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Coda wave interferometry in monitoring the fracture
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Abstract. Early detection of damage is necessary for the safe and reliable use of civil engineering structures made of concrete. Recently, the
identification of micro-cracks in concrete has become an area of growing interest, especially when it comes to using wave-based techniques. In
this paper, a non-destructive testing approach for the characterization of the fracture process was presented. Experimental tests were performed
on concrete beams subjected to mechanical degradation in a 3-point bending test. Ultrasonic waves were registered on a specimen surface by
piezoelectric transducers located at several points. Then, the signals were processed taking advantage of wave scattering due to micro-crack
disturbances. For early-stage damage detection, coda wave interferometry was used. The novelty of the work concerns the application of
the complex decorrelation matrix and the moving reference trace approach for better distinguishment of sensors located in different parts of
a crack zone. To enhance coda wave-based damage identification results, optical imaging of crack development was performed by means of
digital image correlation measurement. The results obtained showed that the coda wave interferometry technique can be successfully used as a
quantitative measure of changes in the structure of concrete. The results also indicated that the course of decorrelation coefficient curves enabled
the identification of three stages during degradation, and it depended on the location of acquisition points versus the crack zone.

Key words: non-destructive testing; concrete beams; crack detection; fracture process; ultrasonic waves; coda wave interferometry; digital
image correlation.

1. INTRODUCTION
Concrete elements such as beams are widely used in engineer-
ing structures. For the safety of use, it is important to ver-
ify the material condition, detect existing damage and pre-
vent its future growth. An essential aspect that needs to be
mentioned here is the observation of micro-cracks, which in-
dicate incipient damage. Micro-cracks are external or internal
micro-damage caused by the growth of stress in the structure.
They appear before visible fracture of the element, at the stress
level lower than the strength of the material. The occurrence of
micro-cracks signals the emergence and potential development
of larger macro-damage, which may lead to more serious con-
sequences. Thus they can be used as an early-stage indicator of
fractures.

Nowadays, non-destructive testing (NDT) techniques pro-
vide the possibility to observe the current state of an element
without impairing its internal structure. There are many NDT
methods used by researchers. Among others, the techniques
taking advantage of elastic wave propagation are very success-
ful in monitoring the condition of engineering structures, which
was proved by numerous works (e.g. [1–7]). A promising ap-
proach based on ultrasonic waves is coda wave interferome-
try (CWI). The method utilizes the fact that ultrasonic waves
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propagating in heterogenous media (such as concrete) are very
sensitive to changes in the structure of the medium. In the
intact material, the waves propagate through the element and
partially scatter at the inhomogeneities of the medium, result-
ing in so-called diffusive waves (coda waves). In the case of
any disturbance (e.g. micro-cracks) that slightly alters the con-
figuration of the components (e.g. grain, cement, pores), the
wave scattering is different and the coda waves change, even
though the recorded ultrasonic signals appear to be generally
similar. The differences may include, for example, translation
or stretching of the waveforms. The quantitative measure of
this change is provided by the decorrelation between the ref-
erence and disturbed signal. This approach was successfully
used in several works (e.g. [8–15]). The effectiveness of the
diffuse ultrasound method for micro-cracking detection in con-
crete was studied by Ahn et al. [11]. Their work focused on
finding the appropriate frequency range to characterize micro-
cracking in concrete specimens. Sang et al. [12] used CWI
to quantify fatigue damage and failure precursors in cylindri-
cal specimens of shale. Detecting local damage with nonlin-
ear CWI was also considered by Smagin et al. [13]. The re-
searchers used the nonlinear modification of CWI and time-
reversal techniques to focus on a selected area, where the dam-
age occurred.

A recent trend in non-destructive testing is the support of
wave-based methods with optical imaging of cracks develop-
ment during mechanical degradation. One of the methods used
for this purpose is digital image correlation (DIC), which al-
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lows for localizing structural damage (e.g. cracks) by observ-
ing the local changes in strains and displacements. In previ-
ous studies, the DIC method was successfully used to monitor
the growth of the damage, e.g. crack height or width [16–24].
Some of the researchers used integrated ultrasonic and DIC
techniques, confirming the high efficiency of such an approach.
Wojtczak et al. [14] further proved it in their research with ad-
ditional analysis of X-ray micro-computed tomography during
a splitting test. The use of integrated methods allowed for mon-
itoring of the fracture process and early damage detection of
concrete cubes. DIC measurements in combination with acous-
tic emission (AE) and dynamic identification were examined
by Lacidogna et al. [22]. This multi-technique damage mon-
itoring was conducted on four dimensional scales of concrete
beams to emphasize the scale effect and its influence on dam-
age detection.

This paper presents a scheme of non-destructive testing of
concrete beams under the three-point bending test. The frac-
ture process was described using the characteristics of ultra-
sonic waves registered at several points on a specimen surface
by piezoelectric transducers. For early-stage damage detection,
coda wave interferometry was used. The novelty of the work
concerns the application of the complex decorrelation matrix
and the moving reference trace approach for better distinguish-
ment of sensors located in different parts of a crack zone. The
results of micro-cracks detection obtained by means of the coda
wave interferometry approach were successfully verified by the
digital image correlation technique.

2. MATERIALS AND METHODS
2.1. Object of research
Experimental analysis was carried out on three concrete beams
(#1–#3), each with the dimensions of 40×40×160 mm3. The
specimens were notched in the central part to induce crack
formation in the region of interest. The notch had a width of
4 mm and depth of 7 mm and was made in the middle of the
beam (Fig. 1a).

Fig. 1. Tested specimens: a) geometry and location of transducers,
b) photograph of example specimen with speckle pattern

All beams were made of a concrete mix prepared from
the following composition: CEM I 42.5R (450 kg/m3), wa-
ter (177 kg/m3), sand 0–2 (675 kg/m3) and gravel 2–8
(675 kg/m3). The surface of specimens was covered with a
speckle pattern (Fig. 1b) to make DIC measurements possible.
Firstly, a layer of white paint was applied. After that, a random
pattern was added by spraying the surface with black paint.

2.2. Experimental procedure
The experimental setup incorporated in the current study is
shown in Fig. 2. The three-point bending test was carried out
on concrete beams #1–#3 with the use of the Zwick/Roell Z10
universal testing machine. Support spacing was assumed to be
equal to 12 cm. The preload applied to the specimen was 20 N.
Loading was performed with a constant displacement increase
equal to 0.05 mm/min. The test stopped after 600 s when the
0.5 mm displacement was reached.

Fig. 2. Experimental setup

During the test, the ultrasonic signals were registered by
five Noliac piezoelectric transducers with the dimensions of
3×3×3 mm3 (Fig. 1b). One of them acted as an actuator (A)
and the rest of them were sensors (B–D). The excitation was
a wave packet composed of a 5-cycle sine wave modulated by
the Hann window. The central frequency of the wave packet
was set as 500 kHz. Excitation of the signal was provided by
an arbitrary AFG3022C waveform generator supported by an
AB A400DI high voltage amplifier. The ultrasonic waves were
excited and registered with an interval of 1 s. The signals were
collected during measurements for further processing by the
CWI method.

Simultaneously with the ultrasonic measurements, digital
image correlation was applied. In the study, the photographs
of the specimens were taken using the ARAMIS MC 2D 12M
system, with a fixed time step equal to 1 s. The collected pic-
tures were then processed using the Aramis Professional soft-
ware. Each subsequent image was compared to the reference
one, taken in the intact state. In such a manner, changes in
the motion of pixel groups were recorded and the displace-
ments/deformations were calculated, allowing one to observe
the change of strain and crack evolution.
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2.3. Coda wave interferometry
The CWI method is extremely effective in detecting damage
in heterogeneous materials, such as micro-cracks in concrete.
If there are even slight changes in the structure of the tested
object, the propagation of the wave is influenced and the infor-
mation about these events is located in the ‘tail’ of the signal,
i.e. in the coda wave range. Since coda is not equally present in
the whole signal range, the first step is to define its time dura-
tion. To specify this, each signal is divided into small intervals.
Then, from each of these parts, DC is calculated according to
equation (1). This makes it possible to determine in which in-
terval the coda wave occurs. As the next step, the decorrelation
between specific pairs of waveforms in a specified time range is
calculated. The particular reference signal si(t) is compared to
another signal s j(t). Indices i and j refer to the signal numbers.
Differences between the signals are expressed by the so-called
decorrelation coefficient (DC), calculated according to the fol-
lowing equation:

DCi, j = 1−

t2∫
t1

si(t) · s j(t)dt

√√√√√ t2∫
t1

s2
i (t)dt

t2∫
t1

s2
j(t)dt

,

i = 1, . . . ,n, j = i, . . . ,n.

(1)

Multiple calculations of DC for all potential waveform pairs in
a dataset with n signals allow for the formation of an n×n DC
matrix given by:

DC =



0 DC1,2 · · · DC1,n−1 DC1,n

0 0 · · · DC2,n−1 DC2,n
...

...
. . .

...
...

0 0 · · · 0 DCn−1,n

0 0 · · · 0 0


. (2)

The classic approach uses the first row of the DC matrix,
which allows to show only the decorrelation between the first
signal (as reference) and all following signals (as the disturbed
ones), without considering decorrelation changes between each
consecutive pair of waveforms. However, bearing in mind that
wave propagation signals are based on sine functions which are
periodic, there exists a risk of underestimating the decorrela-
tion if the translational difference between two signals is greater
than the period, especially in the case of significant changes in
the media (e.g. cracking). Thus, it is important to analyze the
whole DC matrix in order to eliminate the above-mentioned
cycle-skipping effect. A simple but robust solution to this prob-
lem is the so-called moving reference trace method (MRT) [25].
In this approach, the decorrelation includes changes between a
particular signal and a set of preceding signals (not only the first
one). Firstly, it is necessary to adopt a certain calculation step k,
allowing to determine the number of reference signal r for each
particular j-th signal in the data set. For all signals numbered

j ≤ k, the first signal is taken as the reference, i.e. the values
from the first row of the DC matrix are taken to the newly
calculated DCmrt vector (without additional calculations). For
each subsequent signal numbered j > k, a new reference signal
number is calculated according to the formula:

r = k ·
⌊

j−0.5
k

⌋
. (3)

Then, the new element of the DCmrt vector is calculated as
the sum of the previously calculated r-th value of DCmrt and
the decorrelation between the currently analyzed j-th signal and
the new reference r-th signal. The described procedure can be
written with the formula below:

DCmrt
j =

{
DC1, j j ≤ k,

DCmrt
r +DCr, j j > k,

(4)

DCmrt =
{

0 DCmrt
2 · · · DCmrt

n

}
. (5)

The calculation can be performed for successive values of
k = 1, . . . ,n. Subsequently, a series of DCmrt vectors is ob-
tained, which can be compiled into a single n×n DCmrt,g global
matrix.

3. RESULTS AND DISCUSSION
3.1. Bending test
The results of the 3-point bending test are presented in Fig. 3.
The peak load values for beams #1, #2 and #3 were: 2007 N,
2023 N and 2025 N, respectively. The mean value equaled
2018 N and standard deviation was 9.9 N, which resulted in
a low coefficient of variation equal to 0.5%. Maximum forces
were obtained for the following time instances: 335 s, 298 s and
376 s for beams #1, #2 and #3, respectively.

Fig. 3. Three-point bending test results: force-time diagram
for beams #1–#3

3.2. Digital image correlation
The crack propagation was visualized by the photographs taken
during the experimental procedure. The DIC technique allowed
to monitor the surface component. Major strain maps for each
beam were calculated. The images at different load levels for
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all beams are illustrated in Fig. 4. The following steps were
analyzed: the moment of initiation of the crack, the step at the
load value equal to 90% of the maximum force before reaching
the peak value (90% pre-peak), the step at the peak value, the
step at the load value equal to 90% of the maximum force after
reaching the peak value (90% post-peak), the step at the load
value equal to 10% of the maximum force after reaching the
peak value (10% post-peak) and the step at the end of the test.

The first occurrence of the fracture process zone (FPZ) is
visible in Fig. 4a. In Table 1 appropriate times and percentages

Fig. 4. DIC results of major strain for beams #1–#3 at different load
levels in relation to force: a) initiation of crack, b) 90% pre-peak,
c) peak value, d) 90% post-peak, e) 10% post-peak, f) end of the test

of the peak values are given. For all beams, the first appearance
of FPZ was at about 85% of the pre-peak value. The behavior of
crack development for all beams was similar. The direction and
curvature of the macro-crack depended on the heterogeneous
structure of the material and on the occurrence of grains on the
surfaces of specimens.

Table 1
Initiation of the fracture process zone

Beam T [s] %Fmax

#1 300 84

#2 258 83

#3 330 86

3.3. Coda wave interferometry
The experimental data obtained were processed using the pro-
cedure described in Section 2.3, with the use of the coda wave
approach. At the beginning, each signal was divided into small
parts with a duration of 0.01 ms. Then, for each of these parts,
DC was calculated according to equation (1), treating the first
signal as a reference one. This allowed for observing which
part of the signal changed significantly over time, and thus con-
tained the coda wave. Figure 5 presents the results of calcula-

Fig. 5. Detection of time range of coda waves for beams #1–#3 and
different sensors: a) sensor B, b) sensor C, c) sensor D, d) sensor E
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tions for all beams (#1–#3) and sensors (#B–#E). In the dia-
grams, the vertical axis T specifies the duration of the experi-
ment and the horizontal axis t is the time of a particular signal.
It is evident that the highest DC values are observed in the time
range of 0.2–0.5 ms (marked in the figure by vertical dashed
lines), thus it will be used for further calculations.

After the determination of the coda wave range, full DC ma-
trices were calculated. Then the moving reference procedure
was applied with different steps k to obtain global DCmrt,g ma-
trices. Figure 6 shows the changes in the decorrelation coeffi-
cient during the bending test. The DC values were calculated
conventionally, taking the first signal as a reference for each
consecutive signal. In the graph, the moment of maximum force
occurrence is marked with a vertical red line. Three stages can
be clearly determined, marked successively as S1, S2 and S3 in
Fig. 6. The first stage (S1) is characterized by a slow increase
in the DC coefficient, which corresponds to the initial stage of
sample loading. It can be observed that in the initial loading
stage, the decorrelation values are relatively low. Importantly,
with the increasing loading, an increase in the DC value is evi-
dent, even though no visible damage appears on the object. This
behavior indicates the formation of micro-cracks in the beams.
In the S2 stage, the DC values increase rapidly. This effect is
associated with obtaining the maximum force. After reaching
the destructive force, a clear increase in the value of decorre-

Fig. 6. Decorrelation coefficient for beams #1–#3 and different
sensors: a) sensor B, b) sensor C, c) sensor D, d) sensor E

lation is observed, followed by stabilization at a higher level.
Stage S3 corresponds to the moment of stabilization, associ-
ated with the occurrence of macro damage, i.e. an open crack.
The changes in DC values appearing at this stage testify to the
development of the occurring failure of the beams under con-
sideration. When analyzing the graphs corresponding to each
sensor, several issues can be noted. The results obtained for
the sensors located in front of the crack (between the actuator
and the crack, i.e. #B, #C) are burdened with visible noise. The
noise makes it difficult to distinguish between different stages
of damage. It is not possible to determine the exact moment
of damage occurrence. The increase in the decorrelation coeffi-
cient is more pronounced for #D and #E sensors, located behind
the crack.

To better visualize the changes in DC over time of degra-
dation, the moving reference trace function was used. Maps
of DCmrtvectors for beams #1–#3 and all sensors are shown
in Fig. 7. The vectors are calculated for k values at each time
step and then compiled into the DCmrt,g matrices. Calculations
with the moving reference trace function made the moment of
damage clearly visible on each map, regardless of the sensor
selected.

Fig. 7. Decorrelation maps of moving reference trace for beams #1–#3
and different sensors: a) sensor B, b) sensor C, c) sensor D, d) sensor E

Afterwards, the resulting matrices were averaged into single
vectors. Figure 8 presents the values of DCmrt,g matrices av-
eraged over all steps k. First of all, the results for each beam
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Fig. 8. Decorrelation diagrams of moving reference trace for mean
values of k = 1 : n: a) beam #1, b) beam #2, c) beam #3

exhibit similar behavior. As in the results of the standard DC,
for all sensors, three stages can be distinguished. Before reach-
ing the destructive force, the decorrelation values for all sensors
have small values. As the force increases, the average values in-
crease, too. The sudden growth in the value of DC is noted at
the moment of reaching the peak load value. After that, it is pos-
sible to distinguish between the sensors located in front of and
behind the crack. After cracking, sensors B and C achieve stable
decorrelation values. In contrast, sensors D and E are character-
ized by much higher and increasing values. There is a clear dif-
ference between the sensors in front of and behind the crack. In
case the location of the damage is not known, this observation
will help find the position of crack occurrence.

4. CONCLUSIONS
In this paper, monitoring of the fracture process of concrete
beams was carried out by the application of integrated non-
destructive methods. Optical and ultrasonic testing was used,
enhanced by the processing of ultrasonic signals with the coda
wave interferometry method.

First of all, similar mechanical behavior of all tested beams
was observed. Digital image correlation allowed for successful
visualization of the crack evolution. Moreover, the moment of
formation of fracture process zones on the surfaces of samples
was detected. Ultrasonic tests with coda wave interferometry
provided information about the internal state of the samples.

This allowed for the detection of micro-cracks in beams be-
fore any symptoms appeared on the DIC maps. The moving
reference trace approach allowed for better distinguishment of
decorrelation coefficients calculated for signals from sensors in
front of and behind a crack. This fact is promising for the fur-
ther development of algorithms dedicated to crack localization.

In summary, the ultrasonic wave-based technique with coda
wave interferometry processing appeared to prove itself as an
effective technique for monitoring the fracture process and
damage detection. Further works will extend the current study
by using a greater number of sensors, which will allow for de-
termining the position of the micro-crack zone based on the
diffusive characteristics of collected signals.
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