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Influence of low-frequency parameter
changes on nonlinear vibro-acoustic
wave modulations used for crack
detection

Bin Liu1,2, Zhiwei Luo1,3 and Tie Gang1

Abstract
The use of vibro-acoustic modulation is an effective nonlinear and nondestructive approach to the detection and moni-
toring of cracks in fatigued, defective, and fractured materials. However, the vibro-acoustic modulation results strongly
depend on choice of the testing parameters. To implement this technique for additional applications, the effect of varia-
tion in the test parameters must be well understood. This study investigates the influence of variation in the amplitude
and frequency of pumping (low-frequency vibration) signals on the modulation. We apply two kinds of probing excita-
tions, sine-wave and swept-signal excitations, and we measure the modulation intensity variation with changes in the rel-
evant parameters to observe their influence on the modulations. Dynamic strain measurement of the crack area is
utilized to analyze the relation between the degree of crack opening/closing and the modulation on the crack interface.
The results indicate that the probing amplitude has little effect on the modulation, and furthermore, the sweep-signal
excitation technique can be used to select the proper probing frequency. The results also indicate that there is a critical
pumping strain value (ec) for the crack samples. When the pumping strain reaches this critical value, the modulation
reaches a maximum. However, the opening/closing area cannot increase any more even if the pumping amplitude further
increases, and thus, the modulation does not change. The extent of the crack opening/closing also varies with the pump-
ing frequency. Our results suggest that increased sensitivity to crack detection can be achieved with the use of the reso-
nance frequency as the pumping frequency in vibro-acoustic modulation tests.
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Introduction

Vibro-acoustic modulation (VAM), also called non-
linear wave modulation spectroscopy (NWMS), is a
nonlinear ultrasonic method utilized for the nondes-
tructive testing of materials.1–3 The approach detects
material defects by monitoring the modulation compo-
nents generated by the interaction between probing
(high-frequency ultrasound f0) and pumping (low-fre-
quency vibration f1) signals due to the nonlinear beha-
vior arising from material damage. The method exploits
the fact that these modulation components are present
as a mixed frequency or sideband (f0 6 nf1) in the
spectrum.

VAM is sensitive to cracks in structures even with
complex geometries. In this regard, it has been reported
that cracks in welded joints of large steel pipes or pipe

socket welds,2,4 imperfections in diffusion bond inter-
faces,5 and loose bolted joints6–8 can be detected by
means of this technique. VAM can be applied to vari-
ous materials such as metal, Plexiglas, sandstone,9 con-
crete,10,11 and composites.12–14 More importantly, the
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method does not require any highly sophisticated
equipment to excite and receive signals.

Parameter selection forms one of the most impor-
tant elements for test reliability. There are four main
parameters in the VAM test: the amplitude and fre-
quency of both the probing and pumping signals. The
probing amplitude has little effect on the modulation
between the (ultrasonic) sound and vibration on the
crack interface.3,4 However, the modulation effect (sen-
sitivity) of the technique is strongly dependent on the
probing ultrasonic frequency. Therefore, to make
VAM more practically applicable and robust, a suitable
probing frequency needs to be selected before testing.
In this regard, Duffour et al.15 proposed that the prob-
ing frequency should be swept over a broad range in
order to lock the frequencies that yield the highest sen-
sitivity. To quickly inspect a wide range of probing fre-
quencies, Yoder developed a new form of probing
excitation with a swept signal. Cracks in the samples
were detected through the normalized modulation
observed at the harmonics of the pumping frequency in
the time–frequency domain.16 In our previous research,
we proposed a new index called MISD to evaluate the
structure quality in a VAM test with swept probing
excitation.17

Initial studies in this regard have shown that the
ultrasound amplitude and/or phase periodically
changes (modulates) because of the opening/closing of
the crack interface due to vibrations.18 In particular, a
larger opening/closing area corresponds to a higher
modulation, which indicates that the modulation inten-
sity linearly increases with the pumping amplitude dur-
ing testing.9,19 The pumping frequency selection is
related to the vibration mode of the structures, and
thus, the sensitivity of a crack located at a certain posi-
tion is different for different pumping frequencies.4 In
this regard, an aluminum plate was tested with different
vibration modes by Klepka et al.20 The relative motion
mode of the crack interface in the plate was divided
into three types: Mode I—opening/closing mode,
Mode II—sliding mode, and Mode III—tearing mode.
The test results suggested that different motion modes
correspond to different modulation intensities.

This work investigates the influence of the testing
parameters, particularly the low-frequency parameters,
on the modulation. Two methods for probing excitation
are used in this study: sine-wave excitation and swept-
signal excitation. The variation in modulation with

different parameters is summarized according to the
test results. Furthermore, we use dynamic strain mea-
surement of the crack area to analyze the relation
between the extent of crack opening/closing and modu-
lation on the crack interface.

Method and materials

Experimental setup

Nine aluminum alloy (2024) rods with a diameter of
20 mm and length of 200 mm were tested in the experi-
ments described in this article. Three samples (ID: #1,
#6, and #7) were free of cracks, and the others were
fatigue cracked in a three-point bending rig. The crack
lengths along the circumferential direction of the rod
were measured using an optical microscope. Table 1
lists the crack lengths of the samples. Three samples
(ID: #2, #3, and #5) exhibited small cracks, and the
other three samples (ID: #4, #8, and #9) exhibited large
cracks (Figure 1).

The rods were supported on two foam pads during
the test. Figure 2 shows the schematic representation of
the experimental setup used for the VAM method. This
technique needs two sets of excitations: low-frequency
vibration (pumping signal f1) and high-frequency ultra-
sound (probing signal f0). In the setup, a shaker (HEV-
20) was attached to the sample via a push rod along
the direction perpendicular to its length. The pumping
amplitude applied to the sample was adjusted by an
amplifier. Two lead zirconate titanate (PZT) disks were
bonded with epoxy glue at the ends of the rod on either
side of the crack. In such a setup, each PZT transducer
can be used either as a transmitter or a receiver. The
input PZT disk was driven by a Rigol DG3061A signal
generator. A strain gauge was bonded at the midpoint
of the sample, and it was used to monitor the dynamic
strain of the crack area during the VAM test. Two
types of probing-frequency (high-frequency) excitations
were applied during the experiment.

Sine-wave excitation

Pure-tone sine-wave probing excitation was used to
investigate the effect of the vibration parameters on the
output modulation signal. The output signal was
recorded with a storage oscilloscope (Rigol DS1102E)
and subsequently processed and analyzed with a

Table 1. Fatigue crack length of Al rod.

Sample ID #1 #2 #3 #4 #5 #6 #7 #8 #9

Crack length (mm) 0 0.7 20 42 16 0 0 33 30
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LabVIEW program. We used the modulation index
MID proposed by Donskoy to evaluate the structure
quality

MID = 20log10

Am�n + Am + n

2Am

ð1Þ

Here, Am 6 n represents the spectral magnitude at
frequency f0 6 nf1, and Am is the spectral magnitude at
frequency f0.

Swept-signal excitation

To determine the probing frequencies that resulted in
the most modulation, we used a linear sweep signal to
excite the transmitter PZT disk. The output signal was
processed and analyzed by a LabVIEW program. First,
the high-frequency structure response (HFSR) of the
sample was measured without the low-frequency vibra-
tion excitation, a Hilbert transform–based amplitude
demodulation was used to obtain the HFSR envelope.

Next, the low-frequency excitation was applied to the
sample, and the output signal was filtered by a high-
pass filter so as to separate the modulated high-
frequency response from the signal. The synchronous
demodulation (SD) method was used to extract the
modulation information from the modulated high-
frequency response.21 Next, the HFSR envelope was
used to normalize the signal during demodulation.
The normalized envelope was transformed into the
time–frequency domain with the use of the short-time
Fourier transform (STFT). The modulation compo-
nent could then be detected through the presence of
significant energy at the harmonics of the vibration
signal.

The modulation intensity of the test with swept-
signal excitation can be characterized with the index
MISD, which can be expressed as follows

MISD = SD1 + SD2 + SD3 + � � � ð2Þ

Here, SDn (n = 1, 2, 3, .) denotes the energy inten-
sity normalized by the HFSR envelope at the harmo-
nics of the vibration frequency in the time–frequency
domain result after STFT.

The nonlinear information extraction method for
swept-signal excitation is different from that of sine-
wave excitation, and furthermore, the MISD curve was
not plotted on the dB scale in the study. In order to
facilitate comparison of the test results with different
excitations, the results in both cases should be consis-
tent. In this context, a comparison of these two results17

yields the following approximate relationship between
MID andMISD

MID’10(log10MISD � 1) ð3Þ

Subsequently, the results of the VAM test with
swept-signal excitation were plotted on the dB scale
according to this formula.

Figure 1. Optical detection results of (a) small-crack sample
and (b) large-crack sample.

Figure 2. Experimental setup for vibro-acoustic modulation
(VAM) testing.
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Results and discussion

Selection of probing excitation

Figure 3(a) illustrates the influence of the probing
amplitude on the modulation in samples with different
crack sizes. The frequency of the exciting sine wave is
112 kHz with amplitudes of 1, 5, 10, 15, and 20 Vpp.
The vibration force amplitude is 8 N, and the fre-
quency is 1.5 kHz. We observe that the modulation
intensity increases with increasing crack size. However,
the modulation intensity remains constant with varia-
tion in the probing-signal amplitude.

Figure 3(b) depicts the influence of the probing
amplitude on the modulation in sample #9 for different
probing frequencies (100, 123, and 130 kHz). We note
that the probing frequency significantly affects the
modulation.

As mentioned above, the modulation effect (sensitiv-
ity) of the technique is strongly dependent on the prob-
ing frequency. To determine a suitable high-frequency
value, we used a 90- to 140-kHz linear sweep signal with
a sweep time of 500 ms and drive voltage of 20 Vpp to
excite the transmitter PZT disk. All nine samples were
tested, and the equivalent MID was calculated accord-
ing to equation (3), the corresponding results are shown
in Figure 4.

TheMID value of the reference samples (Figure 4(a))
is small over the entire swept range, its average value is
approximately 250 dB, and there is no change as the
frequency is varied. The MID values of the crack sam-
ples (Figure 4(b) and (c)) are significantly larger than
those of the reference samples. The average values are
approximately 240 dB for small cracks and 220 dB
for large cracks. It can also be observed that the MID
value of the crack samples varies with the probing fre-
quency. For the small-crack samples (Figure 4(b)),MID
varies in the range from 260 to 220 dB, and for large-
crack samples (Figure 4(c)), the variation range of MID
is from 240 to 0 dB.

Another noteworthy feature is the strong modula-
tion observed at certain frequencies for large-crack
samples (Figure 4(c)), for which MID is .0. It implies
that the sideband amplitude is larger than the probing
amplitude. This ‘‘over modulation’’ was also observed
when the pumping frequency was 1.8 kHz. The signal
spectra (fast Fourier transform (FFT) with a hanning
window) obtained for a probing frequency of
114.2 kHz are shown in Figure 5. The figure shows the
spectra for sample #9 with the 30-mm crack, with the
pumping frequency set to 1.8 kHz and pumping force
set to 8 N. Here, we remark that this type of strong
modulation was also observed by Zaitsev and Sas,19

who attributed it to the dissipative modulation

mechanism between the sound and vibration on the
crack interface. Consequently, it is suggested that a
suitable probing frequency is essential for VAM testing;
otherwise, sample damage may not be correctly esti-
mated. In this work, we chose the probing frequency to
be 112 kHz.

Pumping amplitude

Three samples (ID: #1, #5, and #9) were used to study
the influence of the pumping amplitude on the modula-
tion. The pumping force range of the shaker used in
this case was 0–10 N, and its frequency was approxi-
mately 1.5 kHz. Here, we recall that modulation is
caused by the crack interface opening/closing motion
during the test. Therefore, in the study, we first mea-
sured the dynamic strain of the crack interface during
the test. The direction of the strain gauge was set per-
pendicular to the crack interface, and the bond position
of the reference sample corresponded to those of the
crack samples. The crack opening direction was parallel

Figure 3. Influence of probing amplitude on modulation for
different (a) crack sizes and (b) probing frequencies (sample #9).
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to the vertical plane during the test, and the strain
gauge was positioned parallel to the horizontal plane.

The variation in dynamic tensile strain with pumping
force amplitude at the midpoint of the samples is shown
in Figure 6. The strain curve of the reference sample is
represented by the dotted line (.#1), and the crack
samples are represented by the dashed line (—#5, small
crack) and solid line (—#9, large crack). The strain of
the reference sample is less than those of the crack sam-
ples for the same amplitude. The strain is observed to
increase with the crack size, and the strain of the crack
samples increases drastically with an increase in the
pumping amplitude.

Next, a 112-kHz, 20-Vpp sine wave was chosen as
the probing signal to drive the PZT disk during the
VAM test. The modulation intensity of the output sig-
nal was characterized with the modulation index MID.
Figure 7(a) shows the influence of the pumping strain
(tensile strain in Figure 6) on the modulation in samples
with different crack sizes. We observe that the modula-
tion intensity of the output signal increases with the
crack size. The modulation index difference between

the crack sample and the reference sample can reach
45 dB. Furthermore, MID increases with an increase in
the pumping strain. The rate of increase is compara-
tively rapid in the initial stage, with a subsequent

Figure 4. Vibro-acoustic modulation (VAM) test results obtained with swept-signal excitation of samples with (a) no defect,
(b) small defect, and (c) large defect.

Figure 5. Signal spectra observed for the probing frequency of
114.2 kHz for sample #9 with 30-mm crack.
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reduction. Furthermore, a change in the modulation
index curve is observed when the strain reaches a cer-
tain value, beyond which the index does not change
even when the strain further increases. The strain at the
turning point is defined as the critical pumping strain
(ec) in this work. We also note that the ec values of the
samples with different crack sizes are all different. The
ec value of sample #9 (crack length of 30 mm) is
approximately 620 3 1026, whereas that of sample #5
is 190 3 1026 (crack length of 16 mm).

Figure 7(b) illustrates the influence of the pumping
strain on the modulation in sample #9 for different
probing frequencies (100, 112, and 138 kHz) and con-
stant values of the other exciting parameters. We
observe that the MID curves are similar for different
probing frequencies, and furthermore, MID remains
constant when the strain reaches the critical pumping
strain ec. In addition, ec is almost identical for the sam-
ple even at different probing frequencies, and the slopes
of the MID curves are basically identical when the
strain is less than ec.

As per Stuin and Johnson’s18 assumption, the ultra-
sound amplitude changes at the crack interface when
an opening/closing motion is generated on the inter-
face. When the pumping strain is small, only a part of
the interface will move. The opening/closing area is
larger (with a resulting increase in the modulation) with
greater pumping strain. Therefore, the modulation
intensity linearly increases with the pumping strain in
the initial stage. When the pumping strain reaches the
critical value, the opening/closing motion is generated
on the entire crack interface, and the modulation
reaches a maximum value. However, the opening/clos-
ing area cannot increase further with further increase in
pumping strain, and thus, the modulation does not
change.

The cracks in the samples can be observed on the
sample surface. According to the above analysis, when
the pumping strain is small, the opening/closing motion
only appears at the top part of the crack interface near
the surface, but the bottom part of the crack near the
tip stays closed during the test. The stronger is the
pumping strain, the larger is the opening/closing area,
and thus, the larger is the crack opening angle. When
the pumping strain reaches the critical value, the open-
ing/closing motion is generated along the entire crack
interface including the crack tip, and the crack opening
angles of samples with different crack sizes are approxi-
mately equal at their corresponding ec values.

The ec values of the crack samples are approximately
190 3 1026 (for sample #5) and 620 3 1026 (for sam-
ple #9). The projection of the crack interface on the rod
cross section is assumed to be bow shaped, as shown in
Figure 8. The following section demonstrates the basis
of this assumption. First, the crack length (L) around
the circumference of the samples was measured by
means of an optical microscope, and these results are

Figure 7. Influence of pumping strain on modulation for
different (a) crack sizes and (b) probing frequencies (sample #9).

Figure 6. Tensile strain at crack areas as a function of the
pumping force.
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listed in Table 1. Next, the crack depth (h) was esti-
mated as follows

h = R� R cosa

Here, R denotes the radius of the rod sample, and

a =
L=2

R
(rad)

Next, the crack depths of samples #5 and #9 were
calculated as approximately 3 and 9.3 mm, respectively.
Then, the angle g between the crack walls was calcu-
lated as follows

g#5’
D

h#5

=
Lec#5

h#5

=
190310�6L

3310�3

g#9’
D

h#9

=
Lec#9

h#9

=
620310�6L

9:3310�3

ð4Þ

Here, D denotes the crack opening distance, h the
crack depth, and L the length of the measured area.

In our study, we found that g#5 = g#9. This implies
that the opening angle of the cracks with different sizes
is approximately equal at the point where the pumping
strain is sufficient to ‘‘fully open’’ the crack interface.

According to the above analysis, the most effective
approach to using ultrasound to modulate the crack
interface is to set the pumping strain at least larger than
the critical value, since the modulation intensity does
not change with further increase in the pump ampli-
tude. We speculate that the entire crack interface is
involved in the modulation of the ultrasound vibration
under this condition, and the test results yield higher-

quality information about the structure. The pumping
amplitude is selected as 8 N in the following test.

Pumping frequency

The influence of the pumping frequency on the modula-
tion in samples with different crack sizes is shown in
Figure 9. The samples chosen were #1, #5, and #9, with
the vibration frequency range set to 500–3000 Hz, while
the other experimental parameters were identical to the
corresponding ones mentioned in section ‘‘Selection of
probing excitation.’’ The modulation intensity of the
output signal was characterized with the modulation
index MID.

The test results show that for larger crack sizes, the
modulation intensity correspondingly increases. The
average modulation indices of the reference sample
(#1), small-crack sample (#5), and large-crack sample
(#9) are 270.2, 262.5, and 239.9 dB, respectively. The
modulation intensity is different at different vibration
frequencies even for the same pumping amplitude, and
the larger is the crack size, the larger is the difference in
modulation. For example, the MID difference for sam-
ple #9 can reach 50 dB in the range of 500–3000 Hz,
whereas this difference for sample #5 is considerably
smaller.

The most prominent characteristic of the result in
Figure 9 is that there are two modulation intensity
peaks in theMID curve at specific vibration frequencies.
These frequencies are approximately 1.5 and 1.8 kHz
for all the samples (corresponding to modulation inten-
sity maxima), whileMID significantly decreases at other
vibration frequencies.

Figure 10 shows the tensile strain at the midpoint of
the samples for different vibration frequencies. Again,
the experimental setup was identical to that described
in section ‘‘Pumping amplitude.’’ The results show that

Figure 8. (a) Crack length measurement method and (b)
simplified model of the crack area from optical measurement of
the crack length.

Figure 9. Influence of pumping frequency on modulation.
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for the same pumping frequency, the larger is the crack
size, the higher is the strain. The strain curve is similar
to the MID curve shown in Figure 9. The frequencies
corresponding to the strain peaks of the samples are the
resonance frequencies of the samples under the experi-
mental conditions.

It can also be determined that the strain at 1.5 kHz
is larger than that at 1.8 kHz. In addition, the strains
of the crack samples are significantly larger than that
of the reference sample at the corresponding resonance
frequencies even with the same vibration force ampli-
tude, but the difference among these strains decreases
at non-resonant frequencies. Upon comparing these
results with those in Figure 9, we speculate that the
larger is the strain (extent of crack opening), the larger
is the modulation intensity.

Based on the results of the VAM test and dynamic
strain measurements, we speculate that the crack open-
ing/closing extent varies with the pumping frequency,
thus modulating the amplitude and/or phase of the
ultrasound passing through the crack interface. The
larger is the crack opening/closing, the stronger is the
modulation of the probing signal. Furthermore, for the
same pumping amplitude, a larger degree of crack
opening/closing can be achieved by selecting a suitable
pumping frequency.

Conclusion

In this VAM study, we discussed the principle and
method of selecting the parameters for the VAM test
(particularly the low-frequency parameter), and we
analyzed the manner in which the parameters affect the
modulation. The results demonstrated that probing
amplitude has little effect on the modulation, and a
suitable probing frequency can be quickly selected with
the use of the sweep-signal excitation technique.

The results indicate that there is a critical pumping
strain (ec) for the crack samples. The modulation
intensity increases with the pumping strain in the ini-
tial stage because the degree of crack opening/closing
also correspondingly increases. When the strain
reaches the critical value, the entire crack interface is
involved in the modulation of the ultrasound by
vibration, and the modulation reaches a maximum.
However, the opening/closing area cannot increase
further with further increase in the pumping strain,
and thus, the modulation does not change. This fact
can be used to determine the proper pumping strain
and to carry out a preliminary assessment of the
crack size.

Our results also demonstrated that the degree of
crack opening/closing also varies with the pumping fre-
quency. It increases significantly when the pumping fre-
quency is close to the resonance frequency of the
structure, which causes strong modulation at the inter-
face. Thus, the choice of the resonant frequency as the
pumping frequency makes the method more sensitive
to crack detection.

However, the reason as to why the modulation inten-
sity strongly depends on the probing frequency is not
clear thus far. Furthermore, we do not know whether
the modulation distribution in the probing-frequency
range is governed by a law or principle. In addition, we
do not know the factors that influence this distribution
law. These questions will need to form the focus of
future researches.
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