
See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/358315600

Analysis of Sensitivity of Distance between Embedded Ultrasonic Sensors and

Signal Processing on Damage Detectability in Concrete Structures

Article  in  Acoustics · February 2022

DOI: 10.3390/acoustics4010007

CITATIONS

0
READS

7

3 authors, including:

Some of the authors of this publication are also working on these related projects:

Sensor integration, data fusion and information management for industrial monitoring systems View project

Advanced ultrasonic instrumentation for interferometric monitoring View project

Joyraj Chakraborty

Silesian University of Technology

18 PUBLICATIONS   105 CITATIONS   

SEE PROFILE

Xin Wang

Bundesanstalt für Materialforschung und -prüfung

14 PUBLICATIONS   158 CITATIONS   

SEE PROFILE

All content following this page was uploaded by Joyraj Chakraborty on 14 February 2022.

The user has requested enhancement of the downloaded file.

https://www.researchgate.net/publication/358315600_Analysis_of_Sensitivity_of_Distance_between_Embedded_Ultrasonic_Sensors_and_Signal_Processing_on_Damage_Detectability_in_Concrete_Structures?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/358315600_Analysis_of_Sensitivity_of_Distance_between_Embedded_Ultrasonic_Sensors_and_Signal_Processing_on_Damage_Detectability_in_Concrete_Structures?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/project/Sensor-integration-data-fusion-and-information-management-for-industrial-monitoring-systems?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/Advanced-ultrasonic-instrumentation-for-interferometric-monitoring?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Joyraj-Chakraborty-2?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Joyraj-Chakraborty-2?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Silesian_University_of_Technology?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Joyraj-Chakraborty-2?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Xin-Wang-331?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Xin-Wang-331?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/Bundesanstalt_fuer_Materialforschung_und-pruefung?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Xin-Wang-331?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Joyraj-Chakraborty-2?enrichId=rgreq-5eb66e83bb324e2d1e303ba342e0b1cb-XXX&enrichSource=Y292ZXJQYWdlOzM1ODMxNTYwMDtBUzoxMTIzMzc3NDM1Njc2Njc1QDE2NDQ4NDU0NjA4MTg%3D&el=1_x_10&_esc=publicationCoverPdf


����������
�������

Citation: Chakraborty, J.; Wang, X.;

Stolinski, M. Analysis of Sensitivity

of Distance between Embedded

Ultrasonic Sensors and Signal

Processing on Damage Detectability

in Concrete Structures. Acoustics 2022,

4, 89–110. https://doi.org/10.3390/

acoustics4010007

Academic Editor: Jay N. Meegoda

Received: 23 December 2021

Accepted: 25 January 2022

Published: 1 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

acoustics

Article

Analysis of Sensitivity of Distance between Embedded
Ultrasonic Sensors and Signal Processing on Damage
Detectability in Concrete Structures

Joyraj Chakraborty 1,* , Xin Wang 2,† and Marek Stolinski 1,†

1 NeoStrain Sp. z o.o, Lipowa 3, 30-702 Krakow, Poland; marek.stolinski@neostrain.pl
2 Bundesanstalt für Materialforschung und -Prüfung (BAM), Unter den Eichen 87, 12205 Berlin, Germany;

xin.wang@bam.de
* Correspondence: joyraj@neostrain.pl
† These authors contributed equally to this work.

Abstract: Damage detection of reinforced concrete (RC) structures is becoming a more attractive
domain due to the safety issues arising in the last few decades. The damage in concrete can be
caused by excessive exploitation of the structure or environmental effects. The cracks in concrete
can be detected by different nondestructive testing methods. However, the available methods used
for this purpose have numerous limitations. The technologies available in the market nowadays
have difficulties detecting slowly progressive, locally limited damage. In addition, some of these
methods cannot be applied, especially in hard-to-reach areas in the superstructures. In order to
avoid these deficiencies, an embedded ultrasonic methodology can be used to detect cracks in RC
structures. In this study, the methodology of crack detection supported with the advanced signal
processing algorithm was proposed and verified on RC structures of various types, and cracks
occurring between embedded sensors can be detected. Moreover, different pairs of ultrasonic sensors
located in the considered structures are used for the analysis of the sensitivity of distance between
them. It is shown that the ultrasonic sensors placed in the range of 1.5–2 m can detect cracks, even
when the other methods failed to detect changes in the structure. The obtained results confirmed
that diffuse ultrasonic sensor methodology is able to monitor real structures more effectively than
traditional techniques.

Keywords: diffuse ultrasonic wave; reinforced concrete structure; signal analysis; structural health
monitoring

1. Introduction

Most of the civil structures are made of composite materials, mainly reinforced con-
crete, due to the load-carrying capacity and less expensive components. However, concrete
is a heterogeneous material that changes its properties over the time due to heavy load,
environmental aggression, and complex mechanical behavior, including the initiation and
propagation of cracks [1]. The progressive cracks allowed water to enter inside the structure,
introducing a chemical reaction with reinforcement rods. This chemical reaction establishes
a corrosion which degrades the strength of the structure. Therefore, concrete structures
are less reliable due to material degradation over the period. Yet, it is built for long-term
service. Following this, structural health monitoring is necessary, since it can increase
the reliability of the structures. Traditional sensors (such as strain gauges, accelerometers,
and weight in motion) are commonly used in the SHM system [2–5]. Traditional sensors
mainly measured point-based locations. Therefore, they are not economically beneficial for
long-range inspection.

The nondestructive techniques (NDT), which may use different kinds of sensors, can
be applied in the SHM system. There are different sets of NDT techniques available in
the market [6–9]. The most reliable NDT techniques are acoustic emission and ultrasonic
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NDT [10–12]. The acoustic emission technique requires costly equipment. In addition, it is
sensitive to background noises, which requires more pre-processing and consumes more
energy. On the other hand, the ultrasonic NDT technique is economical, and the consequent
relationship between the wave velocity and quality of the materials makes this system
more attractive [13,14]. During infrastructural inspection, the ultrasonic NDT requires a
trained operator and constant coupling between the sensors [15]. This is a disadvantage
for long-term monitoring, which restricts the use of this technique in the SHM system.
Therefore, Bundesanstalt für Materialforschung und -prüfung (BAM) developed a new
ultrasonic measurement system that can be embedded inside the structure [16]. The main
benefit of this measurement system is constant coupling between the sensors and durability
inside the structure. It can measure the response from a long portion of the structure.

In ultrasonic NDT, the ultrasonic pulse velocity method is mainly used to measure
the damage inside the structure. Here, the decision to detect damage is based on the
velocity of the excitation pulse [17]. Even so, it is difficult to detect damage in a large
composite structure, as the signal becomes weaker after passing some distance and becomes
noisy. For this reason, the ultrasonic receiver sensor can acquire more reflected waves
from concrete material and as well as the diffuse waves of the structure [18]. The main
advantages of this method are its high sensitivity and capability of monitoring wide areas
(as diffuse waves come from different parts of a tested structure). In the diffuse ultrasonic
method, two transducers are placed at a certain distance; one sensor is used to transmit the
pulse and another one is used to record the diffuse signal. The first challenge linked with
diffuse waves is the sensor placement, because it allows many reflections if the sensors
are placed at a long distance; thus, more noisy signal can be added into diffuse waves.
Therefore, it can mislead analysis of the structural response. This challenge addresses the
optimal sensor placement as an essential research topic for real structures, as it is more
challenging in the real structure due to the dimensions of the structure.

The location optimization of sensors has been the subject of a vast number of stud-
ies [19–21]. For traditional sensors used in the SHM system, it is uneconomical to install
sensors on every point of a cross-section in the structure. For example, in [22], the authors
investigated optimal sensor placement using genetic algorithms. In [23], the researchers
showed an optimality criterion for the selection of optimal sensor locations, and the ground
was based on a frequency domain-based optimal sensor placement. In another study,
a methodology for the effective positioning of sensors and actuators for damage detection
was presented, where a fitness function was applied to get maximum coverage of the struc-
ture via Lamb waves. In [24], the authors proposed a genetic algorithm-based optimization
strategy for guided ultrasonic waves applied on a simple aluminum plate to get maximum
coverage. In another study [25], the authors proposed a bespoke genetic algorithm for
optimal transducer placement for adhesive disbond detection on metallic aerospace struc-
tures. In [26], the authors compare different NDT methods to detect cracks in a benchmark
structure, and statistical evaluation was also performed. However, no research studies can
be found on optimal ultrasonic sensor placement, considering diffuse ultrasonic waves in a
concrete structure. These techniques developed for the diagnosis of structures often extract
raw signals as a response of a structure, and then, features are extracted from these raw
signals. There are different signal processing algorithms that can be found, which were
used as damage-sensitive features. The signal-processing algorithms have an influence on
processing these raw signals, as in a real structure, signals are more influenced by noises.
In [27], the authors presented a novel approach for vibration-based damage detection
using an Autoregressive (AR) Model. The cross-correlation function was used for damage
detection in a steel beam under varying temperatures [28]. In [29], the authors applied the
wavelet transform to detect damage in the structures. The short-time Fourier transform
(STFT) has been used to detect local damage in a bearing [30]. The disadvantages of STFT
include its small frequency resolution; however, low frequency can be hardly represented
with a small window. Once one can select a particular time window, then this window
is also the same for all frequency blocks. The STFT contains time information as well,
but it is not as efficient as the wavelet transform. However, according to the results found
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in the literature, there are different signal-processing approaches applied for different
techniques for damage detection, and researchers acknowledged the neceessity of a proper
signal-processing algorithm for specific requirements of civil structures. In the ultrasonic
technique, most of the research can be found based on time of first arrival [31,32] and
the amplitude-phase method [33,34]. Some advanced works can be found based on Coda
Wave Interferometry [35–38]. Although, most of them were on small-scale objects in a lab
environment, or even a single signal-processing algorithm was used.

As it can be concluded from the above literature survey, the optimal sensor place-
ment allows for maximum coverage, which can provide early crack investigation in large
structures. Often, it can be seen that most of the signal-processing approaches applied
for damage detection have some limitation for damage/change detection in real struc-
tures under the influence of temperature. In this paper, the authors investigated different
sensor combinations located at different distances on multiple structures. The sensitivity
to damage/load detection and distance of the sensors is also considered. The multiple
signal-processing algorithm was considered to analyze the raw signals acquired from
different structures, which resulted in a relationship between signal-processing algorithms
and sensor placement to damage detection. The novelty of this paper covers the modeling
of sensor pairs located at different distances and their influence on the acquired signals to
detect damage in the structure, which resulted in optimal sensor placement and using an
appropriate signal processing algorithm for change detection in real structures.

This paper begins by presenting a description of different structures considered in
this study; then, the location, distance of the sensors, and data acquisition parameters
were discussed. The applied signal-processing algorithm was presented. The results of
an investigated study for all the considered structures were then presented, considering
different signal-processing techniques to analyze diffuse waves and their influence to
variable distance of the sensors.

2. Experimental Program

The four-point bending test on the benchmark RC structure was used in order to test
the distance and sensitivity of the embedded sensors in the lab environment. It allowed
assessing whether any cracking occurs with the embedded sensors, and its influence on the
distance between sensors can be detected. The second structure on which the statistical
SHM framework was tested is the reference structure called the BLEIB structure. The goal
of the experiment was to measure the changes in concrete during static loading using
different pairs of sensors located at different distances in the field conditions. The third
structure was the Gliwice bridge. The main scope of this research was to investigate the
influence on embedded sensors placed at different distances for one cross-section in a real
structure. All the embedded ultrasonic sensors installed in these structures had perfect
coupling to the concrete.

2.1. Benchmark RC Beam

The first experimental study was performed on the RC beam on which the four-point
bending test was performed to detect the initiated cracks and their propagation. Figure 1b
shows the beam with following dimensions: 2.9× 0.4× 0.2 m (length × height × width).
The new ultrasonic sensors (see Figure 1a) were immersed inside the beam during casting.
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(a)

(b)

(c)

Figure 1. The load position and sensors positions in the beam. (a) Ultrasonic sensors embedded with
reinforcement; (b) Measuring stand and beam load position; (c) Ultrasonic sensor position inside
the beam.

The center frequency of that sensor is around 62 kHz. The exemplary signal in the
time and frequency domain is shown in Figure 2.
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Figure 2. Pre-processed ultrasonic signal: (a) in time domain, (b) in frequency domain.

There were four sensors placed in different locations of the beam. One can see from
Figure 1c the location of these sensors and the distances between them. The maximum
distance was 1.9 m, where the sensors were located in the top region of the beam; on the
other hand, the lowest distance was of 1 m, which was situated on the bottom of the beam.

The new data acquisition system was designed to acquire raw ultrasonic signals (for
more details, see [39]). To start this measurement, the system needed at least two sensors;
e.g., sensor X transmits the excitation pulse, while sensor Y receives the diffuse wave.
The acquisition software controls all the sensors, choosing the sensors as a transmitter and
receiver or vice versa. The multiplexer was used to switch the combination of the sensors.

2.2. Reference Real Structure

The second experiment was performed on another RC structure which was devel-
oped by BAM, as shown in Figure 3, and named the BLEIB structure (shared object for
INFRASTAR project) [38,40]. This reference structure was developed at the BAM test site
located at Horstwalde (Berlin, Germany) to perform experimental studies for different NDT
techniques, especially embedded ultrasonic sensors. The main intention of developing this
reference structure was to detect operational changes as in the real structure considering all
the environmental effects. This 25 m-long reference structure consists of three supports, one
in the middle and two on the edges of both sides, and it has five cross-sections (Figure 3b).

Fourteen ultrasonic sensors were installed inside the reference RC structure during
casting. They were vertically mounted using a special clip on the stirrup reinforcement.
The combination was controlled by the data acquisition system discussed in detail in the
previous section. One can see from Figure 3b that the sensors were located in five cross-
sections. The maximum distance between the sensors pair was of 5.5 m, and the minimum
was 1 m.
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(a)

(b)

Figure 3. The BLEIB reference structure and sensors distance from each other in the BLEIB refer-
ence structure. (a) BLEIB reference structure, load direction, and location of cracks; (b) Ultrasonic
sensor position and distance inside the BLEIB reference structure.

2.3. Real Bridge

The last performed experiment was the field test that allowed demonstrating the
sensitivity related to the distance between sensors in a real civil structure. The bridge in
Gliwice was built in 2015 (more details about the bridge can be found in [41,42]). The bridge
superstructure is divided into 12 spans: two outer spans of 36 m and 10 internal spans of
48 m. The cross-section consists of two trapezoidal beams with a constant height of 2.4 m
connected by a platform plate. The superstructure was made of concrete class C35/45
with 19L15.5 post-tensioning cables (10 cables per girder). Each cable was pre-stressed
with the 5.6 MN force. Span-by-span technology was used to erect the bridge with mobile
scaffolding. The successive concreting of subsequent spans forced the specific arrangement
and geometry of the tendons. Eight ultrasonic sensors were embedded inside the girder in
the cross-section at the southeast end of the bridge during the erection period. In this set-up,
the maximum distance between the combinations of embedded sensors was 2.1 m, and the
minimum was 0.57 m (Figure 4). The testing procedure assumed the loading of a bridge
by a moving truck. The same data acquisition system was used to extract measurement
signals during the experiment.
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(a)

(b)

(c)

Figure 4. The static scheme and arrangement of all sensors. (a) Bridge in Gliwice; (b) Static scheme
and cross-section of the bridge in Gliwice; (c) Arrangement of all sensors in the girder.

3. Methodology

The acquired ultrasonic signals were raw signals. Therefore, it is important to use
the signal processing technique to extract meaningful features/information from these
raw signals. The feature extraction process involves the extraction of load/crack-sensitive
information from the data collected during the data acquisition procedure to determine
the presence of changes in the structure. In this study, we applied window-based cross-
correlation and continuous wavelet transform (CWT) to extract information/features from
raw signals.

3.1. Window-Based Cross-Correlation

The basic idea of the window-based correlation technique is to apply the local cross-
correlation with many samples in the signal to solve the corresponding problem. The main
benefit of the window-based cross-correlation is that it is sensitive to small changes in the
amplitude of illumination in the two compared images. The one-dimensional window-
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based cross-correlation technique can be used in order to find specific patterns (changes in
the medium) within a signal. This technique can be effective, especially when dealing with
many samples in a signal. In a one-dimensional signal, window-based correlation is used
by considering a small window template from a baseline signal (signal extracted during or
at the initial phase of the experiment) and the measured signal, then sliding the window
over the considered samples to find the similarities between them if the baseline signal
window is properly matched with the measured signal window, and finally determining the
cross-correlation coefficient, which reaches maximum at zero lag. The sliding mechanism
can start at any sample within the signal. The general concept of the sliding mechanism
is to perform cross-correlation between the baseline window template and the measured
window template covering a signal. One should remember when performing the cross-
correlation over the measured signal that both windows need to be of the same length.
Therefore, if the windows have different lengths, then there is a good chance for window
overlapping between successive windows. A strongly reverberating signal, such as a diffuse
ultrasonic signal, can cover a larger area of complex structures that cannot be interpreted
by guided waves (guided waves are suitable for e.g., steel rods). It is a combination of
multiple paths, which includes lots of other scattered waves, and which arrive much
later at the receiver. It is quite difficult to evaluate these arrivals (containing valuable
information) separately. Therefore, window-based cross-correlation is the basis to identify
relevance between non-scattered (not perturbed by changes in the medium) and scattered
(perturbed by changes in the medium) waveform in the window. It can be performed in
the time domain [43]. It is used to compute the degree of similarity of two signals in the
window [44]. The comparison of two signals σxx(t) and σyy(t) is done by computation in
the time window, and it later computes the mean of ρxy. The feature proposed here is the
correlation coefficient index, which is used to detect changes in a structure from unity, as
shown in Equation (2) [45]:

ρxy =
σxy(t)√

σxx(t)σyy(t)
, (1)

Dcc = 1− ρxy. (2)

3.2. Continuous Wavelet Transform

CWT is an effective signal processing approach that is used to detect changes/cracks
in many applications due to the very high sensitivity to even tiny disturbances in a time-
domain signal. The CWT algorithm is described by the following integral equation:

CWT(a, τ) =
1√
a

∫
x(t)γ

t− τ

a
dt, (3)

where x(t) is the transformed signal, a is the scaling coefficient, τ is the translational value,
and γ(t) is the mother wavelet with respect to the measured signal. The features can be
extracted using the measure considered here as the maximal energy of the obtained CWT
coefficient, which is related to changes/damage in the structure. The CWT coefficient is
computed from Equation (4).

CWTc =

√√√√∑n
j=1(CWTe,j − CWTe,1)2

∑n
j=1 (CWTe,1)2 (4)

where the matrix element CWTc represents the CWT-based index of changes associated
with the time histories of each pair of the sensors. CWTe,1 represents the CWT coefficient
based on the initial signal, (baseline) and CWTe,j represents the CWT coefficient based on
the measured signal with time histories. The bump wavelet is used as a mother wavelet in
this study [46,47].
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4. Experimental Setup and Results
4.1. Benchmark RC Structure

The four-point bending test on the beam was performed to detect cracks using embed-
ded ultrasonic sensors. To perform this bending test, a loading procedure was setup at the
beginning on 1 kN/min until 108 kN, and then, it changed to 5 kN/min. The number of
loading steps is equivalent to the number of ultrasonic measurements (see Figure 5a). One
can see that the first crack was initiated at around 40 kN, which can be verified through
DIC deflection measurements in the middle of the beam (see Figure 5a,b).

(a)

(b)

Figure 5. Deflection (DIC) at different load levels and final stage of the beam. (a) Deflection (LVDT)
vs. load; (b) Strain images at different load levels and final stage of the beam.

During the bending test, each pair of embedded sensors recorded seven signals per
minute. The acquired first raw signal from the top and bottom pairs of the sensors can be
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seen in Figure 6. One can notice that the bottom pair of sensors recorded samples earlier
than the top one (Figure 6a,b), which was expected due to the various distances between
these sensor pairs.

(a)

(b)

Figure 6. Raw signals from the top and bottom pair of sensors. (a) Raw signal acquired from the
bottom pair of sensors (S02R03); (b) Raw signal acquired from the top pair of sensors (S01R04).

Since acquisition of meaningful information from the raw signals is difficult in this
case, the signal-processing techniques (features) described in Section 3 were applied to
the raw signals. The features Dcc and CWTc were computed from all the acquired signals
collected during the loading procedure. Figure 7 shows that the initiating cracks were
detectable using both the features and both sensors pairs. It is important to mention
that the previous experimental studies showed linear phase changes under different load
variations [35–37,40]. Therefore, the nonlinear phase (unusual behavior) can be considered
as an indicator of cracks initiation.
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(a)

(b)

Figure 7. Features computed from the top and bottom pairs of measurements. (a) Dcc and CWT
coefficients for the bottom pair of signals (S02R03); (b) Dcc and CWT coefficients for the top pair of
signals (S01R04).
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From Figure 7a, it can be observed that cross-correlation and CWT coefficients index
initially increased, which was originated by the bending of the benchmark structure under
increasing load, as it affects the ultrasonic wave path. Moreover, the initial fluctuations in
the index (around the 100th measurement) seen during initial phase of the loading were
probably caused by the manually controlled loading procedure. The first small nonlinearity
can be observed in all the coefficients indices at 35 kN for the bottom sensors pair, which
indicates the initiation of the first crack. The first significant changes in the coefficient
indices can be seen at 40 kN. This result can be verified from Figure 5. The changes for
both coefficients (Dcc and CWT) in the bottom pairs were similar with the top pair of the
sensors (S01R04). However, in this pair, first, a small nonlinearity can be seen around
36 kN, and significant changes occurred after 42 kN, which was obvious as the sensors
were located in the top region of the beam. The trend of changes in the coefficients for
both pairs of sensors followed simultaneously, which also confirmed their sensitivity to
detecting cracks initiation, propagation, and failure phase. One should remember that
the trend of changes is qualitatively a little different due to the nature of each algorithm.
However, all the coefficients showed the nature of changes due to loading, initiation of
cracks, and propagation of cracks. These results can be confirmed by other techniques used
during this testing (as shown in Figure 5). It was interesting to note that the distance of
the sensors and applied signal processing have no other influence in the detectability. This
confirms that for a 2 m distance between the ultrasonic sensors, the damage detection is
still possible. However, the results of this test are not biased by environmental effect. This
was the reason why the further tests were performed on the reference real structure, which
is the subject of the next section.

4.2. Reference Real RC Structure

The quasi-static load was applied in the BLEIB structure to detect changes/cracks
in this RC structure using embedded ultrasonic sensors. A 39.85 kN load was placed on
different positions of the BLEIB structure, and the time and positions were noted down in
the paper during the experiment. All the steps and time intervals can be found in Figure 8.
The displacement values measured by digital image correlation can be found in Figure 8b.

During this experiment, the ultrasonic measurements were done for all the combina-
tions simultaneously. The signal from each sensors pair was acquired for each minute of
measurements. As one can see from Figure 3b, the highest distance between the pair of
sensors (located in different cross-sections) was 5 m, and the lowest was 1 m. Therefore,
four pairs of sensors (S10R12, S09R11, S11R13, and S12R14) were chosen for this study.
The reason behind choosing those pairs of sensors was the location of the cracks (see
Figure 3a). The acquired signals from two pairs of sensors (S10R12 and S12R14) located in
cross-sections C, D, and E are shown in Figure 9. It can be observed from Figure 9b that
the amplitude of signal from the S10R12 pair was noticeably smaller with respect to other
pairs. It was difficult to distinguish useful information from the signal with such a noise
level that creates difficulties in the analysis part.
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(a)

(b)

Figure 8. Quasi-static load position and displacement values are shown. (a) Quasi-static load position
and time in the BLEIB structure; (b) Displacement value measured by DIC.

(a)

Figure 9. Cont.
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(b)

Figure 9. Raw signals acquired from the two pairs of sensors are shown. (a) Raw signal acquired
from the sensor pair S12R14 (distance between sensors was of 1 m); (b) Raw signal acquired from the
sensor pair S10R12 (distance between sensors was of 5.5 m).

Figure 10 shows that both coefficients indices (features) detect loading steps from the
sensor pair S12R14, where the distance between both pairs was 1 m. The CWT coefficient
index (see Figure 10b) detects nonlinearity when the load started to move from the edge
(25 m) of the structure, and the coefficient index suddenly drops by 70% when the load
comes to the 7th step (19 m in the structure), where the cracks are located (see Figure 3a).
This confirms that the CWT coefficient dropped due to the crack opening. The CWT
coefficient index became low when the load moved to middle of the beam (13 m), and
again, it increases a little bit when the load comes to the cross-section A, B.

However, the sensor pair located in cross-section C and D (S10R12) showed differences
in both features (described in Section 3). It is difficult to find the loading steps from the
correlation coefficient index feature (see Figure 11a). It was obvious, since the sensor pairs
were located too far from each other. Therefore, the arrival signal becomes weaker while
traveling long distances. Nevertheless, the CWT coefficient index can follow the loading
steps. Figure 11b shows the value of the CWT coefficient index, where one can follow the
coefficient index changes due to the load moving in different steps. In addition, when load
was on the top of the cross-section D and E (19 to 17 m, respectively, in the BLEIB), where
the cracks were located, the coefficient index droped 35% due to crack openings in the
structure. The coefficient index was higher when the load moved toward the sensor number
10 (S10 was the transmitter in that pair). The CWT coefficient index started to decrease
when the load moved to the middle of the beam and forwarding toward cross-section A, B.
Therefore, it is important to mention that CWT was successful in extracting meaningful
features in that case (when the sensors in the sensor pair are too far from each other and
there is a low signal amplitude) due to the time-frequency analysis of the signal, and the
CWT also suppresses noises from the signal (as wavelet transform was performed as a
filter also).
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(a)

(b)

Figure 10. Coefficient indices from the sensor pair S12R14. (a) Values of cross-correlation coefficient
(Dcc) index from the sensor pair S12R14; (b) Values of CWT coefficient index from the sensor
pair S12R14.

(a)

Figure 11. Cont.
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(b)

Figure 11. Coefficient indices from the sensor pair S10R12. (a) Values of cross-correlation coefficient
(Dcc) index from the sensor pair S10R12; (b) Values of CWT coefficient index from the sensor
pair S10R12.

4.3. Results from Real Bridge

During the load test on the Gliwice bridge, one 382.66 kN truck was used as a load
during the field test. The 5-axial truck was used to pass the bridge slowly (10 km/h)
and wait three times at the southeast end of the bridge near the zone of placement of the
ultrasonic sensors (see Figure 4). During the load test in the Gliwice bridge, the traffic was
opened, which can verify the sensitivity of the embedded ultrasonic sensors. The main aim
was to detect the main truck load without stopping the other traffic. However, the load test
was chosen during the night to reduce the influence of the daily traffic. This truck (used as a
load) waited for 8 min in the first round and 15 min in the second round near the ultrasonic
sensors number 02, 01. During the examination, the position of the truck was marked
according to the zone with ultrasonic sensors. The ultrasonic measurement instruments
were placed, and ultrasonic signals were acquired. The raw signals from sensor pairs
S01R02 and S02R08 are presented in Figure 12. The reason behind choosing both pairs of
sensors was their location in the structure. The distances between sensor pairs S01R02 and
S02R08 were 1.17 m, and 2.2 m, respectively. The amplitude of the signal (see Figure 12b)
acquired from the sensor pair S02R08 was very low due to the distance between the sensors
within this pair (2.2 m).
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(a)

(b)

Figure 12. Raw signal acquired from the bridge in Gliwice. (a) Raw signal acquired from the sensors
pair S01R02 in the Gliwice bridge; (b) Raw signal acquired from the sensors pair S02R08 in the
Gliwice bridge.

The signal-processing method described in the previous section was applied to the
raw signals. As the ultrasonic signals were acquired from the real bridge, the traffic
and environmental effect were present in the signal. It is important to mention again
that the sensors were embedded inside the structure, so the effect of temperature is less
observable compared to the surface placement of the sensors. To remove the small period
of temperature or the traffic-induced distortions during our experiment, each mean is
calculated over a sliding window over the features. It was possible due to the fact that the
effects of traffic occur at frequencies much higher than temperature variations. Figure 13
shows the value for both coefficient indices extracted from acquired signals (sensors pair
S01R02). It can be observed that the coefficient value was small and stable during when
the truck waited at the location of sensors number 01, 02 (for both rounds at 01:07 to 01:16
and 01:28 to 01:46). This result can be verified from other measurements used during this
test (which can be found in [36]). The obtained results indicated that the CWT coefficient is
more sensitive to detect the load.
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(a)

(b)

Figure 13. Values of both coefficient indices. (a) Cross-correlation coefficient index from the sensor
pair S01R02 in the Gliwice bridge; (b) CWT coefficient index from the sensor pair S01R02 in the
Gliwice bridge.

However, the coefficients extracted from the sensors pair S02R08 are different, which
is similar to the previous result shown in Section 4.2. It is difficult to detect load from the
correlation coefficient index (see Figure 14a); also, the value is too high, and it means that the
extracted feature comes mainly from noise (too much phase and amplitude changes from
baseline to measured signals). On the other hand, the CWT coefficient index (Figure 14b)
detected the truck load when it waited for 8 min (first round). During the second round,
the CWT coefficient change was small due to the truck position on the bridge (waited at
the top of the sensor number 01).
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(a)

(b)

Figure 14. Values of both coefficient indices from the sensor pair S02R08. (a) Cross-correlation
coefficient index from the sensors pair S02R08 in the Gliwice bridge; (b) CWT coefficient index from
sensors pair S02R08 in the Gliwice bridge.

Both coefficients are negligible, which indicates the good condition of the bridge.

5. Conclusions

The primary attention of this paper was paid to using embedded ultrasonic sensors
in different structures. The study shows that the extracted features obtained using signal-
processing algorithms allowed detecting the changes/cracks/damage in RC structures with
similar effectiveness as some other NDT methods used in this study. The proposed signal
processing was applied to the raw signals acquired from different structures considered in
this study. The cracks and changes in the structures were successfully detected for all the
structures. The evaluation of sensitivity of embedded ultrasonic sensors in RC structures,
which was the main goal of this study, was successfully performed and verified in various
conditions on three RC structures of various scales. If the sensors were placed in the range
of 1.5 m, then the standard signal processing algorithm can be applied to extract features
from raw signals. When the sensors within the sensor pair are located far from each other,
then applied advanced signal processing is suitable to extract features from raw signals,
which also indicated considering advanced filtering to pre-process the signal. Finally, this
study concluded with the findings listed below:
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• The applied signal processing to extract features was verified from three different
structures.

• The proposed signal processing techniques with embedded ultrasonic sensors method-
ology is suitable for the structural health monitoring of real civil objects.

• The optimal placement of sensors in a real structure is around 1.5 m, which will ensure
the reliability of the results.
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