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A B S T R A C T

Second and third harmonic ratios method to evaluate initial damage in concrete have been extensively studied.
However, some regularities of this technique still not clear in current stage. In order to better understand the
regularity of nonlinear parameters β and γ on micro and macro damage in concrete, the cracks with different
damage scales are induced in concrete specimens. Three levels of test voltage are applied to intact concrete
specimens, with the purpose to demonstrate the excitation voltage has an unneglectable effect on nonlinear
parameters. The regularity of nonlinear parameters on crack orientation is also obtained in this study. The results
of the experiment have considerable importance with respect to the method of higher harmonic ratios for
concrete and other inhomogeneous materials.

1. Introduction

Present studies reveal that early damage, e.g., micro cracks, appear
commonly in concrete, even in well-made concrete samples [1]. Micro
cracks are crucial in the failure process. The traditional ultrasonic tests
for the generation and development of micro cracks have limitations.
For example, the method utilising wave velocities is incapable of micro
structure evaluation of concrete. X-ray diffraction (XRD) and scanning
electron microscopy (SEM) are expensive and inconvenient in civil
engineering [2,3]. Therefore, it is necessary to develop more precise
and efficient method to characterize the appearance and development
of micro cracks in concrete. The new methods can complement and
improve the traditional ultrasonic techniques [4–6].

Classical nonlinear acoustics theory shows that second harmonics
are mainly induced by an harmonicity of the crystal lattice of materials
[7–9]. The nonlinear ultrasound research can be simply classified as
follow: methodology of the test and evaluation [5,10,11], sensitivity
verification of the method for micro damage [12–14], prediction of
residual life of materials [15,16], and nonlinear ultrasound imaging
[17]. Nonclassical nonlinearity effect is caused by micro defects
(cracks, pores) in geomaterials [18], and it is usually considered
stronger than the classical nonlinearity. Nonclassical nonlinear models
mainly include contact surface model, hysteresis model, and bilinear
stiffness model [19]. Based on them, Zhao et al. deduced an analytical
expression of nonlinear parameter and elastic moduli of solid [20] and
verified the theoretical model with numerical simulations. Nam et al.

proposed a theoretical model to evaluate with the amplitude of the
second harmonic the micro damage located at both inner and outer
surfaces of the structure [21].

In order to explore nonlinear ultrasonic response of the concrete
under different load patterns, Ongpeng et al. carried out nonlinear ul-
trasonic tests under loading-unloading situations on concrete specimens
with different water cement ratios. The results show that third-order
harmonics are more sensitive to the uniaxial compression pattern, while
second-order harmonics are more sensitive under the multiple load and
unload pattern [22]. With Scaling Subtraction method, Antonaci et al.
effectively evaluated the mechanical evolution related to the imperfect
bonding interface in concrete under uniaxial compression [23]. Overall,
the nonlinear ultrasonic techniques have become one of the most
powerful methods in the initial damage detection of bonding materials
and geomaterials [12,24,25].

The objective of this research is to explore the regularity of the
second and third harmonic ratios on multiscale damage. For this pur-
pose, concrete specimens containing multiscale cracks distributed along
the height are made in the experiment, and the nonlinear parameters β
and γ are used to evaluate the damage degree. The results show that the
higher harmonic ratios method is sensitive to the presence of micro
crack. The wave velocity method is also used to confirm the degree of
damage in cracked concrete specimens. In addition, the influence of
oblique angle between incident wave and micro crack is studied in this
experiment.
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2. Generation of high-order harmonics

According to the linear acoustic theory, when a one-dimensional
longitudinal wave propagates in an isotropic media, the amplitude of
the elastic wave is small, and the stress-strain relation is linear.
Therefore, the test parameters, i.e., the wave velocity v and amplitude
of the head wave A are insensitive to the changes of the micro structure
and to the presence of microcracks in the material. In nonlinear elastic
theory, the stress-strain relation does not satisfy the linear assumption
anymore.

While with the nonlinear wave equation, for one dimensional case,
the solution of the nonlinear wave equation can be written as [26].
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where, u0 is the linear solution, u’ is the nonlinear solution, A1 is the
amplitude of fundamental waves, A2 is the amplitude of second har-
monics, k=ω/c is the wave number, and β is the second-order non-
linear parameter. The relationship of the amplitude of fundamental
wave and harmonic can be expressed as

=β A
A k x

8 2

1
2 2 (2)

In experiments, the parameter β is usually used to replace β because
the measurement of the absolute motion displacement at the receiver is
inconvenient. The expression of β is
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It should be point out that the value of β depends not only on the
damage degree of the materials, but also on the propagating distance
and the wave number. The wave number is controlled by the excitation
source, and the propagation distance must be constant or quantitatively
changed according to the aim of study.

Similarly, by extending the stress-strain equation to the third order,
the third-order nonlinear parameter can be defined as follows
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3. Experimental procedure

3.1. Concrete specimens

In this experiment, two groups of cubic concrete specimens have

been prepared. One group is intact (C1∼ C5) and the other is cracked
(D1∼D3) (Fig. 1). The size of the concrete specimens is
200mm×200mm×200mm. The mixture proportions of concrete
specimens are given in Table 1. The procedure for damage generation is
the following [27]. Firstly, after pouring of concrete, a thin steel sheet
with machine oil on the surface is vertically penetrated into the con-
crete mixture. The length, width and thick of the steel sheet is 100mm,
80mm, and 2mm. The insertion depth is 100mm at different angles in
order to generate 30°, 45° and 90° preexisting cracks, respectively. One
hour later, the steel sheet is removed out of the specimen carefully.
Then an artificial crack is left in the specimen, with damage distributed
along the height direction. After the cracked concrete curing, a wire
with a diameter equal to 0.8mm is plugged into each crack, and the
homogeneity of the crack along its longitudinal direction is examined
by repeating this operation at different positions. The wire remains
vertical during the whole process. The maximum measured extension
length is 45mm. The general open degree of the semi-penetrating crack
can be obtained as Fig. 2.

A number of test points are arranged on the surface of the speci-
mens, being-their locations strictly limited because the transmitter and
receiver should be aligned. Minor defects existing on the surface of the
concrete, which might lead to coupling errors. To avoid them, the
surface should be as flat as possible. Therefore, mortar and sandpaper
have been used to polish the surface of the concrete.

3.2. Experimental system

GSC-1 ultrasonic instrument is used in this experiment. The ultra-
sonic instrument is highly integrated and works with an external
computer for the pulse transmitting and receiving. The experimental
set-up is shown in Fig. 3. High-frequency ultrasonic has a better re-
solution to the damage of materials, but the attenuation is too strong
when high-frequency waves propagate in concrete. The penetration of
the ultrasonic waves is small. In this study, the generation frequency of
the pulse signals is chosen as 47 kHz, and the sampling rate recording
the receiving signals is set to 5 MSa/s. Three levels of output peak
voltage namely, 500, 750, and 1000 V, are chosen in the experiments. A
compressional ultrasonic transducer with 50 kHz center frequency is
used for excitation. A receiver with 70 kHz center frequency is used at
the receiving end. The performances of the transducers are listed in

Fig. 1. Intact and cracked concrete specimens.

Table 1
Details of mixture proportions of the concrete specimensa.

Design
Compressive
strength
(MPa)

Maximum
size of
gravel
(mm)

W/
C
(%)

Unit quantity (kg/m3) Average
P-wave
velocity/
(m/s)b

Water Cement Sand Gravel

30 30 46 190 480 640 1034 4114

a The concrete mix and compressive strength are designed in accordance
with the JGJ 55-2011 [28].

b The wave velocity test was carried out on five intact specimens.
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Table 2. The broadband transducer used in this experiment has a good
response to the second and third harmonics considering that the sen-
sitivity at 2f0 and 3f0 reaches 60 db (Fig. 4). Fig. 5 shows the received
time domain signal for one of the intact specimens and the Fourier
spectra. Second and third harmonics are exhibited in the Fourier
spectra.

3.3. Arrangement of the test points

As shown in Fig. 6, seven test points are arranged for each cracked
specimen. The test points with an interval of 20mm are distributed
from 40 to 160mm-height from the bottom of the specimen. The acute
angle between the direction of propagation of the ultrasonic wave and
the preexisting crack is defined as the crack angle in this article. Tests
for specimens with 0° and 60° cracks are carried out locating transdu-
cers on the proper opposite surfaces of the specimens with 90° and 30°
cracks. Globally, the tests for concrete specimens with 0°, 30°, 45°, 60°,
and 90° cracks are carried out in this experiment. Thus, there are 7 test
points for each cracked specimen, and a total of 35 sets of test signals
are obtained. For each intact specimen, 60 and 140mm-height posi-
tions are tested under three levels of voltage, and a total of 30 sets of
test signals are obtained.

More details about the transducer coupling are introduced as fol-
lows. Firstly, the diameters of the transmitter and the receiver are
measured. And the transducers are fixed on the specific position. In
addition, prior to applying the couplant to the transducers and the
surface of the specimen, the dust adhering to the surface is wiped to
keep the contact surface completely clean. By applying adequate
Vaseline, the transducer is tightly attached on the surface of the con-
crete. Then the extra couplant left on the edge of the transducers is
wiped off. And the specimen and transducers are winded with an elastic

Fig. 2. Schematic representation of the morphology of the crack.

Fig. 3. Test system for signal generation and acquisition.

Table 2
The basic parameters of the transducers used in this experiment.

Purpose Model Center frequency
(kHz)

Bandwidth
(kHz)

Diameter
(mm)

Transmitting KCRT816 50 45–55 38
Receiving PXR07 70 40–180 22

Fig. 4. Schematic diagram of frequency response of pxr07 transducer.

Fig. 5. Test signal recorded and frequency spectra of the received signal.

Fig. 6. The test point arrangement in the case of the cracked concrete.
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band. To avoid that the original position might be changed because of
other operations before the signal excitation (e.g., wiping off couplant
around the transducer, winding elastic band), the fixation position of
the transducers was checked once more before the excitation and re-
ception of the signals.

4. Experimental results

4.1. Nonlinearity parameters β and γ in intact concrete

Five intact concrete specimens are tested according to the config-
uration described above. The results are listed in Table 3 and reveal that
the value of β is closely correlated to the supplied voltage. The higher
voltage level, the smaller corresponding β is calculated. On the other
hand, β always fluctuates at a certain level, indicating that even for an
intact concrete specimen, the values of β are different at different test
points. The primary reason is that the composition of the concrete has
strong randomness and discreteness. It is also found that although the
minor defects on the surface of the concrete are repaired with mortar
and sandpaper before the test, the coupling problem still exists in this
experiment, resulting some accidental errors on β. Therefore, in further
studies, an air transducer should be used to reduce coupling errors
[14,29].

Moreover, the 1000 V voltage achieves the smallest standard de-
viation of β compared with the results at 500 and 750 V voltages. This

Table 3
The second-order nonlinear parameter measured at different test points on intact specimens. (The superscript on β represent the serial number of the specimen, and
the subscript represent the test point).

Peak voltage/V β21/*
10−6

β61/*
10−6

β22/*
10−6

β62/*
10−6

β23/*
10−6

β63/*
10−6

β24/*
10−6

β64/*
10−6

β25/*
10−6

β65/*
10−6

Mean β̄ /*10−6 Standard deviation σ1/*10−6

500 0.60 0.64 1.47 0.97 0.37 0.96 0.24 0.56 0.71 0.82 0.74 0.33
750 0.44 0.44 0.78 0.63 0.25 0.77 0.19 0.40 0.46 0.54 0.49 0.18
1000 0.25 0.53 0.51 0.35 0.25 0.43 0.15 0.44 0.35 0.29 0.36 0.11

Fig. 7. Time domain signal and frequency spectra of received signals with 500,
750 and 1000 V excitation voltage.

Fig. 8. The distribution of fundamental and second harmonic amplitude of the
five intact specimens.

Table 4
The third-order nonlinear parameter measured at different test points on intact specimens. (The superscript on γ represent the serial number of the specimen, and the
subscript represent the test point).

Peak voltage/V γ21/*
10−13

γ61/*
10−13

γ22/*
10−13

γ62/*
10−13

γ23/*
10−13

γ63/*
10−13

γ24/*
10−13

γ64/*
10−13

γ25/*
10−13

γ65/*
10−13

Mean γ̄ /*10−13 Standard deviation σ2/*10−13

500 2.31 3.18 3.48 4.28 1.93 2.92 0.65 1.36 2.08 4.17 2.64 1.12
750 1.00 1.64 1.36 2.31 0.84 1.46 0.35 0.75 0.98 1.93 1.26 0.56
1000 0.42 1.62 0.64 0.80 0.57 0.66 0.25 0.66 0.49 0.72 0.68 0.35

Fig. 9. The distribution of fundamental and third harmonic amplitude of the
five intact specimens.
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indicates that the values of β in this group are more centralized,
meaning results are more stable. Thus, it can be concluded that the
1000 V voltage is most suitable for this experiment. In order to prove
the excitation amplitude definitely have greater influence on β than
other errors, the received time domain and the frequency spectra at
three levels of excitation voltage are shown in Fig. 7. The higher voltage
can be regarded as an amplification of the fundamental and higher
order harmonics at the lower voltage. However, this amplification is not
constant in the whole frequency domain. The increase of A1 is lager

than of A2, which can also be noticed in Fig. 8. The conclusion is not
contradictory to the existing research [30,31], since the amplitude of
second harmonics positively gets larger at higher voltage levels.

The third-order nonlinear parameter γ are also analyzed in same
way, and similar conclusions can be drawn. The value of γ decreases
with the increase of the excitation voltage. And strong fluctuations can
also be observed in Table 4 and Fig. 9. The same conclusion that 1000 V
is more appropriate in this experiment can be drawn.

When comparing with the second harmonic ratio β, the third

Fig. 10. The distribution of non-linearity parameter β on concrete specimens with 0°, 30°, 45°, 60° and 90° cracks.
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harmonic ratio γ varies at a higher rate as evinced from its larger
standard deviation. In recent years, studies on the comparison between
the second and third harmonic ratios have concluded that both non-
linear parameters follow a similar behaviour for the same damage
evolution in concrete, but the third harmonic ratio is more sensitive
[22,32,33]. To improve the reliability of the experimental results, the
second and third harmonic ratios are both used to evaluate damage in

concrete specimens.

4.2. Nonlinearity parameters β and γ in cracked concrete

The results of our experiments are plotted in Figs. 10 and 11. Due to
micro defects randomly distribute in concrete specimens, the β and γ
obtained at different test points on the cracked specimens is diverse.

Fig. 11. The distribution of non-linearity parameter γ on concrete specimens with 0°, 30°, 45°, 60° and 90° cracks.
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Nevertheless, several results about the regularity of damage degree and
angles on nonlinear parameters β and γ can still be extracted. To ap-
preciate which test points behave differently from linear ones, the band
which boundaries defined by ±β σ¯ 1 and ±γ σ¯ 2 are plotted in each
subplot. The β̄, γ̄ , σ1 and σ2 represent the means and standard deviations
of nonlinear parameters β and γ in intact concrete specimens. It can be
observed that each band is located at the lower position of the subplot,
indicting nonlinear parameters β and γ are effective to characterize the
appearance of micro damage in concrete. Besides, the concrete speci-
mens are considered intact at 40mm- and 60mm-height, since the first
two points are mostly into or nearby the band. Among the seven test

points for each cracked specimen, 80mm-height test point shows a
clear upward trend compare with 40 and 60mm-height test points. The
main reason is that after removing the steel sheet above 100mm-height
of the specimen, the segregation occurs around 80mm-height, and the
uniformity and continuity of this point are affected. Because the mi-
croscopic damage is locally generated, a stronger nonlinear ultrasonic
effect appears when ultrasonic waves pass through this area. On the
other hand, above 100mm-height, the distance between the crack
surfaces is likely larger than the maximum displacement of the waves.
Thus, ultrasonic waves cannot directly pass through the crack, and no

Fig. 12. The β varies with crack angle (R is Pearson correlation coefficient).

Fig. 13. The γ varies with crack angle (R is Pearson correlation coefficient).

Fig. 14. Diagram of ultrasonic waves passing through the oblique crack.

Fig. 15. Fourier spectra at 40, 100 and 160mm-height measurement points.
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contact acoustic non-linearity is generated. Only a small amplitude of
second (third) harmonic can be generated at the micro cracks internal
to concrete. Besides, the A1 is significantly affected by the attenuation
and scattering feature of the linear waves at notch. As a result, the β and
γ decrease in general when the damage is at macro scale [34]. It is still
very difficult to use β and γ for characterizing macro damage in con-
crete. More experimental and theoretical should be carried out to find
out the regularity of β and γ in relation to the macro cracks.

As mentioned above, the segregation occurred when crack induced
in concrete. The segregation of concrete is an important phenomenon
during construction for assuring design strength and durability, and it is
affected by a lot of factors, such as specific surface area of aggregates,
mortar viscosity, et al [35–37]. Since nonlinear parameters β and γ are
sensitive to micro cracks and pores in concrete, they also have great
potential in evaluating manufacture quality of concrete. More studies

should be carried out on characterizing the degree of segregation in
concrete with higher harmonic ratios method.

4.3. Non-linearity parameters β and γ in concrete with different angles

In this experiment, the relationships between the crack angles and β
(γ) are studied by analyzing five types of cracked specimens at 80, 100
and 120mm-height points. The results are shown in Figs. 12 and 13.
According to the Pearson correlation coefficient R and the slop of each
linear regression line, it can be concluded that the parameters β and γ
depends only roughly in a linear way from crack angle D. A Linear
fitting (straight lines) is nevertheless satisfactory and the slope char-
acterises the general trend. As discussed above, the β and γ at 80mm-
height point are larger than those at 120mm-height and increase with
the crack angle. The relevant reasons have been explained in previous
section. However, the 100mm-height point exhibits an opposite ten-
dency comparing with the 80 and 120mm-height points. Remarkably,
Yang et al. has obtained a similar conclusion with numerical simula-
tion. When the crack is parallel to the propagation direction of the
waves, the amplitude of second harmonic is so small that the micro
crack cannot be detected [38]. The experimental results indicate that
although at 80 and 120mm-height we observe similar regularity, the
damage degree at two points is quite different. At the 80mm-height, the
microscopic damage is caused by the healing of the upper mixture,
which should be regarded as an inhomogeneity and contact-type de-
fects of material. On the contrary, a macroscopic crack with a strong
discontinuity exists at 120mm-height. A different explanation is needed
for results at 100mm-height. As the crack angle decreases, the value of
β and γ gradually reduce because of the shorter overlapping length of
the wave propagation path and the bottom boundary of the crack, re-
sulting in the so-called “boundary effect”. As shown in Fig. 14, where α
is the crack angle, when the crack angle is 0, the overlapping distance
between the wave propagation path and the bottom boundary of the
crack is longest. It means the most disturbance produce to the acoustic
waves in such a case. As the crack angle increase, the length of the
bottom boundary along the direction of ultrasonic propagation will
decrease, and little disturbance occur when the crack angle is 90°. Thus,
the related nonlinear parameters β and γ are the smallest.

To better support our explanation, another phenomenon observed
in experiments is discussed in this section. For all cracked specimens,
the dominant frequency shifts to a low-frequency zone in Fourier
spectra at 100mm-height point, namely, f0= 24 kHz (Fig. 15). This
effect is not found in intact specimens. In addition, as the transmitter
and the receiver move upward, the dominant frequency gets back to the
normal. There are two accounts might be reasonable for this phenom-
enon: divergence of frequency [39–41] and “CAN” effect [42,43]. As for
the divergence of frequency, it is indicated that the frequency spreading
from a wider spectrum once concrete at low levels of load, and high
frequencies become ever more attenuated with accumulation of da-
mage. The CAN model is used to explain the generation of sub-
harmonics and higher harmonics. When ultrasonic waves pass through
the micro crack, the subharmonics and higher harmonics will appear
owing to the asymmetric stiffness interface of the micro crack. In this
experiment, assuming the domain frequency shifting is result from the
“CAN” effect, the largest subharmonic should appear at 80 mm-height,
where nonlinear effect is strongest (β and γ are largest). However, the
experimental results do not accord with this case. Thus, considering the
100mm-height point is corresponded to the bottom boundary of the
macro crack, where the ultrasonic waves suffer strongest absorption
and scatter, and the proportion of high-frequency components de-
creased obviously in Fig. 15.

4.4. Wave velocity in cracked concrete

In order to verify the nonlinear parameters β and γ are more sen-
sitive to the micro scale damage than traditional ultrasonic method, the

Fig. 16. Schematic diagram of wave velocity variation at different test point of
cracked concrete.

Table 5
Wave velocity at each test point on cracked specimens.

Crack angle (°) 0 30 45 60 90

Average wave velocity of test points 1–3 (m/
s)

4087 4126 4140 4043 4115

Average wave velocity of test points 5–7 (m/
s)

3968 3924 3807 3738 3841

Fig. 17. Average wave velocity of 120, 140 and 160mm-height test points on
the specimens with 0°, 30°, 45°, 60° and 90° crack.
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results of wave velocity tests are given in this section. The wave velocity
at each test point of cracked specimens are shown in Fig. 16. The wave
velocity remains constant for the first three detection points, and its
maximum variation is only 4%. After macro crack appearing, the wave
velocity drops significantly, and its variation rate is nearly 10%. The
results show once again that traditional wave velocity method merely
has ability to detect macro scale damage in concrete, while it is in-
effective to characterize micro structure changes.

5. Discussion

The experimental results reported in this paper allow us to make a
few considerations for a more accurate understanding of the damage
degree along height of the cracked concrete specimens.

β (γ) vary with the detection point along the crack. To further
confirm the presence of macro damage above the 100mm-height, more
analyses have been carried out with a wave velocity test. Table 5 shows
the wave velocities obtained at different heights of the cracked speci-
mens. The average wave velocities measured at 40, 60 and 80mm-
height points are larger than those at 120, 140 and 160mm-height.
Wave velocity is known to vary only slightly when micro scale defects
are present in materials [44,45]. Therefore, being velocity variation
large, it is clear that the crack above 100mm-height should be essen-
tially defined at macro scale. In summary, damage at different scales is
distributed along crack height. At the height of 0–60mm, the sources of
nonlinearity are mainly from the weak joints between coarse aggregates
and mortar (at micron scale) and other original defects formed in
concrete manufacturing process [46]. Then more micro damages ap-
pear at 80mm-height affected by the upper crack introduction, where
the material continuity is affected. A macro scale crack is generated at
the height of 100–200mm of the concrete specimen, although partly
closed.

We also analysed the relation between macro crack angle and wave
velocity. It can be observed (Fig. 17) that with the increase of the crack
angle, the wave velocity tends to decrease, which is consistent with
existing research [47].

6. Conclusion

In this experiment, the scanning method is used to explore the
regularity of the dependence of second- and third-order nonlinear
parameters on the internal micro-scale damage of concrete. For this
purpose, an effective testing system is established, and a total of 65 sets
of nonlinear ultrasonic tests are carried out in this study.

It demonstrates that the nonlinear parameters β and γ show sig-
nificant dependence on the test position, and that the β and γ obviously
grow at a high rate once micro cracks appear. The dependence of β and
γ on the test position reflects the sensibility of this method. Results of
experiment allows us to speculate that the damage degree is not always
at the micro scale for any ultrasound propagation path. Therefore, the
higher harmonic ratios method is more suitable for long term health
monitoring of the concrete structure, due to the fact that detection
position do not need to change frequently. It also reveals that no ob-
vious regularity is found for the macro scale crack detection with β and
γ. The test results also show the value of β and γ is extendedly depend
on the amplitude of excitation voltage: β and γ decrease with the in-
crease of the excitation voltage when the excitation voltage at 500, 750
and 1000 V levels, respectively. The results of this experiment also
show the regularity of the dependence of nonlinear parameters on crack
orientation with respect to the ultrasound propagation direction, in-
dicating that the crack orientation should be considered in character-
izing micro damage in concrete with β and γ. The average increase of β
at 80-mm height of the cracked specimen reaches 148%, and of γ
reaches 247%, which indicates that γ is more sensitive to micro da-
mage.

Further in depth research of this topic should be performed, e.g.

using air-coupled receiver to avoid coupling error. Besides, a more
extensive statistical analysis is needed to better support our conclusion.
In any case, the sensibility of nonlinear ultrasonic technique has widely
proven, and the robustness and stability will be particularity important
in further research.
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