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Abstract

In this study, the results of a vast experimental campaign on the applicability of a smartphone-based technique for bridge
monitoring are presented. Specifically, the vehicle-bridge interaction (VBI)-based approach is exploited as a cost-effective
means to estimate the natural frequencies of bridges, with the final aim of possibly developing low-cost and diffused
infrastructure monitoring system. The analysis is performed using a common hybrid vehicle, fully equipped with classical
piezoelectric accelerometers and a smartphone MEMS accelerometer, to record its vertical accelerations while passing over
the bridge. In this regard, the experimental campaign is carried out considering the vehicle moving with a constant velocity
on a bridge in the city of Palermo (Italy). Appropriate identification procedures are then employed to determine the modal
data of the bridge from the recorded accelerations. Further, comparisons with the results of a standard Operational Modal
Analysis procedure, using accelerometers directly mounted on the structure, are presented. Experimental VBI-based analyses
are performed also considering the effect of several different vehicle velocities. Further, the applicability of smartphone-
based sensor data is investigated, exploiting the possibility of using up-to-date smartphone accelerometers for recording
the vehicle accelerations. In this regard, comparison between piezoelectric accelerometers and MEMS ones is performed to
assess the reliability of these sensors for the determination of bridge modal properties.
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1 Introduction allow for the monitoring of structural conditions and may

be useful for the identification of possible damages [4, 5]

The issue of monitoring a bridge structural condition is an
absolute priority worldwide. As is well known, any infra-
structure undergoes a progressive deterioration of its struc-
tural conditions due to aging given by normal service loads
and environmental conditions and, at the same time, it may
suffer serious damages or collapse due to natural phenomena
such as earthquakes or strong winds. In this regard, research-
ers, engineers and road network managers have recognized
the importance of the so-called Structural Health Monitor-
ing (SHM) procedures for civil infrastructures [1-3] which
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before costly repairs are required or potential catastrophic
consequences may happen. For this reason, it is essential to
rely on efficient and widespread monitoring techniques as
much as possible throughout the entire road network.

To date, the most adopted ones are based on the so-called
Operational Modal Analysis (OMA) identification methods.
These encompass a series of procedures for deriving the
modal parameters of a structure using the data acquired
through many sensors installed directly on site. In this
regard, many OMA methods have been discussed in the lit-
erature, and they can be generally grouped into two catego-
ries according to the domain in which they operate. Methods
operating in the time domain include: Natural Excitation
Technique (NExT) [6]; Auto-Regression Moving Average
(ARMA) and Stochastic Subspace Identification (SSI) [7].
Further, the most commonly employed in the frequency
domain are: the Peak Picking (PP), associated with Half
Power (HP), and the Frequency Domain Decomposition
(FDD) [8].
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On this base, it is evident that the major issue for a mas-
sive and widespread monitoring of the infrastructures, is
related to the excessive cost of the techniques currently in
use, mainly due to the cost of the equipment.

In recent years, a possible alternative technique for struc-
tural monitoring has been identified in a Vehicle-Bridge
Interaction (VBI) based procedure. This is generally referred
to an approach in which the state of health of a bridge is
monitored by estimating its modal properties, analyzing the
vertical accelerations acquired from appropriately instru-
mented vehicles passing over the infrastructure. Therefore,
this approach would allow monitoring the health condition
of infrastructures without the need for any equipment on the
structures, thus greatly lowering the costs with respect to a
classical SHM systems.

In this regard, first contributions can be found in [9, 10],
where it has been demonstrated how it is possible to extract
both the natural frequency of the vehicle and the natural
frequencies of the bridge from the vertical component of the
vehicle acceleration.

Some experimental verifications have been carried out
afterward in the following years. Some of these were con-
ducted using a small two-wheel cart [11] or a hand-drawn
cart [12]. In other tests, normal vehicles have been utilized.
Specifically, in [13] a method to eliminate the influence of
the pavement roughness from the acquisition made by the
sensor on the vehicle has been proposed. Moreover, in [14],
the possibility of using a public bus equipped with vibra-
tion measurement instrumentations is discussed in order
to evaluate the bridge condition through the definition of a
structural anomaly parameter which allow to judge when the
structure is at a critical stage of deterioration. Nevertheless,
still few experimental tests have been performed for VBI-
based monitoring, due to the novelty of the aforementioned
approach. Note also that no test has been carried out with
hybrid or electric car yet.

In the last years, the researchers have tried to optimize
the method by adopting different strategies: for instance, in
[15] three different filters have been used in order to make
the frequencies of the bridge more evident than the vehicle
one. In [16] the adoption of the Empirical Mode Decom-
position (EMD) technique has been proposed for process-
ing of the vehicle measurements to more clearly identify
frequencies and modes of the bridge. Others have recently
considered the implementation of traditional OMA methods,
appropriately adapted to the VBI approach, considering both
the procedures working in the time domain [17] and in the
frequency domain [18]. In particular, in [17] the well-known
SSI technique is used in an indirect procedure that requires
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a sensor in the vehicle passing over the bridge and a fixed
sensor on the bridge itself used as reference. As far as the
methods based on the frequency domain are concerned, in
[18] the possibility to determine both the main frequencies
of the bridge as well as its modal shapes is investigated.
In this regard, the use of the Hilbert transform combined
with the Frequency Domain Decomposition method (FDD),
appropriately adapted for the vehicle acquisitions, has been
proposed.

In this context, it should be mentioned that, since the
methods based on VBI require a lot of data to be effective,
mobile crowd-sensing could be a solution to this issue.
Crowd-sensing-based system refers to an innovative tech-
nology that exploits the possibility of sensors, employed in
commonly used smartphones or even in the most modern
vehicles, to collect and accurately examine a large amount
of data. Many are the applications considered in the last
years [19] but the studies which explore the adoption of this
technology, in the field of indirect monitoring are very few.
For instance, in [20] the authors experimentally obtained up
to the third frequency of the bridge only using smartphone
sensors installed in the vehicles crossing the bridge. Notably,
it has been shown that the accuracy of the results increased
when employing data from several smartphones. For this
reason, it is necessary to further investigate on the reliability
of the Micro Electro-Mechanical Systems (MEMS) sensors,
that are installed in the common smartphones, in comparison
with the classical piezoelectric accelerometers.

In this regard, the objective of this study is to further
experimentally assessing the accuracy and applicability of
the VBI-based monitoring technique, analyzing the data
of a vast experimental campaign carried out on a bridge in
the city of Palermo (Italy). Specifically, this study aims to
investigate the influence of two main variables on the results
achieved from the VBI-based procedure. Firstly, the effect of
the velocity of the instrumented car is investigated. To this
end, many passages of the car, employing three different
constant velocities, have been carried out on the bridge. In
addition, this study investigates on the feasibility of using
widespread MEMS accelerometers commonly employed in
the smartphones of everyday use. To this end, the whole
experimental campaign has been carried out considering
simultaneous acquisitions from piezoelectric accelerometers
and MEMS ones (using a normal smartphone), and pertinent
comparisons are provided. From these data, useful insights
about the feasibility of this kind of approach in the field of
structural health monitoring are drawn.
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2 Mathematical background

As previously mentioned, the first studies on the possibil-
ity of using a VBI-based technique for determining the
modal characteristics of the infrastructure are relatively
recent. The idea behind it is the following: the dynamic
response (in terms of vertical accelerations) of a vehicle
passing on a bridge is influenced by the response of the
structure itself. In this regard, the idea of this indirect pro-
cedure, which uses a moving vehicle as both the exciter
and the receiver of the bridge vibration, has been firstly
proposed by Yang et al. [5]. In these studies, the applica-
bility of the procedure is mathematically assessed consid-
ering the equations of motion governing the problem of a
simply-supported beam of length L with smooth pavement
crossed by a sprung mass m, with a spring of stiffness k,,
as shown in Fig. 1.

Clearly, this is the simplest model that can be taken into
account to study the dynamic interaction between the mov-
ing vehicle and the bridge. In this regard, the equations of
motion governing the vertical vibration of the bridge and
the moving vehicle are:

m,3, (1) + ky (v, () = u(x, )], ) =0, (1a)

uii(x, 1) + Elu(x, )" =f.(0)6(x — vo), (1b)

where y,(?) is the vertical deflection of the sprung mass,
v is its constant velocity and m, its mass; u(x, ) is the dis-
placement of the beam, E denotes the elastic modulus, 1
the moment of inertia while y is its mass; finally 6(-) is the
Dirac’s delta function evaluated at the contact point x = vz.
Note that a dot over a variable stands for derivation with
respect to time ¢ and the apex stands for derivation with
respect to x. Further, the contact force between the beam and
the sprung mass is expressed as follow

Fig.1 Structural diagram of
the vehicle-bridge interacting
system

£ =k (3o(6) = uCx, D),y ) +myg, )

where g is the acceleration of gravity.

The approximate response of the beam can be deter-
mined taking into account only the first mode of vibration,
that is

utx.1) = yp(0ysin (), 3)

where y,(¢) is the beam midspan vertical displacement over
time.

Substituting this expression into (1) and (2) and inte-
grating, the system of coupled equations of motion are as
follows

0+ ()30 = [fmysin (22|30 =0, @a)

2 2
Jorm e (2 s

. vt
-~ ()

ulL . ulL . vt
— V() + [—a)i + co%mv sin’ <T>]yb(t)

(4b)

where o, and o, are the bridge and the vehicle circular fre-
quencies, respectively, that are given as

=2 [EI /k
wy, = E 7; w, = m—‘:/ (5)

Further, hereinafter, the corresponding values in Hz will
be denoted as f;, and f,, respectively.

Assuming that the mass of the vehicle is an order of mag-
nitude less than the bridge one, the solution related to the
vertical displacement of the beam is

Yot = lé—“sz [sin (”T”) _ssin (a)bt)], ©)

where

RE
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2m, gL> v the spectrum in the frequency domain is obtained as can
st = 7 TAEl 28 = L_a)b’ (7)) be seen in the Figs. 2 and 3, where the following set of
parameters have been used: L = 140 m; u = 2800 kg/m;
and E =2.75% 10" kN/m%*/ = 3.12 m*;
w, A, w,(cos 2zvt/L) — cos (@t
y () = ——— L(l—coscovt)— W 2( 1))
2(1—s2) | oy 2 _ (27vy
@ L (3)
w, (cos (zvt/L — wyt) = cos (w,1)) @, (cos (xvt/L + wyt) — cos (w,1)) ] }
—s - .

w? — (ﬂv/L—wb)2 2

w?— (zv/L+ a)b)2

As it can be seen, the response of the vehicle is character-
ized by four specific frequencies:

i. %: “pseudo-frequency” given by the motion of the
vehicle;

ii. ®,: vehicle frequency;
iii.  w, + (% ); W, — <% ): frequencies related to the first

bridge frequency and translated due to the motion.

Next, once y,(f) has been obtained, a frequency domain
analysis can be directly performed using standard Fou-
rier Transform (FT). In this regard, by Fourier transform-
ing the vertical component of the vehicle acceleration,
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w, = 2.78rad/s; fi, = w, /27 = 0.44 Hz. Specifically, two
different investigations have been performed. The first one
is aimed at showing the influence of the vehicle velocity in
the determination of the bridge frequency, while the second
one has been carried out to show the importance of knowing
a priori the frequency of the vehicle to perform the modal
identification through a VBI-based method.

In this regard, as it can be seen in Fig. 2, considering
the minimum speed reported (5 m/s), the highest peak in
the FT is quite close to the bridge first frequency 0.44 Hz
(the red dashed line). On the other hand, considering
higher crossing speeds, the first natural frequency of the
bridge becomes more difficult to identify. In fact, in case
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Fig. 2 Fourier transform of the vertical component of vehicle acceleration in the case of four different constant vehicle velocities (pseudo-fre-
quency—green solid line; bridge first frequency—red dashed line; vehicle frequency—blue dotted line)
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Fig. 3 Fourier transform of the vertical component of vehicle acceleration in the case of four different vehicle’s frequencies (pseudo-frequency—
green solid line; bridge first frequency—red dashed line; vehicle frequency—blue dotted line)

of 15 m/s and 20 m/s there are two peaks related to the
frequency of the bridge which are translated with respect
to f, due to the speed of the vehicle.

Further, in Fig. 3, a similar analysis is reported consid-
ering four different vehicle frequencies. In this case the
vehicle velocity has been set equal to 10 m/s. Results stress

the importance of knowing the frequency of the vehicle
before a test based on the VBI method is carried out. This
problem occurs because of the impossibility to distinguish
between the first bridge frequency and the vehicle one if
the latter is unknown. This issue is clearly shown by the
results obtained with 0.4 Hz as vehicle frequency. In this

Floor plan

<+— Towards CT

Towards TP —>

Fig.4 Floor plan and section of Corleone bridge

1m 10.50 m

N
A 4
N




1334

Journal of Civil Structural Health Monitoring (2022) 12:1329-1342

case, both the frequency of the vehicle and of the bridge
are extremely close and this makes impossible to deter-
mine which is the natural frequency of the bridge. On the
contrary, considering higher vehicle frequencies than that
of the bridge, the two appear to be clearly separated in the
frequency domain.

3 Identification using classical OMA
procedure

Based on the theoretical analysis above described, a thor-
ough experimental campaign has been carried out over a
bridge in the city of Palermo (Italy). However, prior to the
application of the proposed VBI-based approach, standard
OMA identification procedure has been performed to iden-
tify the main natural frequencies of the bridge. Pertinent
frequency values have been then used as a reference for
assessing the reliability of the VBI-based approach.

Fig.5 Position of the acceler-
ometer on the bridge

Fig.6 The experimental set-up
for the OMA tests

3.1 Tested bridge

One bridge of the city of Palermo (Italy), namely the Cor-
leone bridge (Fig. 4), has been selected for the tests.

The Corleone bridge is located in the south-west part
of the city, and it was built between 1958 and 1965. The
bridge comprises two different and separate decks, one for
each lane, namely one towards the city of Catania (CT)
and the other towards the city of Trapani (TP). Each struc-
ture is a reinforced concrete bridge, consisting of a system
of three arches arranged in parallel. These arches support
a total of 48 piles which are paired up into two and based
on 8 different points of each arch. The aforementioned
piles directly support the deck, about 1 m thick, consisting
of a multi-span beam on which the roadway is built. The
overall span that stands out at a maximum height of 30 m,
is wide and long about 14 m and 140 m, respectively. The
direct and superficial foundations rest on the rocks of the
limestone complex. Each set of piles, about 2.60 m apart
from each other, supports a roadway of about 10.50 m in
width as well as a cantilevered sidewalk of 2.40 m.
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Fig. 7 Power Spectral Density
of the accelerometers in the
roadway direction towards CT
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Fig. 8 Power Spectral Density
of the accelerometers in the
roadway direction towards TP
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3.2 Experimental set-up

The application of the standard OMA identification proce-
dure requires the use of accelerometers directly positioned
over the bridge. Therefore, as previously mentioned, this
procedure may be rather complex and expensive due to the
use of many sensors to be positioned for each test. In this
experimental campaign, the piezoelectric accelerometers
Seismic Miniature ICP Accelerometer PCB—model 393B31
have been used to acquire the response in terms of vertical
accelerations of the bridge. The accelerometers have been
connected to a PC thanks to the Digital ICP®-USB Signal
Conditioner 485B39, which conditions and returns the digi-
tized signal simply by connecting the ICP via the USB port
to the computer. Further, signals have been acquired using
a self-developed code in LabView environment, using a
1000 Hz sampling frequency.

,_.
n
(&)

25

Frequency [Hz]

Table 1 Identified frequencies of the Corleone bridge using the OMA
procedure

o S Soa Jra Jos
Direction CT 1.96 Hz 2.44 Hz 2.73 Hz 3.61Hz 4Hz
Direction TP — 247Hz 273Hz 3.68Hz -

As far as the position of the accelerometers is concerned,
taking into account the structural characteristic of the bridge,
which comprises a separate multi-span beam for each road-
way, two accelerometers have been used for each side, and
rigidly connected over the sidewalks as close as possible
to the road. In this regard, Fig. 5 shows the position of the
accelerometers over the bridge, while in Fig. 6 the experi-
mental set-up used for the OMA test is depicted.
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Note that, in this case, just two accelerometers have been
employed since the aim was just to use these data to validate
the results of VBI-based approach and to promptly have a
first indication of the main frequencies of the bridge. How-
ever, as specified above, for an extensive OMA-based test,
a more expensive set-up would be required (10-15 piezo-
electric accelerometers for each deck) resulting a time-con-
suming procedure.

3.3 Analysis of the results of the OMA tests

Data of the two accelerometers for each direction have been
acquired and processed in MATLAB environment. Specifi-
cally, approximately 10 min of acquisition has been per-
formed, and the recorded signals have been then filtered
using a band-pass filter between 0.5 Ha and 30 Hz. Next,
the corresponding Power Spectral Density (PSD) functions
have been computed using the Welch method, subdividing
the entire record in segments of 20 s each, and employing
an Hanning window with an overlap of 20% between the
segments.

Pertinent PSDs are shown in Figs. 7 and 8 for the
two accelerometers for each direction, highlighting the
peaks related to the main frequencies of the structure.

Fig.9 Test vehicle

Fig. 10 Position of the PCB
accelerometers: PCB 393B04

Corresponding results are also reported in Table 1 for sake
of clarity.

As it can be seen in these figures, and as reported in
Table 1, the frequencies pertaining to the two different road-
ways are very close, except for the first frequency of the
roadway in the direction towards CT (Fig. 7) f,; = 1.96 Hz
and the fifth f,s = 4 Hz, which do not appear in the PSD
related to the direction towards TP (Fig. 8). These few dis-
crepancies may be due to different level of degradation and
some distinct structural features among the two structures
that could certainly warrant further investigation. For this
reason, due to the differences found on modal parameters
that are strictly connected to the dynamic behavior of the
structure, the two roadways have been analyzed separately.

4 |dentification using the VBI-based
approach

The proposed VBI-based identification procedure is here
discussed. In this regard, tests have been performed sim-
ply using the recorded accelerations of an instrumented car
moving over the selected bridge. To this aim, a different
acquisition system has been required, and some preliminary
tests on the vehicle itself have been carried out, as detailed
in the following.

4.1 Experimental set-up

The vehicle used for this test is a Toyota RAV4 hybrid car
(Fig. 9). The choice of hybrid vehicles is due to the fact
that, in this manner, vibrations related to the thermal engine
may be decreased. Note that, to the best of the author’s
knowledge, the use of hybrid or electric cars has never been
investigated in the literature for the proposed VBI-based
technique.

In the experimental campaign, the piezoelectric acceler-
ometer Seismic Miniature ICP Accelerometer PCB—model
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Fig. 11 Position of the smart-
phone

393B04 has been used to acquire the response in terms of
vertical accelerations of the vehicle. Notably, this acceler-
ometer features high sensitivity, wide frequency range, small
size and low weight, thus making them particularly suitable
for their use in the test car. The piezoelectric accelerometer
has been then positioned in an area as close as possible to the
center of the car, under the front seats, as shown in Fig. 10.

Again, the accelerometer has been connected to a PC
thanks to the Digital ICP®-USB Signal Conditioner 485B39,
and signals have been acquired using a self-developed
code in LabView environment, using a 1000 Hz sampling
frequency.

In addition to the PCB piezoelectric accelerometer, the
vehicle vertical accelerations have been acquired through
a MEMS-type accelerometer installed on an Apple smart-
phone (iPhone 11). The smartphone that houses the MEMS
accelerometer has been positioned under the front passenger
seat of the vehicle (Fig. 11), properly fixed, in a way that is
as integral as possible with the car. It is worth mentioning
that the accelerations for the smartphone have been acquired

Fig. 12 Power Spectral Density 008
of the vehicle’s acceleration fa
during the test over the flat road 007
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using the MATLAB Mobile app, considering a 100 Hz sam-
pling frequency (that is the highest possible).

In this regard, note that the MEMS accelerometer has
been added to the set-up to compare the results obtained
using this low-cost and widespread technology and with
those obtained from the much more expensive piezoelectric
accelerometers.

4.2 Modal identification of the vehicle

The first part of the experimental campaign has been dedi-
cated toward obtaining the main frequencies of the instru-
mented vehicle. To this aim, the test has been performed on
a flat straight road, keeping a constant speed of 15 km/h for
the entire duration of the test, for a total duration of 130 s.
The recorded signal has been then processed in MATLAB
environment. Specifically, the signal has been filtered using
a band-pass filter between 0.5 and 30 Hz. Next, the pertinent
PSD function has been computed using the Welch method,

fvS
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Frequency [Hz]
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subdividing the entire record in segments of 10 s each, and
employing an Hanning window with an overlap of 25%
between the segments. In this regard, the estimated PSD of
the vertical acceleration of the vehicle is shown in Fig. 12,
where the peaks related to the frequencies of the vehicle are
also highlighted.

As it can be seen in this figure, five main frequencies of the
vehicle can be identified, thatis: f,; = 1.42 Hz;f,, = 1.55 Hz;
fs =1.8Hz;f,, =3.2Hz;f,s =49Hz. As expected, the
vehicle, being a multibody complex system, is characterized
by many frequencies even closely-spaced [21] and its motion
is influenced by various factors. One of these is rocking phe-
nomenon which is determined by the different stresses on
the wheels due to the road surface roughness [22]. The cor-
responding rocking mode, as well as the vertical and lateral
ones, are the main modes to which the respective frequencies
characterizing the vehicle are associated.

4.3 Description of the experimental campaign

Once the main frequencies of the vehicle have been identi-
fied, the tests on the Corleone bridge have been performed
to assess the validity of the VBI-based identification tech-
nique. Taking into account the structural characteristic of the
bridge, which comprises two separate decks, the VBI-based
procedure has been carried out considering seven passages
of the test vehicle on each deck (towards CT and towards
TP). Further, aiming at investigating on the influence of the
vehicle’s velocity on the accuracy of the proposed approach,
three different cases have been considered, corresponding to
three different constant velocities of the vehicle employed
for the tests, namely:

e (Case#1:v=15km/h;
o Case #2: v=20 km/h;

Fig. 13 The single record com- 2
prising the seven samples

Signal |

1
|
|
|
|
|
|
|

Y

Acceleration [m/s”]
o

Signal 2

e Case #3: v=30 km/h.

In this manner, for each case, 14 passages have been per-
formed with the instrumented car, for a total of 42 passages
over the bridge.

5 Analysis of the results and discussion

For each test, the vertical accelerations of the vehicle
moving over the bridge have been recorded with both the
piezoelectric accelerometer and the smartphone (MEMS
accelerometer), as previously mentioned. In this regard, it
should be mentioned that each signal may have a different
duration, due to possible small deviations from the chosen
speed. Therefore, a specific procedure has been set up for the
data analysis and the identification of the bridge frequencies.
Specifically:

i. For each deck and each velocity of the vehicle, the
seven recorded signals have been collected and filtered
with a band-pass filter between 0.5 Hz and 30 Hz, and
a detrend procedure has been also performed if neces-
sary.

ii. A window function has been applied to each of these
signals. Specifically, a Tukey window has been used,
defined by a length equal to the length of the signal,
and the so-called cosine fraction parameter equal to
0.1.

iii. The filtered and windowed signals have been con-
nected, from the first to the seventh one, so as to real-
ize a single record comprising all the seven signals
acquired for each velocity and each deck of the bridge.
A sample of this procedure is shown in Fig. 13.
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Table 2 Identified frequencies of the Corleone bridge (deck direction
CT). Comparison between VBI-based approach and the OMA proce-
dure

Frequency [Hz]

Table 3 Identified frequencies of the Corleone bridge (deck direction
TP). Comparison between VBI-based approach and the OMA proce-
dure

Jor Joa Joa Joa Jos for S Joa Joa Jos
VBI-based approach 1.89 Hz 2.56 Hz 2.78 Hz 3.57Hz 3.82 Hz VBI-based approach ~ — 256Hz 283Hz 3.61Hz -
OMA procedure 196 Hz 244 Hz 273Hz 3.61Hz 4Hz OMA procedure - 247Hz 273Hz 3.68Hz -
Discrepancy 3.6% 4.9% 1.8% 1.1% 4.5% Discrepancy - 3.6% 3.7% 1.9% -
iv. The PSD of the single record has been then deter- In this regard, in Figs. 14 and 15 results are reported

mined using standard Welch procedure, generally sub-
dividing the record in ten segments and 25% overlap
between adjacent segments.

v. The frequencies of the vehicle and of the bridge have
been identified from the pertinent PSD using classical
peak-picking procedure.

for Case #1, corresponding to v=15 km/h. Specifically,
Fig. 14 shows the PSD functions obtained using the
VBI-based approach on the deck towards CT, whereas in
Fig. 15 corresponding data related to the deck towards
TP are depicted. Note that in these figures, the PSD func-
tions related to both the piezoelectric accelerometer (black
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dash-dotted line) and the smartphone MEMS accelerom-
eter (red dashed line) are shown, vis-a-vis the PSD func-
tion obtained averaging these two sets of data (black line).

As it can be seen in these figures, again the first two
peaks of the PSD, namely f,; and f,,, are very close to the
first two frequencies identified for the vehicle and shown
in Fig. 12. Clearly, the other peaks of the PSD can be
related to the main frequencies of the bridge, namely f,
to fi5in Figs. 14 and 15.

In this regard, pertinent values of the identified bridge
frequencies are reported in Tables 2 and 3, and compared
with the values shown in Table 1, obtained applying the
standard OMA procedure and herein used as reference val-
ues. As can be observed from these tables, paying particu-
lar attention to discrepancy values, VBI-based results well
agree with the frequencies identified using the traditional
OMA approach carried out with a very simplified set-up.

In particular, the discrepancies between the frequencies
identified with the two methods, are nearly always around
2-3% (with only one value with a discrepancy over 4% in
the second mode). These differences may be acceptable,
even in a continuous monitoring perspective, consider-
ing that generally the monitoring scheme is based on the
relative change of the frequencies’ values over the years
obtained using the same monitoring procedure rather than
discrepancies between the values identified by various
methods. These changes, in fact, may be symptom that
the mechanical behavior of the structure is varying. Nev-
ertheless, it should be noted that, the real applicability of a
VBI-based approach for a long-term monitoring has never
been attempted so far in the literature and still needs to be
experimentally proved [23].

Further, it should be noted that data obtained with
the smartphone accelerometer closely agree with those

2 2 b3 b4 b5 —Case #1
— — Case #2
—-—-Case #3

25
Frequency [Hz]

—Case #1
——-Case #2

Fig. 16 VBI-based PSD of the 0035 -
deck in the direction towards
cT 003
0025 -
z
é 002 ’!'\\
N H
20015
£
001
0.005 (-
0
0
Fig. 17 VBI-based PSD of the 0.016 -
deck in the direction towards TP
0.014
3‘0'012 -
z
8 0.01 [~
E
S 0.008 -
(5]
=3
1)
5 0.006 [~
2
£
0.004 -
0.002 -
——
0

‘‘‘‘‘‘

Frequency [Hz]
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pertaining to the classical piezoelectric one, thus assessing
the possibility of using this widespread and low-cost tech-
nology for performing the proposed VBI-based approach.
In this regard, considering the very simple set-up required
for the tests with the smartphone, this could represent an
important step towards the implementation of a monitoring
system that may be easily applied to many infrastructures,
without any additional cost.

As far as the influence of the vehicle’s velocity on the
accuracy of the results is concerned, Figs. 16 and 17 show
the comparison of the PSD functions pertaining to the three
aforementioned cases, related to the decks towards CT and
to TP, respectively. Specifically, in each figure three PSD
functions are reported, that is Case #1 for v=15 km/h (black
line), Case #2 for v=20 km/h (red dashed line), and Case
#3 for v=30 km/h (purple dash-dotted line). Note that, in
these figures results obtained using just the smartphone
accelerometer data are shown, together with the frequency
peaks related to Case #1 (v=15 km/h) of Figs. 14 and 15
as reference.

As it can be seen in these figures, as soon as the vehi-
cle’s velocity increases, the corresponding peaks of the PSD
functions clearly move away from the identified natural fre-
quencies of the bridge. Therefore, the evaluation of the main
frequencies of the structure related to the two PSD functions
obtained with higher vehicle’s velocity, that is Case #2 and
Case #3, is hindered by the excessive velocity of the vehi-
cle. Overall, data show that low vehicle’s velocity would be
required for an accurate estimation of the structural frequen-
cies when the VBI-based approach is employed. Notably,
these results confirm those numerically determined using
the simple model in Sect. 2.

In conclusion, it should be noted that results reported in
Figs. 14, 15, 16 and 17 show a considerable number of rela-
tive maxima. However, as it can be seen in Figs. 14 and 15,
PSDs related to the lowest vehicle’s speed more clearly show
the peaks corresponding to the first bridge natural frequen-
cies. Further, a combination of a preliminary OMA-based
test, carried out with a very simple set-up, and the proposed
VBI-based procedure (using an appropriate vehicle speed),
as here defined, could be employed to facilitate the dynamic
identification of the structural parameters.

6 Concluding remarks

The feasibility of a vehicle-bridge interaction (VBI) based
identification approach, in which a passing vehicle is used
as a moving sensor to estimate the natural frequencies of
a bridge, has been tested in this study. First, a mathemati-
cal background of the problem has been presented, and the
equations of motion which govern the interaction phenom-
enon between the vehicle and the bridge have been analyzed.

With this aim, different variables that influence the correct
application of the proposed procedure have been analyzed.
In this regard, it has been pointed out that the velocity of the
test vehicle and its frequency represent the main features to
influencing the VBI-based identification procedure.

On this base, a vast experimental campaign has been
carried out to examine the validity of the proposed method
for the dynamic identification of the structures. Specifi-
cally, tests have been carried out on the Corleone bridge in
Palermo (Italy). Notably, for the first time, aiming at reduc-
ing the mechanical vibrations related to the use of common
vehicles with thermal engine, in these tests, a hybrid car
has been employed. Further, the vehicle’s vertical accelera-
tions have been acquired using both a classical piezoelectric
accelerometer and a common smartphone, that is equipped
with a MEMS accelerometer. In this manner, the possibility
of exploiting this widespread and low-cost technology for
performing the VBI-based approach has been investigated.
Further, tests have been also carried out considering sev-
eral vehicle’s velocity to investigate the influence of this
parameter on the accuracy of the procedure. Finally, results
have been compared with data obtained applying a classi-
cal Operational Modal Analysis identification procedure,
using piezoelectric accelerometers rigidly connected to the
structure.

In this regard, results have shown that the velocity of the
vehicle is crucial to obtain the best possible results. Specifi-
cally, it has been noticed that the accuracy of the procedure
increases as soon as the velocity of the vehicle decreases,
confirming the numerical results of the mathematical model.
Further, by comparing the results obtained with the smart-
phone MEMS accelerometer and those obtained by the clas-
sical piezoelectric one, it has been shown how even this low-
cost and commonly employed technology allows to obtain
accurate results. Notably, this is particularly important for a
possible future implementation of a crowd-sensing system
for a massive monitoring of the infrastructures in our road
network, which could be based on the use of the proposed
VBI approach.
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