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Abstract: The enlargement of the cracks outside the permitted dimension is one of the main causes for
the reduction of service life of Reinforced Concrete (RC) structures. Cracks can develop due to many
causes such as dynamic or static load. When tensile stress exceeds the tensile strength of RC, cracks
appear. Traditional techniques have limitations in early stage damage detection and localisation,
especially on large-scale structures. The ultrasonic Coda Wave Interferometry (CWI) method using
diffuse waves is one of the most promising methods to detect subtle changes in heterogeneous
materials, such as concrete. In this paper, the assessment of the CWI method applied for multiple
cracks opening detection on two specimens based on four-point bending test is presented. Both beams
were monitored using a limited number of embedded Ultrasonic (US) transducers as well as other
transducers and techniques (e.g., Digital Image Correlation (DIC), LVDT sensors, strain gauges,
and Fiber Optics Sensor (FOS)). Results show that strain change and crack formation are successfully
and efficiently detected by CWI method even earlier than by the other techniques. The CWI technique
using embedded US transducers is undoubtedly a feasible, efficient, and promising method for
long-term monitoring on real infrastructure.

Keywords: coda wave interferometry; reinforced concrete; cracks; SHM; damage detection

1. Introduction

Infrastructure is the foundation for economic development of the society of a country. Along with
population growth, a rising rate of urbanization, and more communication between different regions,
the demand for more infrastructure increases (i.e., housing, bridges, highways, etc.). RC is the most
widely used material in the construction industry due to its durability, rapid construction, and low
maintenance cost. The combination gives the advantage of using two materials as a composite material
(RC); concrete has a strong compressive strength and steel has a high tensile strength. This allows
almost unlimited range of uses of RC in infrastructure [1]. Usually, reinforced concrete structures
are designed for a service life of more than 50 years. However, mechanical and environmental
factors or even excessive use accelerate the deterioration of concrete structures. When damage in the
structure reaches a certain level, the structure could collapse if necessary maintenance is not carried
out in time. Most degradation and failure mechanisms are associated with the enlargement of cracks.
Thus, evaluating the health condition of a structure during its service life is necessary.

Structural Health monitoring (SHM) is playing an increasing role in infrastructure management.
SHM refers to permanent monitoring using installed sensors, including processing and interpretation
in terms of structure health. The Non-Destructive Testing (NDT) technique is the highest quality
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assurance tool which allows the assessment of quality and condition of structure with out damaging
the original structure. A wide variety of NDT methods have been developed and used for decades
in the manufacturing industry and in the civil engineering domain, for example, ground penetrating
radar [2–4], laser testing method [5,6], DIC [7–9] and FOS [10,11], etc. Among these methods, many of
them can be used for long-term SHM.

The sonic method is one of the most reliable and commonly used methods among all NDT
techniques because of the direct relationship of wave velocity and the physical and mechanical
properties of the material. Acoustic Emission (AE) is an efficient passive method to detect impending
damage in concrete by analysing the wave generated by a sudden release of energy from the material
under investigation. The application of AE used in infrastructure is described in [12–14]. However,
AE signals are usually weak and strongly disturbed by the noise occurring in field applications making
the analysis of signals more complicated. The cost of AE devices is also high. The Ultrasonic Pulse
Velocity (UPV) test is the most simple and classic method used to evaluate the quality of concrete by
measuring the propagation time of waves. Higher velocity indicates better quality. The compressive
strength of the concrete can be estimated using UPV [15]. However, when the change in the medium is
relatively small, the UPV method is not sensitive enough. A new method, Coda Wave Interferomertry
(CWI), using scattered waves to detect small changes in the medium, has been developed [16].
Existing studies have shown the high sensitivity of CWI to detect temperature change [17–19], stress
variation [20,21] and damage [22,23] in small, laboratory size specimens. The CWI method has been
also applied to large-scale specimens in outdoor environments [24] and successfully implemented on
real structures [25–27]. Traditional NDT tools are normally used on the surface of the structure with
limited penetration depth. To focus more on the changes inside the structure, a new embedded US
transducer was developed [28]. Early stage single crack detection was studied by combining CWI
using the new embedded US transducers and FOS methods, see details in [29]. The more complicated
case for multiple cracks has not yet been thoroughly analysed. In this paper, studies of the occurrence
of multiple cracks in RC specimens during four-point bending tests monitored by a combination of
CWI, FOS, DIC as well as other classic sensors are presented.

The paper is organised starting with the theory of the CWI method presented in Section 2.
Experimental investigations, including the transducer location, data acquisition system, and specimen
parameters, are described in detail in Section 3. Section 4 introduces the crack positions, deflection
of two beams, crack opening moment detected by FOS and DIC and the result of the CWI method.
A comparison of all the sensors and techniques is discussed in Section 5. The paper is concluded in
Section 6.

2. Coda Wave Interferometry (CWI) Technique

Traditionally, sonic methods or vibration measurements for Structural Health Monitoring (SHM)
are performed below 20 kHz; the wavelength is larger than or of the order of the macroscopic size
of the structure [30]. Thus, it has a limitation in detecting the microscopic features and many typical
defects. However, when the working frequency range exceeds 50 kHz, the wavelength is in the order
of the size of the aggregates, and waves interact strongly with the heterogeneities and propagate along
the multiple scattering trajectories, which are longer and much more complicated than the direct wave
or simple reflected ones. Coda wave is an accumulation of all scattered, diffuse waves which are highly
repeatable. Subtle changes in the medium are amplified by repeated sampling [17]. Therefore, the coda
wave has a higher sensitivity to weak perturbations in the medium. The scientific fundamental of the
CWI method is to extract information from two US signals recorded in different states as shown in
Figure 1. It is easy to see that the first arrivals of two signals are almost identical; however, a slight
waveform variation and time-domain perturbation are observed in the coda wave part (later arrivals).
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Figure 1. Signals recorded before and after small perturbations in the medium.

The features extracted by the CWI method are relative velocity change (dV/V) and correlation
coefficient (CC). In this method, the velocity change is considered to be dilation or compression in
time by a factor αbest. The most promising method to calculate αbest is the stretching method [31]. First,
a reference signal uu(t) is chosen at an initial state, and then stretched by different factors α in a range
[αmin, αmax] with a resolution of 10−5 or even 10−6. CC between the signal recorded in a new state up(t)
and all the stretched reference signals uu(t(1 + α)) will then be calculated. The α which maximizes the
CC is chosen as the velocity change.

CC(α) =

∫ t+T
t−T uu(t

′
(1 + α))up(t

′
)dt

′√∫ t+T
t−T u2

u(t
′(1 ++α))dt′

∫ t+T
t−T u2

p(t
′)dt′

(1)

Regularly, the standard CWI method chooses a fixed reference to calculate the CWI properties.
Nonetheless, when the changes in the medium reach a certain level, the waveform and/or the time-shift
of the US signal in the new state could change substantially. Even though CC can still be useful as it
presents the similarity of two signals, the dV/V is not meaningful anymore. In this case, step-wise
CWI or auto reference CWI procedures, which changes the reference signal according to different
situations, are proposed [32]. In the step-wise CWI method, a moving reference is used; CC and dV/V
are calculated by the current signal and its previous signal. The step-wise dV/V could be accumulated
to provide an overall change compared to the first reference signal. However step-wise CC cannot be
multiplied as it is non-unique [32]. Damage such as crack openings might cause a velocity variation
of more than 1% [27]. In this paper, when the absolute value of dV/V exceeds the threshold of 1%,
the reference signal will be switched to the current US signal automatically; this is the so-called ‘auto
reference’ CWI. This method limits the dV/V variation range to [–1, 1] which gives us a clearer view of
velocity change when it is relatively small. The algorithms of these methods are shown in Figure 2.



Sensors 2020, 20, 1986 4 of 17

Figure 2. Algorithm of three CWI methods.

3. Experimental Investigation

3.1. Transducer and Data Acquisition System

The ultrasonic sensor used in these experiments is ‘SO807’ which is a hollow piezoceramic US
transducer designed by Acoustic Control Systems, Ltd. exclusively for BAM. It can be easily installed
in the structure during the construction before casting [26,29]. Moreover, a special installation method
is developed allowing its installation on existing structures [25,28]. As the transducer is installed inside
the structure, the interior of the structure is better monitored and the influence of near-surface changes
is reduced. SO807 can be used as both transmitter and receiver. Figure 3a shows the dimension of
SO807 transducer. Two SO807 transducers were placed 40 cm away from each other in parallel in
water. A short pulse of 60 kHz excited one transducer and the first arrival received by the other
one is shown in Figure 3b. According to the amplitude spectrum, the central frequency peak is
around 58 kHz, which leads to the interaction between waves and heterogeneities.

(a) (b)

Figure 3. (a) Dimension of transducer SO807. (b) Response of transducer SO807 recorded in water
(top) and the corresponding amplitude spectrum (bottom).

The data acquisition system (Figure 4) allows continuous monitoring with a maximum of twenty
US transducers with a sampling frequency of 1 MHz. If necessary, the temperature can be also recorded
for long-term monitoring. As the experiments described in this paper were performed in a laboratory
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environment, the influence of temperature was negligible. Transducer transmitter-receiver pairs can be
controlled and configured easily in the control program. All the US data could be synchronised to the
specified FTP server automatically, which allows remote measurement. The whole system includes:

• Amplifier to amplify the input signal of transmitter
• Pre-amplifier with analog filter to improve the signal recorded by receiver
• Digital-analog data acquisition module to convert signal
• Multiplexer with 20 channels to switch between different combinations of transducers
• PC with control software and data storage

(a)

PC

NI

DAQ

Amplifier

Pre-Amplifier

USB

Digital-Analog

converter

Transmitter

Receiver

S1

E1

S20

E20

Multiplexer

Keithley~2701

Sensor 1

Sensor 20

Ethernet

(b)

Figure 4. (a) Data acquisition devices (b) Diagram of the data acquisition system.

3.2. Experimental Setup

3.2.1. Test Specimen Design

Two similar RC specimens were designed to perform four-point bending tests at BAM and
NEOSTRAIN. The dimension of the beams is 290 cm × 20 cm × 40 cm (length × width × height).
The beam at BAM (Figure 5a and 6) was reinforced with two φ 6 rebars in the compression zone and
two φ 14 rebars in the tension zone, attached by six φ 6 stirrups with a spacing of 30 cm. The beam
at NEOSTRAIN (Figure 5b and 7) was reinforced with three φ 10 rebars in the tension zone and two
φ 10 rebars in the compression zone, attached by thirteen φ 6 stirrups.

(a)

(b)

Figure 5. Front view of the beams and contract points position (a) At BAM and (b) at NEOSTRAIN.

Multiple sensoring techniques are applied in the two bending test. The details of the techniques
are listed in Table 1.
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Table 1. Techniques and sensors used in two tests.

Technique BAM NEOSTRAIN

US transducer 6 SO807 4 SO807

Strain gauge 0 2 vibrating wire strain gauges
2 rebar stress meters

LVDT 4 1

Fiber optic sensor 9 fibers 0

DIC 80 cm × 40 cm 290 cm × 40 cm

A limited number of US transducers was attached on the stirrups and installed inside both beams
before casting. Two vibrating wire strain gauges and two rebar stress meters were installed in the beam
at NEOSTRAIN to measure the strain variation in the beam and the rebar. As the quantity and position
of all the cracks were not predictable, only four LVDT sensors were glued on the back surface of the
beam at BAM to measure the Crack Opening Displacement (COD) for a few cracks on the surface and
to double verify the FOS measurement. Strain changes and crack width inside the beam were also
measured by FOS. Although FOS technique was not applied at NEOSTRAIN, DIC technique which
covered the whole beam still provided a roughly COD and propagation map. Position and spacing
between all the transducers are shown in Figures 6 and 7.

Figure 6. Dimensions of the beam, rebars distribution and sensors positions at BAM.

Figure 7. Dimensions of the beam, rebars distribution, and sensors positions at NEOSTRAIN.
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3.2.2. Loading Procedure

A step-wise loading procedure was performed for the test at BAM due to the low measurement
frequency of the interrogator of FOS technique. In total, 64 load steps were performed. The load
increased 5 kN/min and remained stable for one minute until 20 kN. For the following steps, the load
increases 1 kN/min and remained stable for one more minute until reaching 80 kN as shown in
Figure 8a. The loading procedure of the test at NEOSTRAIN was performed continuously with
a increasing rate of 1 kN/min. Since the loading procedure at NEOSTRAIN was controlled manually,
the load increased unexpectedly from 18 kN to 19.4 kN due to a mistake of the operator (Figure 8b).

(a) (b)

Figure 8. Loading steps of four points bending test at (a) BAM and at (b) NEOSTRAIN.

4. Results

4.1. Crack Position

At the end of the test, fourteen cracks appeared at the beam at BAM and eight cracks occurred in
the beam at NEOSTRAIN. The locations of the cracks are presented in Figure 9. Cracks were mainly
distributed between the two bottom US transducers. No crack was located in between the direct path
of top level US transducers.

(a)

(b)

Figure 9. Cracks map of beam at (a) BAM and at (b) NEOSTRAIN.

4.2. Deflection

The deflections of two beams during the four-point bending test are shown in Figure 10.
Load-deflection curves for both beams lost their linearity at around 42 kN; the beams went into the
plastic phase from the elastic phase, meaning that single or multiple cracks appeared. As mentioned
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in the previous section, the loading procedure at NEOSTRAIN was controlled manually; there was
a small load fluctuation during the whole test.

(a) (b)

Figure 10. Load-deflection curve for bending test at (a) BAM and at (b) NEOSTRAIN.

4.3. Displacement and Strain

The stress-strain relationship can distinguish between different stages of the crack opening: the
uncracked stage, the crack formation stage and the stabilised cracking phase [33]. Figure 11 shows the
three different stages of crack number 5 in the beam at BAM measured by fiber line 7 on the bottom in
the front. The measured area remained uncracked until 45 kN, then the crack started to form and went
into the stabilised cracking phase at 56 kN.

Figure 11. Force-strain curve of crack 5 measured by fiber line 7B.

Figure 12a shows the COD of crack number 4, 7 and 10 measured by four LVDT sensors.
The results are in accordance with the FOS measurement. A comparison of FOS technique, DIC,
and LVDT in this experiment is presented in [34]. As fibers covered the whole beam and successfully
detected all of the fourteen cracks in this experiment, the loads corresponding to the different stages of
the crack opening are only determined by the force-strain curves measured by FOS (Figure 13a). Strain
variations inside the beam and rebar at NEOSTRAIN are shown in Figure 12b. The top rebar was
always under compression. The slope of two strain gauges started to change around 40 kN. The stress
in the bottom rebar increased slowly until 32 kN and then increased linearly and rapidly after 35 kN.
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(a) (b)

Figure 12. (a) Displacements measured by LVDT sensors at BAM. (b) Strain variation inside concrete
and rebars measured by strain gauges and rebar stress meters at NEOSTRAIN.

Figure 13a shows the strain variation for all the crack positions measured by FOS during the
bending test at BAM. Assuming that the strain variations are caused by the deformation discontinuity,
COD could then be estimated [34]. This paper focuses only on the detection of the load level when
cracks enter different phases, thus the calculation of COD is not necessary and not presented. The FOS
technique was not implemented for the test at NEOSTRAIN; nonetheless, the approximate CODs of
all the cracks were measured by the DIC technique, which covered the whole front surface. The DIC
technique detected the COD by analysing the deformation of the surface of the beam which is
caused by strain change [9]. Hence, different crack opening phases can also be determined by the
stress-displacement curve Figure 13b. When the deformation is relatively small, the displacement
measurement is strongly disturbed by the friction. This is the reason for the unusual negative
displacement values at the beginning of the experiment.

(a) (b)

Figure 13. (a) Strain variation at position of all cracks measured by fiber line 7B at BAM.
(b) Displacement at position of all cracks measured by DIC technique at NEOSTRAIN.

The corresponding load to the moment when cracks enter different phases are listed in Table 2
and Table 3. As one can see, crack number 7 and 10 first appeared around 38 kN in the beam at BAM.
Crack number 14 appeared the latest at 70 kN. In general, most of the cracks appeared after 42 kN
matching well with the deflection measurement. Cracks 3, 4, 5 and 13 reached ‘stabilised cracking’
phase at around 56 kN along with crack numbers 6, 7, 8, 11 and 12 at around 60 kN. DIC technique
showed that the first crack was located in the middle of the beam at NEOSTRAIN and appeared at
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around 37 kN. Almost all the cracks started to form at around 41 kN and left the formation phase at
around 68 kN.

Table 2. Moment when crack enters ‘crack formation’ phase and ‘stabilised cracking’ phase at BAM.

Phase Crack 1 Crack 2 Crack 3 Crack 4 Crack 5 Crack 6 Crack 7

Crack formation 67 kN 60 kN 40 kN 45 kN 45 kN 40 kN 38 kN
Stabilised cracking None 68 kN 56 kN 56 kN 56 kN 61 kN 61 kN

Phase Crack 8 Crack 9 Crack 10 Crack 11 Crack 12 Crack 13 Crack 14

Crack formation 48 kN 47 kN 38 kN 51 kN 51 kN 42 kN 70 kN
Stabilised cracking 60 kN 50 kN 46 kN 60 kN 60 kN 58 kN None

Table 3. Moment when crack enters ‘crack formation’ phase and ‘stabilised cracking’ phase at
NEOSTRAIN.

Phase Crack 1 Crack 2 Crack 3 Crack 4 Crack 5 Crack 6 Crack 7 Crack 8

Crack formation 41kN 40kN 41kN 37kN 41kN 53kN 41kN 41kN
Stabilised cracking 70kN 61kN 68kN 42kN 58kN 68kN 68kN 68kN

4.4. CWI Technique

As an example, signals measured by transducer combinations S01E02 and S01E04 (SxxEyy:
transmitter xx and receiver yy during the initial stage of the beam at NEOSTRAIN are plotted in
Figure 14. The signals need to be pre-processed to filter the noise and to remove offset and cross-talk
(more details can be found in [32]). As the distance between transducer number 1 and 4 is longer than
that of transducer number 1 and 2, the signal received by transducer combination S01E04 has a longer
time of flight and lower amplitude due to the attenuation of US wave in concrete.

Figure 14. Correlation coefficient and relative velocity change of all the transducers combinations in
test at BAM.

4.4.1. Test at BAM

CC and dV/V of all the transducer combinations calculated by all the different CWI methods are
presented in Figure 15 (standard CWI), Figure 16 (auto reference CWI), and Figure 17 (Step-wise CWI).
Reference signals of all transducer combinations were recorded at the initial state of the beam before
the start of the loading procedure. CC and dV/V were then calculated by normal CWI procedure. For
the auto reference CWI, when the absolute value of dV/V exceed 1%, the damage in the structure
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reached a certain level. It is difficult to compare the following signals with the original reference signal.
Thus, the current signal was chosen as a new reference signal until dV/V reached 1% again.

Figure 15. Correlation coefficient and relative velocity change of all the transducers combinations in
test at BAM calculated by standard CWI.

Figure 16. Correlation coefficient and relative velocity change of all the transducers combinations in
test at BAM calculated by auto reference CWI.

Unusual behaviors of transducer 04 were detected. The CC and dV/V of all the transducer
combinations related to transducer 04 varied too much compared to other combinations which were
located in the symmetrical positions of the beam. Signals recorded by S02E04 and S03E04 before
the start of load test showed that the performance of transducer 04 was not so stable. However,
the CC and dV/V related to transducer number 4 calculated by step-wise CWI are still helpful.
Before the first cracks appeared, all the transducer combinations successfully detected the different
loading steps, especially by step-wise CWI method. The CC and dV/V of transducer combination
S02E05 lost their linearity (Figures 15 and 16) at around 37 kN which indicates one or more very early
stage crack(s) opening. This change was also detected by almost all the transducer combinations
by step-wise CWI method (Figure 17), while by standard and auto reference methods, transducer
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combination S01E02 detected this change at 39 kN, as the crack is not in between its direct path area.
The combinations of transducers S01E03 and S05E06 were located in the left and right corner on the
top of the beam where there was no crack occurrence during the whole experiment. Nevertheless,
they still detected the first crack(s) opening at 39 kN. This is very close to the moment when the
first cracks started to form. Transducer combination S03E04 detected the first cracks at 38 kN. When
the dV/V of transducer combination S03E04 reached –1% at 44 kN, a new reference was chosen
automatically; furthermore, the continuous load was detected again. At 66 kN, CC measured by
transducer combination S01E03 decreased rapidly. Using the step-wise CWI method, a significant
change was detected at 47 kN (Figure 17) by all the combinations between transducer 02, 03, 04 and 05
which were located in the main stress change part of the beam; this indicated a higher level of damage
in the beam. A second significant change was detected at 50 kN by all the transducer combinations
related to transducer 02, which means the damage was close to transducer 02. According to the
accumulated CWI, CC, and dV/V of transducer combinations S01E03 and S02E05 varied the least as
they were not located in the damage area.

Figure 17. Correlation coefficient and relative velocity change of all the transducers combinations in
test at BAM calculated by step-wise and accumulate CWI.

4.4.2. Test at NEOSTRAIN

As shown in Figures 18–20, small variations in CC and dV/V were observed at 18 kN which
corresponded to the misoperation mentioned in the ‘loading procedure’ section. Both features of
all transducer combinations then decreased smoothly. CC and dV/V of transducer combination
S02E03 decreased with a higher rate at 32 kN. A small change was detected by transducer
combinations S01E03, S02E03, and S03E04 at 36 kN by step-wise CWI method. A second
strong change can be seen in the CC and dV/V of transducer combinations S01E02, S02E04,
and S02E03 at 38 kN. CC and dV/V of all transducer combinations related to transducer
number 3 (S01E03, S02E03, and S03E04) started to change irregularly from 40.5 kN, meaning that
the multiple cracks occurred near transducer number 3. This is close to the moment when the beam
entered plastic phase. CC and dV/V measured by the top level transducer combination S01E03 had
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their first sudden change at 54 kN. This means either cracks affected the direct path between them or
the global damage in the beam reached a certain level.

Figure 18. Correlation coefficient and relative velocity change of all the transducers combinations in
test at NEOSTRAIN calculated by standard CWI.

Figure 19. Correlation coefficient and relative velocity change of all the transducers combinations in
test at NEOSTRAIN calculated by auto reference CWI.
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Figure 20. Correlation coefficient and relative velocity change of all the transducers combinations in
test at NEOSTRAIN calculated by step-wise and accumulate CWI.

5. Discussion

According to the results of both experiments, the CWI method shows a high sensitivity to stress
change in the structure. In the uncracked phase, when the tensile stress increases, relative velocity
decreases linearly. When cracks started to form, the linearity was broken.

5.1. Test at BAM

In a real case, the exact locations of cracks are normally unpredictable, thus LDVT sensors were
used only as an auxiliary tool. The DIC technique is easy to implement; however, to compare with FOS,
the measuring range and accuracy are relatively low. The LVDT and DIC results proved the reliability
of the FOS measurement. The crack opening and location are determined by FOS technique. The first
crack(s) opening was detected at 37 kN by transducer combination S02E05 and at 38 kN by transducer
combination S03E04, the paths of which covered the main middle part of the beam. FOS detected
two crack openings (crack number 7 and 10) at 38 kN. CWI method detected the cracks earlier than
all other techniques; however, it has difficulties to quantify them precisely. FOS detected formation
of crack number 3 at 40 kN which leads to the significant decrease of CC and dV/V measured by
transducer combination S01E02 at 39 kN as crack number 3 was located very close to transducer
number 2. Transducer combinations S01E03 and S05E06 detected these cracks at 39 kN during their
‘crack formation’ phase. It is notable that these cracks were not close to any of these transducers
and they were not even located in between the direct path area of these transducers. The dV/V
measured by transducer S03E04 reached −1% at 44 kN; the authors assume that the damage in the
beam exceeded a certain level. The CC of transducer combination S01E03 decreased rapidly at 66 kN,
which is caused by the appearance of crack number 2.

5.2. Test at NEOSTRAIN

The FOS technique was not used in this experiment. Nonetheless, the DIC technique provided
a rough COD measurement and clear cracks map. CC and dV/V of all transducer combinations varied
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suddenly at 18 kN due to a misoperation during the load procedure. This proves again the high
sensitivity of CWI method to stress variation. A change was detected by CC and dV/V of transducer
combination S02E03 at 32 kN, which is the moment when stress in the bottom rebar lost its linearity.
The authors assume it as a sign before the first crack appeared. According to the COD measured by DIC,
the first crack (crack 4) appeared at 37 kN and was located in the middle of the beam. All the transducer
combinations related to transducer number 2 detected a change in dV/V and CC, which indicates the
creation of crack number 2. According to DIC, all the other cracks beside crack number 6 started to form
at around 41 kN. CC and dV/V measured by transducer combinations S01E03, S02E03, and S03E04
started to fluctuate at 40.5 kN because of crack number 7 and 8, which surrounded transducer
number 3. During the ‘crack formation’ phase, crack number 2, 4, 7, and 8 had bigger COD than the
others (Figure 13).

6. Conclusions and Remarks

In this study, three CWI algorithms show their feasibility and reliability. Each of them has both
advantages and disadvantages. The standard CWI method requires the shortest processing time as
it stretched only once the first reference signal. It shows the continuous variation compared to the
initial state. However, when cracks appear and the damage in the structure reaches a certain level,
it is hard to extract information from both CC and dV/V. Thus, the auto reference CWI method is
proposed when the velocity change reached a threshold and a new reference is chosen. This method
reduces the dV/V variation range and provides a clearer view. The step-wise CWI method needs
a heavier processing procedure as the reference changes all the time; therefore, all the signals need to
be stretched. To accelerate the calculation, a lower resolution could be chosen to calculate dV/V as the
change between two adjacent signals are not that big. Nonetheless, step-wise CWI shows the clearest
and most precise local variation. The dV/V could be accumulated to observe the global variation,
relative to the beginning of experiment. The unusual sudden changes observed by standard or auto
reference CWI are successfully eliminated. This is the so-called accumulated CWI.

The CWI method shows a very high sensitivity to detect stress changes in the specimens.
The increasing bending tensile stress leads to a decrease in relative velocity change. Its capability to
detect early stage damage in reinforced concrete is also proven. CWI detects cracks earlier than all the
other standard traditional sensors, even though the cracks are not in the direct path area between two
transducers. This shows the independence of CWI technique from the location of the structural flaw.
Although CWI technique could not detect the quantity and location of all the cracks as precisely as FOS
and DIC do, an approximate location and damage level of crack(s) can be still inferred in a very early
stage. Moreover, as compared with FOS technique, the cost of data acquisition system is significantly
lower and the embedded US transducers have higher damage resistance than FOS. The two specimens
were monitored by limited numbers of US transducers continuously during the whole bending test.
In practical applications, the authors suggest that the use of only two US transducers is enough to
monitor a three-meter beam. Due to the easy installation of SO807 transducer and the small size of the
US data, which allows remote monitoring, CWI method combined with embedded US transducers
will definitely have a bright future for long-term monitoring in SHM.
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Abbreviations

The following abbreviations are used in this manuscript:

BAM Bundesanstalt für Materialforschung und-prüfung
RC reinforced concrete
SHM Structural Health Monitoring
NDT Non-Destructive Testing
CWI Coda Wave Interferometry
FOS Fiber Optics Sensor
AE Acoustic Emission
UPV Ultra Pulse Velocity
CC Correlation Coefficient
US Ultrasonic
DIC Digital Image Correlation
LVDT Linear Variable Differential Transformer
COD Crack Opening Displacement

References

1. Darwin, D.; Dolan, C.W.; Nilson, A.H. Design of concrete structures; McGraw-Hill Education: New York, NY,
USA, 2016.

2. Saarenketo, T.; Scullion, T. Road evaluation with ground penetrating radar. J. Appl. Geophys. 2000,
43, 119–138. [CrossRef]

3. Lai, W.; Kind, T.; Wiggenhauser, H. Detection of accelerated reinforcement corrosion in concrete by ground
penetrating radar. In Proceedings of the XIII Internarional Conference on Ground Penetrating Radar, Lecce,
Italy, 21–25 June 2010; pp. 1–5.

4. Hong, S.X.; Lai, W.; Helmerich, R. Monitoring accelerated corrosion in chloride contaminated concrete
with ground penetrating radar. In Proceedings of the 14th International Conference on Ground Penetrating
Radar (GPR), Shanghai, China, 4–8 June 2012; pp. 561–566.

5. Akamatsu, R.; Sugimoto, T.; Utagawa, N.; Katakura, K. Proposal of non contact inspection method for
concrete structures using high-power directional sound source and scanning laser doppler vibrometer.
Jpn. J. Appl. Phys. 2013, 52, 07HC12. [CrossRef]

6. Giri, P.; Kharkovsky, S. Detection of surface crack in concrete using measurement technique with laser
displacement sensor. IEEE Trans. Instrum. Meas. 2016, 65, 1951–1953. [CrossRef]

7. Destrebecq, J.F.; Toussaint, E.; Ferrier, E. Analysis of cracks and deformations in a full scale reinforced
concrete beam using a digital image correlation technique. Exp. Mech. 2011, 51, 879–890. [CrossRef]

8. Gencturk, B.; Hossain, K.; Kapadia, A.; Labib, E.; Mo, Y.L. Use of digital image correlation technique in
full-scale testing of prestressed concrete structures. Measurement 2014, 47, 505–515. [CrossRef]

9. Chakraborty, J.; Katunin, A.; Klikowicz, P.; Salamak, M. Early crack detection of reinforced concrete
structure using embedded sensors. Sensors 2019, 19, 3879. [CrossRef]

10. Henault, J.M.; Quiertant, M.; Delepine-Lesoille, S.; Salin, J.; Moreau, G.; Taillade, F.; Benzarti, K.
Quantitative strain measurement and crack detection in RC structures using a truly distributed fiber
optic sensing system. Constr. Build Mater. 2012, 37, 916–923. [CrossRef]

11. Villalba, S.; Casas, J.R. Application of optical fiber distributed sensing to health monitoring of concrete
structures. Mech. Syst. Signal Process 2013, 39, 441–451. [CrossRef]

12. Nair, A.; Cai, C. Acoustic emission monitoring of bridges: Review and case studies. Eng. Struct. 2010,
32, 1704–1714. [CrossRef]

13. Han, Q.; Xu, J.; Carpinteri, A.; Lacidogna, G. Localization of acoustic emission sources in structural health
monitoring of masonry bridge. Struct. Control Health Monit. 2015, 22, 314–329. [CrossRef]

14. Gómez Muñoz, C.; García Márquez, F. A new fault location approach for acoustic emission techniques in
wind turbines. Energies 2016, 9, 40. [CrossRef]

15. Bogas, J.A.; Gomes, M.G.; Gomes, A. Compressive strength evaluation of structural lightweight concrete
by non-destructive ultrasonic pulse velocity method. Ultrasonics 2013, 53, 962–972. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0926-9851(99)00052-X
http://dx.doi.org/10.7567/JJAP.52.07HC12
http://dx.doi.org/10.1109/TIM.2016.2541358
http://dx.doi.org/10.1007/s11340-010-9384-9
http://dx.doi.org/10.1016/j.measurement.2013.09.018
http://dx.doi.org/10.3390/s19183879
http://dx.doi.org/10.1016/j.conbuildmat.2012.05.029
http://dx.doi.org/10.1016/j.ymssp.2012.01.027
http://dx.doi.org/10.1016/j.engstruct.2010.02.020
http://dx.doi.org/10.1002/stc.1675
http://dx.doi.org/10.3390/en9010040
http://dx.doi.org/10.1016/j.ultras.2012.12.012
http://www.ncbi.nlm.nih.gov/pubmed/23351273


Sensors 2020, 20, 1986 17 of 17

16. Snieder, R.; Grêt, A.; Douma, H.; Scales, J. Coda wave interferometry for estimating nonlinear behavior in
seismic velocity. Science 2002, 295, 2253–2255. [CrossRef] [PubMed]

17. Grêt, A.; Snieder, R.; Scales, J. Time-lapse monitoring of rock properties with coda wave interferometry.
J. Geophys. Res. Solid Earth 2006, 111. [CrossRef]

18. Niederleithinger, E.; Wunderlich, C. Influence of small temperature variations on the ultrasonic velocity in
concrete. AIP Conf. Proc. 2013, 1511, 390–397. [CrossRef]

19. Zhang, Y.; Abraham, O.; Tournat, V.; Le Duff, A.; Lascoup, B.; Loukili, A.; Grondin, F.; Durand, O.
Validation of a thermal bias control technique for Coda Wave Interferometry (CWI). Ultrasonics 2013,
53, 658–664. [CrossRef] [PubMed]

20. Zhang, Y.; Abraham, O.; Grondin, F.; Loukili, A.; Tournat, V.; Le Duff, A.; Lascoup, B.; Durand, O. Study of
stress-induced velocity variation in concrete under direct tensile force and monitoring of the damage level
by using thermally-compensated coda wave interferometry. Ultrasonics 2012, 52, 1038–1045. [CrossRef]

21. Niederleithinger, E.; Sens-Schönfelder, C.; Grothe, S.; Wiggenhauser, H. Coda Wave Interferometry Used
to Localize Compressional Load Effects in a Concrete Specimen. In EWSHM—7th European Workshop on
Structural Health Monitoring; IFFSTTAR, Inria, Université de Nantes: Nante, France, 2014.

22. Hilloulin, B.; Zhang, Y.; Abraham, O.; Loukili, A.; Grondin, F.; Durand, O.; Tournat, V. Small crack detection
in cementitious materials using nonlinear coda wave modulation. NDT E Int. 2014, 68, 98–104.

23. Zhang, Y.; Tournat, V.; Abraham, O.; Durand, O.; Letourneur, S.; Le Duff, A.; Lascoup, B. Nonlinear
coda wave interferometry for the global evaluation of damage levels in complex solids. Ultrasonics 2017,
73, 245–252. [CrossRef]

24. Wang, X.; Niederleithinger, E. Coda Wave Interferometry used to detect loads and cracks in a concrete
structure under field conditions. In Proceedings of the 9th European Workshop on Structural Health
Monitoring Series, Manchester, UK, 10–13 July 2018; pp. 10–13.

25. Wang, X.; Niederleithinger, E.; Lange, M.; Stolpe, H. Implementation of Ultrasonic Coda Wave
Interferometry on a Real Bridge. In Proceedings of the 12th International Workshop on Structural
Health Monitoring Series, Stanford, CA, USA, 10–12 September 2019.

26. Wang, X.; Chakraborty, J.; Klikowicz, P.; Niederleithinger, E. Monitoring a concrete bridge girder with
the coda wave interferometry method. In Proceedings of the 5th International Conference on Smart
Monitoring, Assessment and Rehabilitation of Civil Structures, Potsdam, Germany, 27–29 August 2019.

27. Stähler, S.C.; Sens-Schönfelder, C.; Niederleithinger, E. Monitoring stress changes in a concrete bridge with
coda wave interferometry. J. Acoust. Soc. Am. 2011, 129, 1945–1952. [CrossRef]

28. Niederleithinger, E.; Wolf, J.; Mielentz, F.; Wiggenhauser, H.; Pirskawetz, S. Embedded ultrasonic
transducers for active and passive concrete monitoring. Sensors 2015, 15, 9756–9772. [CrossRef] [PubMed]

29. Bassil, A.; Wang, X.; Chapeleau, X.; Niederleithinger, E.; Abraham, O.; Leduc, D. Distributed fiber optics
sensing and coda wave interferometry techniques for damage monitoring in concrete structures. Sensors
2019, 19, 356. [CrossRef] [PubMed]

30. Planès, T.; Larose, E. A review of ultrasonic Coda Wave Interferometry in concrete. Cem. Concr. Res. 2013,
53, 248–255. [CrossRef]

31. Sens-Schönfelder, C.; Wegler, U. Passive image interferometry and seasonal variations of seismic velocities
at Merapi Volcano, Indonesia. Geophys. Res. Lett. 2006, 33. [CrossRef]

32. Niederleithinger, E.; Wang, X.; Herbrand, M.; Müller, M. Processing ultrasonic data by coda wave
interferometry to monitor load tests of concrete beams. Sensors 2018, 18, 1971. [CrossRef]

33. Schlune, H.; Student, P.; Plos, M.; Gylltoft, K.; Se, K. Non-linear Finite Element Analysis for Practical
Application; NORSK BETONGFORENING: Solli, Norway, 2019; p. 82.

34. Bassil, A.; Niederleithinger, E.; Wang, X.; Chapeleau, X.; Leduc, D.; Abraham, O.; Kadoke, D.;
Breithaupt, M.; Potschke, S. Distributed Fiber Optic Sensors for Multiple Crack Monitoring in Reinforced
Concrete Structures. In Proceedings of the 12th International Workshop on Structural Health Monitoring
Series, Stanford, CA, USA, 10–12 September 2019.

c© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1126/science.1070015
http://www.ncbi.nlm.nih.gov/pubmed/11910107
http://dx.doi.org/10.1029/2004JB003354
http://dx.doi.org/10.1063/1.4789074
http://dx.doi.org/10.1016/j.ultras.2012.08.003
http://www.ncbi.nlm.nih.gov/pubmed/22963828
http://dx.doi.org/10.1016/j.ultras.2012.08.011
http://dx.doi.org/10.1016/j.ultras.2016.09.015
http://dx.doi.org/10.1121/1.3553226
http://dx.doi.org/10.3390/s150509756
http://www.ncbi.nlm.nih.gov/pubmed/25923928
http://dx.doi.org/10.3390/s19020356
http://www.ncbi.nlm.nih.gov/pubmed/30654591
http://dx.doi.org/10.1016/j.cemconres.2013.07.009
http://dx.doi.org/10.1029/2006GL027797
http://dx.doi.org/10.3390/s18061971
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Coda Wave Interferometry (CWI) Technique
	Experimental Investigation
	Transducer and Data Acquisition System
	Experimental Setup
	Test Specimen Design
	Loading Procedure


	Results
	Crack Position
	Deflection
	Displacement and Strain
	CWI Technique
	Test at BAM
	Test at NEOSTRAIN


	Discussion
	Test at BAM
	Test at NEOSTRAIN

	Conclusions and Remarks
	References

