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Abstract: The expansion of cracks in 3D printing concrete materials may lead to structural failure, so
it is essential to monitor crack propagation development. Coda wave interferometry (CWI) has been
proven to be sensitive to microcracks, however, the evolution pattern of ultrasonic coda waves during
crack growth is still not clear. This paper reports a numerical study of the sensitivity and feasibility
of CWI for monitoring microcrack growth in heterogeneous materials. A two-phase concrete model,
which contains microcracks with different angles and lengths, was developed using the finite element
analysis software ABAQUS. The relative velocity change (∆v/v) and the decorrelation coefficient (Kd)
at different crack increments were quantitatively analyzed. The numerical simulation results show
that coda waves are sensitive to microcrack length as well as the crack angle. The ∆v/v increases
linearly with the increase of the length of a single microcrack, and the Kd could be linked to the
crack length quadratically. Furthermore, a quantitative functional relationship between the CWI
observations (Kd, ∆v/v) and the angle of the crack to the source/receiver and the relative length
growth of the crack are established. In addition, the nonlinear relationship between slope and angle
can be fitted with a sinusoidal function. The reported results quantitatively assess the coda wave
variation pattern during crack propagation, which is important for the promotion and application of
CWI technology.

Keywords: 3D printing concrete; coda wave interferometry; crack angle and length; multiple
scattering media; numerical modeling

1. Introduction

Three-dimensional printing is a rapid prototyping technology that uses three-dimensional
digital models and mechanical equipment to form materials in piles [1–3]. Three-dimensional
printing technology can quickly create geometrically complex structures, significantly
reduce industrial waste, production time and labor costs, and is considered to be the core
technology of digital manufacturing [4]. Three-dimensional printed concrete will have
defects in the production or service process, the existence of these defects will reduce its
service life. Therefore, it is particularly important to monitor the structural health of 3D
printed concrete materials.

Coda wave interferometry (CWI) is a new method for micro damage identification in
civil engineering. Ultrasound propagation in a multiple scattering medium is subject to
strong scattering, resulting in the rapid attenuation of ultrasound energy in the medium [5].
Concrete is a common heterogeneous medium with a complex composition, consisting of
coarse aggregates and fine sands, which exhibit strong inhomogeneities. Therefore, ultra-
sonic waves propagating in concrete are strongly scattered. In the field of non-destructive
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testing (NDT) of concrete, it is typical to increase the ultrasonic frequency to improve the
sensitivity, but the attenuation of the direct wave also increases rapidly [6]. The coda wave,
which is usually considered as noise, contains a large amount of physical information.
In fact, the coda waves that are scattered several times are extremely sensitive to small
changes inside complex media. Coda wave interferometry (CWI) is known as a highly
sensitive method for small changes in heterogeneous media and has shown significant
advantages in laboratory studies in the field of damage growth monitoring [7–10]. In labo-
ratory experiments, experimental results for monitoring the crack propagation process in
materials are influenced by a combination of factors such as external loads [11] and ambient
temperature [12]. It is difficult to determine the sensitivity of the CWI technique to crack
propagation and the evolution of the coda wave under the simultaneous effects of multiple
influencing factors. Numerical simulation experiments have unparalleled advantages over
laboratory experiments in terms of variable control. However, the existing numerical
simulations of multiple scattering media are still not perfect: the coarse aggregate is not
modeled [9] or only the reflection of the aggregate is considered instead of the transmission
of the aggregate [13], which does not provide a realistic simulation of the propagation of
ultrasonic waves in real media.

Coda waves analysis techniques have been actively studied and reported in recent
decades due to the high sensitivity of coda waves in detecting early and small damages.
R. Snieder [12] was the first to propose the CWI technique, through which a nonlinear
relationship between seismic wave velocity and temperature in granite was determined.
Larose et al. [14] constructed a probabilistic mapping model between the coda wave decor-
relation coefficient and the damage location inside the medium using a sensitive kernel
function based on the theory of multiple scattering wave propagation in heterogeneous
media, while this study did not indicate the relationship between the correlation coeffi-
cient and the development of internal damage. Zhou et al. [15] proposed a CWI-enabled
fatigue cracks detection method using piezoceramic transducers and deduced a linear
relationship between crack width and relative velocity change based on the acoustoelastic
theory, however, the study was mainly for surface cracks and not yet applicable for internal
crack propagation.

The coda waves observed in the laboratory tests are often affected by multiple factors,
thus the parametric study of factors that may affect the change of coda waves during the
crack propagation process is of significant meaning to understand. For this issue, using
the numerical simulation method is a good research idea. Numerical simulations have
been extensively studied in the simulation of ultrasonics [16–18]. Numerical simulation
methods have tremendous advantages over laboratory studies in terms of variable control
and greater flexibility to capture both single and multiple scattering [19–21]. However,
most of these studies are still limited to the feasibility of simulating wave propagation
in heterogeneous media. Recently the simulation of ultrasonics in heterogeneous media
started to enter the practical application level, such as the simulation of embedded piezo-
electric transducers for the monitoring of concrete cracks [22,23]. Chen et al. [13,24] used
the spectral element method to elaborate the phenomenon of nonlinear wave interferome-
try in two-dimensional heterogeneous media and investigated the sensitivity of the CWI
technique to crack propagation. Similar to Chen’s work, many scholars conducted a large
number of numerical simulation experiments and laboratory tests from a macro perspective
to study the sensitivity of the coda interference method to microcrack changes [8,25,26].
However, the scattering problem during the growth of a single crack in the heterogeneous
medium is still not fully understood. Chen et al. studied the influence of receiver source
position on the observed value of the coda by changing the receiver position, but this
method ignored the influence of the distance from the emitter to the damaged area when
changing the position [6].

Before studying the propagation process of ultrasonic waves in concrete, it is necessary
to understand the properties of the concrete medium. Concrete is a heterogeneous multi-
phase composite condensate composed of hardened cement paste, sand, gravel, and other
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aggregates. In simple terms, concrete can be considered as a two-phase composite com-
posed of cement mortar matrix and aggregate fillers. Ultrasound propagation in concrete is
bound to be affected by heterogeneous scatterers such as aggregates. Therefore, it is crucial
to establish a concrete model to simulate the wave propagation process more practically.
This paper aims to deepen the understanding of the scattering wave propagation rule
during damage development in heterogeneous media using numerical simulations.

In this paper, a two-dimensional heterogeneous concrete model with damage, which is
set to be cracks with different angles and lengths, was developed, and the evolution of the
coda wave during crack propagation was observed. The relationship between the relative
velocity change and decorrelation coefficient during the expansion of microcracks and the
crack expansion was quantified. In addition, the effect of crack angles was analyzed. The
arrangement of this paper is as follows: In Section 2, the theoretical background involved in
this study is introduced. Section 3 details the configuration of the model and the selection
of parameters. Section 4 presents the analysis and discussion of the numerical simulation
results. Specific conclusions are given in Section 5.

2. Theoretical Background
2.1. The CWI Theory

CWI is a technique that detects small changes in a medium by using multiple scattering
waves, allowing the determination of the relative velocity change of a diffuse wavefield
measured from a fixed source and a fixed receiver at two different moments [27]. Ultrasonic
waves are scattered many times by cracks or scatterers inside the medium, and the coda
wave after being scattered multiple times is more sensitive to small changes compared to
the first arrival wave [28]. Cracks or scatterers produce small changes that are amplified
many times, making coda wave analysis an excellent tool for observing minor damage.

According to the path summation theory of CWI, the waveform in the reference
wavefield u(t) can be expressed as a sum of the waves propagating along all possible
paths [29], the reference wavefield u(t) is given by

u(t) = ∑
p

Sp(t) (1)

where p represents the travel path, Sp represents the wave corresponding to the path, t is
the travel time along the path. When the size of crack propagation is much smaller than the
mean free path, the dominant effect on the waveform arises from the change in the travel
time τp of the wave that travels along each path. The perturbed wavefield up(t) is given by

up(t) = ∑
p

Sp
(
t − τp

)
(2)

CWI can be used to assess the correlation and relative velocity change of two sig-
nals. The stretching method is a powerful tool for estimating the difference between
signals, which calculates the correlation CC(ε) between the reference wavefield u(t) and
the perturbed wavefield up(t). The cross-correlation function CC(ε) is given by

CC(ε) =

∫ tc+T
tc−T u(t(1 + ε))up(t)dt√∫ tc+T

tc−T u2(t(1 + ε))dt
∫ tc+T

tc−T u2
p(t)dt

(3)

CC(ε) quantitatively indicates the similarity of the two signals before and after distur-
bance of the medium within a given time window [tc + T, tc − T], where tc is the central
time of the window and 2T is the length of the selected window frame. The ε that makes
the maximum value of CC is equal to the relative velocity change, which can be written as
εmax = −∆v/v. Furthermore, in order to determine the degree of distortion between the
two signals, a decorrelation coefficient is introduced as Kd = 1 − CC(ε). Kd is used to find
single [14] or multiple local scatterer disturbances in the medium [30].



Materials 2022, 15, 4455 4 of 13

2.2. Applying CWI to Monitoring Changes in Scattering Media

The total scattering coefficient g0 [31] can be used to define the scattering power of
a medium. Assume an ideal scattering medium consists of a random distribution of n
point-like scatterers, with a number density ρn, within a background velocity V0, and total
scattering cross section σT , this coefficient can be defined as g0 = ρnσT . Rossetto et al. [32]
used diffusion propagation theory to derive expressions related to the theoretical solution
caused by local perturbations of σT . The knowledge of the sensitivity kernel Q(s, xm, r, t)
needs to be introduced first. Q denotes the probability that the wave is emitted at source
s, passes through position xm, and is received at receiver r after a total propagation time
t. This probability describes the spatial density of the coda wave at the position. Kd was
rewritten according to the change in the total scattering coefficient g0 of the material within
the background velocity V0 as,

Kd(X, t) =
V0

2

∫
VK

∣∣∣∆g0p−u(x)
∣∣∣Q(s, x, r, t)dVQ(x) (4)

where X defines the set of n randomly distributed perturbation locations within the inner
kernel volume VQ, and the difference in the total scattering coefficient between the per-

turbed and unperturbed material states is defined by
∣∣∣∆g0p−u

∣∣∣. In terms of Equation (4), any
change in the contrast of the impedance and the size of the scatterer leads to an increase
in the decorrelation. In addition, these changes will alter the strength of the diffusive
wavefield through the diffusion and attenuation coefficients of the material [33,34] leading
to a change in the sensitivity kernel.

2.3. Stress Wave Simulation Based on Finite Element Method

The simulation of scattering waves is a stress wave propagation problem that should
be dealt with using a dynamic solver. In this paper, the scattering waves are simulated
using the ABAQUS/Explicit solver [35]. Stress waves propagation at finite elements is
studied using a governing equation and an equilibrium equation for each element and
node depending on the time step, as follows:

ρ
..
u +

∂σ

∂x
= 0 (5)

where ρ is the mass density,
..
u is the particle acceleration, x is the position and σ is the

stress, and

ρ
..
ui = G

∂2ui
∂xj∂xj

+ (λ + G)
∂2uj

∂xi∂xj
(6)

where u is the particle displacement, i and j are finite element position indices, λ is the
Lame’s constant of the medium, and G is the medium’s shear modulus.

3. Modeling and Numerical Simulation

In this paper, concrete was simulated by considering it as a two-phase heterogeneous
medium composed of coarse aggregate and cement mortar. The heterogeneity in the
concrete causes a strong scattering of ultrasonic waves in the wavelength range of the
aggregates. To make the scattering waves in concrete more realistic, concrete aggregates
were materialized by multiple randomly distributed circular areas with different material
properties, and local damage was achieved by inclusions with high aspect ratios. The
technical route adopted in this paper is shown in the flowchart in Figure 1.
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Figure 1. Flowchart of coda wave evolution in concrete using numerical simulation.

Figure 2 shows a series of rectangular finite element models with a width of 400 mm
and a height of 400 mm. Walraven [36] derived the probability of aggregate distribution for
an arbitrary particle size on a two-dimensional cross-section. Based on this theory, a Python
script was used to control the particle size and position of the coarse aggregates. The
mechanical properties of mortar and aggregates are reported in Table 1. A circular area of
80 mm in diameter, which has the same material properties as the mortar in the model, was
placed in the center of the model. The initial crack was an ellipse with a long axis of 20 mm
and a short axis of 0.05 mm. The growth process of the crack was simulated by increasing the
length of the ellipse by ∆L. The angle between the long axis of the crack and the horizontal
direction is θ, and the crack propagation and the change of angle θ are schematically listed
in Figure 3. Eleven crack length configurations were created for each damage level with the
different values of Ln (Ln = L + ∆L.∆L = nL/100 ; n = 0, 1, 2 . . . 10). Each damage level
(Ln) has seven angle variations, which are controlled by θ (θ = 0◦, 15◦ . . . 90◦). In order
to maximize the acoustic impedance coefficient and increase the reflection coefficient, the
interior of the crack was set to void [13]. The model boundary was considered to be rigid,
where the stress waves are entirely reflected.

Figure 2. Numerical configuration of a damaged concrete model with random aggregates. The
model size was 400 mm × 400 mm. Cracks at different angles to the horizontal were located in a
circular damage zone centered at (200 mm, 200 mm). The size of the crack was initially set to be
20 mm × 0.05 mm.

Table 1. Properties of the materials used in the numerical simulation model.

Material Mass Dencity
(ρ)
(
kg/m3) Young’s Modulus

(E) (GPa)
Poison’s Ratio

(ν)
P-Wave Velocity

(Vp) (m/s)
S-Wave Velocity

(Vs) (m/s)

Mortar 2000 30 0.2 4082 2500
Aggregate 2400 60 0.2 5270 3227
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Figure 3. Schematic diagram of crack propagation. The solid line indicates the initial crack, and the
dashed line indicates the crack after development. The angle θ increases by a 15◦ increment from 0◦

to 90◦.

In the numerical simulation of elastic waves, especially in the field of seismic explo-
ration, the source signal is mainly simulated using a Reckonic or Gaussian function and
its first-order derivative; while in the numerical simulation of high-frequency ultrasonic
waves, the excitation source signal often uses a convex cosine function to resemble more
closely the impulse signal from the ultrasonic transducer, as in Equation (7) [37]:

f (t; n) =

{
(−1)n

2
[
1 − cos

(ω0
n t
)]

cos(ω0t), 0 ≤ t ≤ n 2π
ω0

0, t > n 2π
ω0

(7)

where ω0 = 2π f , f is the center frequency, n indicates the signal duration period, the
larger the value of n, the narrower the frequency band, which is conducive to reducing the
dispersion effect. The signal emission source was placed at (20 mm, 40 mm) to simulate the
ultrasonic waves emitted by the piezoelectric transducer. The acceleration within 0–4 ms at
(20 mm, 0 mm) was extracted as the receiving scattered signal. The ultrasound source and
mesh division are shown in Figure 4.

Figure 4. Numerical simulation configuration: (a) Source signal in the time domain signals (nor-
malized amplitude); (b) Source signal in the frequency domain (normalized amplitude); (c) Mesh
division and piezoelectric transducer distribution (T: Transmitter, R: Receiver).
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Finite element simulation of the stress wave propagation process was performed using
an explicit solver. The explicit method achieves satisfactory accuracy provided that the
time increments are small enough, and it is very effective in solving for a large number of
time increments, which are typically upwards of 105 steps [38]. The explicit computational
procedure uses central difference operators and small time increments for integration,
which are required to satisfy stable time increments ∆t, the time increments must be fewer
than the critical one:

∆t = min
(

le
V

)
(8)

where le is the smallest size of the finite element and V is the wave velocity.
The number of finite elements per wavelength is an essential factor while modeling

wave propagation with the finite element method. According to Drozdz’s study [39],
each wavelength should cover at least seven finite elements to ensure the accuracy of the
simulation results. In this paper, the minimum wavelength is 14 mm, and the minimum
wavelength covering seven elements was finally adopted under the comprehensive consid-
eration of computational efficiency and simulation accuracy. As shown in Figure 4c, the
concrete and coarse aggregate mesh are both 2 mm, while the crack region is meshed more
finely for cell division to fit the size of the crack. The interior of the crack is considered to
be empty, so no meshing is performed. The mesh size directly affects the minimum time
increment, and the reduction of the finite element size leads to a significant increase in com-
putational complexity. Considering the minimum finite element size and computational
efficiency, the minimum time increment is set to 10−8 s. Table 2 lists the mesh size and
time increments.

Table 2. Mesh partition setting.

The Shortest Wavelength 14 mm

Element size 2 mm
Number of elements per wavelength 7

∆t 1 × 10−8 s

4. Results and Discussion
4.1. Dependence of CWI Observations on the Variation of Crack Length

In total, 77 configurations with different crack angles and lengths were numerically
investigated. The variation of lengths indicates the process of crack expansion. Figure 5
shows a snapshot of the wavefield in a homogeneous medium, the stress waves show a
uniform diffusion, and the wavefield intensity is similar at the same distance from the emit-
ting source [40,41]. Compared with the wavefield in a homogeneous medium, the residual
vibrations always exist in the places covered by ultrasonic waves. Due to the different
material parameters of the aggregate and cement mortar matrix, the ultrasonic waves are
constantly reflected and refracted between the elastic partition interfaces, resulting in multi-
ple scattering phenomena. Furthermore, the more scatterers in the medium, the slower the
coda wave attenuation rate [32,42], which eventually leads to small residual vibrations of
ultrasonic waves. This phenomenon also proves the reliability of the finite element method
in simulating the propagation of ultrasonic waves in solid heterogeneous media.

The exemplary waveforms of θ = 45◦ are shown in Figure 6, which match well with
the waveforms obtained from concrete testing in the laboratory [43–45], this also implies
that the simulation method adopted in this paper is convincing. The overall amplitude and
phase of the signal exhibit a high level of coherence, and it can be seen that the amplitude
and phase of the first arrival wave are almost identical, even with different lengths of cracks.
However, as the crack grows longer, a significant time shift could be observed in the coda
wave, indicating that the time shift formed by multiple scattering contains rich information
that cannot be reflected by the first arrival wave.
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Figure 5. Wavefield of the model with a crack simulated with ABAQUS at 0.1 ms (θ = 0◦, L = 2 mm).

Figure 6. Examples of two records acquired at the same location (same transducer but on two
different lengths of cracks). Between each acquisition, the crack length increases by 0.01 L, which is
barely visible in the early part (inset between 0.08 and 0.13 ms) of the record, but very visible in the
later part (inset between 1.55 and 1.60 ms).

The stretching method was applied to all 77 signals, and the selection of the time
window in the calculation process of this method is crucial. The longer the time window,
the higher the cost of CWI calculation, the relative velocity change tends to stabilize when
the window centroid is sufficiently late, improving the robustness of CWI [46–48]. A
compromise between analytical robustness and the computational cost was chosen for
the time window of [1.5 ms, 2 ms]. For each model with different crack angle θ, the
waveform of L0 was used as the reference signal to calculate the cross-correlation coefficient
between the waveforms of other lengths. Then, ∆v/v and Kd were obtained from the
cross-correlation coefficient. Figure 7 shows the correspondence between the ∆v/v and the
crack length growth, and the dots represent the ∆v/v during the crack propagation. It can
be seen that for each angle, the increase in crack length leads to a decrease in the relative
velocity, and a strong correlation could be observed. The solid line shows the best linear fit
regression curve, R2 indicates the closeness of the fit, and the linear correlation between
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∆v/v and ∆L/L is evident for each group. All fitted curves can be represented uniformly
by Equation (9), where αθ

δv/v denotes the slope at θ.

∆v/v = αθ
δv/v ·

∆L
L

(9)

Figure 7. Correspondence between observed values of relative velocity change (∆v/v) and crack
length change. For each model with an angle θ, eleven numerical models with different crack length
were used.

Figure 8 shows the relationship between the Kd and the crack length growth, and the
dots indicate the variation of the Kd with the crack length, while the solid line is the best
quadratic regression fit. In contrast to ∆v/v, Kd is no longer linearly correlated with ∆L/L.
For each fitted curve R2 > 0.94, which indicates that the results of this quadratic regression
are satisfactory. All fitted curves can be represented uniformly by Equation (10), where αθ

Kd
denotes the slope at θ.

Kd = αθ
Kd ·

(
∆L
L

)2
(10)

The propagation path of the incident wave into the interior of the medium is affected
by the scatterer, resulting in a change in propagation direction and redistribution of energy.
The change in the scatterer cross-section causes a complex path transition inside, resulting
in a change in the ∆v/v and Kd. According to the results of numerical experiments, it can
be assumed that an increase in the scatterer cross-section length leads to a linear decrease
in the ∆v/v. The size of the scatterer affects the scattering coefficient g0, the background
velocity V0, and the sensitivity kernel Q. According to Equation (4), the Kd is influenced
by the combination of g0, V0 and Q. Therefore, the size change of the scatterer leads to a
complex chain reaction inside, which eventually only allows the approximate relationship
between the change of the crack length and the Kd to be observed macroscopically.
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Figure 8. Correspondence between observed values of decorrelation coefficient (Kd) and crack length
change. For each model with an angle θ, eleven numerical models with different crack lengths were used.

4.2. Influence of Relative Position of Source/Receiver and Cracks on CWI Observations

Figure 9 shows the slope of CWI observations with crack length versus crack angle θ
(0–π/2), a trigonometric function was used to fit the trend of the slope. The relationship be-
tween αθ

∆v/v and αθ
Kd with crack length growth and angle change is obtained by combining

Equations (9) and (10), see Equations (11) and (12).

∆v/v = (y0 + A0sin
(

π(θ − θ0)

ω0

)
) · ∆L

L
(11)

Kd = (y1 + A1sin
(

π(θ − θ1)

ω1

)
) ·
(

∆L
L

)2
(12)

Figure 9. Slopes of CWI observations with crack length changes versus θ.
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According to Equations (11) and (12), the values of ∆v/v and Kd can be uniquely
determined for any crack length at any angle θ (0–π/2). In addition, it can be seen that both
αθ

∆v/v and αθ
Kd fluctuate up and down around a constant, which indicates that for single

crack growth monitoring, the location of the source/receiver can affect accuracy, but crack
growth can be detected anywhere around the damage. The reason for this phenomenon
may be that the change of microcrack angle and length changes the local coda wave path,
and then changes the observations. Note that this relationship is applicable to a single
crack, for more realistic cases, like concrete with multiple cracks with different lengths
and orientations, this law may not apply. The problem is complicated when there are
multiple cracks in the damage zone, and the study of a single crack can improve our
understanding of the coda wave evolution of the crack expansion growth process. After
multiple interactions of a single crack with scattered waves, the angle is no longer necessary
for monitoring, so it is reasonable to assume that when multiple angular cracks are present
in an area at the same time, or when damage occurs in a local area, the phase delay due to
these damages is approximately the same when detected anywhere around. In more visual
terms, the relative position of the source/receiver has little effect on the identification of
damage when length growth occurs for multiple random angle cracks. Similar conclusions
were obtained by Chen et al. [6] in their experiments to observe the CWI observations by
changing the relative positions of the source and receiver.

5. Conclusions

In this paper, a two-dimensional heterogeneous medium has been modeled by the
finite element method, and the quantitative assessment of material damage by the CWI
technique is investigated. The variation of ∆v/v and Kd during the crack extension was
studied by changing the crack length to simulate the crack propagation process. The results
show that ∆v/v is linearly related to the length growth rate of a single crack, and Kd is
linearly related to the square of the length growth rate of a single crack. Furthermore,
the crack extension can be recognized under different angles, but the recognition effect is
different under different angles. The nonlinear relationship between slope and angle can
be fitted with a sinusoidal function, making it possible to predict the CWI observations at
different angles and different length increments.

This paper reveals the change rule of ∆v/v and Kd during the expansion of a single
crack and provides a theoretical basis for the placement of sensors in practical testing, which
promotes the promotion and application of CWI technology in nondestructive testing.
However, the reported model does not fully simulate the actual situation of ultrasonic
waves in concrete because the shape of coarse aggregate and the transition zone of the
aggregate interface are ignored. In addition, the simulation experiments for multiple cracks
acting simultaneously were not performed. In future experiments, we intend to refine
the model details and consider multiple microcracks and different aggregate diameters to
make the conclusions more systematic.

Author Contributions: Conceptualization, B.M. and S.L.; methodology, S.L.; software, B.M. and
Z.M.; validation, Z.M., Q.-A.W. and Z.Y.; resources, data curation, B.M.; writing—original draft
preparation, B.M. and S.L.; writing—review and editing, B.M. and S.L.; visualization, Q.-A.W. and
Z.Y.; supervision, Z.M., Q.-A.W. and Z.Y.; project administration, Z.M.; funding acquisition, S.L. and
Z.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ministry of Science and Technology, PRC (2019YFE0118500),
National Natural Science Foundation of China (51608520) and Natural Science Foundation of Jiangsu
Province (BK20160265).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2022, 15, 4455 12 of 13

References
1. Liu, G.; Bai, E.; Xu, J.; Wang, T.; Chang, S. Research Status and Development Prospect of 3D Printing Concrete Materials. IOP

Conf. Ser. Earth Environ. Sci. 2019, 267, 032014. [CrossRef]
2. Sun, J.; Aslani, F.; Lu, J.; Wang, L.; Huang, Y.; Ma, G. Fibre-Reinforced Lightweight Engineered Cementitious Composites for 3D

Concrete Printing. Ceram. Int. 2021, 47, 27107–27121. [CrossRef]
3. Sun, J.; Huang, Y.; Aslani, F.; Wang, X.; Ma, G. Mechanical Enhancement for EMW-Absorbing Cementitious Material Using 3D

Concrete Printing. J. Build. Eng. 2021, 41, 102763. [CrossRef]
4. Sun, J.; Aslani, F.; Wei, J.; Wang, X. Electromagnetic Absorption of Copper Fiber Oriented Composite Using 3D Printing.

Constr. Build. Mater. 2021, 300, 124026. [CrossRef]
5. Planès, T.; Larose, E. A Review of Ultrasonic Coda Wave Interferometry in Concrete. Cem. Concr. Res. 2013, 53, 248–255. [CrossRef]
6. Chen, G.; Pageot, D.; Legland, J.B.; Abraham, O.; Chekroun, M.; Tournat, V. Numerical Modeling of Ultrasonic Coda Wave

Interferometry in a Multiple Scattering Medium with a Localized Nonlinear Defect. Wave Motion 2017, 72, 228–243. [CrossRef]
7. Schurr, D.P.; Kim, J.Y.; Sabra, K.G.; Jacobs, L.J. Damage Detection in Concrete Using Coda Wave Interferometry. NDT E Int. 2011,

44, 728–735. [CrossRef]
8. 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. [CrossRef]
9. Grabke, S.; Clauß, F.; Bletzinger, K.U.; Ahrens, M.A.; Mark, P.; Wüchner, R. Damage Detection at a Reinforced Concrete Specimen

with Coda Wave Interferometry. Materials 2021, 14, 5013. [CrossRef] [PubMed]
10. Lim, H.J.; Lee, H.; Skinner, T.; Chattopadhyay, A.; Hall, A. Fatigue Damage Detection and Growth Monitoring for Composite

Structure Using Coda Wave Interferometry. Struct. Control Heal. Monit. 2021, 28, e2689. [CrossRef]
11. Lillamand, I.; Ploix, M.; Garnier, V. NDT & E International Acoustoelastic Effect in Concrete Material under Uni-Axial Compressive

Loading. NDT E Int. 2010, 43, 655–660. [CrossRef]
12. 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]
13. Chen, G.; Zhang, Y.; Abraham, O.; Pageot, D.; Chekroun, M.; Tournat, V. Numerical Parametric Study of Nonlinear Coda Wave

Interferometry Sensitivity to Microcrack Size in a Multiple Scattering Medium. Ultrasonics 2021, 116, 106483. [CrossRef] [PubMed]
14. Larose, E.; Planes, T.; Rossetto, V.; Margerin, L. Locating a Small Change in a Multiple Scattering Environment. Appl. Phys. Lett.

2010, 96, 204101. [CrossRef]
15. Zhou, D.; Huo, L.; Chen, D.; Song, G. A Feasibility Study on Monitoring of Weld Fatigue Crack Growth Based on Coda Wave

Interferometry (CWI). Smart Mater. Struct. 2021, 30, 095013. [CrossRef]
16. Ghoshal, G.; Turner, J.A. Numerical Model of Longitudinal Wave Scattering in Polycrystals. IEEE Trans. Ultrason. Ferroelectr. Freq.

Control 2009, 56, 1419–1428. [CrossRef] [PubMed]
17. Van Pamel, A.; Brett, C.R.; Huthwaite, P.; Lowe, M.J.S. Finite Element Modelling of Elastic Wave Scattering within a Polycrystalline

Material in Two and Three Dimensions. J. Acoust. Soc. Am. 2015, 138, 2326–2336. [CrossRef] [PubMed]
18. Shahjahan, S.; Rupin, F.; Aubry, A.; Chassignole, B.; Fouquet, T.; Derode, A. Comparison between Experimental and 2-D

Numerical Studies of Multiple Scattering in Inconel600® by Means of Array Probes. Ultrasonics 2014, 54, 358–367. [CrossRef]
[PubMed]

19. Kelly, K.R.; Ward, R.W.; Treitel, S.; Alford, R.M. Synthetic Seismograms: A Finite -Difference Approach. Geophysics 1976, 41, 2–27.
[CrossRef]

20. Carcione, J.M.; Herman, G.C.; ten Kroode, A.P.E. Seismic Modeling. Geophysics 2002, 67, 1304–1325. [CrossRef]
21. Ihlenburg, F.; Babuška, I. Finite Element Solution of the Helmholtz Equation with High Wave Number Part II: The h-p Version of

the Fem. SIAM J. Numer. Anal. 1997, 34, 315–358. [CrossRef]
22. Xiong, Y.; Zhang, S.; Chen, C.; Zhang, Y. Experiments and Finite Element Analysis for Detecting the Embedded Defects in

Concrete Using PZT Transducers. Constr. Build. Mater. 2021, 292, 123318. [CrossRef]
23. Kocherla, A.; Duddi, M.; Subramaniam, K.V.L. Embedded PZT Sensors for Monitoring Formation and Crack Opening in Concrete

Structures. Meas. J. Int. Meas. Confed. 2021, 182, 109698. [CrossRef]
24. Chen, G.; Pageot, D.; Legland, J.B.; Abraham, O.; Chekroun, M.; Tournat, V. Numerical Modeling of Nonlinear Modulation of

Coda Wave Interferometry in a Multiple Scattering Medium with the Presence of a Localized Micro-Cracked Zone. AIP Conf.
Proc. 2018, 1949, 210002. [CrossRef]

25. Larose, E.; De Rosny, J.; Margerin, L.; Anache, D.; Gouedard, P.; Campillo, M.; Van Tiggelen, B. Observation of Multiple Scattering
of KHz Vibrations in a Concrete Structure and Application to Monitoring Weak Changes. Phys. Rev. E—Stat. Nonlinear Soft Matter.
Phys. 2006, 73, 016609. [CrossRef]

26. 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]

27. Liu, S.; Bundur, Z.B.; Zhu, J.; Ferron, R.D. Evaluation of Self-Healing of Internal Cracks in Biomimetic Mortar Using Coda Wave
Interferometry. Cem. Concr. Res. 2016, 83, 70–78. [CrossRef]

28. Snieder, R. The Theory of Coda Wave Interferometry. Pure Appl. Geophys. 2006, 163, 455–473. [CrossRef]
29. Snieder, R. Coda Wave Interferometry and the Equilibration of Energy in Elastic Media. Phys. Rev. E—Stat. Phys. Plasmas Fluids

Relat. Interdiscip. Top. 2002, 66, 8. [CrossRef]

http://doi.org/10.1088/1755-1315/267/3/032014
http://doi.org/10.1016/j.ceramint.2021.06.124
http://doi.org/10.1016/j.jobe.2021.102763
http://doi.org/10.1016/j.conbuildmat.2021.124026
http://doi.org/10.1016/j.cemconres.2013.07.009
http://doi.org/10.1016/j.wavemoti.2017.03.004
http://doi.org/10.1016/j.ndteint.2011.07.009
http://doi.org/10.1016/j.ndteint.2014.08.010
http://doi.org/10.3390/ma14175013
http://www.ncbi.nlm.nih.gov/pubmed/34501101
http://doi.org/10.1002/stc.2689
http://doi.org/10.1016/j.ndteint.2010.07.001
http://doi.org/10.1126/science.1070015
http://www.ncbi.nlm.nih.gov/pubmed/11910107
http://doi.org/10.1016/j.ultras.2021.106483
http://www.ncbi.nlm.nih.gov/pubmed/34126405
http://doi.org/10.1063/1.3431269
http://doi.org/10.1088/1361-665X/ac1304
http://doi.org/10.1109/TUFFC.2009.1197
http://www.ncbi.nlm.nih.gov/pubmed/19574152
http://doi.org/10.1121/1.4931445
http://www.ncbi.nlm.nih.gov/pubmed/26520313
http://doi.org/10.1016/j.ultras.2013.06.012
http://www.ncbi.nlm.nih.gov/pubmed/23880120
http://doi.org/10.1190/1.1440605
http://doi.org/10.1190/1.1500393
http://doi.org/10.1137/S0036142994272337
http://doi.org/10.1016/j.conbuildmat.2021.123318
http://doi.org/10.1016/j.measurement.2021.109698
http://doi.org/10.1063/1.5031645
http://doi.org/10.1103/PhysRevE.73.016609
http://doi.org/10.1016/j.ultras.2016.09.015
http://doi.org/10.1016/j.cemconres.2016.01.006
http://doi.org/10.1007/s00024-005-0026-6
http://doi.org/10.1103/PhysRevE.66.046615


Materials 2022, 15, 4455 13 of 13

30. Planès, T.; Larose, E.; Rossetto, V.; Margerin, L. Imaging Multiple Local Changes in Heterogeneous Media with Diffuse Waves.
J. Acoust. Soc. Am. 2015, 137, 660–667. [CrossRef]

31. Aki, K.; Chouet, B. Origin of Coda Waves: Source, Attenuation, and Scattering Effects. J. Geophys. Res. 1975, 80, 3322–3342.
[CrossRef]
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