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Abstract

A nonlinear acoustic method to assess the damage level of a complex medium is discussed herein. Thanks to the highly nonlinear
elastic signatures of cracks or, more generally, internal solid contacts, this method is able to distinguish between contributions from
linear wave scattering by a heterogeneity and contributions from nonlinear scattering by a crack or unbounded interface. The coda
wave interferometry (CWI) technique is applied to reverberated and scattered waves in glass plate samples featuring various levels
of damage. The ultrasonic coda signals are recorded in both the absence and presence of an independent and lower-frequency elastic
”pump” wave, before being analyzed by CWI. The monitored CWI parameters quantifying changes in these coda signals, which
therefore quantify the nonlinear wave-mixing effects between the coda and pump waves, are found to be dependent on the damage
level in the sample. A parametric study is also performed to analyze the influence of sensor positions and average temperature on
the method’s output. The reported results could be applied to the non-destructive testing and evaluation of complex-shape materials
and multiple scattering samples, for which conventional ultrasonic methods show strong limitations.

1. INTRODUCTION

Due to their capacity for in-depth penetration and sensitivity
relative to elastic properties, ultrasonic (US) wave methods are
implemented in many fields (e.g. medicine, aeronautics, civil
engineering) for non-destructive testing and evaluation (NDTE)
applications. Standard US NDTE methods (including wave ve-
locity monitoring and ultrasonic echo analysis) are proven to
be effective and sufficient in many cases [1], especially when
the tested medium is homogeneous. However, when the prop-
agation media are complex, e.g. a multiple scattering medium,
the application of standard US methods fails, mainly due to
the quasi-exclusive use of coherent waves and their associated
tools.

In the propagation of elastic waves, scattering event consti-
tutes a primary cause of coherent acoustic energy attenuation
(or geometric attenuation), which in turn leads to a loss of in-
formation when using conventional US methods. The occur-
rence rate of scattering events is typically characterized by t∗,
the scattering mean free time (i.e. the average time between two
scattering events) [2]. If the propagation time is longer than t∗,
the coherent waves are strongly attenuated by scattering. To
avoid such attenuation, conventional US methods almost ex-
clusively employ waves with a propagation time of less than a
few t∗ (coherent waves). Due to the increased complexity of
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propagation media, which might result from a complicated ge-
ometry [3] or material heterogeneity [4, 5] (Figs. 1b and c), t∗

can be considerably reduced, which would shorten the average
life time of coherent waves as well. Consequently, the possi-
bility for coherent waves to detect and characterize a defect at
an unknown location or to thoroughly probe the entire medium
when complexity is involved is smaller. One common solu-
tion employed in conventional US methods consists of expand-
ing the wavelength in order to avoid scattering (thus increasing
t∗) [6]. This approach however provides more a tradeoff than
an actual solution, since the higher t∗ comes at the expense of
losing sensitivity and resolution capabilities. Conventional US
NDTE methods are able to detect a defect through the accompa-
nying ultrasound interaction, for which the wavelength should
be comparable to the defect dimension, whereby ”undersized
defects” are barely even detected. The increased wavelength
lowers sensitivity as more details become ”undersized”. Since
defect detection relies on both the presence of ultrasound at the
defect location (Fig. 1a) and the ultrasound-defect interaction
efficiency, the performance of conventional US methods can
thus be strongly limited within a complex medium.

The signal of multiply scattered waves (also referred to as in-
coherent waves or coda waves) is often overlooked by conven-
tional US methods due to its noise-like appearance. Previous
studies have shown however that this signal contains detailed
information about the propagation medium and is highly repeat-
able [7, 8]. For these reasons, multiply scattered elastic waves
are used to assess complex propagation media [9–12]. Its appli-
cations were later introduced into the NDTE field [3, 13, 14].
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(a) (b) (c)

Figure 1: Illustration to determine the presence of cracks, i.e. localized nonlin-
ear scatterers, in: (a) a homogeneous propagation medium with simple geom-
etry; (b) an inhomogeneous propagation medium with a number of inclusions
(linear scatterers) and a crack; and (c) a homogeneous propagation medium
with complex geometry and a barely accessible crack.

The long-time propagation in multiple scattering media leads
to propagation paths that are not only long but also well dis-
tributed spatially. It then becomes possible to probe the en-
tire propagation medium in a global and repeated manner,
even within areas that are beyond the reach of coherent waves
(Fig. 1c). As the superposition of all scattered waves picked
up by transducer, the recorded coda signal contains information
collected from the entire medium, including the defect. The
presence of a defect can ultimately be detected by analyzing
coda signals according to various methods [15–19].

To expand the capacity of damage detection even further,
our suggestion calls for combining the use of multiple scattered
waves along with nonlinear acoustic effects: coda wave inter-
ferometry (CWI) technique [14] is thus associated with a non-
linear modulation effect [20–22]. In our previous study [23], it
was demonstrated that global damage detection can be achieved
by monitoring with CWI the nonlinear mixing effect caused by
the presence of nonlinear scatterers (cracks) in an initially lin-
ear elastic medium (Pyrex glass). Under acoustic excitation,
the presence of cracks is observed by their specific nonlinear
behaviors [5, 24–30]. By sending high-amplitude waves over
a broad frequency band, which includes multiple resonant fre-
quencies of the sample, the nonlinear behavior of cracks can be
triggered in most positions within the medium. Moreover, by
thoroughly assessing the propagation medium using multiple
scattered coda waves, the occurrence of such nonlinear modu-
lation phenomena can then be detected in fine detail as pump
amplitude-dependent variations of the CWI results.

In this study, our aim is to demonstrate a global evaluation
of damage level by assessing the effective nonlinear level of
the propagation medium using a nonlinear modulation of the
coda waves and CWI analysis. We consequently denote the
method implemented here as nonlinear coda wave interferome-
try (NCWI). In performing the set of previously described non-
linear tests on three Pyrex plates, identical at first but differently
damaged with localized cracks, the effective nonlinear level, as
quantified by NCWI-derived coefficients Cα and CKd, can be
correlated with the level of damage, thus indicating the possi-
bility of a damage level evaluation. A subsequent test demon-
strates experimentally that such an effective nonlinear level is
an intrinsic nonlinear parameter of the wave-material interac-
tion, which solely depends on the level of damage and not on

its location, hence confirming the global nature of the evalu-
ation. As a practical matter, the experimental repeatability of
this method and the influence of temperature changes have also
been studied.

(a) (b) (c)

Figure 2: Pictures of the damaged samples: glass plates with dimensions of
1.6 cm × 23 cm × 19 cm, with two distinct levels of localized damage created
artificially by thermal shock: (a) global view of the more heavily damaged
sample; (b) close-up in the cracking zone of the more heavily damaged sample
whose diameter equals approximately 5 cm; and (c) close-up in the cracking
zone of the less damaged sample whose diameter is approximately 3.5 cm.

2. EXPERIMENTAL DESIGN

2.1. Specimen description

Three initially identical Pyrex glass plates (1.6 cm × 23 cm
× 19 cm) were tested for purposes of this study. To differentiate
test specimens by damage level, one specimen was left intact
to serve as the reference, while the other two were artificially
damaged by a localized thermal shock. Such a procedure causes
a number of visible cracks within a finite volume of the spec-
imen. A quasi-hemispherical cracked zone could be observed
on the surface (Fig. 2a). According to the diameters of these
cracked zones, the specimens can be considered to show differ-
ent levels of damage: intact, less damaged, and more heavily
damaged. The specimen displaying a cracked zone diameter of
5 cm was identified as the more heavily damaged and the speci-
men with a smaller zone (diameter: 3.5 cm) as the less damaged
(Figs. 2b and c). The propagation of acoustic waves through the
intact sample yielded velocities of ∼4,500 m/s for longitudinal
waves and ∼2,750 m/s for shear waves. The quality factor of
the intact sample at probe wave frequencies, evaluated via the
exponential decrease of the late coda signals, is Q ∼ 200 ± 30.

2.2. Experimental set-up

Two types of piezoelectric transducers were used in these ex-
periments. Transducers with a high working frequency range of
200-800 kHz (®Vermon type-M0.5/1070) were introduced for
the excitation and detection of probe coda waves, hence their
names probe emitters and probe receivers, respectively. The
®Ferroperm type-Pz26 transducers were used for generating
larger-amplitude pump waves and are therefore called pump
wave emitters. They operate over a lower frequency range,
which is typically located between 15 kHz and 50 kHz. All
transducers are glued onto the specimen edges with superglue.
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Figure 3: Schematic diagram of the experimental set-up - Glass plate samples (1.6 cm× 23 cm×19 cm) at three distinct levels of damage (intact, less damaged,
more heavily damaged), with transducers serving different purposes being installed on their edges by gluing according to a similar configuration. Two transducers,
illustrated by dashed lines, are glued onto the more heavily damaged sample but have not been used in this test; the purpose of their installation is detailed in
Section 3.2.

The measurement system adopted for this study is the same
as that described in [23]. Chirp signals with a frequency in-
creasing from 200 to 800 kHz within 200 µs are generated, am-
plified and then sent into specimens via the probe wave emit-
ter. Synchronized to each probe wave emission, the probe re-
ceiver picks up a 2-ms signal as a single acquisition at a 5-MHz
sampling frequency and with 16-bit amplitude dynamics. To
improve the signal-to-noise ratio, an average of 64 successive
acquisitions is performed. With a repetition rate of 80 Hz, each
coda signal is subsequently recorded within less than a second.

During the acquisition of probe waves, the acoustic pump
waves are continuously launched into the specimens in the form
of 11-ms linear chirp signals in the 15-50 kHz frequency range.
It has been verified for each specimen that more than 10 res-
onant frequencies are present within this frequency range.The
pump waves emission is not synchronized with that of probe
waves for having the nonlinear effects well distributed on the
successive coda acquisitions and eventually averaged on the re-
tained coda signal [23].

The amplitude of the probing signal remains identical
throughout the experiments, whereas the pump signal ampli-
tude gets modified by manually altering the corresponding
power amplifier gain (from 0 to 60 dB with an increment of 10
dB). Through measuring the out-of-plane velocity at different
positions on the surface of the specimens using a laser vibrom-
eter, the resulting strain amplitude corresponding to a 60 dB
amplification gain is evaluated to be of the order of 10−6, which
is higher than that of the probe wave. The linear correlation
between amplification gain and output amplitude has been ver-
ified, with the maximum amplitude of the pump signal corre-
sponding to a 60-dB amplification gain equaling approx. 200 V
peak-to-peak.

Experimental procedure for the nonlinear mixing tests
The key element in this study, namely the nonlinear mixing

test, will now be described. Each nonlinear mixing test is com-
posed of 16 steps and divided into three phases, in accordance
with the pump wave amplitude Apump protocol, i.e.:

• Phase 1, steps 1 through 7: Apump is manually increased
from 0 to 60 dB step-by-step with a 10-dB increment be-
tween each step;

• Phase 2: Apump is constantly held at 60 dB for another four
steps until reaching step 11;

• Phase 3: Apump is directly lowered from 60 dB to 0 dB
at the beginning of step 12 and then remains at this level
during the last five steps

Each step lasts about 20 s, during which both pump waves and
probe waves are repeatedly emitted into the specimens in an
asynchronous manner while 10 coda signals are being recorded.
Due to the absence of pump-probe synchronization and the fact
that each coda signal is the average of 64 consecutive acquisi-
tions, a uniformly-distributed and averaged nonlinear effect on
the coda signals is ensured.

2.3. Signal processing and NCWI parameters
The signal processing method applied to coda signals stems

from the CWI and is known as the Stretching method [31]. Each
group of 160 coda signals recorded during a given test is ana-
lyzed in order to evaluate variations in propagation velocity and
waveform. The first signal of each group, which is recorded
with Apump=0 dB, is set as the reference signal h0[t], and prop-
agation velocity v0 is considered as the reference velocity. By
dilating/compressing h0[t] with a dilatation parameter τi, it is
possible to simulate a signal (h0[t(1 + τi)]) that would corre-
spond to the propagation taking place in the same medium yet
with a modified wave velocity v0(1 + τi). This simulated signal
is then compared to h1[t], which has been recorded experimen-
tally in the propagation medium assumed to be perturbed (in
this study, it is being perturbed by the pump wave). Such a
comparison is drawn by evaluating the correlation coefficient
CC between signals h0[t(1 + τi)] and h1[t] within the time win-
dow [t1, t2]:

CC(t1,t2)
(h0,h1)(τi) =

∫ t2
t1

h0[t(1 + τi)] · h1[t]dt√∫ t2
t1

h2
0[t(1 + τi)]dt ·

∫ t2
t1

h2
1[t]dt

. (1)

The time window in this study is selected as [1, 1.25] ms. Given
the experimental setup, this selection ensures that the propaga-
tion time is long enough for ultrasonic waves to probe the entire
medium thoroughly, and that the window is wide enough for
CWI to be efficiently applied.
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The value of τi that maximizes CC(t1,t2)
(h0,h1)(τi) is denoted α; this

value corresponds to a perturbed-state propagation velocity of
v1 = v0(1+α) and is therefore considered to be the relative vari-
ation in effective propagation velocity α = v1−v0

v0
. The second

parameter deduced from the analysis is:

Kd = 1 −CC(t1,t2)
(h0,h1)(α), (2)

i.e. the remnant decorrelation coefficient that measures the level
of waveform distortion between h0[t] and h1[t] within the se-
lected time window.

3. EXPERIMENTAL RESULTS

3.1. Dependence on damage level
Three piezoelectric transducers (probe wave emitter, probe

wave receiver and pump wave emitter) have been glued onto
each of the three specimens according to a similar configura-
tion (Fig. 3). The nonlinear mixing tests were performed by fol-
lowing the protocol described in Section 2.2. The pump wave
amplitude (Apump) for each step of the nonlinear mixing test is
plotted in Fig. 4c. Experimental coda signals are then analyzed
by running the Stretching method. In setting the first recorded
signal as the reference, velocity variation α and remnant decor-
relation coefficient Kd (as defined in the previous section) can
be evaluated for every signal of the same test. The NCWI re-
sults of all three tests are illustrated in Figs. 4a and b, where α
and Kd (obtained from 10 signals recorded during a single step)
are represented by their average value as a color symbol (blue
circle, green square or red pentagram).

NCWI results of the two damaged specimens clearly show
the dependence of Apump: in phase 1, as the level of Apump in-
creases, α decreases while Kd also increases; during phase 2,
with Apump held constant at 60 dB, both α and Kd stop chang-
ing and maintain their levels; and lastly in phase 3, as Apump

drops back to 0 dB, α and Kd return to their initial levels as
well. Moreover, NCWI results of the intact sample indicate no
comparable variations throughout the entire test. This result
agrees with our previous study [23] and demonstrates that: 1)
the glass can initially be considered as a linear elastic material
for acoustic propagation; and 2) when specimens are damaged,
cracks appear and play the role of nonlinear scatterers (sources)
for the acoustic interaction between pump and probe waves.

By comparing the NCWI results of the two damaged speci-
mens, it is clear that the probe wave in the more heavily dam-
aged specimen is more sensitive to the presence of pump waves.
Under the same level of Apump, NCWI parameters of the more
heavily damaged specimen reveal greater changes than those of
the less damaged one. The α and Kd values obtained during
phase 1 of each test are plotted in Fig. 5 vs. pump wave ampli-
tude in order to illustrate the Apump dependencies of NCWI pa-
rameters. For the sake of clarity, NCWI parameters have been
plotted in a linear-linear scale by normalizing the pump wave
amplitude to its lowest value A∗pump=Apump/Amin

pump.
The nonlinear mixing effects in both damaged specimens are

exposed through the pump amplitude dependence of NCWI pa-
rameters. A linear relation of α vs. A∗pump and a quadratic re-
lation of Kd vs. A∗pump are observed and can be expressed as
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Figure 4: Damage dependence of the nonlinear acoustic mixing effect, as eval-
uated by CWI analysis: (a) Velocity variation α vs. step number; (b) Remnant
correlation coefficient Kd vs. step number; and (c) Excitation amplitude of
pump waves at each step of the test. The CWI results obtained on different
specimens have been illustrated with the following color symbols: blue circles
for the intact specimen, green squares for the less damaged specimen, and red
pentagrams for the more heavily damaged specimen.

Nonlinear Intact Less Heavily
Coefficient damaged damaged

Cα 4.6 E-10 5.4 E-9 2.9 E-8
CKd 3.9 E-10 2.1 E-9 1.2 E-8

Table 1: Extracted nonlinear parameters Cα and CKd from the nonlinear wave
mixing tests conducted on the three specimens with differing damage levels

follows:

α = −Cα · A∗pump + R0,

Kd = CKd · A
∗2

pump + R1 · A∗pump + R0. (3)

The linear and quadratic parameters Cα and CKd can be ex-
tracted from the best fits; their values are listed in Table 1. Let’s
note that the terms with R0 and R1 are much smaller than the
other terms in Eq. (3). In using the extracted values of Table 1,
the various damage levels can be identified.

The glass samples are initially considered to be linear. The
presence of cracks induced by the damaging mechanism causes
localized nonlinearity, as a result of which the nonlinear mix-
ing effect occurs between the probe coda wave and the pump
wave. The use of multiple scattered coda waves as probe waves
ensures a thorough inspection of the entire specimen by means
of reverberation. The excitation of over 15 resonant modes of
the sample by the pump wave also guarantees that the sam-
ple is excited everywhere with large-amplitude pump strains,
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Figure 5: Pump amplitude dependence of NCWI parameters α and Kd for spec-
imens with three distinct damage levels: (a) Velocity variation α vs. normalized
pump amplitude; and (b) Remnant correlation coefficient Kd vs. normalized
pump amplitude. The NCWI parameters obtained for the various specimens
have been plotted with the following color symbols: blue circles for the intact
specimen, green squares for the less damaged specimen, and red pentagrams
for the more heavily damaged specimen; dashed lines display the linear and
quadratic fits as a function of pump amplitude.

as described in [23]. The Apump-dependent variations of NCWI
parameters (α and Kd), as quantified by Cα and CKd, offer a
global observation of the nonlinear mixing effects. The level of
such effects depends simultaneously on the nonlinearity level
of cracks (which, in our case, is assumed to be similar for both
damaged samples since they were produced according to the
same protocol), the extent and crack density of the damaged
zone, and the level of pump acoustic excitation being applied.
Given our ability to control the pump excitation amplitude, the
values of Cα and CKd are thus closely correlated with the dam-
age level of the sample.

3.2. Validation of the global evaluation

The conclusion of the previous section relies on the assump-
tion that the effective nonlinear coefficients (Cα and CKd) de-
duced from NCWI results represent the effective nonlinear level
of the specimen. As a global measurement of intrinsic proper-
ties, these coefficients characterize the nonlinear level of the
structure as a whole. Their values therefore should not depend
on the exact locations where coda measurements are taken or
where the acoustic excitation is produced. To verify the global
nature of the inspection method and confirm the conclusion
drawn in Section 3.1, the following experiment has been con-
ducted.

In this experiment, three probe transducers and two pump
transducers were glued onto the more heavily damaged speci-
men (Fig. 6), even though nonlinear mixing tests require only
three transducers (i.e. probe emitter, probe receiver and pump
emitter). The two extra devices are installed to allow for a
change in position of either the pump wave emitter or the
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Figure 6: Schematic diagram of the experimental set-up - Three identical trans-
ducers of central frequency ∼ 500 kHz are used for the probe coda wave mea-
surement (chirp: 200-800 kHz) as one emitter plus two receivers, while two
other identical transducers are used to generate the pump acoustic excitation at
lower frequencies (frequency-swept signal between 15 kHz and 50 kHz).

probe wave receiver. Towards this end, three tests were per-
formed using the measurement configurations listed in Table 2,
which have been named accordingly Rc1p1, Rc1p2 and Rc2p2.
All five transducers were glued onto the specimen before the
experiment, making it possible to consider such a specimen-
transducers system as a signal structure that remains identical
for all three tests.

Test Probe wave Pump wave
receiver emitter

Rc1p1 n◦1 n◦1
Rc1p2 n◦1 n◦2
Rc2p2 n◦2 n◦2

Table 2: Measurement configurations of the three nonlinear mixing tests per-
formed with various positions of the pump wave emitter or probe wave receiver

NCWI parameters for the increasing excitation phase (Phase
1) of each test have been plotted in Fig. 7. Results obtained
from the intact and less damaged specimens in Section 3.1 are
also shown for purposes of comparison. As previously an-
ticipated, NCWI results display limited spatial dependence on
transducer position, particularly that of the pump wave emitter.
The changing position of the probe transducer between Rc1p2
and Rc2p2 exerts almost no influence since the corresponding
results of the NCWI analysis are nearly identical (the red aster-
isks and red diamonds in Figs. 7a and b are difficult to distin-
guish). Meanwhile, the changing position of the pump trans-
ducer demonstrates greater importance since the NCWI results
of test Rc1p1 (red pentagrams) are visibly distinct from those
of Rc1p2 and Rc2p2 (Fig. 7b). However, the NCWI parameter
changes due to the fact that transducer positions on the sam-
ples are much smaller than the changes associated with damage
levels for the tested samples (see Tables 1 and 3).

The results of this experiment indicate the robustness of the
NCWI parameters obtained for a given sample and moreover
demonstrate the global inspection aspect of the method.

3.3. Influence of temperature on the method
In the case of NDTE techniques, method robustness, i.e. ex-

perimental repeatability under varying external conditions, is
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Figure 7: Comparison of nonlinear acoustic mixing effects resulting from
changes in damage level and transducer position: (a) Velocity variation α vs.
normalized pump amplitude; and (b) Remnant correlation coefficient Kd vs.
normalized pump amplitude. The CWI parameters obtained for the various
specimens have been illustrated with different colors, i.e.: blue circles for the
intact specimen, green squares for the less damaged specimen, and red penta-
grams, diamonds and asterisks for the three tests on the more heavily damaged
specimen; dashed lines depict the linear and quadratic fits as a function of pump
amplitude.

of interest along with method sensitivity. As one of the most
frequently encountered environmental variables, ambient tem-
perature changes might considerably influence the results of
acoustic tests and, consequently, degrade method reliability.
Let’s note that linear ultrasonic CWI is so sensitive to effective
wave velocity changes that in turn it becomes very sensitive
to any temperature change [3, 32]. With the present method,
the impact of temperature changes is considered from two dif-
ferent angles: 1) an experimental one, whereby its influence
might affect the entire experimental set-up, which would cause
thermal bias and ultimately degrade experimental repeatabil-
ity [33]; and 2) a physical one, given the possibility that ma-
terial nonlinearity might depend on temperature, which could
cause difficulties in distinguishing the damage level from the

Nonlinear Heavily damaged
Coefficient Rc1p1 Rc1p2 Rc2p2

Cα 2.9 E-8 2.9 E-8 2.7 E-8
CKd 1.4 E-8 1.2 E-8 1.2 E-8

Table 3: Experimental results of nonlinear parameters Cα and CKd of the more
heavily damaged specimen in three nonlinear tests (the pertinent configurations
are listed in Table 2)

effective nonlinearity level. To address this issue, experimental
studies have been conducted to verify the influence of tempera-
ture on our method.

Three nonlinear mixing tests have been simultaneously per-
formed on all three specimens: the more heavily damaged and
intact specimens were installed in a climate chamber, while the
less damaged specimen was simply placed outside the chamber
without any temperature controls. For these three tests, temper-
ature in the climate chamber was set at 20◦C, 30◦C and 40◦C,
respectively. A 3-hour relaxation period was inserted between
successive tests so that temperature in the specimens could sta-
bilize. With such temperature variations, the thermal depen-
dence of the tested nonlinear elastic damage was expected to
be revealed. Also, the results obtained from the less dam-
aged specimen could be utilized to demonstrate experimental
repeatability under laboratory conditions. The experimental re-
sults of all three tests are exhibited in Fig. 8 for the sake of
comparison, and the corresponding extracted nonlinear coeffi-
cients are summarized in Table 4.
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Figure 8: Comparison of nonlinear acoustic mixing effects resulting from
changes in damage level and temperature: (a) Velocity variation α vs. nor-
malized pump amplitude; and (b) Remnant correlation coefficient Kd vs. nor-
malized pump amplitude. The three colors blue, green and red stand for NCWI
result in the intact, less damaged and more heavily damaged specimens, re-
spectively; the three symbols with the same color (circle, square and asterisk)
indicate results obtained in tests 1, 2 and 3, respectively; dashed lines depict the
linear and quadratic fits as a function of pump amplitude.

Satisfactory experimental repeatability has been confirmed
by results on the less damaged specimen since both nonlinear
coefficients show just a slight difference (Table 4); moreover,
the corresponding curves in Fig. 8 practically overlap. Due to
a forced temperature change in the climate chamber, NCWI
results in the other two specimens display greater variations.
From a visual comparison, α appears to be less influenced by
temperature, with the three damage levels being easily identi-
fied in Fig. 8a. The Kd results from both the intact and less dam-
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aged specimens however are difficult to distinguish in Fig. 8b
using the adopted scale. Nevertheless, they are distinguishable
by the change in order of magnitude in the extracted nonlinear
coefficients, as provided in Table 4.

4. Conclusion and discussion

This work has reported on the application of a previously de-
veloped method for the global evaluation of damage levels in
reverberating or multiple scattering media. Three initially iden-
tical Pyrex glass plates were tested, with two of them having
been damaged by thermal shocks, thus leading to a number of
visible cracks concentrated in a small portion of the samples.
Sending high-amplitude, frequency-swept pump waves into the
samples serves to modify the medium’s elasticity at its highest
susceptibility locations, namely where the cracks are located
(and, by definition, where elastic nonlinearity is greatest). This
nonlinear behavior can then be observed in fine detail by NCWI
applied on the signals of higher-frequency, reverberated coda
waves. The results presented as Apump-dependent variations of
α and Kd indicate linear and quadratic dependencies, respec-
tively. From such dependencies, an effective nonlinearity level
is evaluated by nonlinear coefficients Cα and CKd. As demon-
strated experimentally, such an evaluation assesses the overall
sample; the results obtained depend solely on the damage level
and remain independent of damage location. We have there-
fore concluded that the extracted nonlinear parameters can be
used to monitor/evaluate the damage level of a complex struc-
ture from a global perspective.

Because temperature variations are known to strongly alter
the benefits and sensitivity of CWI methods, the influence of
temperature has also been analyzed for the reported method and
damaged samples. It has been demonstrated under laboratory
conditions that this method offers satisfactory experimental re-
peatability, and the various damage levels are still clearly iden-
tified even when controlling for relatively sizable temperature
modifications (10◦C and 20◦C). Let’s observe that the effec-
tive nonlinear parameters Cα and CKd are orders of magnitude
less sensitive to temperature change than α and Kd. Nonethe-
less, a limited influence of temperature change on the effective
nonlinear coefficients does exist, and it appears that Cα is less
sensitive to temperature change than CKd. Although no clear
pattern between temperature change and the value of nonlin-
ear coefficients has been detected in our study, a more detailed
parametrical assessment of the nonlinearity of thermal depen-
dence should be envisioned in the future.

We chose Pyrex glass for our specimens mainly because it
can be damaged with real cracks and visually examined. The
method developed can be applied to other materials, whether
initially linear or not. In a recent study, this method had al-
ready been successfully applied on concrete samples to detect
closed cracks [34], in which case undamaged concrete is al-
ready weakly nonlinear and cracks caused by mechanical dam-
age further increase the sample’s effective nonlinearity being
probed by the method. Depending on its origin, damage can be
global or local in concrete. Compared to NDT&E methods that

are based on similar nonlinear elastic phenomena, e.g. Non-
linear Elastic Wave Spectroscopy [35] or Nonlinear Resonant
Ultrasound Spectroscopy [36], the described method presents
an improved capability on detecting globally in a sample (i.e.
without low sensitivity zone) a localized damage. Moreover, it
could be adapted with an imaging technique developed for dif-
fuse waves [37] in order to map the effective nonlinearity within
a multiple scattering medium (e.g. by imaging velocity change
under pump acoustic excitation). With a local increase of effec-
tive nonlinearity caused by local damage, the latter in a multiple
scattering medium could thus be detected and located simulta-
neously, without requiring any prior monitoring or threshold
value.
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