SDOF method. This method gives good results for structures having well-
separated modes and with non-negligible damping. FDD method relies on the Singular Value
Decomposition (SVD) of the PSD matrix at a specific frequency f [17] and allows to define
resonance frequencies and mode shapes, but not modal damping. Modal damping ratio can be
found by using the so-called Enhanced Frequency Domain Decomposition (EFDD) method. It
is an improvement of the FDD method that uses the singular vector defined in FDD application
but relies on the so-called Modal Assurance Criterion (MAC) that allow to compare the modes

shape {¢,-}. The MAC number is defined as:
2

|{uj}H{¢r}
ORISR D)

where {uj} is the generic singular vector closed to the peak response corresponding to the r-th
mode {@,.} and H is the symbol to indicates the conjugate and transpose operator. MAC is a
useful statistical indicator for the quantitative comparison between modal vectors. It ranges
between 0, namely the modes are completely unrelated and 1 which means that the modes
perfectly match [18]. Finally, the Curve-Fitting Frequency Domain Decomposition (CFDD) is
a parametric technique that relies on the curve-fitting of the PSD function in the frequency
domain. Consequently, a more accurate estimation of frequencies and damping ratios is
obtained [19].

Time-domain methods are based on the analysis of time histories or correlation functions.
The most used is the Stochastic Subspace Identification (SSI) which most common declinations
are the Unweighted Principal Component (SSI-UPC) and the Principal Component (SSI-PC).
The difference between the SSI approaches is the weight matrixes to use for the determination
of the observability matrix. Indeed, in SSI method the projection of the future unto the past
(respectively the lower and the upper part of the Block Hankel matrix) defines a matrix so called
“O” which columns represent a stacked free decay of the system to a set of unknown initial
conditions. Since the observability matrix is unknown it is necessary to pre and post-multiply
the matrix O by the so-called weight matrixes and then to apply the SVD to it [20].

MAC({w}; {$,3) = (

3764



G. Maddaloni, A. De Angelis, F. Minicozzi, C. Martino and M. R. Pecce

3 THE CASE STUDY

The results of OMA technique using the vibration data obtained by two different
experimental sensors equipment applied to an existing bridge located in Benevento (Italy), are
herein proposed and compared. The case study is the so-called San Nicola Bridge, located in
Benevento as part of the main street S.S. 90 bis and spans river San Nicola (Figure 1).

Figure 1 — San Nicola Bridge. Global (left) and street (right) views

The bridge was designed by the famous engineer Riccardo Morandi between 1952 and 1955
and built between 1955 and 1956. The static scheme is a portal frame composed by one main
span 80.0 m long and two cantilevers of 20.0 m (Figure 2). The deck consists of four prestressed
box-girders, whose webs vary in thickness, from a minimum of 13 c¢m at the midspan, to a
maximum of 30 cm at the supports, and it is supported by two piers 9.40 m high and linked to
the foundations underneath by hinges made of steel rebars. Each pier consists of eight columns
of rectangular section, 40.0 cm thick and variable width from 1.50 m at the base to 4.00 m at
the top, that are connected at the base and top by a transverse beam. The width of the upper slab
1s 9.00 m and consists of two traffic lanes, 7.00 m width, and two sidewalks 1.00 m width on
both sides. Plan and prospectus of the bridge are reported in Figure 3.

Figure 2 — Bridge pier (left), bridge deck (vight)
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Figure 3 — San Nicola bridge plan and prospectus view

Following the collapse of the Polcevera viaduct (designed by the same engineer Riccardo
Morandi) occurs in Genoa (Italy) on 14 August 2018, the bridge was closed as a preventive
measure from August to December 2018. To determine the health status of the bridge, a series
of tests were carried out by the Department of Engineering of the University of Sannio. In
particular, a dynamic test to identify fundamental frequencies and mode shapes of the bridge
was performed in 2018 and subsequently replicate in 2020. A finite element model has been
also developed by CSiBridge software [21] using shell elements for the deck, frame elements
for the piers and modelling the prestressing cables as tendon. Model calibration using the results
coming from the experimental campaign was performed in [22]. Modal analysis results are
reported in Figure 4. As evident, the first mode is transversal, with frequency 1.91 Hz, the
second vertical (2.16 Hz) and the third torsional (4.16 Hz).

Mode 1 (transversal): f=1.91 Hz Mode 2 (vertical): f=2.16 Hz

Mode 3 (torsional): f=4.16 Hz

Figure 4 — Mode shapes and frequencies analysis results
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4 EXPERIMENTAL TESTS DESCRIPTION

In 2018 and 2020, dynamic tests were performed on San Nicola Bridge by using a
commercial and prototype experimental equipment respectively. For safety, in both cases the
bridge was closed to traffic, that means vibrations were caused just by environmental noise.
The recorded row data have been pre-processed by filtering and resampling operations by
MATLAB [23] and subsequently analyzed by the specific software ARTeMIS [24] to find the
modal parameters of the structure.

In particular, on December 2018, the test was performed by the commercial and certified
equipment of SEQUOIA manufacturing [25]. The system consists of a network of five sensors
(called GEA 1I sensor) connected by cables to a data acquisition device (DAQ) (Figure 5).
Designed to permanent or semi-permanent installations, its size is about 60x30x40 cm for the
DAQ device and about 11 cm of diameter for the sensors (Figure 5). The commercial cost of
the equipment is about 50’000 euros.

Figure 5 — GEA Il sensors and DAQ

On September 2020, the dynamic test on the same bridge has been replicated by a prototype
low-cost and no wired system (Figure 6) called SENTINEL properly developed by the
Department of Engineering of the University of Sannio. The system consisted of a network of
nine high sensitivity accelerometers capable to record structural vibrations. No data acquisition
(DAQ) has been used: each device already has on board all that is needed to be an independent
accelerometric station. The devices allow to set specific technical parameters as the sampling
frequency (choosing between 125, 250, 500 and 1000 Hz), the full-scale range (choosing
between 1, 2, 4 and 8 g), the file duration recording (the interval of data storing). The sensors
are equipped with an internal battery, a micro-sd card slot, a router UMTS/WIFI, a GPS
receiver, a microprocessor and a MEMS accelerometer (Figure 7). An autonomy of 24 hours
recording time is guaranteed. The small size (21x15x7 cm) and the low weight (about 2 kg) of
the device makes it very easy to manage. The assumed commercial cost for each prototype
device is about 500 euros (a total cost equipment of about 5’000 euros is estimated).
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Figure 7 — SENTINEL device components

The devices have been fixed to the deck of the bridge by two screws (Figure 8). Three
different setups were performed modifying their position except for the reference sensor (R)
that remained in the same position for the entire experimental campaign. In Figure 9, the
position of the sensors for each setup is reported. To note that S means sensor, the first number
indicates the setup, the second the id of the sensor; the reference sensor is identified by the letter
R. The total number of the recorded points is 25. The spacing among sensor positions is from a

minimum of 6 to a maximum of 12 meters for both sides of the bridge (A and B).

The signals have been recorded for 30 minutes for each setup at 125 Hz sampling rate.
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Figure 9 — Position of sensors for each setup in the 2020 experimental campaign
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S RESULTS OF THE EXPERIMENTAL CAMPAIGN USING PROTOTYPE
EQUIPMENT

The dynamic characteristics of the bridge obtained by the experimental campaign performed
in 2020 using the prototype equipment have been evaluated by the software ARTeMIS. In
particular, the mode shapes associated with the first two modes (transversal and vertical modes
respectively), obtained applying the FDD method and normalize to one magnitude, are
represented in Figures 10 and 11 for both sides A and B of the bridge separately. The black and
the red continues lines, indicated the undeformed and the mode shapes respectively.
Specifically, mode shapes represented by the dashed red lines are the first result of the row data
elaboration. As evident the mode shapes are not clearly defined that is are not well-separated
from each others. This is due to the absence of a DAQ device with the specific assignment to
synchronize starting record of a system with multiply measure points. This problem has been
partially solved by knowing the instant of time at which the last sensor has started the recording
and manually cutting all the data stored by the other stations before this time. Furthermore, due
to hardware problems, the sampling frequency was not constant. Specifically, even if the
sampling rate has been set the same for all devices (i.e. 125 Hz), the effective values have been
different. Hence a resampling has been applied. The new mode shapes obtained after the
synchronization procedure are represented as red continue lines in Figures 10 and 11. As
evident, a good improvement was obtained for the first mode (transversal), especially for side
A. Some discrepancies are still present at side B, that is two vectors have an opposite direction
than expected (Figure 10). The same good results were found for the second modal (vertical)
shape for side B while for side A some vectors have an unexpected direction (Figure 11).

Mode 1 (Transversal)
SIDE A
1.0
0.0 g il 1 : - 3 i i - 2 N
-1.0
0.0 20.0 40.0 60.0 80.0 100.0 120.0
Lenght [m]
SIDE B
1.0
00 da=Fg o =mt ﬁ: ”;"
-1.0 -
0.0 20.0 40.0 60.0 80.0 100.0 120.0
Lenght [m]
—— Undeformed —=— 2020 Synchronized = 2020 Unsynchronized

Figure 10 — Mode [ (transversal): Comparison between unsynchronized (dashed red line) and synchronized (red
line) mode shapes obtained applying FDD method
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Mode 2 (Vertical)
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Figure 11 — Mode 2 (vertical): comparison between unsynchronized (dashed red line) and synchronized (red
line) mode shapes obtained applying FDD method

For different frequency-domain methods applied (FDD, EFDD, CFDD), transversal mode
frequency values are very similar (1.26, 1.27 and 1.26 Hz respectively) and closed to analytical
result (1.91 Hz). However, applying time-domain methods no transversal mode have been
founded. A maximum difference about 10% has been obtained for frequency values associated
with the vertical mode (2.23-2.45 Hz). Finally, frequency values related to the torsional mode
show modest difference (5.23-5.65 Hz) but are quite far from analytical value (4.16 Hz). Table
1 summarizes these results.

OMA method (trlz:/xln(snvi:rlsal) (xfgﬁfn (tlz/i(s)i(:::lzl)
FDD[Hz] 1.26 2.23 5.46
EFDD[Hz] 127 2.23 5.46
CFDD [Hz] 1.26 2.22 5.46
SSI-UPC [Hz] - 2.37 5.24
SSI-PC [Hz] - 2.45 5.23
Max variation [%] 0.08 10.16 4.38
Analytical results [Hz] 1.91 2.16 4.16

Table 1 - Results of 2020 experimental campaign in terms of frequencies
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Modal forms obtained using frequency domain (FDD, EFDD, CFDD) and time domain
(SSI-UPC, SSI-PC) methods are compared in Figures 12 and 13. As shown, all the methods
have given, as first mode, the same results. Small differences were found in the vertical mode.
For the third mode, as expected, the methods failed to provide a unique solution.

Mode 1 (Transversal)
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Figure 12 — Mode 1 (transversal): comparison of mode shapes obtained applying different OMA methods

Mode 2 (Vertical)
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Figure 13 — Mode 2 (vertical): comparison of mode shapes obtained applying different OMA methods
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The validation of the obtained results has been carried out by the MAC number, already
descript in section 2. First of all, a comparison between all the combinations of mode shape
pairs calculated using a single technique is made (AutoMAC criterion). As shown in the left
part of Figure 14, second and third unsynchronized mode shapes are not well-separated from
each other (MAC values outside the main diagonal are about 0.5 for all techniques). After the
synchronization procedure, an important improvement were obtained: the MAC values outside
the main diagonal are very close to zero (right part of Figure 14) except for the SSI-PC method,
where second and third modes remain very similar to each other despite the synchronization
procedure.
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Figure 14 — Validation: comparison between MAC numbers for unsynchronized (left) and synchronized (right)
mode shapes (data labels indicate the MAC numbers)
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In Figure 15 the “CrossMAC?” criterion results are reported for synchronized mode shapes.
It consists of comparing sets of modes calculated by different OMA techniques. High values
mean a good estimation for the mode shapes. As evident, the results are good since MAC values
are very high with a limited range 0.87 — 1.00, except for the third mode in SSI technique

(values close to 0).
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Figure 15 — Comparison between MAC numbers using different techniques for synchronized mode shapes (data

labels indicate the MAC numbers)
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6 COMPARISON BETWEEN COMMERCIAL AND PROTOTYPE EQUIPMENT
TEST RESULTS

The results of the test performed by using the prototype equipment in 2020 have been
compared with those obtained on the same bridge in 2018 by using a commercial sensors
equipment. In terms of frequencies, a good correlation has been found for all the OMA
techniques (a difference lower than 7% is appreciated) except for the SSI-UPC method, where
an important difference of about 25% is noted for the second (vertical) mode (Table 2).

Mode 1 Mode 2 Mode 3
OMA (trasversal) (vertical) (torsional)

method forototype | feommercial | Variation | forototype | feommercial | Variation | forototype | feommercial | Variation

[Hz] [Hz] (%] [Hz] [Hz] [70] [Hz] [Hz] [70]

FDD 1.26 1.18 6.60 2.23 2.16 3.20 5.46 5.65 5.46

EFDD 1.27 1.18 6.93 2.23 2.12 5.00 5.46 5.65 5.46

CFDD 1.26 1.18 6.85 2.22 2.12 4.81 5.46 5.65 5.46

SSI-UPC - - - 2.37 1.89 25.44 5.24 5.65 5.24

SSI-PC - - - 2.45 2.32 5.47 5.23 5.67 5.23

Analytical result 1.91 2.16 4.16

Table 2 - Comparison between modal frequencies obtained by prototype and commercial equipment

A comparison between modes defined using prototype (red line) and commercial (blue line)
equipment and analytical predictions (dashed blue line) is reported in Figures 16 and 17. For
the first mode, except for some points, the shapes are completely overlapping (especially for
the side A). For the second mode, the results are very good for the side A, while for the side B,
no good result was obtained: the vectors have a direction that is opposite than expected.

Mode 1 (Transversal)

SIDE 4

- -ﬂmm
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0.0 200 40.0 60.0 50.0 100.0 120.0
Lenght [1]

—— Undeformed shape =~ —=— Prototype equipment Commercial equipment +---SAP calibrated model

Figure 16 — Mode 1 (transversal): comparison between mode shapes defined using prototype equipment (red
line), commercial sensors (blue line) and analytical calculation (dashed blue line)
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Mode 2 (vertical)
1.0 -
0.0 i
-1.0
0.0 20.0 40.0 60.0 80.0 100.0 120.0
Lenght [m]
) _J_.ﬂﬂ“ﬂﬂﬂz:{::jﬁﬁdd‘urHiffﬂ;Léi_-‘t::::"‘ﬁﬁ‘“‘hﬁath_u_
UU' o) "':l—:;sl-"-' Fi I \/ - * * e —
-1.0
0.0 20.0 40.0 60.0 80.0 100.0 120.0
Lenght [1n]
Undeformed shape Prototype equipment Commercial equipment +---SAP calibrated model

Figure 17 — Mode 2 (vertical): comparison between mode shapes defined using prototype equipment (red line),
commercial sensors (blue line) and analytical calculation (dashed blue line)

7 DISCUSSION AND CONCLUSIONS

In this paper, the effectiveness of a wireless, low-cost and easy to install monitoring system,
is evaluated. The system is a prototype consisting of nine accelerometric sensors developed by
the Department of Engineering of the University of Sannio. Specific problems due to the
synchronization among the devices have been addressed and solved. The equipment was tested
by performing a dynamic identification test on an existing bridge located in Benevento, Italy.
Two experimental mode shapes were found and validated using MAC number. The tests results
have been compared with the data obtained on the same bridge in 2018 by using a commercial
sensors equipment. Results demonstrate the effectiveness of the prototype system. Future
developments concerning the modification of the hardware apparatus in order to solve some
occurred problems have been already addressed.
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