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Featured Application: A new method for measuring the acoustic emission wave velocity of an
asphalt mixture is proposed in this paper.

Abstract: The wave velocity of acoustic emission (AE) can reflect the properties of materials, the types
of AE sources and the propagation characteristics of AE in materials. At the same time, the wave
velocity of AE is also an important parameter in source location calculation by the time-difference
method. In this paper, a new AE wave velocity measurement method, the arbitrary wave (AW)
method, is proposed and designed to measure the AE wave velocity of an asphalt mixture. This
method is compared with the pencil lead break (PLB) method and the automatic sensor test (AST)
method. Through comparison and analysis, as a new wave velocity measurement method of AE, the
AW method shows the following advantages: A continuous AE signal with small attenuation, no
crosstalk and a fixed waveform can be obtained by the AW method, which is more advantageous to
distinguish the first arrival time of the acoustic wave and calculate the wave velocity of AE more
accurately; the AE signal measured by the AW method has the characteristics of a high frequency
and large amplitude, which is easy to distinguish from the noise signal with the characteristics of a
low frequency and small amplitude; and the dispersion of the AE wave velocity measured by the
AW method is smaller, which is more suitable for the measurement of the AE wave velocity of an
asphalt mixture.

Keywords: asphalt mixture; acoustic emission; wave velocity; arbitrary wave method; time-domain
signal; frequency distribution

1. Introduction

As a multi-phase composite material, asphalt mixtures cause a series of problems
under the action of the external environment and vehicle load. The pavement performance
of asphalt mixtures affects their service safety and life directly. The evaluation of the
pavement performance of asphalt mixtures is mainly based on laboratory mechanical tests.
These laboratory mechanics test methods are used to evaluate and analyze asphalt mixtures
from a macroscopic perspective.

In recent years, some researchers have tried to apply acoustic emission (AE) technol-
ogy to the pavement performance evaluation of asphalt mixtures and characterize and
analyze asphalt mixtures from a microscopic point of view. In terms of low-temperature
cracking, AE technology was used to study the low-temperature fracture process zone
and creep damage zone of asphalt mixtures [1,2]. At the same time, AE technology has
also been proved to have advantages in characterizing the low-temperature fracture of
recycled and modified asphalt mixtures [3,4]. Buttlar et al. [5,6] proposed two characteristic
temperatures (TEMB and TMAX) based on AE, and these two characteristic temperatures are
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used to analyze and evaluate the low-temperature performance of field asphalt pavement
samples [7,8]. Wei et al. [9] studied the dynamic evolution process of low-temperature
cracking of asphalt mixtures by using AE technology and the discrete element simulation
method. In terms of fatigue damage, AE technology was used to monitor the self-healing
ability of asphalt mixtures [10]. At the same time, AE b-value [11], k-clustering [12] and
fractal theory [13] were used to explore the fatigue damage process and failure character-
istics of asphalt mixture. Liang et al. [14] established a correlation between the fracture
damage of an asphalt mixture under a freeze–thaw cycle and its AE signal. In terms of
aging, AE technology was used to evaluate the road performance of asphalt mixtures
with different aging levels [15,16]. Recently, the characteristics of moisture damage of
asphalt mixtures have attracted researchers’ attention. AE technology was used to monitor
the internal damage, crack type, fracture mode and other characteristics of a steel slag
permeable asphalt mixture under compression and splitting [17–20].

Acoustic waves are usually collected by AE or an ultrasonic instrument. Under the
action of external factors, the AE signal will be generated and propagated inside the
material. The AE wave velocity can be obtained by calculating the distance between
acoustic sensors and the time difference of acoustic waves received by the sensors. Due to
the differences in composition, homogeneity and property of materials, different materials
have their own AE wave velocity range. McGovern et al. [21,22] monitored the propagation
characteristics (wave velocity and attenuation) of AE in asphalt mixture. Due to the complex
composition of asphalt mixtures, the transmission path and speed of AE in asphalt mixtures
are very different. AE wave velocity can not only reflect the internal damage and structural
characteristics of the material, but also plays an important role in the calculation of a
source location.

However, the current research on the AE wave velocity mainly focuses on rock. The
wave velocity in different directions is anisotropic, which can be used to study the damage
development and mechanism of marble [23]. In addition, the existence of natural fractures
and bedding reduced the wave velocity and mechanical strength of the rock [24]. Under
different temperatures and water environments, there is a correlation between the wave
velocity and hydraulic properties (permeability and diffusivity) [25,26]. The micro-structure
and macro-pores in rock mass have a significant impact on the propagation characteristics
of acoustic waves such as the wave velocity, wave frequency and attenuation [27,28]. For
the measurement method of the rock wave velocity, researchers proposed the correction
method of the rock mass integrity index [29], the particle flow model analysis method of
the rock wave velocity varying with stress [30] and the sparse sensor network monitoring
method of the rock mass surface wave velocity [31].

In addition to rocks, wave velocity characterization and test methods of other ma-
terials have also attracted researchers’ attention. The material composition, structural
parameters and cracks in reinforced concrete slabs all affect the wave velocity and propa-
gation of AE [32], and the AE wave velocity of corroded concrete drops sharply [33]. For
composite materials, the differences in structural layers, elastic modulus and density affect
the propagation velocity of the AE wave [34,35]. In the characteristic medium, the AE wave
velocity in liquid nitrogen [36] and natural fat [37] has also attracted researchers’ attention.

To sum up, the research on AE wave velocity is mainly in the field of rock and
concrete materials. Although some researchers have begun to explore the application of
AE technology in asphalt pavement materials, the research scope mainly concerns the
combination of the mechanical test method and the AE monitoring method to characterize
the pavement performance of asphalt mixtures, and the exploration of the AE wave
velocity is very limited. Compared with rock and concrete materials, the composition of
asphalt pavement materials is more complex, and the material properties show typical
heterogeneity, which makes the propagation speed and propagation characteristics of AE
in asphalt pavement materials more complex and variable. Therefore, exploration of the
wave velocity measurement method with fewer influencing factors and less discreteness
is helpful to better understand the AE propagation mechanism and material properties
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of asphalt pavement. In this paper, an arbitrary wave (AW) method is proposed and
designed to measure the AE wave velocity of an asphalt mixture. Then, the initial AE wave
velocity in an asphalt mixture beam is measured by the pencil lead break (PLB) method,
the automatic sensor test (AST) method and the AW method. Finally, the dispersion of
the initial wave velocity, the time-domain signal and the frequency distribution of AE
measured by the three methods are compared and analyzed.

2. Materials and Methods
2.1. Test Materials

In this study, the AC-25 asphalt mixture was selected for the wave velocity test. The
coarse aggregate is limestone, the fine aggregate is machine-made sand, the asphalt is
70# matrix petroleum asphalt and the filler is limestone mineral powder. The selected
materials were tested before use, and all met the requirements of specifications [38]. The
mix proportion of the asphalt mixture was designed according to the specification [39].
The grading curve of the aggregate designed in this experiment is shown in Figure 1.
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Figure 1. Grading curve of AC-25.

The prepared source materials were mixed at 160 ◦C in a mixer. The forming machine
was used to make the rutting plate (300 mm × 300 mm × 50 mm), and then the rutting
plates were cut into 250 mm × 35 mm × 30 mm beam specimens (Figure 2).

Appl. Sci. 2021, 11, x FOR PEER REVIEW 3 of 15 
 

neity, which makes the propagation speed and propagation characteristics of AE in as-
phalt pavement materials more complex and variable. Therefore, exploration of the wave 
velocity measurement method with fewer influencing factors and less discreteness is help-
ful to better understand the AE propagation mechanism and material properties of as-
phalt pavement. In this paper, an arbitrary wave (AW) method is proposed and designed 
to measure the AE wave velocity of an asphalt mixture. Then, the initial AE wave velocity 
in an asphalt mixture beam is measured by the pencil lead break (PLB) method, the auto-
matic sensor test (AST) method and the AW method. Finally, the dispersion of the initial 
wave velocity, the time-domain signal and the frequency distribution of AE measured by 
the three methods are compared and analyzed. 

2. Materials and Methods 
2.1. Test Materials 

In this study, the AC-25 asphalt mixture was selected for the wave velocity test. The 
coarse aggregate is limestone, the fine aggregate is machine-made sand, the asphalt is 70# 
matrix petroleum asphalt and the filler is limestone mineral powder. The selected materi-
als were tested before use, and all met the requirements of specifications [38]. The mix 
proportion of the asphalt mixture was designed according to the specification [39]. The 
grading curve of the aggregate designed in this experiment is shown in Figure 1. 

 
Figure 1. Grading curve of AC-25. 

The prepared source materials were mixed at 160 °C in a mixer. The forming machine 
was used to make the rutting plate (300 mm × 300 mm × 50 mm), and then the rutting 
plates were cut into 250 mm × 35 mm × 30 mm beam specimens (Figure 2). 

 
Figure 2. Asphalt mixture beams of AC-25. 

2.2. Test Equipment 
The full-information AE acquisition and signal analysis system with the model DS5-

16C was used in this test (Figure 3). The analysis system can not only collect the AE signal 

Figure 2. Asphalt mixture beams of AC-25.

2.2. Test Equipment

The full-information AE acquisition and signal analysis system with the model DS5-
16C was used in this test (Figure 3). The analysis system can not only collect the AE signal
in real time, but also analyzes the waveform of the acquired signal. The signal sampling
rate in this test was 3 MHz. Because the threshold of the waveform signal was adjusted after
the test, the threshold was preset to 100 mV in the acquisition setting, which can prevent
the useful AE signal from being missed. The AE sensor of RS-2A with the frequency range
of 50–400 kHz and center frequency of 150 kHz was selected in this test. The gain of the
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pre-amplifier was set to 40 dB. High-vacuum grease is used as a coupling agent to couple
the sensor with the specimen.
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3. Measurement Method of AE Wave Velocity
3.1. PLB Method

The PLB method is the most widely used method for measuring the wave velocity at
present. The operation method of the PLB method is as follows: One AE sensor is arranged
at the left and right ends of the specimen, and then the pencil lead is broken at a certain
position between the sensors (Figure 4). The AE signals generated by each PLB test are
recorded by the AE acquisition system through sensor 1 and sensor 2, respectively, and the
AE waveform is recorded in real time through the monitor.
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The AE wave velocity can be calculated according to the distance difference between
the lead breaking point (AE source) and the two sensors and the time difference between
the AE signal received by two sensors. The calculation formula of the AE wave velocity
(vP) by the PLB method is as follows:

vP = (xP2 − xP1)/(tP2 − tP1) (1)

where xP1 and xP2 are the distances between the AE source and sensor 1 and sensor 2, respec-
tively; tP1 and tP2 are the arrival time of the AE signal to sensor 1 and sensor 2, respectively.

3.2. AST Method

The AST method is used to measure the AE wave velocity by using the pulse excitation
and receiving function of the AE sensor. The specific operation method of AST is as follows:
Two AE sensors are arranged at both ends of the specimen. Sensor 1 is used for pulse
excitation, sensor 2 is used for pulse receiving, and the AE waveform is recorded in real
time through the monitor (Figure 5).
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The AE wave velocity can be calculated according to the distance between the two
sensors and the time difference between the excitation time of the pulse excitation sensor
and the receiving time of the pulse signal. The calculation formula of the AE wave velocity
(vAST) by the AST method is as follows:

vAST = x/(tAST2 − tAST1) (2)

where x is the distance between two sensors; tAST1 and tAST2 are the excitation time of the
pulse excitation sensor and the receiving time of the pulse receiving sensor, respectively.

3.3. AW Method

The AW method is used to design and write arbitrary waveform data by computer and
modulate the AW signal generated by the data. Then the modulated arbitrary waveform
is input into the AE acquisition system. The AE acquisition system excites the arbitrary
waveform to the specimen through the excitation sensor (sensor 3). At the same time, the
receiving sensor (sensor 1 and sensor 2) is used to receive arbitrary waveforms and output
the received waveforms to the monitor through their respective channels. Figure 6 shows
the measurement method of the AE wave velocity by the AW method.
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The AE wave velocity can be calculated according to the distance difference between
the excitation sensor (sensor 3) and the receiving sensor (sensor 1 and sensor 2) and the time
difference between the AE signal received by the two receiving sensors. The calculation
formula of the AE wave velocity (vAW) by the AW method is as follows:

vAW = (xAW1 − xAW2)/(tAW1 − tAW2) (3)

where xAW1 and xAW2 are the distances between the excitation sensor and the two receiving
sensors, respectively; tAW1 and tAW2 are the time when AE signals arrive at the two receiving
sensors, respectively.
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4. Measurement Results of AE Wave Velocity
4.1. PLB Method

In order to obtain the accurate initial velocity of AE as much as possible, the AE
velocity measurement based on the PLB method was carried out considering the lead
breaking position, threshold correction and operation error.

Two AE sensors are arranged on the upper surface of the asphalt mixture beam along
the length direction. The two sensors are 50 mm apart from the left and right ends of the
beam, respectively, and the distance between the sensors is 200 mm. Ten lead-breaking
experiments were conducted at the position 50 mm and 150 mm away from sensor 1,
and 20 AE waveforms were collected. The waveform of each lead breaking was replayed
and analyzed, and the first arrival time of the AE wave was determined by threshold
correction. In order to avoid the influence of operation error, the maximum and minimum
wave velocities of the lead-breaking test at each position were removed, and the remaining
16 wave velocities were taken as the initial wave velocities of AE. Table 1 shows the initial
wave velocity of the asphalt mixture beam measured by the PLB method.

Table 1. Measurement results of the wave velocity by the PLB method.

Lead Breaking Position 1 (mm) 50 150

vP (m/s)/Threshold correction value (mV)

3191/25 3260/33
3225/40 3296/26
3157/23 3225/27
3124/20 3333/13
3030/26 3333/26
3061/14 3703/5
3092/14 3370/30
3016/15 3658/11

Average wave velocity (m/s) 3254.6
1 Lead breaking position: the position from sensor 1.

4.2. AST Method

Two AE sensors were arranged 50 mm away from both ends of the asphalt mixture
beam, and the distance between the two sensors was 200 mm. Sensor 1 was used for pulse
excitation and sensor 2 received the pulse. One pulse signal was excited each time, and the
excitation was conducted 10 times in total. Then, sensor 2 was used for pulse excitation,
and sensor 1 received the pulse signal, which was also excited 10 times. Therefore, 20 AE
waveform signals were collected by the AST method. The time duration of each pulse was
5 µs and the period was 50 µs. The time interval between pulse signals was 1000 ms.

Because the pulse signal excited by the sensor is very strong, the signal will crosstalk
to the receiving channel, so the system cannot correctly identify the first arrival time of
the AE wave. Therefore, first of all, the collected signal waveform was played back, and
the correct threshold was set. Then, the crosstalk signal was blank processed, so that the
system can accurately identify the first arrival time of the AE wave. Finally, the AE wave
velocity was calculated. Figure 7 shows the AE waveform of the crosstalk signal before
and after the blanking process.

In order to avoid systematic errors, the first and last AST test results were eliminated,
and the wave velocities calculated from the remaining 16 AST tests were taken as the initial
wave velocities of AE. Table 2 shows the initial wave velocity of the asphalt mixture beam
measured by the AST method.
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Excitation Sensor 1 2

vAST (m/s)

3095 3161
3095 3177
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4.3. AW Method

In this experiment, a sine wave with a frequency of 150 kHz and an amplitude of
5000 mv was designed and modulated as an arbitrary waveform to excite the asphalt
mixture beam (Figure 8). The emission type of AW was equal interval emission, and the
interval time was 1000 ms. The length of the waveform of each AW emitted by the system
was 500 µs.
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Three AE sensors were arranged on the upper surface of the asphalt mixture beam
along the length direction. The two sensors were the receiving sensors (sensor 1 and
sensor 2), which were 50 mm away from the left and right ends of the beam, respectively,
and the distance between the sensors was 200 mm. The third sensor was the excitation
sensor (sensor 3). Ten arbitrary waves were excited at 50 mm and 150 mm, and a total of
20 AEs were collected. The waveform of each AW excitation was replayed and analyzed,
and the first arrival time of the AE wave was determined by threshold correction.

The accuracy of the excitation results of the modulated sine wave was verified before
the formal measurement of the wave velocity. Fast Fourier transform (FFT) was applied to
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the waveform results generated by AW excitation to obtain the corresponding spectrogram
(Figure 9). It can be seen from the figure that the frequency distribution was concentrated
in the range of 150 kHz, which proves that the modulated sine wave has a good excitation
effect as an AW.
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Figure 9. The spectrum of AW.

In order to avoid systematic errors, the first and last AW test results of each excitation
position were eliminated, and the wave velocities calculated from the remaining 16 AW
tests were taken as the initial wave velocities of AE. Table 3 shows the initial wave velocity
of the asphalt mixture beam measured by the AW method.

Table 3. Measurement results of the wave velocity by the AW method.

Excitation Position 1 (mm) 50 100

vAST (m/s)

3157 3192
3157 3192
3157 3157
3124 3157
3124 3124
3124 3124
3191 3124
3191 3157

Threshold correction value (mV) 5 5
Average wave velocity (m/s) 3153.3

1 Excitation position: the position from sensor 1.

5. Analysis and Discussion
5.1. Dispersion of Initial Wave Velocity

Comparing the wave velocity measured by the three AE wave velocity measurement
methods (Figure 10a) and their standard deviation (Figure 10b), it can be seen that the
initial wave velocity distribution of AE measured by the PLB method is 3000–3800 m/s and
the standard deviation is close to 200, which indicates that the initial wave velocity of AE
measured by the PLB method presents a large dispersion. The initial wave velocities of AE
measured by the AST and AW methods are concentrated in the range of 3000–3200 m/s
and the standard deviations are 37.7 and 26.3, respectively, which are far less than the
standard deviation measured by PLB, indicating that the dispersion of the initial wave
velocity measured by the AW and AST methods is small.



Appl. Sci. 2021, 11, 8505 9 of 15

Appl. Sci. 2021, 11, x FOR PEER REVIEW 9 of 15 
 

5. Analysis and Discussion 
5.1. Dispersion of Initial Wave Velocity 

Comparing the wave velocity measured by the three AE wave velocity measurement 
methods (Figure 10a) and their standard deviation (Figure 10b), it can be seen that the 
initial wave velocity distribution of AE measured by the PLB method is 3000–3800 m/s 
and the standard deviation is close to 200, which indicates that the initial wave velocity of 
AE measured by the PLB method presents a large dispersion. The initial wave velocities 
of AE measured by the AST and AW methods are concentrated in the range of 3000–3200 
m/s and the standard deviations are 37.7 and 26.3, respectively, which are far less than the 
standard deviation measured by PLB, indicating that the dispersion of the initial wave 
velocity measured by the AW and AST methods is small. 

(a) (b) 

Figure 10. (a) Results of three wave velocity measurement methods. (b) Standard deviation of three wave velocity meas-
urement methods. 

5.2. Time-Domain Signal of AE 
The time-domain signals of AE obtained by the three wave velocity measurement 

methods are shown in Figures 11–13. Figure 11 shows the time-domain signal of AE gen-
erated by two different lead-breaking positions in the PLB method. It can be seen that lead 
breaking produces a burst AE signal and attenuates rapidly. At the same time, the time-
domain waveforms generated by different lead-breaking positions are quite different. Fig-
ure 12 shows the time-domain signal of AE generated by two different excitation sensors 
in the AST method. It can be seen that the AST method can generate a burst AE signal, 
and the attenuation is smaller than that of the PLB method. In addition to the difference 
in the crosstalk waveform amplitude, different excitation sensors produce the same AE 
waveform in the AST method. Figure 13 shows the time-domain signal of AE generated 
by two different excitation positions in the AW method. It can be seen that AW excitation 
produces a continuous AE signal. The continuous AE signal has a long duration and low 
attenuation. At the same time, there is no significant difference in the waveform generated 
by the two different excitation positions. 

 

0 2 4 6 8 10 12 14 16
3000

3100

3200

3300

3400

3500

3600

3700

3800

W
av

e 
ve

lo
ci

ty
/(m

/s)

Number of tests

 AW method
 AST method
 PLB method
 Average of AW 
 Average of AST
 Average of PLB

192.8

37.7
26.3

PLB AST AW
0

40

80

120

160

200

St
an

da
rd

 d
ev

ia
tio

n

Method of measurement

Figure 10. (a) Results of three wave velocity measurement methods. (b) Standard deviation of three wave velocity
measurement methods.

5.2. Time-Domain Signal of AE

The time-domain signals of AE obtained by the three wave velocity measurement
methods are shown in Figures 11–13. Figure 11 shows the time-domain signal of AE
generated by two different lead-breaking positions in the PLB method. It can be seen that
lead breaking produces a burst AE signal and attenuates rapidly. At the same time, the
time-domain waveforms generated by different lead-breaking positions are quite different.
Figure 12 shows the time-domain signal of AE generated by two different excitation sensors
in the AST method. It can be seen that the AST method can generate a burst AE signal,
and the attenuation is smaller than that of the PLB method. In addition to the difference
in the crosstalk waveform amplitude, different excitation sensors produce the same AE
waveform in the AST method. Figure 13 shows the time-domain signal of AE generated
by two different excitation positions in the AW method. It can be seen that AW excitation
produces a continuous AE signal. The continuous AE signal has a long duration and low
attenuation. At the same time, there is no significant difference in the waveform generated
by the two different excitation positions.
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5.3. Frequency-Domain Signal of AE

The time-domain signal reflects the intensity and attenuation of AE. However, in
addition to the AE signal, the collected signal also includes the noise signal caused by
artificial operation, the external environment and the system. The noise signal is generally
a low-frequency signal, while the AE signal is a high-frequency signal. Therefore, the
frequency distribution and characteristics of the AE signal and noise signal can be ob-
tained by frequency analysis of three wave velocity measurement methods. Figures 14–16
show the corresponding spectrum of AE signals obtained by the three wave velocity
measurement methods.



Appl. Sci. 2021, 11, 8505 11 of 15

Appl. Sci. 2021, 11, x FOR PEER REVIEW 11 of 15 
 

5.3. Frequency-Domain Signal of AE 
The time-domain signal reflects the intensity and attenuation of AE. However, in ad-

dition to the AE signal, the collected signal also includes the noise signal caused by artifi-
cial operation, the external environment and the system. The noise signal is generally a 
low-frequency signal, while the AE signal is a high-frequency signal. Therefore, the fre-
quency distribution and characteristics of the AE signal and noise signal can be obtained 
by frequency analysis of three wave velocity measurement methods. Figures 14–16 show 
the corresponding spectrum of AE signals obtained by the three wave velocity measure-
ment methods. 

  

Figure 14. Frequency spectrum of AE by the PLB method: (a) Lead-breaking position is 50 mm; (b) lead-breaking position 
is 150 mm. 

  

Figure 15. Frequency spectrum of AE by the AST method: (a) Excitation sensor 1; (b) excitation sensor 2. 

  

0 20 40 60 80 100
0

70

140

210

280

350

AE signal

A
m

pl
itu

de
/m

V

Frequency/kHz

(a)

Noise signal

0 20 40 60 80 100
0

70

140

210

280

350

AE signal

A
m

pl
itu

de
/m

V

Frequency/kHz

(b)

Noise signal

0 30 60 90 120 150 180
0

10

20

30

40

50

60

AE signal

A
m

pl
itu

de
/m

V

Frequency/kHz

(a)

Noise signal

0 30 60 90 120 150 180
0

10

20

30

40

50

60

AE signal

Noise signal
A

m
pl

itu
de

/m
V

Frequency/kHz

(b)

0 50 100 150 200 250 300
0

15

30

45

60

75

90

AE signal

A
m

pl
itu

de
/m

V

Frequency/kHz

(a)

Noise signal

0 50 100 150 200 250 300
0

15

30

45

60

75

90

AE signal

A
m

pl
itu

de
/m

V

Frequency/kHz

(b)

Noise signal

Figure 14. Frequency spectrum of AE by the PLB method: (a) Lead-breaking position is 50 mm; (b) lead-breaking position
is 150 mm.
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Figure 15. Frequency spectrum of AE by the AST method: (a) Excitation sensor 1; (b) excitation sensor 2.
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Figure 16. Frequency spectrum of AE by the AW method: (a) Excitation position is 50 mm; (b) excitation position is 150 mm.

Figure 14 shows the AE spectrum generated by two lead-breaking positions in the
PLB method. It can be seen from the figure that the frequency range of the noise signal and
AE signal cannot be clearly distinguished. The frequency distribution of the noise signal is
0–30 kHz, and the peak amplitude is 335 mV. The frequency distribution of the AE signal is
30–60 kHz, and the peak amplitude is 25 mV. There are obvious differences in frequency
characteristics of AE signals between the two lead-breaking positions. Figure 15 shows
the AE spectrum generated by two excitation sensors in the AST method. As can be seen
from the figure, the frequency distribution of the noise signal and AE signal can be easily
distinguished. The frequency distribution of the noise signal is 0–15 kHz, and the peak
amplitude is 58 mV. The frequency distribution of the AE signal is 40–60 kHz, and the peak
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amplitude is 8 mV. The difference in frequency distribution and amplitude of AE generated
by the two excitation sensors is very small. Figure 16 shows the AE spectrum generated by
two excitation positions in the AW method. As can be seen from the figure, the frequency
distribution of the noise signal and AE signal are very easy to distinguish. The frequency
distribution of the noise signal is 0–10 kHz, and the peak amplitude is close to 15 mV. The
frequency distribution of the AE signal is 120–170 kHz, and the peak amplitude is close to
58 mV. The frequency distribution and amplitude of AE generated by the two excitation
sensors are consistent.

5.4. Discussion

By comparing and analyzing the initial wave velocity and corresponding AE signals
measured by the three methods, it can be concluded that there are differences in wave ve-
locities and signal characteristics between different methods. Table 4 shows the comparison
and analysis results of the three AE wave velocity measurement methods.

Table 4. Comparison results of three wave velocity measurement methods.

Methods PLB AST AW

Discreteness large small small
Signal types burst burst continuous

Degree of attenuation large small small
Time-domain waveform unfixed fixed fixed
Frequency distribution unfixed fixed fixed

Frequency characteristics
of AE

high frequency and
small amplitude

high frequency and
small amplitude

high frequency and
large amplitude

Frequency characteristics
of noise

low frequency and
large amplitude

low frequency and
large amplitude

low frequency and
small amplitude

For the PLB method, which is the most widely used method at present because the
lead breaking is performed artificially, the AE events produced by each lead breaking are
different. Different AE events correspond to different waveforms, so it is necessary to
modify the threshold of each lead-breaking waveform when calculating the wave velocity.
As can be seen from Table 1, the threshold correction value of each lead breaking is different,
which is also the reason for the large dispersion of the initial AE wave velocity measured
by the PLB method. At the same time, the attenuation of the AE signal obtained by the
PLB method is large, and its frequency is difficult to distinguish from the noise signal, so it
will seriously affect the accuracy of the wave velocity measurement results.

The AE in the AST method is excited by the same sensor, so the AE events generated
are the same. Therefore, in the calculation of the wave velocity, only one AE waveform
needs to be threshold corrected, and this threshold correction value is applicable to all AE
events in the AST method. So, the initial wave velocity measured by the AST method has
little dispersion. However, because the pulse signal excited by the excitation sensor is very
strong, the signal will crosstalk to other channels, resulting in the signal collected by the
receiving sensor containing a strong crosstalk signal. Therefore, before the first arrival time
of the AE wave is determined, the waveform of the strong crosstalk signal needs to be
blanking processed. Since the pulse intensity of each excitation is random, the intensity
of the crosstalk signal is different, so the blanking time also needs to be determined for
each AE event. Therefore, the AST method is not the best method to measure the AE
wave velocity.

In the AW method, the AE signal is generated by the excitation of the modulated AW
(sine wave), so there will be no crosstalk signal. In addition, each AE event generated
by the AW method is the same, so only one AE signal waveform needs to be threshold
corrected. Therefore, the initial wave velocity measured by the AW method has very little
dispersion. At the same time, the attenuation of the AE signal obtained by the AW method
is small, and the frequency of the AE signal and noise signal is easy to distinguish, which
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is conducive to determining the first arrival time of the AE wave and the calculation of
the AE wave velocity. Therefore, the AW method has great advantages as a method of
measuring the AE wave velocity.

6. Conclusions

A new method, the AW method, was designed for measuring the AE wave velocity of
asphalt mixtures, and the AE wave velocity of an asphalt mixture beam was measured by
the AW method and traditional AE wave velocity test methods (the PLB method and the
AST method), respectively. By comparing and analyzing the wave velocities measured by
the three methods and the corresponding AE signals, the main conclusions are as follows.

By comparing the initial AE wave velocity obtained by three wave velocity measure-
ment methods, it can be concluded that the dispersion of the initial AE wave velocity
(3100–3200 m/s) measured by the AW method is the smallest, which is more suitable for
the AE wave velocity measurement of asphalt mixtures.

Comparing the time-domain signals obtained by three wave velocity measurement
methods, it can be concluded that the PLB method and the AST method obtain a burst AE
signal, while the AW method obtains a continuous AE signal. Signal attenuation was in
the order of PLB method > AST method > AW method. The AE waveforms of the PLB
method are different at different lead-breaking positions, while the AE waveforms of the
AST method and the AW method are the same at different excitation positions.

For the PLB method and the AST method, the frequency spectrum of the noise signal
presents the characteristics of a low frequency and a large amplitude, while the frequency
spectrum of the AE signal presents the characteristics of a large frequency and a low
amplitude. For the AW method, the frequency spectrum of the noise signal is characterized
by a low frequency and a small amplitude, while the frequency spectrum of the AE signal
is characterized by a high frequency and a large amplitude. The peak amplitude and
frequency distribution range of the noise signal was in the order of PLB method > AST
method > AW method. The frequency distribution range of the AE signal was in the order
of AW method > PLB method > AST method.

The AW method was first proposed and designed to measure the AE wave velocity of
an asphalt mixture in this study. Through the wave velocity test and in comparison with
the existing wave velocity measurement methods, it is concluded that the AW method is
superior in wave velocity measurement of asphalt mixtures. This is a successful attempt.
At the same time, this method also provides a new idea for wave velocity measurement of
other heterogeneous composites. In future research, this method will be used to explore
the AE wave velocity and propagation mechanism of different gradations and types of
asphalt mixture. At the same time, this method will also be used in the calculation of AE
source locations.
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