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Abstract: Structural Health Monitoring (SHM) is essential to identifying problems that may cause
human and material losses produced by disastrous and unexpected structural failures. The dynamic
characterization of civil structures adopting SHM systems provides, at a particular moment, accu-
rate information about the current structural response. When considering a proper SHM strategy
and affordable economic investment for the maintenance required by structures, it is possible to
safeguard the original structural parameters and avoid potential failures. However, traditional
SHM systems are not desirable due to the large economic investments involved and demand for
exhausting fieldwork. This research presents the design, implementation, and validation of a low-
cost SHM system composed of a Wireless Sensor Network (WSN) and a base station in order to
identify dynamic properties from the measured structural response. A set of small- and full-scale
experimental tests were conducted to validate the WSN system using a wired traditional SHM
system. Vibration data recorded through the low-cost SHM system were processed and compared
to determine the natural frequencies, mode shapes, and damping properties of different structures
by computing modal identification techniques, frequency analysis, and logarithmic decrement. The
obtained dynamic characterization results from small- and full-scale experimental testing conclude
that the low-cost SHM system can reliably identify the dynamic properties of the tested structures.
This proposal provides an inexpensive, functional, and innovative alternative for SHM regarding

traditional monitoring systems.

Keywords: Structural Health Monitoring (SHM); dynamic characterization; structural response;
low-cost SHM system; Wireless Sensor Network (WSN)

1. Introduction

Structural Health Monitoring (SHM) aims to identify the response of a structural or
mechanical system to detect and assess the severity of any damage caused by natural hazard
events and ambient conditions in the short-term and long-term [1,2]. Since the physics
and dynamic properties of civil structures are often unknown, their structural efficiency
and usable lives may be compromised under different circumstances. Structural failures,
material deterioration, and the influence of loading patterns such as winds, earthquakes,
and hurricanes, are factors that undermine the structural health condition and increase
uncertainties about the performance and safety of engineering infrastructure [3]. For these
reasons, it is essential to grasp how civil structures respond over time in order to make
preventive and appropriate decisions, preserving the welfare of these engineering projects.

It is beneficial to minimize the uncertainty of the behaviors of materials, loading con-
ditions, and structural performance during the service lives of structures. Thus, evaluating
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the construction process’s quality and validating the computational structural designs is
relevant to the initial conditions of an infrastructure project, which should then be subjected
to strict procedures of inspection and SHM strategies [4].

Although non-destructive evaluation testing has been carried out on structures, a
manageable and efficient evaluation approach, the deterioration of structures demands
comprehensive assessments of the prevailing condition of such structures, employing
effective monitoring and maintenance strategies [5]. Since the first SHM implementations
in previous decades, the traditional SHM system was used and conceived principally as
a base station and a sturdy wired-sensors network. In addition to the high purchase and
maintenance costs, these characteristics involve particular difficulties in relocating and
installing the monitoring system components [6].

As civil structures age, they progressively deteriorate and may suddenly collapse;
these conditions are often assumed improperly by people in charge of the operation and
maintenance of civil structures. Owners neglect to implement an adequate SHM system
because the economic implications are considerably expensive and “inconvenient”. The
expensive components of wired traditional monitoring systems consist of data acquisition
and transmission systems, wired devices, sensor classes, and fieldwork costs. Furthermore,
the setting times of these monitoring systems can be hours or even days, depending on
the structural geometry and spatial location of the SHM plan [7]. If SHM systems were
to be considered for existing infrastructure and design standards of new civil structures,
detecting the decaying infrastructure and regulating a formal methodology needed to
identify structural damage in future scenarios would be possible [8].

The simplified installation and reduction in economic investments provided by WSN
monitoring systems with innovative features have made them attractive, efficient alterna-
tive strategies for SHM. The development of technical characteristics such as advanced
sensor technology, large-range wireless communication protocols, robust computational
capacity, and low-power consumption have allowed taking SHM from small-scale experi-
mental testing to the structural monitoring of massive infrastructure projects, including
historic buildings and industries, footbridges, and highways [9].

This paper proposes the design, implementation, and validation of a low-cost SHM
system capable of measuring the structural responses and identifying the dynamic proper-
ties of different structural systems using inexpensive technological devices and standard
dynamical identification techniques. Thus, the extraction of the modal parameters found by
this system provides accurate information for, subsequently, assessing the health condition
of a civil structure and detecting damage scenarios. The present study provides an attractive
cost-benefit alternative and effortless methodology for SHM regardless of the complexity
of civil infrastructure. The development of the low-cost SHM system represents a relevant
contribution to interdisciplinary research between SHM and electronic communications.

2. Background
2.1. Structural Health Monitoring

The report LA-13975-MS published by Los Alamos National Laboratory suggests three
prime guidelines to describe a methodology for SHM: structural condition examination,
experimental setup and SHM system characteristics, and feature extraction [10]. The struc-
tural condition examination is necessary to identify the causes of the structural monitoring
inquiry. Then, it is possible to determine the relevant structural parameters for testing and
the ambient and operational surroundings of the civil structure. The experimental setup
and SHM system characteristics include the measurements provided; testing methods; and
sensor quantity, arrangement, and features. Moreover, data acquisition, storage, and trans-
mission systems are essential components selected according to sampling frequency, data
size, and environmental conditions. Finally, the feature extraction is carried out through
the information already recorded in order to perform data processing, and consequently,
compute system identification and damage detection algorithms regarding the structural
parameters at issue.
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Vibration-based SHM comprehends system identification as one of the most relevant
approaches for smart infrastructure. In order to perform a system identification approach,
digital signal processing techniques play an essential part in information from sensors. Thus,
the more accurate and efficient the signal processing techniques in the system identification
process, the more reliable the structural health condition assessment of the civil structure.
The success of vibration-based SHM strategies relies on embracing digital signal processing
and structural health condition assessments to preserve civil engineering structures from
natural and man-made hazards and improve community resilience [11,12].

Historically, aerospace, civil, and mechanical engineering have been considered the
most progressive work fields regarding SHM [1]. SHM strategies require a critical compo-
nent to reach highly-accurate outcomes: technological devices with specific hardware and
software characteristics for studying the response of the structure and its operational am-
biance. The SHM framework enables thorough tracking of the response of a structure over
its lifetime, recording permanently or periodically information about structural properties
from monitoring systems [3]. In this regard, SHM systems comprise assemblies of partic-
ular elements; each SHM system component includes specific features and accomplishes
particular tasks. However, there is a group of conventional but significant characteristics
required for every monitoring system: power consumption, programming assignments,
signal acquisition and conditioning capabilities, data storage and processing capabilities, a
communication protocol, and numerical computing techniques, among others.

The deterioration detection of civil structures by SHM strategies empowers the
decision-making of further structural interventions on time. Regarding traditional SHM
implementations, the Bill Emerson Memorial Bridge, located in Missouri, United States, is a
1210-m cable-stayed structure and carries a wired SHM monitoring system (placed in 2005)
made up of 84 seismic accelerometers for evaluating the performance and checking design
parameters, and additionally, providing information for future design evaluation [13]. In
addition, the Tsing Ma Bridge is a 2132-m suspension bridge located in Hong Kong, China,
holding an SHM system (installed in 1997) accompanied by a high-density arrangement of
110 dynamic strain wired gauges for the evaluation of internal forces at bridge cross-sections
and bearings [14].

Seeking to reshape SHM strategies in a more attractive, affordable, and efficient way,
WSNs have been used for SHM development due to their minor costs, rapid experimental
setups, and more accurate computational techniques. As one of the most representative
low-cost SHM implementations, the Jindo Bridge is a 484-m cable-stayed structure located
in Jindo, South Korea, monitored by a smart WSN since 2009. This monitoring system
consists of two base stations and 70 measuring nodes; every measuring node has a high-
efficiency computational device, Imote2 (Imote2 IBB2400AC. Moog Inc., New York, NY,
USA); multi-scale sensor boards; and a battery pack (7.5 V supply voltage). The multi-
scale sensor boards include analog accelerometers with a measurement range of +2.0 g,
a 16-bit analog-to-digital converter (ADC) signal digitizer, 3-D ultra-sonic anemometers,
and sensors of temperature, humidity, and light [15]. The Torre Aquila tower is a 31-m tall
medieval structure settled in Trento, Italy, where a WSN was installed for health monitoring
in 2008. The configuration of the WSN involves a base station and 16 measuring nodes,
each of which comprises a 12-bit ADC processor module SMATE! (BMATE!. TRETEC S.R.L.,
Trento, Italy), a portal battery (6.0 V supply voltage), and a sensor categorized by type of
analysis: an ambient conditions sensor (temperature, relative moisture, and luminosity),
a micro-electromechanical systems (MEMS) accelerometer with a measurement range of
+1.5 g, or a strain gauge [16]. Likewise, the Golden Gate Bridge is a suspension structure
of a 1280-m main span located in San Francisco Bay, United States, examined by an SHM
WSN since 2007. This wireless monitoring system is composed of a single base station and
64 nodes arranged throughout the main span and tower of the bridge. Every deployed
node, powered by 8.0 V supply voltage, includes a MICAz Mote (MICAz Mote. Moog Inc.,
New York, NY, USA) along with a sensor board: two MEMS accelerometers with a 16-bit
antialiasing filter and a measurement range of +2.0 g, and a thermometer [17].
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The primary motivation for implementing WSNs is their extraordinary cost-effectiveness.
Table 1 presents the economic investments required for some relevant infrastructure projects
adopting both types of SHM systems.

Table 1. Comparison of costs for SHM systems.

Monitored Structure (Year)

Type of SHM System  Estimated Cost of SHM System (USD)  Estimated Cost per Node (USD)

Tsing Ma Bridge (1997) Traditional $8,000,000 $26,667
Bill Emerson Memorial Bridge (2005) Traditional $1,500,000 $17,857
Golden Gate Bridge (2006) Wireless network $38,400 $600
Aquila Tower (2008) Wireless network $1429 $89
Jindo Bridge (2009) Wireless v $35,000 $500

2.2. Dynamic Characterization and Processing Techniques

The classic dynamic response is defined by a physic model considering the mass,
stiffness, and damping properties of a linear time-invariant structural system to an exter-
nal force. The following second-order differential Equation (1) represents the harmonic
vibration response of viscous damping multi-degree-of-freedom structural systems [18]:

, . _ p(t) =0
Mg+ + kg = PO S8 8
where M is the mass matrix, C is the damping matrix, K is the stiffness matrix, x is the
vector of displacement of the system, p(t) is known as the external dynamic force, py is the
force amplitude, w is the exciting frequency, and ¢ is the time instant.

For the estimation of the damping properties, the free-vibration response of the system
only considers the response thereof to initial conditions of displacement and velocity as
the external dynamic force disappears (p(t) is 0 at Equation (1)). Thus, the damping ratio
{ takes a relevant role in the decaying phenomena of the motion. As outlined in [18], the
relation between acceleration ¥, at ¢ time, is independent of time history, so this definition
enables the damping ratio ¢ calculation through logarithmic decrement as:

_ bel 27l
5_Ln<5c'j+1> - g )

where j is the number of vibration periods proceeded.

The modal analysis consists of a methodology for determining the dynamic character-
istics of a system in terms of natural frequencies, mode shapes, and damping ratios in order
to formulate a mathematical model that estimates the dynamic response of a structure.
Concerning this subject, the modal analysis framework considered in this paper involves
operational modal analysis (OMA), adopting the frequency domain decomposition (FDD)
technique and performing the vibration mode correlation by modal assurance criterion
(MAC). Furthermore, the time—frequency analysis was conducted to study the dynamic
performance of the system across time.

FDD technique relies on the singular value decomposition (SVD) of the power spectral
density matrix Gyy,. The power spectral density matrix Gy, is decomposed into auto-power
spectral density functions corresponding to a single-degree-of-freedom system [19]. Then,
it is possible to estimate natural frequencies and modes shapes of vibration modes as [20]:

ny(wl-) = U,»S,UZH (3)

where, for every frequency line w;, U; is the matrix of the m singular vectors u;;, S; is the
diagonal matrix of the m singular values s;; considering [ from 1 to m, and H denotes the
transpose conjugate complex. This approach is accurate when the input excitation is white
noise, the structure has light damping properties, and mode shapes from close vibration
modes are well separated [21]. To compare the identified mode shapes, MAC is performed
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between test and analytical modal vectors to ascertain the degree of consistency among
mode shapes, as described in Equation (4) [22]:

{oa} {ox},|
({pad/ {pat) {oxtg{ox},)

where {¢} is the analytical modal vector corresponding to mode r, {¢x }, denotes the
test modal vector corresponding to mode g, and T represents the transpose matrix. For the
outreach of this paper, the considered MAC acceptance level was 0.80 as a typical value
suggested in [23]. Larger values than 0.80 mean high significance consistency, whereas
small values represent a poor correlation between mode shape vectors.

Time—frequency analysis was employed to identify and assess the natural frequencies
of the tested structures throughout time. This technique enables tracking the frequency
content of civil structures over time windows to retrieve the external frequencies (as
operational, ambient, and noisy frequencies) from the original dynamic system response.
Spectrogram methods commonly are based on discrete Fourier transform (DFT), computed
through [24]:

MAC(r,q) = (4)

N_1 J2mkn
x(n)=Y ce N (5)
k=0

where x(n) is the discrete periodic signal in time 7, N is the signal period, ] is the complex
number, and ¢, are the Fourier series coefficients.

3. Methodology

The validation of the low-cost SHM system was conducted by comparing and evalu-
ating a set of small- and full-scale experimental tests using a reference SHM system. The
experimental tests aimed to estimate the outreach, ascertain the performance, and identify
the weaknesses of the low-cost monitoring system according to different ambient condi-
tions. The analysis and the characterization of the dynamic properties of the structures
were carried out considering a deterministic approach and white noise input excitation to
ambient vibrations.

Our methodology addressed data gathering, preprocessing, and processing and eval-
uation for every experimental testing case. The flowchart of this framework is shown in
Figure 1.

3.1. Structural Health Monitoring Systems
3.1.1. Low-Cost Structural Health Monitoring System

The vibration-based SHM system is composed of a WSN, made up of independent
measuring nodes, and a base station. This wireless monitoring system records the response
of the structure in terms of linear accelerations. When the information is collected, the
vibration data are communicated towards the base station to analyze and characterize
the dynamic properties of the structure. The low-cost SHM system runs short-term SHM
testing, and its radiofrequency technology enables data communication.

The low-cost SHM system consists of three main elements: the measuring node, the
WSN, and the base station.

The heart of the low-cost SHM system is the measuring node. It comprises a micropro-
cessor platform, Raspberry Pi 3B+, and a MEMS accelerometer, ADXL355. Raspberry Pi 3B+
is a system on chip (SoC) electronic device that carries a Broadcom BCM2837B0 Cortex-A53
processor (64-bit) and 1 GB LPDDR2 RAM. The microprocessor platform holds versatile, re-
liable, low-power, and low-cost hardware. This computational device requires a 5.0 V input
power and costs about USD 38.5 [25,26]. The microprocessor platform Raspberry Pi 3B+
performs three primary functions: supplying power to the measuring nodes, responding
to data acquisition requests, and data storage and communication. The computer module
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is a Linux Ubuntu MATE 18.04 LTS operating system, and it has a 16 GB SD card. The
ADXL355 MEMS accelerometer is a triaxial digital device that includes a 20-bit ADC, has a
3.9 ng/LSB sensibility, and employs a +2.048 g full-scale range. Furthermore, the ADXL355
MEMS sensor is a low noise density, low-power, and low-cost sensor device. This digital
device features a 3.3 V input power and costs about USD 35.0 [27,28]. The triaxial sensor
was used to acquire signals at 250 Hz. Figure 2 shows the composition of the proposed
measuring node.
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Figure 1. Descriptive diagram of the methodology framework.

The proposed WSN topology was considered to have star architecture. The star
network topology has a logic map exclusively communicate information between the base
station and every measuring node. Concerning this network topology, the scalability of the
low-cost SHM system allows adding measuring nodes easily [9]. The local communication
between the microprocessor platform and accelerometer implements an I2C communication
protocol, consisting of a synchronous serial interface bus that directly connects these
electronic devices [29]. For this purpose, jumpers attached to the microprocessor platform
and accelerometer GPIO pin headers were needed [28].

Regarding the time synchronization of the WSN, Network Time Protocol (NTP) is
employed to sync the clock of the Raspberry Pi 3B+ via the Internet with servers distributed
worldwide [30]. As soon as the Raspberry Pi 3B+ gets an Internet connection, the time
information request is sent to the server for clock synchronization.

The functioning of the low-cost SHM system comprises two stages: data acquisition
and communication, and dynamic characterization. These functioning stages occur consec-
utively. The Raspberry Pi 3B+ triggers the ADXL355 accelerometer through an automated
request programmed in the startup file. Once the accelerometer acquires the vibration data,
the Raspberry Pi 3B+ of the measuring node carries out the storage and communication
processes. Afterwards, from the base station computer, it is possible to handle the signal
processing and the dynamical system characterization in a pseudo-real time step. Figure 3
shows the function block diagram of the low-cost SHM system.
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Figure 2. Measuring node of the low-cost SHM system.
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Figure 3. Function block diagram of the low-cost WSN monitoring system.

For the data acquisition and communication stage, the input parameters of the mea-
surement (such as record time, sampling frequency, and data storage) are set manually by
remote connection from the base station. The wireless communication technology related to
the monitoring system held to the IEEE 802.11 standard protocol on the 2.4 GHz frequency
band [25]. According to the function scheme, the Raspberry microprocessor Pi 3B+ sends
the data acquisition request to the ADXL355 accelerometer for the analog signal acquisition.
Then, the signal conditioning adapts and addresses the analog signal through the ADC
converter. In this regard, the accelerometer FIFO buffer arranges and saves the digital
signal in a 20-bit integer format. Simultaneously, the Raspberry Pi 3B+ solicits the data
acquired through the interface bus communication and saves the information temporarily.
Once the testing finishes, the stored data are communicated remotely from the base station
via VNC Connect. The user at the base station adequately addresses this data transmission
inquiry. After the base station receives the information from all measuring nodes of the
WHGN, it is possible to process and analyze the dataset in order to characterize the dynamic
properties of the structure monitored.

3.1.2. Reference Structural Health Monitoring System

The reference SHM system is a wired traditional monitoring system. This reference
monitoring system monitors the structural response in terms of linear accelerations by
employing wired accelerometers, a data acquisition system, and a computer. The Com-
pactDAQ data acquisition system platform of National Instruments (NI) includes two
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NI 9234 signal acquisition modules, an energy cable, and a USB carrier. This whole data
acquisition system platform costs about USD 4625. The signal acquisition module is a
four-channel dynamic signal device holding a 24-bit ADC and acquires data at a sample rate
of 1500 Hz [31]. Furthermore, the wired accelerometers are PCB Piezotronics piezoelectric
sensors, and their features are presented in Table 2.

Table 2. Technique features of the PCB Piezotronics accelerometers.

Feature Accelerometers

Model 356B18 356B18 333B50
Measurement axes Triaxial Triaxial Uniaxial
Reference name PCB L94 PCBL74 PCBL12
Sensitivity (mV/g) 1000 1000 1000
Measurement range (V) +5.0 +5.0 +5.0
Frequency range +5.0% (Hz) 0.5-3000 0.5-3000 0.5-3000
Cost (USD) $1764 $1764 $598.5

3.2. Descriptions of the Tests

In order to assess the performance of the low-cost SHM system, we performed tests
categorized into: small- and full-scale testing. The experimental setup, data processing
techniques, and engineering parameters are defined for every testing case.

3.2.1. Small-Scale Testing

Two experiments were conducted in the structural laboratory at Universidad del
Norte: The first experiment resulted in the analysis of vibration data recorded from a set
of frequency chirps by a shaking table, whereas the second experiment considered the
dynamic characterization of a flexible structure.

—  Shaking Table Tests: The Quanser Shake Table II is a single-axis motion simulator oper-
ated with open architecture software. The shaking table can reproduce sinusoidal and
frequency chirp motions and pre-loaded accelerograms of real earthquakes employing
a plan dimension platform of 61 x 46 cm with a total height of 13 cm. The simulator
allows an operational weight of 7.5 kg for an acceleration of 2.5 g [32]. This test ensued
in the analysis of data vibrations recorded from frequency chirps performed by the
shaking table with different displacements according to distinct frequencies from 0.5
to 5.0 Hz, 0.5 Hz increments, using a sinusoidal excitation. For the frequency chirps,
0.10 cm, 0.25 cm, 0.50 cm, and 0.75 cm displacements were considered. Two wireless
measuring nodes and one piezoelectric accelerometer were used to deploy the low-cost
and reference SHM systems during testing. The accelerometer arrangement over the
Shake Table II platform is presented in Figure 4.

ADXL355 Direction of
RBP1 motion

Figure 4. Experimental setup of the frequency chirps on Quanser Shake Table II.
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The comparison of the acceleration time series between the PCB L74 accelerometer and
the ADXL355 RBP1 and ADXL355 RBP4 accelerometers was conducted through three types
of acceleration spectrum in the direction of motion: from the original sampling frequency,
from 100 Hz resampling frequency, and from the mean of the highest 100 acceleration peaks
from 100 Hz resampling frequency. Then, the RMS error of vibration data was calculated
from wireless measuring nodes accelerometers regarding the piezoelectric accelerometer.
Finally, spectrograms were computed for time—frequency distribution analysis.

—  Flexible Structure Monitoring: The tested two-story structure consists of 15 x 10 cm
acrylic plates as floor systems and 80-cm aluminum leaves as lateral support elements.
The story height is 40 cm, and the structure was constrained at the bottom above a stiff
desk by clamps. The flexible structure was represented as a two-degree-of-freedom
(2-DOF) shear frame for the testing. The dynamic characterization of the structure
was carried out through ambient and free-vibration records from the structural re-
sponse, excited by random displacements on the highest DOF. The experimental setup
involved a measurement channel on every DOF, and every measurement channel
had a measuring unit for each SHM system. Figure 5 shows the aluminum struc-
ture, the experimental scheme of the testing, and the sensor array on DOF 2 of the
flexible structure.

Direction
of motion
4mmp ADXL355 PCB
RBP3 L94
A DOF 2
Channel 2
40 cm
\ADXL355 PCB
RBP2 L74
A [ Dore
™ | Channel 1
40 cm 4
DXL355 RBP3
acce engn
(b) (c)

Figure 5. Flexible structure monitoring: (a) Two-story flexible structure. (b) Experimental setup.
(c) Location of measurement channel 2.

The vibration data of the reference SHM system were resampled at a 250 Hz sampling
rate to perform the dynamic characterization of signals of frequency content without bias.
As a 2-DOF dynamical system response was measured, it was possible to identify dominant
vibration modes corresponding to the directions of motion. Ambient vibration data were
processed using the FDD technique to estimate natural frequencies and mode shapes.
Likewise, free-vibration data were processed by the logarithmic decrement method to
calculate modal damping ratios.

3.2.2. Full-Scale Testing

Two experiments were carried out on different large civil structures: The first experi-
ment consisted of monitoring natural frequencies on a structural slab during demolition
work, whereas the second experiment consisted of the dynamic characterization of a railway
bridge during its operation.

—  Beam Demolition Monitoring: The reinforced concrete (RC) beam (later demolished), or
so-called check-in beam, was a lateral support element of a lightweight RC slab. The
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24.0 m

prestressed concrete slab has five primary spans of 24-m joists placed in the lightweight
RC slab transverse direction. The 49-m check-in beam supported 30 prestressed
concrete joists. Prior to the demolition work, an RC girder was constructed to resist the
lightweight RC slab laterally and replace the check-in beam. The prestressed concrete
slab was monitored to evaluate whether the vibrations of the demolition would
produce significant disturbances to the current service zone of the airport, and thus
identify the stiffness changes that may compromise the stability of the structure. The
SHM strategy was carried out on the central joist, for each span, through ambient and
forced vibration records during the TE 1500-AVR Hilti demolition hammer operation,
whose impact frequency was 1620 impacts/minute (27.0 Hz) [33]. A measuring node
was installed at the base of the central joist mid-length to every span (Figure 6). The
demolition work and structural monitoring were completed at once, span by span,
as pointed in Figure 7. Thus, the base station moved continuously throughout the
check-in beam demolition.

Check-in
beam

Figure 6. Beam demolition monitoring: (a) Joists of the slab and check-in beam. (b) Measuring node.

The vibration data were resampled at 70 Hz, a frequency that includes the dominant

vibration modes. From the lightweight RC slab response measured, natural frequencies
were identified and monitored by power spectral densities and spectrograms before and
during the demolition work. The frequency analysis implemented for the prestressed
concrete slab considered just the vertical transverse direction of the joists from the slab
using the low-cost SHM system.

48.9m 15.0m
e 2] 3] (o [s] Lledlz) L&)
F | | 1 [ | i B i
pzipzipzipzipat
LU REVELPREPRG
wn (V] wu wv (V]
e e e el
Transverse direction Check-in beam
(incoming to plane)

Figure 7. Experimental setup of the beam demolition monitoring.
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—  Railway Bridge Monitoring: The test bridge is a single-span steel structure composed
of a tridimensional truss, connected along the top seam by a latticework and along
the bottom seam by structural steel members. The steel structure has one 44.0-m span
in the longitudinal direction, a deck width of 5.3 m, and a height of 9.0 m. Figure 8
presents a perspective image of the steel structure.

Figure 8. Steel structure of the railway bridge.

The railway bridge was defined as a 6-DOF dynamic system for testing: 3 vertical
and transverse DOF. The dynamic characterization of the structure was conducted for both
vertical and transverse directions individually through ambient, forced, and free-vibration
records from the structural responses elicited by diverse train traffic (classified by velocity,
loading capacity, and type of train) on the steel bridge. The experimental setup consisted of
three measurement channels composed of a vertical and transverse DOF. On this subject,
the measurement channels were set to L/4, L/2, and 3/4L of the bridge length from the
base station placement, positioning the measuring nodes between the railway sleepers and
above the top flange of the bottom structural steel members as shown in Figure 9. The
locations of the measuring nodes for channel 1 and the base station (located at the south
side of the structure) are pointed to in Figure 10.

Vertical
33,300 (3/4L] direction
22,200 (L/2) I
Transverse direction
11,100 (L/4)
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aiyta
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Figure 9. Experimental setup of the testing conducted on a steel structure (lateral view). Dimensions
in mm.

The vibration data of the reference SHM system were resampled at 250 Hz to, as
described above, process and compare digital signals from unbiased frequency ranges. As
the 6-DOF dynamical system response was measured, it was possible to identify vertical and
transverse dominant vibration modes of the railway bridge. Ambient vibration data were
processed using the FDD decomposition technique to determine natural frequencies and
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mode shapes. Likewise, free-vibration data were processed by the logarithmic decrement
method to estimate modal damping ratios.

(a) (b)

Figure 10. Railway bridge monitoring: (a) Location of measurement channel 1. (b) Base station

of testing.

The DOF 4, toward the plane and located in the measurement channel 1, was just
measured by the ADXL355 RBP1 accelerometer, since the uniaxial PCB L12 accelerometer,
located in the same place, was deployed for the DOF 1 (vertically).

4. Results and Validation

According to the tests described in the previous section, the results obtained are
presented in this section.

4.1. Small-Scale Testing

The results reached from shaking table tests and flexible structure monitoring are
introduced below to evaluate the performance of the low-cost SHM system for small-scale
experimentation.

4.1.1. Shaking Table Tests

The acceleration spectra and fitting equations for the vibration dataset recorded from
the 0.10 cm displacement frequency chirp by every accelerometer are presented in Figure 11.
The first frequency of excitation (0.5 Hz) caused acceleration values higher than the accelera-
tion amplitudes detected for the next three excitation frequencies (1.0, 1.5, and 2.0 Hz) in all
accelerometers. This particular trend may be associated with an electric or mechanical issue
on the shaking table that reproduces sinusoidal motions with low amplitude concerning
these specific frequency levels. Despite the outlier accelerations registered for low excitation
frequencies, the tendency of vibration data for every type of acceleration spectrum fit a
linear pattern. The acceleration ranges, coefficients of determination R? of fitting equations,
and RMS error for the set of 0.10 cm displacement acceleration spectra are shown in Table 3.

For the 0.25 cm displacement frequency chirp, the acceleration spectra and fitting
equations for the vibration dataset according to every accelerometer are presented in
Figure 12. The sinusoidal motion provided a more consistent acceleration value at 0.5 Hz of
excitation, regarding the three excitation frequencies mentioned before, to all accelerometers.
Unlike the linear trend fitted for the previous frequency chirp analysis, the acceleration
spectra of each accelerometer showed amplitude increments following an exponential
pattern. Table 4 summarizes the acceleration ranges, coefficients of determination R? of
fitting equations, and RMS error for the set of 0.25 cm displacement acceleration spectra.
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Figure 11. Acceleration spectra for the 0.10 cm displacement frequency chirp: (a) Maximum accelera-
tion spectrum from original sampling frequency. (b) Maximum acceleration spectrum from 100 Hz
resampling frequency. (c) Acceleration spectrum for the mean of the highest 100 acceleration peaks
from 100 Hz resampling frequency.

Table 3. Summary of the results obtained from the 0.10 cm displacement frequency chirp.

Acceleration Accelerations 2 RMS
Accelerometer R
Spectrum Range (g) Error (g)
Original PCB L74 0.10-0.21 0.784 -
sampling ADXL355 RBP1 0.11-0.20 0.848 0.010
frequency ADXL355 RBP4 0.088-0.21 0.873 0.012
100 Hz PCB L74 0.072-0.16 0.824 -
resampling ADXL355 RBP1 0.072-0.18 0.856 0.011
frequency ADXL355 RBP4 0.074-0.18 0.835 0.013
Highest 100 PCB L74 0.055-0.14 0.850 -
acceleration ADXL355 RBP1 0.054-0.15 0.843 0.0043
peaks mean ADXL355 RBP4 0.058-0.15 0.835 0.0059
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Figure 12. Acceleration spectra for the 0.25 cm displacement frequency chirp: (a) Maximum accelera-
tion spectrum from original sampling frequency. (b) Maximum acceleration spectrum from 100 Hz
resampling frequency. (c) Acceleration spectrum from the mean of the highest 100 acceleration peaks
from 100 Hz resampling frequency.

For the 0.50 cm displacement frequency chirp, the acceleration spectra and fitting
equations for the vibration dataset recorded by every accelerometer are presented in
Figure 13. As occurred in the 0.25 cm displacement frequency chirp, the tendency of
vibration data depicted for each type of acceleration spectrum fit an exponential pattern.
The acceleration ranges, coefficients of determination R? of fitting equations, and RMS error
for the set of 0.50 cm displacement acceleration spectra are shown in Table 5.
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Table 4. Summary of the results obtained from the 0.25 cm displacement frequency chirp.

Acceleration Accelerometer Accelerations R2 RMS
Spectrum Range (g) Error (g)
Original PCB L74 0.11-0.47 0.940 -
sampling ADXL355 RBP1 0.10-0.44 0.975 0.020
frequency ADXL355 RBP4 0.11-0.49 0.917 0.030
100 Hz PCB L74 0.074-0.37 0.956 -
resampling ADXL355 RBP1 0.078-0.38 0.983 0.015
frequency ADXL355 RBP4 0.081-0.39 0.982 0.028
Highest 100 PCB L74 0.059-0.33 0.975 -
acceleration ADXL355 RBP1 0.058-0.32 0.986 0.0049
peaks mean ADXL355 RBP4 0.063-0.34 0.984 0.0093
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Figure 13. Acceleration spectra for the 0.50 cm displacement frequency chirp: (a) Maximum accelera-
tion spectrum from original sampling frequency. (b) Maximum acceleration spectrum from 100 Hz
resampling frequency. (c) Acceleration spectrum from the mean of the highest 100 acceleration peaks
from 100 Hz resampling frequency.

Table 5. Summary of the results obtained from the 0.50 cm displacement frequency chirp.

Acceleration Accelerometer Accelerations R2 RMS
Spectrum Range (g) Error (g)
Original PCB L74 0.11-1.08 0.987 -
sampling ADXL355 RBP1 0.098-0.93 0.991 0.11
frequency ADXL355 RBP4 0.10-0.98 0.991 0.090
100 Hz PCB L74 0.076-0.81 0.990 -
resampling ADXL355 RBP1 0.075-0.79 0.992 0.016
frequency ADXL355 RBP4 0.077-0.80 0.990 0.032
Highest 100 PCB L74 0.054-0.68 0.993 -
acceleration ADXL355 RBP1 0.052-0.68 0.998 0.0077
peaks mean ADXL355 RBP4 0.056-0.69 0.997 0.017

The acceleration spectra and fitting equations for the vibration dataset from the 0.75 cm

displacement frequency chirp according to every accelerometer are presented in Figure 14.
The acceleration spectra for every accelerometer suggested amplitude increments follow-
ing an exponential pattern. Table 6 summarizes the acceleration ranges, coefficients of
determination R? of fitting equations, and RMS error for the set of 0.75 cm displacement
acceleration spectra.
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Figure 14. Acceleration spectra for the 0.75 cm displacement frequency chirp: (a) Maximum accelera-
tion spectrum from original sampling frequency. (b) Maximum acceleration spectrum from 100 Hz
resampling frequency. (c) Acceleration spectrum from the mean of the highest 100 acceleration peaks
from 100 Hz resampling frequency.

Table 6. Summary of the results obtained from the 0.75 cm displacement frequency chirp.

Acceleration Accelerations > RMS
Spectrum Accelerometer Range (g) R Error (g)
Original PCB L74 0.19-2.1 0.990 -
sampling ADXL355 RBP1 0.13-1.33 0.976 0.28
frequency ADXL355 RBP4 0.15-1.36 0.988 0.27
100 Hz PCB L74 0.11-1.01 0.984 -
resampling ADXL355 RBP1 0.10-1.04 0.988 0.015
frequency ADXL355 RBP4 0.11-1.02 0.987 0.019
Highest 100 PCB L74 0.071-0.87 0.981 -
acceleration ADXL355 RBP1 0.068-0.89 0.985 0.0091
peaks mean ADXL355 RBP4 0.076-0.87 0.983 0.016

Figures 15-18 reveal the frequency and energy content throughout the test in spec-
trograms for the frequency chirps. The energy released by these four frequency chirps
increased as the displacement of the sinusoidal excitation incremented, following a stag-
gered time—frequency distribution for all frequency chirps performed. The similarity of
energy levels detected among the accelerometers is relevant evidence of the satisfactory
performance from the low-cost SHM system regarding the traditional SHM system.
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Figure 15. Spectrograms for the 0.10 cm displacement frequency chirp: (a) PCB L74 spectrogram.
(b) ADXL355 RBP1 spectrogram. (c¢) ADXL355 RBP4 spectrogram.
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Figure 16. Spectrograms for the 0.25 cm displacement frequency chirp: (a) PCB L74 spectrogram.
(b) ADXL355 RBP1 spectrogram. (¢) ADXL355 RBP4 spectrogram.
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Figure 17. Spectrograms for the 0.50 cm displacement frequency chirp: (a) PCB L74 spectrogram.
(b) ADXL355 RBP1 spectrogram. (c¢) ADXL355 RBP4 spectrogram.
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Figure 18. Spectrograms for the 0.75 cm displacement frequency chirp: (a) PCB L74 spectrogram.
(b) ADXL355 RBP1 spectrogram. (c¢) ADXL355 RBP4 spectrogram.

4.1.2. Flexible Structure Monitoring

The modal identification of the dominant natural frequencies and mode shapes of
the two-story structure provided five ambient vibration records. All ambient vibration
datasets were post-processed to determine the best fitting time windows that would enable
confident modal identification and MAC evaluation according to the information gathered.
Figure 19 presents the dynamic response of the flexible structure in the frequency domain
by the SHM systems in comparison. The SVD spectrum outlines the dominant vibration
modes; the natural frequencies are identified from the representative singular value peaks,
and the singular vectors associated with these peaks represent the mode shapes for the
51 values’ frequency line. Otherwise, the S2 values’ frequency line may include noise or



Appl. Sci. 2022,12, 2807

17 of 28

information about vibration modes less representative behind the natural dynamic response
in the bandwidth. Thus, the S2 values’ frequency line is neglected in this approach [34].
Both monitoring systems identified the first and second singular value peaks at 1.95
and 7.81 Hz, respectively. The mode shape vector related to each frequency notably
represents the dynamic system response. Therefore, the 1.95 Hz natural frequency was
adopted as the first dominant vibration mode, and the 7.81 Hz natural frequency was
assumed as the second dominant vibration mode of the two-story structure. The modal
identification results considering the measured dynamic response are shown in Table 7.
Furthermore, the mode shapes detected from the SHM systems are depicted in Figure 20.
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Figure 19. Dynamic response of the 2-DOF structure in the frequency domain: (a) SVD spectrum of
the reference SHM system. (b) SVD spectrum of the low-cost SHM system.

Table 7. Natural frequencies and mode shapes identified of the flexible structure from both
monitoring systems.

Vibration Mode 1
Frequency (Hz) Modal Coordinate
Channel Reference Low-Cost Reference Low-Cost
System System System System
) 195 195 1000 Lo00
Vibration Mode 2
Frequency (Hz) Modal Coordinate
Channel Reference Low-Cost Reference Low-Cost
System System System System
N o

For the dynamic characterization results of the flexible structure, the modal identifica-
tion performed through the low-cost SHM system demonstrates an accurate estimation.
The natural frequencies reported from the low-cost SHM system were exactly equal con-
sidering the approach of the reference SHM system. For the mode shape validation of
the WSN monitoring system, the MAC values were calculated to compare mode shapes
estimated by the WSN and wired monitoring system. Figure 21 shows the MAC values
calculated for the mode shapes’ validation; the target vibration mode indicates the modal
vectors determined by the reference SHM system, whereas the calculated vibration mode
represents the modal vectors obtained from the low-cost SHM system. It was observed that
the diagonal values of the MAC matrix were very close to the unity, demonstrating a high
significant vibration mode correlation between mode shapes.
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Figure 20. Mode shapes estimated by the monitoring systems.

MAC value

Figure 21. Modal assurance criterion for the mode shapes estimated.

The modal damping ratio related to the first dominant vibration mode was calculated
by the logarithmic decrement method from the free-vibration dataset. For this purpose, a
band-pass Butterworth filter, with cut-off frequencies at 0.10 Hz and 4.00 Hz, was imple-
mented on free-vibration signals to hold the 1.95 Hz natural frequency content. Then, from
a set of representative acceleration peaks, the logarithmic decrement was computed over
every peak couple separated by six cycles to estimate the damping ratio. The same proce-
dure was performed for the free-vibration signals on the DOF 1. Nevertheless, the damping
ratio of the second dominant vibration mode was not considered due to its low modal con-
tribution and the considerable disturbance produced by the filtering process [35]. Figure 22
indicates the exponential free-decay window selected from both SHM systems on the DOF
2 and a group of representative acceleration peaks from the ADXL355 RBP3 accelerometer.
By gathering a complete dataset of damping ratio results from measurement channels
1 and 2, the mean damping ratio and its coefficient of variation were calculated through
both SHM systems and are indicated in Table 8. The mean damping ratio determined
by the WSN monitoring system presented a relative error of 15.68% regarding the result
from the wired monitoring system. The coefficients of variation of the mean damping ratio
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from both monitoring systems did not exceed the state-of-the-art limit reported in [35],
suggesting relative standard deviation or coefficient of variation values up to 53.0%.
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Figure 22. Free vibration response of the two-story structure for DOF 2: (a) Exponential free-decay
window. (b) Representative acceleration peaks from the filtered free-vibration signal of the ADXL355
RBP3 accelerometer.

Table 8. Mean damping ratios and coefficients of variation calculated for both monitoring systems.

Vibration Mode 1
Reference System Low-Cost System
Mean Coefficient of Mean Coefficient of
Damping Variation (%) Damping Variation (%)
Ratio (%) Ratio (%)
2.022 46.8 2.339 36.8

4.2. Full-Scale Testing

The results obtained from the beam demolition monitoring and railway bridge mon-
itoring are introduced below to assess the performance of the low-cost SHM system for
large civil structures.

4.2.1. Beam Demolition Monitoring

The assessment of the dynamic response of the lightweight RC slab is presented for the
span 1-2. The results reached for the rest of the spans from the prestressed concrete slab are
extremely similar to the following analysis. Further information about the considerations
and outcomes of other spans can be found in [36]. The ambient and forced vibration
datasets during the hammer impact are shown in Figure 23. In these plots, the ambient
vibration amplitude reached values up to 0.0022 g, and the peak detected for the forced
vibration was 0.0040 g.

ADXL355 RBP1 accelerometer

—— ADXL355 RBP1 accelerometer
|

\!
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Acceleration (g)

0 100 200 300 400 500 600 300
Time (s) Time (s)

(a) (b)

Figure 23. Vibration response from the span 1-2: (a) Ambient vibration record. (b) Forced vibration
record during demolition work.
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The dynamic response of the lightweight RC slab in the frequency domain, resulting
from the ambient and forced vibration, was analyzed by the power spectral densities
indicated in Figure 24. The relevant frequency content included a first frequency component
between 9.84 and 11.5 Hz and a second frequency component located within a range of
21.9 and 22.7 Hz for both power spectral densities. In particular, as revealed by the power
spectral density of forced vibration, the frequency impact of the Hilti demolition hammer
on the check-in beam was detected by a sharp peak at 26.8 Hz.
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Figure 24. Dynamic response of the lightweight RC slab corresponding to the span 1-2: (a) Power
spectral density of the ambient vibration. (b) Power spectral density of the forced vibration.

For the time—frequency distribution analysis, the energy content of the mentioned
dominant frequencies is presented by the spectrograms in Figure 25. The natural frequency
identification of the lightweight RC slab from the power spectral densities was verified by
the first frequency lines detected in both spectrograms; moreover, the natural frequency
ranges did not change significantly during the forced vibration record. Likewise, the impact
frequency of the demolition hammer was observed notably at a frequency line very close
to 27.0 Hz, as shown in the spectrogram of the forced vibration.
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Figure 25. Time—frequency distribution of the response from the lightweight RC slab corresponding
to the span 1-2: (a) Spectrogram of the ambient vibration. (b) Spectrogram of the forced vibration.

The first frequency component located between 9.84 and 11.5 Hz includes the fun-
damental natural frequency (10.0 Hz) of the same prestressed concrete slab reported in a
previous official technical report, demonstrating an accurate estimation carried out from
the low-cost SHM system. The demolition hammer was operating in a frequency band-
width considerably separated from the dynamic response of the prestressed concrete slab.
Therefore, the fundamental vibration mode did not experience resonance effects. It was
observed that predominant vibration modes remained undamaged after demolition work.
Thus, the stiffness and support conditions of the lightweight RC slab were preserved.
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The wireless Internet connection and remote communication of the low-cost SHM
system functioned permanently during the fieldwork under the ambient conditions and
experimental setup design.

4.2.2. Railway Bridge Monitoring

The modal identification of the dominant natural frequencies and mode shapes of the
railway bridge in vertical and transverse directions considered seventeen ambient vibration
records. Analyzing the information collected, as mentioned in the flexible structure moni-
toring, every ambient vibration dataset was examined to select the best time windows for
accurate modal identification and MAC evaluation. Due to the length of wired sensors and
exposure to environmental conditions, the amplitude of the acceleration signal from the
PCB L74 accelerometer was disturbed by noise. Thus, it was subjected to a high-pass Butter-
worth filter to remove the noise component from the data transmission system. Figure 26
presents a time window of the ambient transverse vibration signal from the structural
response corresponding to the measurement channel 3. The ambient vibration amplitude
for both PCB L74 and ADXL355 RBP2 accelerometers reached approximate values up to
0.0015g.
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Figure 26. Transverse ambient vibration record of the railway bridge on measurement channel 3.

The vertical and transverse dynamic responses of the steel structure in the frequency
domain from both SHM systems are shown in Figure 27 and Figure 28, respectively. For
detecting the natural frequencies and mode shapes for each direction of analysis separately,
the structural response was defined by the S1 values’ frequency line of the SVD spectrum.
In the vertical dynamic response of the railway bridge, the first singular value peak identi-
fied by both monitoring systems reached a frequency of 0.98 Hz. However, the mode shape
vector associated with this frequency did not represent the dynamic response of the struc-
ture well. Next, for this first singular value peak, two singular value peaks were detected
at 6.83 and 15.62 Hz frequencies for both monitoring systems. The mode shape vector
related to each frequency remarkably represented the dynamic system response. Therefore,
the 6.83 Hz natural frequency was suggested as the first dominant vibration mode, and
the 15.62 Hz natural frequency was assumed as the second dominant vibration mode. In
the transverse dynamic response of the railway bridge, the first and third singular value
peaks identified by both monitoring systems indicated frequencies of 2.93 and 13.67 Hz,
respectively. The mode shape vector related to each frequency significantly represented
the dynamic system response. Therefore, the 2.93 Hz natural frequency was adopted as
the first dominant vibration mode, and the 13.67 Hz natural frequency was suggested as
the second dominant vibration mode. The second singular value peak detected was a
frequency of 7.81 Hz, but its mode shape vector did not depict the dynamic response of the
structure importantly. Finally, the fourth singular value peak distinguished by the reference
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SHM system indicated a frequency of 17.58 Hz, and the low-cost SHM system pinpointed a
frequency of 16.60 Hz. The magnitude discrepancy among both monitoring systems and
the similarity of their mode shapes vectors regarding the first transverse vibration mode
motivated us to dismiss this last frequency as an additional dominant vibration mode.
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Figure 27. Vertical dynamic response of the 3-DOF structure in the frequency domain: (a) SVD
spectrum of the reference SHM system. (b) SVD spectrum of the low-cost SHM system.
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Figure 28. Transverse dynamic response of the 3-DOF structure in the frequency domain: (a) SVD
spectrum of the reference SHM system. (b) SVD spectrum of the low-cost SHM system.

The vertical and transverse modal identification results considering the measured dy-
namic responses are shown in Table 9 and Table 10, respectively. Moreover, the mode
shapes related to both directions of analysis from the SHM systems are depicted in
Figures 29 and 30.

Table 9. Vertical natural frequencies and mode shapes identified of the steel structure by both
monitoring systems.

Vertical Vibration Mode 1

Frequency (Hz) Modal Coordinate
Channel Reference Low-cost Reference Low-cost
System System System System
1 0.751 0.379
2 6.83 6.83 1.000 1.000
3 0.660 0.084
Vertical Vibration Mode 2
Frequency (Hz) Modal Coordinate
Channel Reference Low-Cost Reference Low-Cost
System System System System
1 —0.963 —0.476
2 15.62 15.62 0.301 —0.022

3 1.000 1.000
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Table 10. Transverse natural frequencies and mode shapes identified of the steel structure by both

monitoring systems.

Transverse Vibration Mode 1

Frequency (Hz) Modal Coordinate
Channel Reference Low-Cost Reference Low-Cost
System System System system
1 0.644 0.602
2 2.93 2.93 1.000 0.882
3 0.644 1.000
Transverse Vibration Mode 2
Frequency (Hz) Modal Coordinate
Channel Reference Low-Cost Reference Low-Cost
System System System System
1 —1.000 —0.844
2 13.67 13.67 0.216 0.201
3 1.000 1.000
Vertical mode shape 1 (6.83 Hz)
[0] 1.0 E—— ,,—:»»;::”"::::::: :::: eeees ——
£ o5 e
g 0.0 S S O— e R
g -0.5
=10
0.0 11.1 22.2 333 44.4
Vertical mode shape 2 (15.62 Hz)
o 1.0 ‘—/__,,»«::::::x\
£ o5 . o 1
g 00 ——————
T -05 ' —————
=10
0.0 11.1 22.2 333 44.4

Structure length (m)
--+- Mode shape of PCB accelerometers
--+- Mode shape of ADXL355 RBP accelerometers

Figure 29. Vertical mode shapes of the railway bridge estimated by the monitoring systems.
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Figure 30. Transverse mode shapes of the railway bridge estimated by the monitoring systems.

The modal identification carried out by the low-cost SHM system had a good estima-
tion. As occurred in the flexible structure monitoring, the natural frequencies reported from
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the low-cost SHM system were exactly equal considering the approach of the reference
SHM system. For the mode shapes’ validation from the WSN monitoring system, the
MAC values were calculated for the vertical and transverse vibration mode correlation
(Figure 31). The diagonal values of the vertical modes MAC matrix were relatively close
to unity. The consistency of the vertical vibration mode 1 was really close to the MAC
acceptance level, and the correlation of the vertical vibration mode 2 demonstrated a reli-
able outcome concerning the state-of-the-art acceptance criterion considered in the present
study. On the other hand, the diagonal values from the transverse modes MAC matrix
were close to unity. The consistency of the transverse vibration modes 1 and 2 was high.

MAC value
MAC value

(a) (b)

Figure 31. Modal assurance criteria for the mode shapes estimated of the structure: (a) Vertical mode

correlation. (b) Transverse mode correlation.

The limited vibration mode correlation with the vertical mode shapes of the struc-
ture arose because of the vibration dataset asynchrony detected in the low-cost SHM
system performance.

As an example of the different kinds of trains tested, the transverse vibration record
of a 48 km/h empty-load train from measurement channel 3 is presented in Figure 32.
For transverse forced vibrations of this train tested, the absolute maximum acceleration
detected by the PCB 194 accelerometer was 1.662 g, and the absolute maximum acceleration
measured from the ADXL355 RBP4 accelerometer was 1.464 g.

15

1.0

0.5

0.0

-0.5

Transverse acceleration (g)

—— PCB L94 accelerometer
—1.51 —— ADXL355 RBP4 accelerometer

0 25 50 15 100 125 150 175 200 225

Time (s)
Figure 32. Transverse forced vibration record of a 48 km/h empty-load train on measurement
channel 3.

The modal damping ratio, related to the first vertical and transverse dominant vibra-
tion modes, was calculated using the logarithmic decrement method to analyze sixteen
forced and free-vibration datasets. The vertical and transverse free-vibration responses of



Appl. Sci. 2022,12, 2807

25 of 28

the railway bridge of a 48 km/h empty-load train and a 52 km/h empty-load train, respec-
tively, were selected to calculate the damping ratios since the free-decay signals thereof
were well-defined exponentially. As explained for the damping estimation of the flexible
structure, the Butterworth signal processing filter was used on the free-vibration signals
using the band-pass specification based on the frequencies of interest. In the damping
estimation for the 6.83 Hz vertical vibration mode, the cut-off frequencies were 5.0 and
8.0 Hz. While for the 2.93 Hz transverse vibration mode, the cut-off frequencies were 1.0
and 5.0 Hz. Figure 33 indicates the transverse exponential free-decay window extracted
from both SHM systems on the DOF 4 of the steel bridge and a group of representative
acceleration peaks from the ADXL355 RBP4 accelerometer. Once the vertical and trans-
verse free-vibration signals from all the measurements channels got filtered, the damping
ratio of the first vertical and transverse vibration modes was estimated by the logarith-
mic decrement method following the procedure stated earlier in the small-scale testing
damping estimation.

After elaborating a comprehensive dataset from the damping ratios estimated, the
mean damping ratio and its coefficient of variation, related to the vertical and transverse
vibration modes, were calculated with both SHM systems and are indicated in Table 11.
The vertical mean damping ratio determined from the low-cost SHM system had a relative
error of 2.68% compared to the result of the reference SHM system. On the other hand, the
transverse mean damping ratio calculated by the low-cost SHM system presented a relative
error of 2.51% regarding the approach from the reference SHM system. The vertical and
transverse mean damping ratio variation from both SHM monitoring systems was within
the state-of-the-art limit considered previously.

15 0.02¢,
—— PCB L94 accelerometer

ADXL355 RBP4 accelerometer

ADXL355 RBP4 accelerometer
1.0 ® Peak accelerations

0.0 il -

0.00

-0.01 |

Transverse acceleration (g)
o
o
Transverse acceleration (g)

-5t -0.02.
16

160 165 170 175 180 185 190 0 180 200 220 240 260 280
Time (s) Time (s)
(a) (b)

Figure 33. Transverse free-vibration response of the steel structure for DOF 4: (a) Exponential free-
decay window. (b) Representative acceleration peaks from the filtered free-vibration signal of the
ADXL355 RBP4 accelerometer.

Table 11. Mean damping ratios and coefficients of variation calculated for both monitoring systems.

Vertical Vibration Mode 1
Low-Cost System

Reference System

Mean Coefficient of Mean Coefficient of
Damping Variation (%) Damping Variation (%)
Ratio (%) ratio (%)

3.54 19.2 3.63 22.8

Transverse Vibration Mode 1

Reference System Low-cost System

Mean Coefficient of Mean Coefficient of
Damping Variation (%) Damping Variation (%)
Ratio (%) ratio (%)

1.553 21.1 1.514 244




Appl. Sci. 2022,12, 2807

26 of 28

Distances larger than approximately 20 m between a measuring node and the base
station interrupted the permanent wireless Internet connection and continuous remote
communication. To effectively establish the wireless connection and remote access on
measurement channels 1 and 2, the Wi-Fi router was relocated to the closest position to
both spots to verify the functioning of the measuring nodes by a smartphone login.

5. Conclusions

A low-cost Structural Health Monitoring (SHM) system was designed and imple-
mented in small- and full-scale tests. The Wireless Sensor Network (WSN), the base station,
and the standard dynamical identification techniques enabled monitoring the structural
responses to ambient, forced, and free-vibrations; and accomplished the dynamic character-
ization of civil structures in pseudo-real time. The vibration data and modal parameters
estimated from the low-cost SHM system were compared to a reference SHM system to
validate the performance of the WSN monitoring strategy with a deterministic approach.

For the small-scale testing, the data vibration analysis and comparison in the frequency
chirps from the shaking table tests were conducted based on ten different frequency levels
(from 0.5 to 5.0 Hz) and four displacement levels (from 0.10 to 0.75 cm). It was observed
that RMS errors decreased for the evaluation carried out on the resampled acceleration
signals. The WSN monitoring system detected maximum accelerations associated with
RMS error of up to 0.032 g, and the mean of the highest 100 resampled acceleration peaks
displayed RMS error od up to 0.017 g. The dynamic characterization of the tested flexible
structure showed that the low-cost SHM system effectively measured ambient vibrations
greater or equal to 0.0008 g and identified precisely the first dominant natural frequencies
within the frequency range between 0 and 10.0 Hz. Regarding the mode shape’s correlation
with the traditional SHM system, the modal assurance criterion (MAC) values were higher
than 0.970. The estimated mean damping ratio was 2.339%, and its coefficient of variation
was 36.8%.

In the full-scale testing, the relevant natural frequencies of the lightweight RC slab
were reliably estimated and monitored during the demolition work through the frequency
analysis involving the power spectral densities and time—frequency distributions. The
demolition and replacement of the original RC check-in beam did not result in structural
disturbance to the prestressed concrete slab. From the dynamic characterization of the
railway bridge, the low-cost SHM system appropriately measured ambient vibrations
higher or equivalent to 0.0015 g, thereby permitting excellent identification of the first
dominant vertical and transverse natural frequencies within the frequency range among 0
and 20.0 Hz. For the mode shape’s correlation with the traditional SHM system, the MAC
values ranged between 0.781 and 0.993. The estimated mean damping ratios were 1.514%
and 3.630%, with coefficients of variation of 24.4% and 22.8%, respectively. The mean
damping ratios of the small- and full-scale experimental tests represented low damping
values, so the flexible structure and the railway bridge were recognized as lightly damped
structures. Thus, besides the well-separated vibration modes obtained and white noise
assumption for ambient vibrations, the frequency domain decomposition (FDD) technique
was considered an accurate approach for the dynamic characterization performed in this
study. To achieve higher accuracy with the modal identification technique employed,
improving the vibration dataset synchronization of the WSN monitoring system would be
ideal considering the notable performance of the low-cost accelerometers.

The small investment required for the low-cost SHM system and its features support
its implementation over existing WSN monitoring systems. This alternative WSN system
supports a higher accelerometer resolution (20-bit) than the three previously mentioned
WSN monitoring systems. The ADXL355 accelerometer covers a wide measurement range
of £2.0 g for dynamic characterization from vibration data, as two of the monitoring
proposals used in comparison do. However, the measuring node of the low-cost SHM
system requires the highest cabled power supply (8.3 V) among these monitoring systems.
Regarding the costs, the alternative WSN system has the lowest estimated cost per node
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of USD 73.5 compared to the rest of the wireless SHM systems. Hence, the properties of
the low-cost SHM system may provide a competent, cheap methodology for the SHM of
civil structures.

The on-field arrangement of the low-cost SHM system demonstrated a relevant ca-
pability for monitoring the structural response through a permanent wireless Internet
connection and remote communication to distances of up to 20 m between the measuring
node and base station. This research combined the implementation of low-cost, easy-to-use
electronic devices; the practicality of laboratory and on-field experimental setups; and the
computing of standard dynamical identification techniques in order to efficiently charac-
terize the structural dynamic properties of civil infrastructure using an extensive, flexible
SHM system. Future research directions may extend the presented standard dynamical
identification technique by adding vibration-based damage detection methods, finite ele-
ment model updating, and digital twins algorithms that examine the structural health in
ambient conditions or in response to natural hazards in real-time.
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