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This paper aims to investigate the application of the Nonlinear Coda Wave Interferometry (NCWI) method
in evaluating the nonlinear interface areas in highly heterogeneous materials. An experimental protocol is
proposed for quantitatively analyzing the nonlinear interface effects in a multiple scattering medium. The
experimental design involves a perforated aluminum plate with a surface ratio of circular voids equal to
17.63%, some of which are threaded to accommodate screws. The nonlinear contacts between the screws
and the perforated plate are highlighted by a strong pump wave and investigated using the coda waves.
Drawing upon prior numerical simulation findings (Chen et al., 2021), it is anticipated that the CWI observables
(namely, the relative variation of coda wave velocity ¢ and the remnant decorrelation coefficient Kd) will be
proportional to the change in crack length within the heterogeneous medium. In this study, the change in
crack length through numerical simulation can be simulated by considering the different nonlinear interface
areas between the screws and the perforated aluminum plate in the experimental design. Experimental findings
demonstrate that the CWI observables are proportional to the nonlinear interface areas, which essentially aligns
with previous numerical simulation results. In this paper, suggestions for refining the experimental setup are
provided. This guidance is instrumental for further conducting quantitative research on nonlinear interface
effects in complex media.

1. Introduction

Coda waves, due to their long and intricate paths, exhibit height-
ened sensitivity to perturbations in the propagation medium com-
pared to early arriving waves. Initially utilized by seismologists to
estimate minor velocity variations while studying the movements of
the earth’s crust [1-3], the sensitivity of coda waves has since been
leveraged for Non-Destructive Testing (NDT) of complex materials and
structures [4-6]. The signal processing method known as Coda Wave
Interferometry (CWI) monitors subtle changes in a multiple scattering
propagation medium by evaluating relative variations in coda wave
velocity and waveform [7]. CWI has proven to be highly sensitive to
minor disturbances, such as temperature fluctuations [8,9], stress level
alterations [4,10], changes in damage state [11,12], and microcrack
modifications [13,14]. Zhang et al. [15] recently proposed the Non-
linear Coda Wave Interferometry (NCWI) method, which combines the
advantages of CWI with the nonlinear modulation method. This com-
bination is highly sensitive to the physical properties of heterogeneous

materials, thus making it widely used for detecting microcracks or
early-stage damage [16-19]. The nonlinear effects are accentuated by a
strong pump wave in a wide low-frequency band and excited uniformly
over the entire inspected material by a high-frequency coda wave,
analyzed using the CWI method. NCWI has found utility in assessing the
damage level in various materials such as glass [15,20], mortar [21],
and concrete [22,23].

Aiming to further elucidate the physical principles and associated
parameters of the aforementioned NCWI applications, a series of para-
metric sensitivity studies of NCWI have been conducted using the
Spectral Element Method (SEM). The impact of the strong pump wave
is modeled within several Effective Damaged Zones (EDZs), either by
altering Young’s modulus or by introducing small cracks of varying
length, as a response to nonlinear fast dynamic effects [24,25]. Employ-
ing the Stretching technique, CWI evaluates the correlation coefficient
CC(6,) between a perturbed signal and a reference signal with an
expansion rate 6, (k = 1,2,...,n for different levels of expansion),
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which could simulates an global increase/decrease of the propagation
velocity in the medium [26]. CWI analysis yields two observable pa-
rameters, 6 and Kd. 6, which is strongly correlated to velocity changes,
is introduced when CC(6,) reaches its maximum value and can be
simply denoted as 6 = 6, = 6v/v; Kd, the decorrelation coefficient,
is introduced as Kd = 100(1 — CC(0)) and is associated with the degree
of distortion caused by changes in the medium. Results indicate that
these two CWI parameters are proportional to S, XAE, where Sgp,
represents the EDZ surface area and AE the change in elastic modulus
within the EDZ. Simulations demonstrate that introducing small cracks
within the EDZ impacts CWI observables similarly to changes in the
elastic modulus. Furthermore, to simulate a more realistic behavior
of microcracks, the strong pump wave’s influence on the localized
microcracked zone is modeled as a small average increase in each
crack’s length. Consequently, the NCWI method proves valuable for
detecting different damaged material states in complex solids, being
sensitive to minor changes in a damaged zone’s elastic modulus, the
emergence of microcracks, or variations in microcrack length.

However, detecting microcracks or closed cracks in highly het-
erogeneous materials remains a considerable challenge using linear
ultrasonic NDT methods. When the excitation is sufficiently strong,
Contact Acoustic Nonlinearity (CAN) is activated at the crack level,
playing a significant role in nonlinear ultrasonic NDT [27]. CAN per-
tains to imperfect interfaces, crack opening and closing (clapping),
and friction during the application of a strong acoustic excitation, and
can be observed through harmonic generation phenomena [28,29].
While CAN has been extensively studied numerically in homogeneous
mediums [30-33], it remains challenging or even impossible to create
relevant artificial microcracks in solids for CAN experimental studies.
Inspired by the experiment conducted by Riviére et al. [34], this paper
proposes an experimental protocol to approach this problem approx-
imately. The CAN effects, corresponding to the nonlinear interface
behavior, are generated by contacts between a threaded metal plate
and a given number of screws. In this way, the nonlinear interface
areas are controlled by the screw count, and CAN depends on the screw
arrangement on the perforated plate—factors such as the applied torque
and the screw threading, for instance. This study considers a perforated
aluminum plate, with four configurations examined corresponding to
different numbers of screws (N, = 5, 10, 15) or no screws at all.
To mitigate temperature bias on CWI results and enhance experimental
repeatability, a same perforated aluminum plate is employed as a
reference under identical measurement conditions. The experimental
results of NCWI are analyzed with respect to varying numbers of screws
in the plates, representing controlled distributed CAN effects, aiming to
approximately represent the different nonlinear interface areas in the
material [34].

2. Experimental design
2.1. Experimental set-up

In the experiment, two identical aluminum plates are considered,
each measuring 30 cm X 30 cm X 2 cm. These plates contain randomly
distributed, homogeneous circular voids of @ 10 mm each (see Fig. 1).
The ratio of the 2D surface area of the circular voids to the total speci-
men area is approximately 17.6%. Near the top edge of the specimens,
15 of the circular voids are threaded holes, into which varying numbers
of screws (Ny,,0s = 0, 5, 10, 15) can be inserted using a torque wrench
controlled at 0.9 N m.

Both plates are positioned vertically and are simply supported by
two small pieces of white polyethylene (see Fig. 2). Various piezoelec-
tric transducers employed in this setup are attached to the edges of the
plates. Plate (A) is designated as the testing plate, while Plate (B) serves
as a reference for controlling thermal bias. On each plate (A and B), two
identical transducers function as the source and receiver for the coda
measurement.
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The probe coda wave is generated and amplified before being
transmitted into the specimen, operating within a frequency range
of 200kHz to 800kHz and lasting 0.2 ms. Simultaneously, the re-
ceived probe signal, following the probe wave emission, is recorded
for a duration of 3 ms using a sampling frequency of 5 MHz and
16-bit amplitude dynamics. The synchronization between excitation
and acquisition is facilitated by a 10 MHz reference clock signal. To
enhance the signal-to-noise ratio, one recorded coda is set to be an
average of 256 successive acquisitions. The repetition frequency is
15 Hz, resulting in an average coda measurement time of less than
1 s. The amplification configuration for the coda measurement remains
consistent throughout the experiment. A large-amplitude chirp pump
wave, operating at a low frequency range of 15 kHz to 50 kHz, is
applied exclusively to plate (A). It is important to highlight that the
coda waves used in the testing method comprise multiple scattered
waves, which represents a relatively stable state of the propagation
medium. As a result, the spatial distribution of the deployed sensors
relative to the simulated damaged area, or specifically, the placement
of screws, has minimal impact on the experimental results, rendering
it negligible. This assertion has been validated in previous numerical
simulations and NCWI experiments [20,24]. The entire experiment is
conducted in a laboratory under controlled temperature conditions
(19 +1 °C). Air temperature is monitored by a Rotronic® thermometer
positioned between the two specimens.

2.2. Experimental procedure

As depicted in Fig. 3, the entire experimental procedure consists of
three sets of monitoring and pump wave application tests. Each test
spans approximately 5.19 h, which includes 4.81 h of monitoring and
roughly 22.8 min (or 0.38 h) for the strong pump wave application.
Throughout the monitoring phase of each test, when the pump waves
are not applied, 50 coda signals of 3 ms duration are recorded in both
the testing plate (A) and the reference plate (B). The interval between
each recording is about 5.7 min. Given the brief duration of each test,
the variation in ambient temperature remains minimal.

The pump wave is applied solely to plate (A), yet the number of
coda signals recorded is the same for both plates (A and B), using
identical measurement parameters. The pump wave application process
consists of 20 steps (see Fig. 3). During the initial four steps, A,,,,
remains at 0. It then incrementally increases from 0 dB to 50 dB, with
each step increasing by 10 dB. For A4, between 50 dB and 60 dB,
the steps progress as follows: 54 dB, 56 dB, and 58 dB. Subsequently,
Apump is held at its maximum of 60 dB for the next four steps, after
which it is directly decreased to 0 dB, where it remains for the final
four steps [15,22]. Each step lasts approximately 68 s, during which
four coda signals are continuously recorded.

3. Experimental results
3.1. Dependence of CWI observables on the pump wave amplitude level

3.1.1. CWI results with thermal bias control

The initial set of experimental tests (Exp. Set N°1) is conducted
under two configurations corresponding to cases with and without
15 screws inserted into both plates (A and B). As outlined in Section 2.2,
for each experimental test, a total of 130 signals (that is, 50 monitoring
signals and 20 x 4 testing signals with pump wave application) are
analyzed using the Stretching method. The selected time window ranges
from 1.5 ms to 2.0 ms [24]. To ensure that the experimental envi-
ronment is stable, the 30th recorded signal is chosen as the reference
signal for the CWI analysis throughout both the monitoring and pump
wave application, which spans roughly 5.19 h. Fig. 4 illustrates the
results of one experimental test for two cases, namely, N =0 and
N =15.

screws

screws
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Fig. 2. Photographs of the experimental system: (a) View of the experimental system in the absence of screws in the aluminum plates; (b) Detailed view of the aluminum plates
with screws.
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Fig. 3. Schematics of the experimental procedure.
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Fig. 4. Exp. Set N°1: The dependence of the CWI observables on air temperature for N, =0 (@)(b) and N, = 15 (c)(d). The temperature fluctuation is represented by a blue
dotted line, while the CWI analysis (¢ and/or Kd) is depicted by the red line (for the testing specimen A) and the green line (for the reference specimen B). The reference signal
in CWI analysis corresponds to the 30th recorded signal, marked with a vertical dotted gray-green line. The pump wave is applied after approximately 4.81 h of monitoring. (a,c)
The relative variation in velocity 6 versus time; (b,d) The remnant decorrelation coefficient Kd versus time. (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

The thermally-induced velocity variation of multiple-scattering ul-
trasonic waves has been observed consistently in various types of
materials [8,35,36]. As such, bias control of the environmental tem-
perature is necessary for CWI analysis, given the extreme sensitivity
of coda waves to minor velocity variations [4]. Fig. 4 provides real-
time temperature fluctuations, illustrated by a red dotted line. The
maximum amplitude of temperature variation during the 5-h testing
period is 0.25 °C, underscoring the sensitivity of the CWI method to
slight temperature variations. In both cases, specimens (A) and (B)
exhibit very similar variation trends for the CWI observables (¢ and Kd)
during the initial pure CWI monitoring period. Fig. 4-a,c reveal that the
variation of @ inversely correlates with the temperature variation. For
example, a slightly higher temperature (an increase of 0.1 °C) results
in a velocity variation in the aluminum plate of —0.0015%. This phe-
nomenon has been similarly observed in other experiments [35,37,38].
While the remnant decorrelation coefficient, Kd, is to a lesser extent
influenced by temperature variations, no correction method can be
implemented [8,36].

The commencement of the NCWI test for cases N, = 0 (Fig. 4-
a,b) and N, = 15 (Fig. 4-c,d) is marked in dark yellow. Clearly, in
the case with 15 screws in plate (A), the variations in 6 and Kd values
are significantly greater than those in the case without screws. In the
ensuing NCWI analysis, the first recorded signal during the pump wave
application of about 0.38 h (with pump wave amplitude level at the
first step of 0 dB) is used as the reference signal. The reference specimen
(B) is employed to compensate for the temperature influence during
the NCWI test. In the subsequent experimental study, all analyses of
the CWI results are temperature-corrected with Eq. (1) [36] for a given
time window centered on 7,.

0(1.) = 0 4)(t) — Oy () 1)

where 6(t,) denotes the temperature-corrected CWI analysis results,
abbreviated as 6 in the following sections; 6 ,(t.) and 6)(z,) refer to
the CWI analysis results corresponding to the test sample Plate (A) and
the reference sample Plate (B), respectively.

3.1.2. NCWI results

The NCWI results for both tests (N, = 0,15) are depicted
in Fig. 5-a,b, with the corresponding pump wave amplitude level
illustrated in Fig. 5-c. A clear dependence of the NCWI results of
the specimen with 15 screws (shown in green) on the pump wave
amplitude level 4,,,, is evident: (1) As A, increases, 6 decreases
while Kd incrementally increases, especially from 4,,,, > 50 dB; (2)
When A, remains at the level of 60 dB, both § and Kd cease to
change and retain their peak values; (3) When decreasing 4, directly
back to 0 dB, 6 and Kd return to almost their initial values.

Conditioning phenomena of the material are present as § and Kd
do not return directly to their initial values, revealing a slow dynamic
effect [20,39-41]. Compared to the NCWI results in the case with
15 screws (in green), the case without screws (in blue) demonstrates
no comparable variations throughout the test. However, a minor pump
wave amplitude dependence phenomenon is observed in the case with-
out screws, which could be attributed to nonlinear contact activation
between the small supporting pieces and the specimen or the overall
nonlinearity of the system, inclusive of the measurement chain.

The aluminum plate sample without screws can be construed as a
linear propagation medium. Consequently, the reported results on the
sample containing screws may reflect the nonlinear contact between
the screws and the specimen during the pump wave application. The
contacts between the screws and the specimen behave as nonlinear
scatterers, and among the potential manifestations of these are (i) an
effective material softening phenomenon [15,39,42], (ii) an increased
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Fig. 5. Exp. Set N°1: CWI results versus pump wave amplitude level (4,,,, in dB)
for two distinct cases (N, = 0,15). (a) The relative variation in velocity 6 versus
step number; (b) The remnant decorrelation coefficient Kd versus step number; (c)
Excitation amplitude of pump waves at each step of the test. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of this article.)

effective dissipation, (iii) an effective change in the length (or surface)
of poorly contacting surfaces (equivalent to the effect of crack length
change in the previous study [43]). These experimental results align
closely with the studies of cracked specimens in diverse materials, such
as glass [15,20], mortar [21], or concrete [22,23].

Fig. 6 plots the results for the first part of the NCWI procedure
oump UP to 60 dB, with a normalized linear
scale pump amplitude level : A* = = Apmp/Aguig. The error bars
account for the standard deviation from three repeated experimental
tests for each case (with N,,,, = 0 or 15). In Fig. 6(a), the value
of 6 increases with the corresponding increase in AL for the case
where N,.,, = 15. The dashed line shows the best-fit linear regression
with fitting quality estimated by coefficient of determination R>. Since
the linear dependence are clearly observed and validated (R? > 0.9 for

all cases), the linear relation connecting 6 with A;“mp can be written

with the slope denoted by «,. The results of Kd is

while increasing the A

as: 6 = ay - A;ump,
plotted in Fig. 6(b) in a same manner, the only difference here being
that the dashed line indicates the best-fit of a quadratic regression
for the case where N, = 15. With the fitting quality remaining

highly satisfactory, Kd is related to A, ~ with a quadratic relation:

Kd = agq - A[*Jump’ where the quadratic coefficient is denoted by ayg.

A linear fit for 0 versus A and a quadratic fit for Kd versus
A} Ar€ found valid, as predicted in [15] for the quadratic hysteretic
nonlinearity phenomenon [16,39,44] and in alignment with the nu-
merical studies of previous study where it is posited that elastic and
dissipation parameters of the EDZ or the effective crack length change
in proportion to the pump amplitude [43]. These relationships have
also been observed in other experiments [15,20,21]. Two nonlinear
coefficients, denoted as @y and ag,, can be derived, quantifying the
global material nonlinearity level. The corresponding values of a, and
ay, for different tests are listed in Table 1. These results corroborate
that the contacts between the specimen and the screws function as
nonlinear scatterers, as similarly observed in [34].
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normalized A*
pump

Table 1

Exp. Set N°l: Extracted nonlinear coefficients (¢, and ay,) from the relationship
between CWI observables (¢ and Kd) and the linear normalized pump wave amplitude
level for specimens without screws (N =0) and with 15 screws (N, = 15).

screws

Nonlinear parameters Nierows =0 Nierows = 15
(mean value)

a —-4.349 x 1078 -7.893 x 1077
7%} 9.562 x 10710 1.548 x 1077

3.2. Sensitivity of the NCWI results to the amount of internal solid contact
surfaces

Based on previous numerical simulation results [43], it is expected
that the CWI observables (9 and Kd) will show a direct relationship
with the alteration in crack length in the heterogeneous medium. For
a micro-cracked material and considering coda waves in the diffusion
regime, the numerical simulation results indicate that the relationships
between CWI observables (¢ and Kd) and the total change in crack
length ALchck (the product of the relative change in crack length
AL,,ze/ Leraer @nd the crack number N,,,..), which can be formulated
as Egs. (2) and (3).

L L AL,
6= aé‘z X (ALZ;ack) = af)z X < L s X Ncrack . (2)
crack
2
— L T 2 _ YL ALcrack
Kd = g X (ALcrack) = Oy <L—k X Neraek . 3
crac.
where %ZL and aEdL represent the linear and quadratic coefficient,

respectively, extracted from the relationship between the CWI observ-
ables and the total change in crack length.

To investigate the sensitivity of the NCWI results to the amount of
internal solid contact surfaces, a new experimental test (Exp. Set N°2)
is considered, involving four new configurations corresponding to vari-
ous numbers of screws on both aluminum plates (the test and reference
ones): N....,, = 0, 5, 10, 15. Given the stability of the results from the
previous study, the same experimental procedure is utilized, albeit with
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a reduced monitoring time and pump wave application time—from
4.81 h to 2.91 h, and 0.38 h to 0.28 h, respectively (Fig. 3).

Fig. 7 illustrates the NCWI results as a function of the normal-
ized linear pump wave amplitude, with error bars accounting for the
standard deviation from three repeated experimental tests per case. In
Fig. 7(a), from top to bottom, the plot shows § with increasing AL mp
for progressively increasing damage degrees, with N, = 0, 5, 10,
15 respectively. Consistent with the previously discussed experimental
findings, a linear relationship between 6 and A}y CAN0 be observed in
all operational conditions. The corresponding linear coefficient, «,, can
also be extracted. Similarly, in Fig. 7(b), the results for Kd are plotted
using the same approach. For experiments with different number of
screws, the quadratic coefficient ax4 can also be obtained. In summary,
as the number of screws affixed to the plates increases, the nonlinear
effects amplified by the strong pump wave become more pronounced.
This enhancement is evidently linked to a larger nonlinear contact
surface between the screws and the specimens for larger N, .-

In comparison to the previous tests (Fig. 6), the variations of CWI
observables (6, Kd) are somewhat distinct. The two sets of experimental
tests (Exp. Set N°1 and N°2) were conducted approximately three
months apart. The divergence in NCWI results might be attributed to
minor physical and chemical modifications to the contact between the
steel screws and the aluminum plate, or the wearing of the threads
relative to the initial experiments. Achieving full control of the internal
contacting surface is difficult, given that nonlinear acoustic phenomena
in these cases are driven by nanoscale and microscale phenomena.

The nonlinear coefficient a, varies linearly with N, (Fig. 8-
a) as anticipated, based on the previous numerical results (Eq. (2)).
However, a linear dependence between ay, and N, appears more
pertinent than a quadratic one in the experimental tests (Fig. 8-b),
conflicting with the numerical results that predict a quadratic depen-
dence (Eq. (3)). Fig. 7-b reveals that the Kd values for N, = 10
and N, = 15 are remarkably similar, an unexpected finding. The
Kd results in this experiment are relatively unreliable compared to 6
results, which could be related to the experimental setup:
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1. The specimen is situated on two small white polyethylene pieces
on its bottom side, the strong pump wave may have activated the
nonlinear contact between the specimen and these supports. The
contact between the specimen and the supports is challenging
to precisely control for each different experimental test when
affixing or removing the screws.

2. Even though a controlled torque wrench of 0.9 N m was used
during the screwing process, the method of attaching the screws
to the specimen could not be controlled precisely in the same
manner with the same force. The process of inserting screws
into a metal plate has a complex effect on the internal stress
field within the material. Moreover, the variability associated
with each screwing process can alter both the total and effec-
tive nonlinear contact surface between the specified number of
screws and the specimen. These factors can potentially influence
the NCWI results.

3. Previous numerical studies were conducted considering a 2D
model, but the actual geometry of the aluminum plate in the
experiment is in 3D with a plate thickness of 20 mm. Further-
more, the screws are inserted into the plate to protrude from
both sides, undoubtedly affecting the NCWI results.

4. To ensure stability in the NCWI results, the interval between dif-
ferent experimental tests was relatively long (>24 h). Although
the laboratory temperature was controlled (19 + 1 °C), minor
modifications linked to contact pressures, creep, or chemical
reactions in contact with the steel screws and the aluminum
plates may occur.

5. Applying a strong pump wave to the specimen could lead to ir-
reversible microstructural modifications, especially in instances
where the screws are affixed to the plates. These micro-
modifications would likely influence the values of Kd, which
evaluate waveform distortions.

The above hypotheses align with another set of experiments, not pre-
sented here, in which the strength of screw threads was not controlled.

4. Conclusion

The global assessment of complex material damage levels utilizing
the NCWI method is addressed through experimental studies in this pa-
per. An experimental protocol is put forward, facilitating a quantitative
study of nonlinear interface effects. This is accomplished experimen-
tally by introducing screw contact in a perforated plate. Two identical
perforated aluminum plates, with a surface ratio of circular voids
equating to 17.6%, are employed in this study. The voids are randomly
spaced in the plate, with 15 potential placements for steel screws.
One of the plates serves as a reference for controlling experimental
temperature bias. The nonlinear contacts between the screws and the
specimen are accentuated by a strong pump wave across a wide broad
range of low frequencies. These effects are observed by comparing
the coda waves for varying pump wave levels. Four cases, ranging
from zero to fifteen screws affixed to the specimen, are evaluated. As
anticipated, a linear (respectively, quadratic) relationship between 6
(respectively, Kd) and the pump wave amplitude 4,,,, is obtained.
With an increasing number of screws N.,.,,,, the nonlinear coefficient
a, (extracted from the 6 versus A, relation) is found to demonstrate a
linear relationship with N.,,,. However, deviating from the numerical
results (Eq. (3)), instead of a quadratic relationship between ay, (Kd
versus A,,,,), a linear one emerges. Additionally, for the cases of 10
and 15 screws, the Kd values remain remarkably close, indicating that
the evaluations of waveform distortions are less reliable than those
of velocity variations. This variability could be attributed to multiple
experimental control details that could potentially be enhanced in
future studies. Despite these potential limitations, the experimental
results demonstrate that the nonlinear contact between the aluminum
plates and the threaded screws can effectively approximate the CAN
effects and provide a representation of distributed nonlinear interfaces
in the material. This enables a quantitative study of such damage in
complex materials, paving the way for further exploration in this field.
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