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Abstract: It is necessary to develop effective methods for visually detecting concrete damage because
minor damage can affect the performance of concrete materials. However, the non-homogeneous
nature of concrete materials limits the application of imaging algorithms that have been widely used
in aerospace and mechanical fields; thus, obtaining high-resolution imaging maps is difficult. In
this study, feasibility research on concrete damage detection was conducted using the time reversal
focusing imaging algorithm. A new method for characterizing various concrete damage conditions
with focusing curves was proposed. ABAQUS software was utilized to establish five types of concrete
damage, and the imaging quality of the proposed method was evaluated in Python. The effect of
the relative position of the damage and the sensors was analyzed. The focusing curve was extracted
from the imaging area to further explain the image information. The numerical simulation results
show that time reversal focusing had better damage localization than the forward algorithm; time
focusing also improved the spatial focusing quality. In addition, focusing curves were used to extract
information from the main lobe and to determine the size and location of the damage.

Keywords: time reversal focusing imaging; focusing curve; spatial focusing; wave propagation (WP)

method; numerical model

1. Introduction

Concrete is an important building material that is used in both civil and military
structures, such as bridges and high-rise buildings. However, most concrete buildings
have imperfections, such as cracks, holes, and honeycomb damage, due to concrete creep
and shrinkage, the action of long-term loads, or abrupt disasters. These flaws have long
been major concerns due to safety, operation time loss and material maintenance cost
considerations. Implementing effective health diagnoses as concrete buildings age has be-
come increasingly important. Traditional nondestructive testing methods, such as infrared
thermal imaging [1], ground-penetrating radar (GPR) [2], and radiographic testing [3], have
been used to locate voids in concrete. These methods require cumbersome equipment and
experienced professionals to analyze measurements. Furthermore, these methods have
some limitations for detecting microcracks or surface cracks in concrete structures. New
high-precision, intelligent diagnosis methods need to be developed to address these issues.
Yu et al. [4] used one sensor to obtain the reflection position information of concrete cracks
and then combined the signals obtained from three sensors to obtain the crack width. Han
et al. [5] proposed an improved Otsu method integrated with edge detection and a decision
tree for crack detection. Carrasco et al. [6] proposed an automatic method to measure the
width of surface cracks based on digital image processing technology and used this method
to detect real cracks with widths as small as 0.15 mm.

In recent years, many researchers have investigated piezoelectric transducers in struc-
tural health diagnoses due to their low cost, quick response time, and wide frequency
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range [7]. Health detection technology based on piezoelectric transducers can be divided
into active detection and passive detection. Active detection includes the wave propagation
(WP) method and the impedance method [8]. In the wave-based method, ultrasonic waves
propagate through concrete, and damage is detected by analyzing the characteristics of the
received signal [9]. However, concrete damage detection based on the WP method cannot
directly characterize the location and size of the damage because only the characteristics of
the processed signal are analyzed [10]. Moreover, damage detection is limited to qualitative
detection.

Various damage imaging methods have extended WP-based qualitative detection
methods to achieve quantitative detection. Damage recognition based on an imaging
algorithm can display damage as an image to visualize its location, size, and morphological
characteristics of the damage [11]. At present, concrete imaging methods include computed
tomography (CT) imaging, the synthetic aperture focusing technique (SAFT), the delay-and-
sum (DAS) method, and time reversal imaging. Tomography has been widely used and
studied in the field of medical diagnosis. In recent years, this method has been successfully
extended to identify damage in engineering structures [12-14]. To evaluate the quality of
the connection of the bond between steel and concrete, Zieliriska et al. [15] proposed a new
theoretical model. The results indicated that ultrasonic tomography technology has great
potential for detecting debonding in reinforced concrete structures. The idea of SAFT is
derived from the offset imaging technique and synthetic aperture radar imaging technique.
Ganguli et al. [16] used SAFT to detect pore defects at different locations in reinforced
concrete media, extending the traditional approach to synthesize images of the media using
full-mode conversion of the scattered fields, resulting in a more robust sensing algorithm.
The DAS method is a simple and effective imaging method for locating structural damage.
In this technique, each pixel value in a grid is calculated by summing the time-of-flight
amplitudes of different signals, with the maximum pixel value representing the most
likely damage location. Gao et al. [17] used a circular DAS imaging algorithm to process a
scattered signal and reconstruct an image of the damage, and conducted two experiments
to demonstrate the effectiveness of the proposed method. Furthermore, the improved DAS
imaging algorithm has been implemented on a concrete slab with eight embedded tubular
piezoelectric transducers (PZTs) [18]. Alleyne et al. [19] proposed a probabilistic damage
detection reconstruction algorithm based on the DAS method. The presence of defects
changes the damage index (DI), and the DI can be used to calculate the probability of the
presence of defects at each point in the measurement region. The reconstruction algorithm
for probabilistic inspection of defects (RAPID) imaging method has been used to visualize
defects using a small number of transceiver paths [20].

Due to its low signal-to-noise ratio and frequency attenuation during the concrete
inspection process, new signal processing techniques are urgently needed to improve the
SAFT method [21]. Additionally, current concrete imaging algorithms are limited to slab
concrete and a single damage type due to the complexity of ultrasonic propagation. Zhao
et al. [22] simulated concrete without steel reinforcement and used the time reversal method
to identify two signal sources. The results showed that nondestructive evaluation based
on time reversal can be used to locate two signal sources within concrete. Time reversal,
which is used to converge and focus the wave source, has been widely used in underwater
communications and aerospace engineering. The advantages of this method include its
self-adapting spatial and temporal focusing characteristics [23]. In addition, this method
can trace complex multipath damage signals through high-order scattering media [24].
Therefore, it is well suited for inhomogeneous media such as concrete. There are several
improved time reversal algorithms, such as time reversal operator decomposition, time
reversal multiple signal classification, and virtual time reversal methods [25-27]. These
methods improve the resolution of multidamage detection. Mori et al. [28] investigated the
time reversal spatial focusing quality of lamb waves and obtained damage imaging maps
after the A0 and SO modes were excited. Although some research has been conducted on
time reversal focusing, the relationship between time focusing and spatial focusing is not
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well understood. In addition, it is worthwhile for researchers to obtain damage information
from time reversal focusing curves to supplement damage information from imaging maps.
To achieve a better focusing effect, many researchers have used array transducers near the
focus point [29]. The focusing result varies based on the sensor arrangement. The current
study focuses on a single type of damage, although the relative position of the damage and
the array sensor affects the damage imaging map.

In this study, ABAQUS software was utilized to establish five types of hole damage
and to simulate the relative position of the damage and the array sensor. Focusing curves
were innovatively utilized to characterize different types of damage image information of
concrete structures. The damage scattering signal was obtained by subtraction and reversal.
Time reversal focusing imaging was realized based on Python, and the imaging results
of the forward and reverse algorithms were compared. The focusing time was calculated
by determining the time point corresponding to the focusing index, and the effect of time
focusing on spatial focusing was analyzed based on the quality of the damage imaging. A
focusing curve was used to determine the relationship between the imaging area and the
focusing index to interpret different types of damage image information.

2. Ultrasound Time Reversal Focusing Imaging

Ultrasonic imaging is used to observe the internal structure of an object with a wave
field with an ultrasonic frequency between 20 kHz and 200 kHz. The ultrasonic wave is
excited by the excitation sensor through the concrete and received by the receiving sensor.
The propagation path will change if it encounters damage, such as cracks, honeycombs,
or wormbholes, as it propagates through the concrete. Scattering and reflection both occur,
changing the energy of the incident wave received by the receiving sensor [30], as shown
in Figure 1.
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Figure 1. The principle of ultrasonic imaging.

2.1. The Time Reversal Invariance of the Acoustic Wave Equation

When compared with traditional reconstruction algorithms, time reversal algorithms
have noniterative and super resolution capabilities; thus, they have been widely used in
mechanical aviation and biomedical imaging [31]. Time reversal consists of two steps: a
forward propagation step and a backward propagation step. Because the linearized wave
equation only includes the second derivative of the sound pressure with respect to time, as
shown in Equation (1) [32], the forward propagation sound field p(r,t) and the backward
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propagation sound field p(r, —t) radiated by the sound source are the solutions of the wave
equation, thus realizing time reversal focusing.

?p  1%p
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The general solution of the one-dimensional wave equation is:
p(x,t) = fi(x = Vpt) + fo(x + Vpt) )

Based on the relationship between the wavenumber and the wave speed, the above
formula can be simplified to:
p= flwt £ kx) )

where w is the frequency, k is the wavenumber, and V), is the wave speed.

2.2. Time Reversal Focusing Imaging

One application of the time reversal method is pulse-echo time reversal processing,
which has been widely used in nondestructive evaluation and underwater target detec-
tion. In this method, the response signal is time-reversed and retransmitted through the
time reversal mirror (TRM). Due to the time-reversed focusing characteristic, the signal
retransmitted into the medium is focused at the target, as shown in Figure 2.
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Figure 2. Pulse-echo time reversal processing.

Let x(%) represent the location of the sensor and k represent the sensor number. All
receiving sensor arrays can be expressed as:

R = {el,ez,...eN} 4)

where N represents the total number of sensors. During forward detection without damage,

a series of displacement field signals can be obtained. The ith sensor is excited, and the
signal received by the kth sensor can be expressed as elD k(). During forward detection
with damage, similar signals can be obtained, with the signal received by the kth sensor
Dam,k

expressed as e, (t). Thus, the damage scattering signal obtained by each receiving
sensor can be expressed as [17]:
SR (1) = PR (E) — PRy (1=1,2, ..., N) (5)

1
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2.2.1. Time Reversal of Damage Scattering Waves

The time reversal simulation process is carried out in an undamaged structure (geo-
metric and material properties are known) after the damage scattering signal el.SC“’k(t) is
obtained. The time reversal processing of the damage scattering signal can be expressed as:

e?s'k(t) = eisca’k (T—t) (6)

where T represents the total time. The time reversal signal is used as the excitation signal
in the time reversal imaging process. N groups of time reversal signals are transmitted at
the same time, forming a focusing function:

RS RS,i RS,2 RS,N

RS () = {ei (1), eR2(8),.. e (t)} @)

The maximum value of the focusing function is known as the focusing index
Imax (%, ) [28], which occurs at the focusing point.

ufS(t)| ®)

fax(3:4) = g,

2.2.2. Time Reversal of Direct and Scattering Waves

The total field reverse propagation is the sum of the reverse direct field and the
scattering field, with the time reversal simulation process carried out in an undamaged
structure. The time reversal signal can be expressed as:

Rk (1) = KT — ) + eP™M(T — 1) ©)

The time reverse signal is used as the excitation signal in the time reversal imaging
process, and both the direct and scattering wave signals are emitted at the same time,
forming a focusing function. Then, the focusing index Imax(x, y) is obtained.

2.3. Time Reversal Focusing Imaging Implementation Flow

After the focusing index is obtained, a focusing curve is drawn at the coordinate
position corresponding to the focusing index. The process for obtaining the imaging map
and drawing the focusing curve can be summarized as follows:

1. A Gaussian pulse is used to excite the homogeneous two-dimensional concrete model;

2. Based on the sample and the baseline sample array sensor, the response scattering
field is determined;

3. Thereference signal in the basic sample is subtracted from the damage signal to obtain
the damage scattering signal;

4. The damage scattering signal is time-reversed and retransmitted to the numerical
model;

5. The stress value of the full field is calculated, the focusing index is determined, and
the defects in the sample are visualized;

6.  The focusing curve, that is, a curve of the focusing index and coordinate value through
the x-axis and y-axis directions of the focusing index point, is drawn.

3. Simulation Setup
3.1. The Excitation Signal

Signals with an appropriate period and frequency should be selected to reduce the
frequency dispersion of waves propagating in concrete. Furthermore, the duration of the
excitation signal can be used to determine the difficulty of damage-scattered echo extraction.
The excitation area of the excitation signal directly impacts the amplitudes of the damage
response signal and the scattered signal. The windowing method is used to ensure that the
attenuation of both sides of the signal is zero after truncation, preventing jumps during
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extension and thus solving the problem of spectrum leakage. Hanning window modulation
reduces the left and right edges of the waveform to nearly zero and improves the vertical
resolution. The excitation bandwidth must be adjusted in the frequency and wavenumber
domains to generate a pure propagation mode, preferably using Gaussian or Hanning short
tone bursts [33].

In this study, a single pulse signal modulated by a Gaussian window with an excitation
frequency of 100 kHz and a duration of 0.00015 s was used to concentrate the frequency
of the signal near f. The energy was relatively concentrated, which was convenient for
detecting and collecting signals. The expression for the excitation signal is shown in
Equation (10). Figure 3 shows the time domain and frequency domain waveforms of the
excitation signal.

u(t) = Ae (110127 cos(w(t — tc)) (10)
where A =130V, f = 100 kHz, ¢ = 3+ 107%, w = 27f, and tc = 10~°.

150
n 1
__100F 0s
> o 0.
g E
% 50 5" 0.6
g = 04
0
\J V 0.2
,50 1 1 1 1 1
0 5%107° 10 1.5x107 0 5x10* 10° 1.5x10°  2x10°
Times(s) Frequency(Hz)
(a) (b)

Figure 3. The excitation signal: (a) Time-domain signal; (b) Frequency-domain signal.

3.2. The Finite Element Model

The methods for simulating the interaction between concrete defects and guided waves
include the finite element method, the finite difference method, the boundary element
method, and the spectral element method. Two integration schemes are generally used
for the finite element problem of transient wave propagation: implicit FEM and explicit
FEM (EFEM). The implicit integration method is unconditionally stable, but it takes longer
to calculate each time increment; the explicit integration method has higher requirements
for the time step, but the implicit integration method can be selected based on the specific
calculation case. However, for wave propagation problems, the EFEM method is more
widely used [34].

The numerical simulation process for time reversal focusing imaging using ABAQUS
software can be divided into three stages: the preprocessing stage, the solution calculation
stage, and the postprocessing stage. In the preprocessing stage, ABAQUS software was
used to establish a homogeneous two-dimensional concrete model. The density of concrete
was 2300 kg/ m?3, the Poisson’s ratio of concrete was 0.27, and the Young’s modulus of
concrete was 26,000 MPa. The size of the model was 820 mm x 300 mm, and the sizes of
the damages and the locations of the centers of the damages are shown in Figure 4. The
first kind of damage was expressed as D1, the radius was 10 mm, and the coordinates of the
damage center were (360, 100). The other forms of damage were represented in a similar
way.
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Figure 4. FE model of concrete with hole damage.

The size of the largest finite element must be small enough to ensure the convergence of
the calculation, and the smallest wavelength of the wave propagation can be identified [35].
Each wavelength must pass through at least 5-10 elements, and the time step must be
determined based on the explicit and implicit integration methods and the excitation

frequency [36], which satisfies (%) = ﬁ{c}, where ¢ represents the wave speed. The

propagation velocity of the longitudinal waves in this study is shown in Equation (11),
where v represents the Poisson’s ratio of concrete, and p represents the density of concrete.
Therefore, the CPS4R element, with a length of 1 mm, was chosen for this study. The wave
propagation simulation used an explicit integration scheme with a time step of 5 x 1077 s.

_ El-v)
Cp= \/p(l oA " 375840 m/s (11)

The output of the ABAQUS software included two parts: historical output data and
field output data. The field output data mainly described the wave propagation process,
while the historical output data were used to draw the transducer response curve. A linear
sensor was placed on the concrete model, with the rectangular element serving as both
the excitation point and the receiving point. The relative displacement of the polarization
cross section of piezoelectric ceramics is proportional to the voltage amplitude. When an
external stress and constraint are applied to the piezoelectric ceramic, the external stress is
proportional to the voltage amplitude. Therefore, the piezoelectric smart aggregate model
was omitted, and the corresponding point signal was used in the numerical simulation [37].
The distance between the excitation unit and the first receiving unit was 20 mm, which was
used to simulate the excitation and reception of the concrete model due to the transducer.
In total, 12 receiving units were spaced 20 mm apart, and the locations of sensor 1 were
(290, 300), as shown in Figure 4. The load direction of the excitation unit was the same as
the incident direction of the ultrasonic wave, and the change in magnitude was equal to
the amplitude of the excitation signal waveform. The displacement variables in the y-axis
direction of the receiving point were extracted as the historical output.

The time reversal focusing imaging result was related to the number of ABAQUS field
outputs. To verify the computational stability of the finite element model, different field
output numbers were used. The position of the focusing index, which was calculated by
Equation (8), was extracted and compared with the actual damage position, as shown in
Figure 5. The most accurate number of field outputs was calculated to be 500. When field
outputs of 50 and 1000 were used, the results were the same and were more accurate than
when field outputs of 300 and 800 were used. Although 500 was the most accurate field
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output number, when considering the calculation efficiency, 50 was relatively accurate.
Therefore, the number of field outputs selected in this study was 50.

600 B yoxis [ xaxis
500

400

300

location(mm)

200

100

actual INT50 INT300 INTS500 INT800 INT1000

Field output number
Figure 5. The influence of the field output number on the imaging algorithm.

4. Results and Discussions
4.1. Forward Detection

Figure 6a,b show the damage signals and reference signals received by two receiving
sensors (the third and ninth sensors). The damage signal was composed of the Rayleigh
wave reflected by the boundary and the damage scattering signal. Compared with the
amplitude of the Rayleigh wave reflected by the boundary, the amplitude of the damage
scattering signal was much smaller. By comparing Figure 6a,b, the waveform of the damage
signal received by the two sensors differed only in the time shift of the waveform. This
result is consistent with the solution of the structural dynamics wave equation shown in
Equation (3), which verifies the correctness of the numerical simulation.

2x107° 2x10°°
——  defect signal
—— health signal
_ 10°F _ 10°F
g =)
£ £
5 I
=) =)
Q [
Q Q
= =
£ _1x10°k 2 1x10°F
a &)
——  defect signal
ox10°k | —_— Ihealth signal _ox10°
1 1
0 5x107 10" 1.5x107 0 5x107 10 1.5x10™
Time(s) Time(s)
(a) (b)

Figure 6. Displacement signals of the damaged samples and baseline samples received at different
points: (a) Signals received by sensor 3; (b) Signals received by sensor 9.

To analyze the damage signal and obtain damage-related information, the damage
scattering signal based on the reference signal must be determined. The maximum am-
plitudes of the damage signal and the damage scattering signal are shown in Figure 6. In
the five damage cases, the maximum amplitude of the damage signal received by each
sensor was connected by a curve and normalized, as shown in Figure 6a. Furthermore,
the maximum amplitude of the damage scattering signal received by each sensor was
connected by a curve and normalized, as shown in Figure 6b.

Figure 7a shows that the trend of the damage signal essentially coincides with each
damage form. In contrast, as shown in Figure 7b, the maximum value of the D1 curve
occurred between the fourth and sixth sensors, while the maximum value of the D2
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normalized damage amplitude

0.95

0.9

0.85

0.8

curve occurred between the 6th and 8th sensors, corresponding to D1 and D2 in Figure 4,
respectively. The maximum values of the D3 and D4 curves occurred between the seventh
and ninth sensors, which does not match the actual status. The damage may have been
too close to the sensor array. According to the findings in [38], when the observation point
is too close to the excitation source, it is easily affected by the near field of the excitation
source. When the receiving point is too close to the damage, it receives both the clutter
reflected by the damage and the transmitted wave. The trend of the fifth damage curve
was completely opposite to the trends of the other four cases, possibly because the fifth
type of damage was completely outside the range of the sensor. This result shows that the
effectiveness of nondestructive concrete evaluation depends on the relative position of the
sensor array and the damage [39].
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Figure 7. Maximum amplitudes of the received signal at the time reversal mirror for five types of
damage: (a) Damage signal; (b) Damage scattering signal.

Because the first and second damage scattering signals contain more damage informa-
tion, as described in the previous section, the time profile of the damage scattering signal is
plotted in Figure 8. Figure 8a,b show the time profiles of the damage scattering signal for
two damage cases (D1 and D2). The time profile was based on the location of the sensor, the
damage scattering signal, and the signal propagation time [40]. Based on the two circled
positions in Figure 8, the location of the damage can be roughly estimated. The first damage
is located between (350, 375), while the second damage is located between (400, 425). This
conclusion is consistent with Figure 8. The time profile of the damage scattering signal
can be used to predict the location of the damage by determining the time of flight (TOF)
between the signal and the echo; in addition, the distance between the damage and the
transducer can be determined [41]. When the distance between the damage and the TRM
varies, as the distance between the sensor and the damage decreases; the time at which the
damage scattering signal arrives also decreases.

Although the forward algorithm is not computationally intensive and is simple to
implement, it can only determine the approximate location of the damage or evaluate
the severity of the damage [42,43]. In contrast, time reversal focusing uses information
from both the forward field and the reverse field, which improves the imaging ability.
Moreover, time reversal focusing depends on damage information in the signal [44]. In
Figure 8, the amplitude of the scattered wave due to damage was much smaller than the
amplitude of the direct wave; in Figure 8, the scattering signals caused by the various
types of damage were quite different, indicating that this signal contained more damage
information. Mori [28] reversed the damage scattering signal and damage signal, compared
the imaging ability based on the damage scattering field and the total field, and found that
imaging based on the damage scattering field was superior to imaging based on the total
field. Therefore, the imaging algorithm used in Section 4.2 of this study was based on time
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Time(s)

300

reversal focusing of the damage scattering field, and the effect of time focusing on spatial
focusing was analyzed.
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Figure 8. Time profiles of the damage scattering signal: (a) Damage 1; (b) Damage 2.

4.2. Time Reversal Focusing Imaging

The damage imaging shown in Figure 9a is composed of the maximum value of all
imaging points in the propagation time, with spatial focusing information and no time
focusing information. Figure 9b shows the damage imaging formed by the focusing index
corresponding to the time, which contains time focusing information and satisfies both
time focusing and spatial focusing. Figure 9a has more artifacts; only the general direction
of the damage is known, and the damage cannot be effectively located. Although there are
artifacts in the boundary area of Figure 9b, the damage location is clear and accurate, and
the imaging ability is greatly improved. Comparing Figure 9a,b shows that time focusing
clearly improved spatial focusing. Douma [45] reached similar conclusions in a geological
imaging study. When the time reversal method is used for imaging, it mainly depends on
the ability of the measured scattering waveform to be compressed to a point in time and
space [41].

280
//{//,///
210
)
E140
B2y
70
(a) (b)

Figure 9. Time reversal focusing imaging: (a) Unsatisfactory time focusing; (b) Satisfactory time
focusing.

Taking the focusing index point as a reference, the focusing indices of the imaging
points parallel to the x-axis and y-axis were extracted, and the relationship between the
imaging area and the focusing index is shown in Figure 10b,c. The focusing curve along
the y-axis, shown in Figure 10b, has two spectral peaks, located at the main lobe and the
side lobe. The distance between these two points with a normalized focusing index of 0.5
was defined as the main lobe width [46], which is used to characterize the spatial focusing
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210

properties. This value is called the spatial resolution. A side lobe with a normalized
focusing index of 0.4 was also located near the main lobe. The curve in the x-axis direction
is shown in Figure 10c. Because the array sensor was not arranged in the y-axis direction,
the focusing curve contained only the main lobe, which characterized the focusing quality,
with no side lobes.

300 400 500
x(mm)

(a)

Main lobe Main lobe width

Main lobe width
Main lobe

"o
=N
T

%00 300 400 500
x(mm)

(c)

Figure 10. The focusing ability of the time reversal focusing algorithm: (a) Time reversal focusing
imaging satisfies time focusing; (b) The focusing curve in the y-axis direction; (c) The focusing curve
in the x-axis direction.

4.3. Time Reversal Focusing Curve

Figures 11-13 plot the focusing curves of the different damage forms to evaluate the
relationship between the different forms and their time reversal focusing abilities. Unless
otherwise specified, the following focusing curve refers to the normalized focusing curve.
For the first, third, and fourth types of damage (D1, D3, and D4), the x-axis coordinates
were the same, the positions of the third and fourth damages were coincident, and the
diameter of D3 was the largest. The focusing curves for these three types of damage are
plotted in Figure 11. Figure 11a shows the focusing curves along the y-axis. D3 and D4
were from D1, which is reasonable. Figure 11b shows the focusing curves along the x-axis.
The x-coordinate of these three types of damage was 361, which was close to the actual
damage coordinate of 360. This result illustrates the feasibility of using the focusing curve
to determine the location of the damage. In addition, unlike Mori’s [28] research, the
focusing curves shown in Figure 11b only have a main lobe. As the sensors in Mori’s
research were arranged around the damage, the focusing curves along the x- and y-axes
had both a main lobe and a side lobe.
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Figure 13. X-direction focusing curves of the five types of damage.

The stress focusing curves of D3 and D4 were plotted to further illustrate the role of
the time reversal focusing curve in identifying damage. Figure 12 shows the stress focusing
curves of the third and fourth types of damage along the x- and y-axes. Figure 12a shows
the focusing curves along the x-axis. The two focusing curves nearly overlap, with the third
type of damage having a larger amplitude. The third type of damage had a slightly higher
spatial resolution than the fourth type of damage. Figure 12b shows the focusing curves
along the y-axis, which were similar to the focusing curves along the x-axis, with the third
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type of damage having a larger amplitude. This result shows that the focusing curve can
determine the position and size of the damage. Furthermore, the positioning effect in the
x-axis direction is better than that in the y-axis direction based on the location of the main
lobe in Figure 12a,b. The reason for this result is that the sensors were placed on one side of
the damage rather than arranged around the damage, demonstrating the effect of sensor
placement on time reversal focusing.

Because the curve focusing on the x-axis direction better reflected the damage infor-
mation, its imaging accuracy was higher. Figure 13 compares the x-axis direction-focusing
curves of the different types of damage. D2 was located to the right of D1, which is realistic.
The focusing curve of D5 had more lobes than the other four types of damage and the
opposite positioning direction because D5 was outside the detection range of the sensor,
as shown in Figure 4. The trend of the maximum value of the damage scattering signal
received by the sensor array in D5 was opposite to that of the other four types of damage,
as described in Section 4.1. The signal lacked damage-related information because of the
relative position of the sensor and the damage [47]. In addition, Qiu [48,49] showed that
a good focusing effect in time reversal focusing imaging is directly related to the phase.
However, whether the damage is arranged in the sensor pair or not affects the phase change
but not the amplitude. Therefore, the focusing curve of D5 cannot adequately represent the
damage.

Based on the above discussion, the damage imaging map can visualize and directly
display the damage, but it cannot provide the exact imaging resolution. By extracting the
focusing curve of the damage, the resolution can be calculated, and the damage information
can be interpreted in more detail. In addition, the concrete model in this paper does not
consider the effect of aggregates and is still a preliminary model for studying imaging
algorithm resolution and structural damage identification. To avoid the negative effects of
damage and reduce maintenance costs, in addition to the cybernetic engineering method
of self-healing [50], embedded piezoelectric sensors can also be studied. The construction
period can be quickly and safely shortened by monitoring the hydration process of concrete
structures based on embedded piezoelectric sensors [51].

Although embedded piezoelectric sensors can realize real-time detection of newly built
concrete structures, the energy of the compression waves (P waves) generated by embedded
sensors is insufficient at present. P waves have been used to monitor crack initiation in
reinforced concrete beams online. To excite the waves, 800 volts of electricity are needed,
which indicates that the use of P waves in crack detection is still limited [52]. The method
proposed in this paper depends on damage information in the damage scattering signals.
Considering the influence of steel bars on damage scattering signals, this method can also be
applied to reinforced concrete by using surface waves and proper signal processing, which
means it may depend on the strength of the excitation signal and the signal processing
technology. Therefore, in future work, the effectiveness of the algorithm needs to be verified
by using embedded piezoelectric sensors and reinforced concrete beams. Nevertheless,
the results in this paper support the application of the time reversal focusing algorithm to
concrete and can be used as a reference for future concrete damage imaging research.

5. Conclusions

In this study, pulse-echo time reversal imaging, which is based on the time reversal
focus imaging algorithm and operates in pulse-echo mode on a sensor array, was realized.
The proposed algorithm was verified with five different damage forms, and the x-axis and
y-axis focusing curves of each type of damage were obtained. Based on the overall results
and analyses, the following conclusions can be drawn:

1.  The damage signals received by sensors 3 and 9 only exhibit a time shift in the signal
waveform, which is consistent with the structural dynamics, indicating the correctness
of the numerical model.

2. A comparison of the time profiles of the damage scattering signal and the time reversal
focusing imaging showed the superiority of the reversal algorithm. Time reversal
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focusing uses information from both the forward field and the reverse field, thereby
improving the imaging ability.

3. Animproved time reversal focusing imaging algorithm that also satisfies time focusing
was used to investigate the effect of time focusing on spatial focusing. This work can
serve as a reference for future concrete damage imaging research.

4. The maximum value of the D3 focusing curve was significantly higher than that of
the D4 focusing curve. The location of the main lobe was in good agreement with the
actual location of the damage, indicating that the location and size of the damage can
be determined based on the focusing curve.
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