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Abstract: The accurate localization of an acoustic emission (AE) source is a vital aspect of AE
nondestructive testing technology. A model of wave velocity attenuation caused by the extension
of transmission distance is established to analyze the attenuation of AE wave velocities in concrete
and thus improve the acoustic source localization accuracy from the perspective of modified velocity.
In combination with the exhaustive and region localization methods, a region exhaustive localization
method is established based on the modified wave velocity. The results indicate that the smaller the
water–cement ratio, the larger the reference wave velocity, and the spatially dependent attenuation
of wave velocity increase. Moreover, the larger the aggregate particle size, the larger the reference
wave velocity, and the greater the attenuation of wave velocity with distance. For a propagation
distance of 1000 mm, the AE wave velocity attenuation exceeds 50% compared with the AE velocity.
The optimized localization method reduces the number of nodes calculated, thus improving the
method’s accuracy when used for localization.
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1. Introduction

Acoustic emission (AE) is a dynamic nondestructive testing method used to monitor structural
status [1]. AE refers to the physical phenomenon of instantaneous elastic waves emitted by the
rapid release of energy aimed at material defects. As an accompanying phenomenon of the material
failure process, its signal contains a lot of information about the material and its damage. By analyzing
the AE signal, the location and the properties of the AE source, the stress history of the material,
and the degree of material damage can be determined. For example, Zhou [2] identified the fatigue
crack AE signal of railway vehicle axle from the residuals obtained from intrinsic mode functions
and empirical mode decomposition. Noorsuhada [3] reviewed the fatigue of reinforced concrete
structures, fatigue test configurations, the effects of fatigue amplitude on Reinforced concrete structures,
and the correlation between AE techniques and fatigue damage on RC structures. Paul [4] used AE to
analyze crack propagation in strain-hardening cement-based composite (SHCC) under tensile and
flexural loads, and to characterize the cracking behavior in SHCC under direct tensile and flexural
tests. Damage identification [5–8] and target damage localization [9–11] are focus points in the field of
AE nondestructive testing technology.

The principle of AE source localization defines wave velocity and arrival time as the two
main factors affecting localization accuracy. Wave velocity depends on the uniformity of the
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measured material. Arrival time depends on the precision of the AE signal sensor and the accuracy of
the waveform analysis.

Kundu [12] reviewed the existing novel acoustic source localization technologies, compared
the available techniques, determined the source localization technique that would be most effective
for specific structure types, and defined the current research needs. Methods used for source
localization in isotropic plates include triangulation technologies with a known wave speed [13],
triangulation technology with unknown wave speeds [14], optimization-based technologies with
unknown wave speeds [15–18], beamforming technologies [19,20], strain rose techniques with unknown
wave speeds [21–24], and source localization through modal AE [25–28]. In the research on the AE source
localization of concrete materials, studies and applications of the triangulation and beamforming
technologies with known wave velocity are relatively mature. Among these, the triangulation
technologies with known wave velocities form the primary localization method of AE detectors,
whereas other methods are typically used as auxiliary methods or for scientific research.

Acoustic attenuation can be challenging when performing acoustic source localization for
heterogeneous materials. Acoustic attenuation is a physical phenomenon wherein AE waves propagate
through heterogeneous materials; it is the attenuation of propagation velocity and energy when
acoustic waves propagate in non-ideal media [29]. Studies have reported that the mixing ratio
of concrete, aggregate type and size, cement quantity, and water–cement ratio (w/c), significantly affect
the propagation velocity and energy attenuation of AE waves [30]. The amplitude of acoustic wave
attenuation in concrete is positively correlated with the propagation distance, i.e., a larger propagation
distance results in a more significant attenuation [31,32]. In addition, the wave velocity affects the
accuracy of the source location determination. For various stress levels, the deviation in the localization
of the initial and measured wave velocities is in the range of 15.9–18.9% [33]. Therefore, when AE
technology is used to detect and locate the damage in cement concrete structures, the accuracy of the
AE source location can be improved by defining the attenuation law of sound in cement concrete,
particularly the attenuation law of wave velocity.

AE wave velocity and arrival time are the key indicators when AE technology is used to detect
the damage of concrete structures. The attenuation characteristics of acoustic wave propagation in
concrete lead to unsteady AE wave velocities. That is, when locating cracks in concrete structures,
the wave velocity in the localization algorithm should not be a constant value, but rather, a variable
that decreases with distance.

In this study, we used pencil lead break (PLB) test data to analyze the effects of water–cement ratio,
sand ratio, and maximum aggregate size on attenuation of standard AE wave velocities. Based on the
degree of impact of each factor on the amplitude and wave velocity, a distance attenuation model was
developed for AE wave velocity. The optimized exhaustive localization algorithm and the modified
concrete velocity were combined to establish the region exhaustive localization method based on the
modified wave velocity. Finally, the constant and modified wave velocities were used to compare
the localization accuracy on the concrete samples, and the localization effect of the new method was
analyzed. The results show that the new algorithm can improve the localization accuracy and reduce
the amount of calculation.

2. Materials and Methods

2.1. Materials

To analyze variations in the propagation velocity of AE signals in cement concrete and the
attenuation law of AE wave velocity for various material compositions, a three-factor, two- or
three-level indoor simulation test was designed with the following parameters: w/c = 0.3, 0.33, and 0.36;
sand ratio (S) = 0.47, 0.5, and 0.55, maximum aggregate size (dmax) = 10 and 20 mm. The dimensions
of the test specimen were 100 × 100 × 1800 mm (see Figure 1). The strength grade of the cement
used in this test was 4.25 MPa. The mold was made of hard wood board and fixed with angle steel.
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After pouring, the concrete was placed in a room at 20 ◦C ± 5 ◦C for 24 h. The samples were cured
immediately after mold removal. PLB tests were carried out after 28 days.Sustainability 2020, 12, x FOR PEER REVIEW 3 of 15 
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signals and more than 20 characteristic parameters. A 16-bit analog-to-digital converter was used to 
record data for analyses and signal processing. This converter could record the flow of waveforms in 
real time. In the test, the predischarge gain of the AE system was set at 40 dB, and the threshold was 
set at 45 dB. 
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The AE wave velocity measurement test was carried out in accordance with the PLB testing 
recommendations of the American Society for Testing and Materials (ASTM). The PLB test that was 
used to produce the standard AE signal employed a hard black (HB) lead core with a diameter of 0.5 
mm and a pen core extension length of 2.5 mm. The lead core was broken at a selected point, at a 30° 
angle to the surface of the specimen to complete the PLB testing. 

The procedure employed in the test to measure the AE wave velocity was as follows: 

(1) Sensor installation. First, a coupling agent was applied to the receiving surface of the sensor, and 
then adhered to the surface of the concrete sample; the sensor is installed at an equal spacing of 
10 cm. The PLB point and the sensor’ locations are exhibited in Figure 3. 

(2) Sensor debugging. Three PLB pre-tests were conducted near the break point of each sensor to 
verify their accuracy. 

(3) PLB testing. Five PLB tests were performed at 2 s intervals at the break point to emulate five 
AE sources. Seventeen sensors were used to record the signal. 

Figure 1. Test sample.

2.2. Test System

The AE monitoring system employed the SAEU3H16 high-speed digital AE detector with
16 channels (see Figure 2). This system was capable of recording continuous 0–2.5 MHz waveform
signals and more than 20 characteristic parameters. A 16-bit analog-to-digital converter was used to
record data for analyses and signal processing. This converter could record the flow of waveforms in
real time. In the test, the predischarge gain of the AE system was set at 40 dB, and the threshold was
set at 45 dB.
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2.3. TEST SCHEME

The AE wave velocity measurement test was carried out in accordance with the PLB testing
recommendations of the American Society for Testing and Materials (ASTM). The PLB test that was
used to produce the standard AE signal employed a hard black (HB) lead core with a diameter of
0.5 mm and a pen core extension length of 2.5 mm. The lead core was broken at a selected point, at a
30◦ angle to the surface of the specimen to complete the PLB testing.

The procedure employed in the test to measure the AE wave velocity was as follows:

(1) Sensor installation. First, a coupling agent was applied to the receiving surface of the sensor, and
then adhered to the surface of the concrete sample; the sensor is installed at an equal spacing of
10 cm. The PLB point and the sensor’ locations are exhibited in Figure 3.

(2) Sensor debugging. Three PLB pre-tests were conducted near the break point of each sensor to
verify their accuracy.
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(3) PLB testing. Five PLB tests were performed at 2 s intervals at the break point to emulate five
AE sources. Seventeen sensors were used to record the signal.

(4) Signal arrival time extraction. Waveform information was analyzed, and the transmission time
was extracted.

(5) Wave velocity calculation. Using the signal arrival time to Sensor #1 as the origin of the PLB
signal and the signal arrival time to Sensors #2–16 as the receiving time, the AE wave velocities
were calculated for the propagation distances of 100, 200, 300, . . . , and 1500 mm.
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3. Fundamental Concepts

3.1. Datum AE Velocity

To observe the attenuation of AE wave velocity with respect to propagation distance, an appropriate
datum AE velocity (Vd) should be selected. The wave velocities for different propagation distances
should be compared with Vd to determine the degree of attenuation. In this study, the AE wave velocity
measured with the PLB test for a propagation distance of 100 mm was used as the datum AE velocity.

3.2. Attenuation Rate of AE Wave Velocity

The attenuation rate of AE wave velocity (Ra) was used to evaluate the attenuation of AE wave
velocity with respect to distance. The attenuation rate of wave velocity, which is expressed as a
percentage, is the ratio of AE wave velocity to the reference wave velocity (Vd) for various propagation
distances. It is expressed as follows,

Ra =
Vx

Vd
, (1)

where Vx is the wave velocity (m/s) of the P wave at various distances on the propagation path, x is the
propagation distance of the P wave on the propagation path (m), and Vd is the datum AE velocity (m/s).

3.3. Region Exhaustive Localization Method Based on the Modified Wave Velocity

The exhaustive method, also known as the enumeration method, tests all possible situations to
solve the problem without omission and identifies the solutions that meet all requirements. Although,
the enumeration method generates comprehensive results, it is time-consuming. However, higher
localization accuracy can only be achieved when the number of nodes is sufficiently high. Therefore,
for identical node spacing, reducing the exhaustive range and performing thorough searches only
within the possible region of the acoustic source can effectively reduce the calculation time. Moreover,
in this study, the modified wave velocity corrected using distance attenuation is adopted over the
conventional constant wave velocity to reduce the influence of the difference between the calculated
and actual wave velocities on localization accuracy in instances where AE is transmitted through
heterogeneous materials.

The algorithm of the region exhaustive localization method based on the modified wave velocity
is divided into seven steps (see Figure 4).
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Figure 4. Technological process of the region exhaustive localization method.

Possible region of the acoustic source: The possible region location is determined based on the use
of the excitation sequence and sensor energy. The attenuation decreases as the distance between the
sensor probe and the AE source decreases. Therefore, the probe that detects the maximum amplitude
of the AE signal will be closest to the AE source. Furthermore, considering the detection of the second
largest amplitude signal, the possible region where the AE source exists can be reduced further. The
region is determined according to the highest and second highest primary output signals (see Figure 5).
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Figure 5. Acoustic emission (AE) source region based on the highest and second highest output signals.

Nodal division: Each node is a virtual AE source to be tested. The midpoint coordinates of the
node represent its position. If the node spacing is divided according to the short side of the specimen,
the spacing is 0.5 mm. Considering the lower left corner of the specimen as the origin, the coordinates
of the node are xi, where i = 1,2,3, . . . , (see Figure 6).
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Nodal wave velocity: The modified wave velocity model can be used to calculate the wave
velocity between the nodes and the maximum signal output. Assuming that the AE signal received by
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the sensor is emitted from a specific nodal position, the node wave velocity indicates the speed of the
signal propagated by the virtual acoustic source to the sensor with the highest output.

Propagation time from node to sensor: The propagation time from node to sensor indicates the
time required for the transmission of the signal from the node position to the maximum signal sensor.
This time t is expressed as the ratio of the distance to the velocity,

t =
x
v

, (2)

where x is the shortest distance (m) between the node coordinates and the sensor with the maximum
signal output and v is the node wave velocity (m/s).

Time difference: The time difference indicates the difference between the propagation time from
node to sensor and the actual AE signal arrival time,

∆ = T − t, (3)

where t is the propagation time from the node to the sensor (calculated value, µs), and T is the arrival
time measured by the digital AE detector (measured value, µs).

Source coordinates: When determining the coordinates of the acoustic source, if the time difference
between the node and the signal is less than the judgment error (the proposed judgment error is
0.1 ms), the node coordinate corresponds to the location of the acoustic source. By contrast, when the
time difference exceeds the decision error, the cycle is recalculated to the next node. When the
one-dimensional line is located, the coordinates of the node corresponding to the minimum value
can be considered as the coordinates of the acoustic source after the calculation of the total node
time difference given that the number of nodes is relatively small. When two-dimensional (2-D) and
three-dimensional (3-D) localizations are outperformed, the source coordinates are determined based
on judgment error.

4. Results and Discussion

4.1. Waveform and Parameters of PLB

According to the method proposed in the Test scheme section, each PLB experiment can obtain a
set of waveforms which are depicted in Figure 7. In the experiment, the channel numbers are used
to represent different sensors and then the corresponding AE waveforms are collected to extract the
relevant parameters, such as (AE) arrival time, AE amplitude, AE count, AE duration and AE energy
(as summarized in Table 1). It can be seen from the waveform diagram and parameters that the acoustic
energy decays rapidly with the increase of the distance between the sensor and the break point. The AE
amplitude and duration shows a pattern similar to that of the acoustic energy.

Table 1. AE Waveform Characterization Parameters (w/c = 0.3; S = 0.5; dmax = 10).

Channel AE Amplitude AE Count AE Duration AE Energy AE Arrival Time

1 97.1 198 1481 5.952 10:17:06:43:316:855700
2 81.3 148 1388 0.190 10:17:06:43:316:884200
3 73.6 145 1325 0.044 10:17:06:43:316:918600
4 68.7 127 1352 0.035 10:17:06:43:316:962000
5 56.9 52 1060 0.003 10:17:06:43:317:027200
6 57.8 31 992 0.002 10:17:06:43:317:068600
7 59.9 24 961 0.002 10:17:06:43:317:106700
9 53.9 17 960 0.001 10:17:06:43:317:192400

10 51.3 12 941 0.001 10:17:06:43:317:232300
11 50.9 9 983 0.001 10:17:06:43:317:273500
13 45.9 2 22 0 10:17:06:43:317:361600
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4.2. Effect of Material Composition

4.2.1. Water-Cement Ratio (w/c)

The results of the AE wave velocity tests for a constant sand ratio and aggregate size for various
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For a constant sand ratio and aggregate size, the larger the water–cement ratio, the smaller
the reference wave velocity of the standard AE signal. The Vd values were found to be 4639, 4378,
and 3465 m/s when w/c was 0.30, 0.33, and 0.36, respectively (see Figure 8a).

All the AE wave velocities in cement concrete exhibited a decreasing trend with increasing
distance, (see Figure 8b). When w/c was 0.30, 0.33, and 0.36, the Ra values were −1% to −54%, −8%
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to −54%, and 5% to −34% and the coefficients of variation were 0.57, 0.35, and 0.09, respectively.
These results indicate that the larger the water–cement ratio, the lower the attenuation of AE wave
velocity with distance.

4.2.2. Sand Ratio

The results of the AE wave velocity tests for various sand ratios and a constant particle size and
water–cement ratio are plotted in Figure 9. The results show the following.
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When the sand ratio increases, the variation of the standard AE reference wave velocity in cement
concrete is minimal. When the sand ratio values were 0.47, 0.50, and 0.55, the Vd values were 4114,
4639, and 3950 m/s, respectively (see Figure 9a).

When a standard AE was propagated in cement concrete for various sand ratios, all the wave
velocities exhibited a tendency to decay with increasing distance (see Figure 9b). When the sand ratio
values were 0.47, 0.50, and 0.55, the Ra values were 2% to −43%, −1% to −54%, and 2% to −41% and
the coefficients of variation were 0.48, 0.57, and 0.44, respectively. Therefore, the effect of sand ratio on
wave velocity attenuation was insignificant.

4.2.3. Maximum Aggregate Size

The experimental results of the AE wave velocity of cement concrete specimens with constant
water–cement and sand ratios for various maximum aggregate sizes are plotted in Figure 10. The results
indicate the following.

For constant water–cement and sand ratios, the reference wave velocity of the standard AE signal
increases when the aggregate size increases. For maximum aggregate sizes of 10 and 20 mm, Vd was
3551 and 4639 m/s, respectively (see Figure 10a).

The standard AE wave velocities for two aggregate sizes exhibited a decreasing trend with
increasing distance (see Figure 10b). When the maximum aggregate sizes were 10 and 20 mm, the Ra

values were −13% to −34% and −1% to −54%, and the coefficients of variation were 0.26 and 0.57,
respectively. Hence, as the aggregate size increased, the attenuation of the AE wave velocity increased
as a function of distance.
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4.3. Wave Velocity Correction Model

Based on the variation of acoustic wave velocity with distance in concrete for various material
compositions, a logarithmic function was used to fit the experimental data. Correspondingly, the
distance correction model is expressed as follows:

Vx = aln(x) + b, (4)

where Vx is the wave velocity of P at various distances on the propagation path (m/s), and x is
the propagation distance of P on the propagation path (m). The regression parameters a and b can
be expressed as a function of material composition (water–cement ratio, sand ratio, and maximum
aggregate size), as shown in Equation (5).

a = −1111 + 2898.8
(

w
c

)
+ 255.3S− 42.6dmax

b = 9691− 18726.5
(

w
c

)
− 1521.6S + 264.6dmax ,

 (5)

where dmax is the maximum aggregate size.

5. Localization Examples

5.1. Test Scheme

In order to verify the accuracy of the localization method, we carried out line localization test
and concrete cracking localization tests. The line localization test method was to locate the PLB
signals on 100 ×100 × 700 mm concrete samples (see Figure 11). The concrete cracking localization test
method was to locate the crack AE signals while carrying out uniaxial compression tests (see Figure 12).
The constant and modified wave velocities calculated with Equations (4) and (5) were used to locate
the acoustic source.
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5.2. Material and Wave Velocity

The cement concrete material composition for the localization test is listed in Table 2. The modified
and constant wave velocities for each group are summarized in Table 3.

Table 2. Material composition.

Group w/c S dmax [mm] Mixture

1 0.3 0.5 10 1:0.3:1.47:1.47
2 0.3 0.5 20 1:0.3:1.47:1.47
3 0.3 0.47 20 1:0.3:1.4:1.56
4 0.3 0.55 20 1:0.3:1.61:1.32
5 0.33 0.5 20 1:0.33:1.66:1.66
6 0.36 0.5 20 1:0.36:1.86:1.86

Table 3. Measured constant wave velocity and modeled modified wave velocity (groups 1–6).

Coordinate of Break Point
[mm]

Constant Velocity
[m/s]

Modified Velocity
[m/s]

100 2659 2797–6706
200 2706 2640–8580
300 2906 3158–10,224
400 2797 3021–9302
500 2782 2980–11,397
600 2631 2742–7441
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5.3. Localization Results

The localization results of PLBs based on the modified and constant wave velocities in the six
groups are plotted in Figure 13.
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After subtracting the localization coordinates from the PLB point coordinates, the localization
error of each group was plotted (see Figure 14). Comparisons indicate that the localization error of the
constant wave velocity ranged from 28.5 to 61.1 mm, and that of the modified wave velocity ranged
from 13.5 to 29.7 mm.
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The concrete crack localization results are shown in Figure 15. Figure 15a shows the crack
images in the concrete X-Y plane at 0 s, 320 s, 400 s, and 500 s taken with the high-definition
camera during the loading test. Figure 15b shows the results of the AE event localization output
using commercial AE detection equipment (SAEU3H16). This commercial equipment uses a 3-D
time-difference-of-arrival (TDOF) localization method. Figure 15c shows the localization results
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obtained with the newly established method presented in this paper, which uses the same arrival time
data as the SAEU3H16 location.

Most of the AE signals produced during the concrete uniaxial compression test come from within
the concrete samples, and currently the localization of these acoustic sources cannot be determined
accurately. Judging from the X-Y plane projection, the localization results of the newly developed
method were closer to the actual concrete crack locations (see Figure 15a). This shows that the velocity
correction method can considerably improve the acoustic source localization accuracy. However,
this is only a qualitative conclusion and the true value of acoustic source localization is unknown;
the localization accuracy cannot be evaluated quantitatively.
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(w/c = 0.36, S = 0.5; dmax = 20).

6. Conclusions

The effects of the water–cement ratio, sand ratio, and maximum aggregate size on acoustic wave
velocity attenuation in concrete were studied based on acoustic wave velocity attenuation tests on
36 concrete specimens divided in 12 groups (i.e., six groups for the wave velocity attenuation tests and
six groups for the positioning tests). The following are the main conclusions inferred.

Compared with the sand ratio, the influences of the water–cement ratio and aggregate size were
considerably significant. The smaller the water–cement ratio, the larger the reference wave velocity and
the greater the attenuation of the wave velocity with distance. Moreover, the larger the aggregate size,
the larger the reference wave velocity and the greater the attenuation of wave velocity with distance.
When the propagation distance reached 1000 mm, the wave velocity attenuation exceeded 50% as
compared with the reference wave velocity. Therefore, the influence of wave velocity attenuation
should be considered for long-distance acoustic source localization. A logarithmic function can be
used to describe the attenuation law of wave velocity with distance, and the regression parameters can
be calculated using three material mix parameters: Water–cement ratio, sand ratio, and maximum
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aggregate size. The wave velocity correction model developed in this study could enhance wave
velocity accuracy in AE localization tests.

Using the addition of the possible acoustic source region, the region exhaustive localization
method could potentially reduce the detection range to 50% of the original range. This range can
be reduced further at the same nodal spacing thereby effectively improving the localization speed.
The value of the modified wave velocity required to improve localization accuracy was quantitatively
analyzed using the line localization results of the control group. Based on the uniaxial compression
test results, the localization accuracy of the newly developed method and the TDOF method are
qualitatively analyzed. The results indicate that the positioning error of the modified wave velocity is
lesser than that of the constant wave velocity.

In this study, AE wave velocity was the primary factor in establishing a new AE source location
algorithm. A main contributions of this study is that it demonstrates that when the AE sensor system
is installed on the longitudinal edge of the concrete structure for 24-h structural health monitoring,
the localization error due to signal transmission distance can be corrected. The region exhaustive
localization method can quickly screen the localization signals, thereby reducing the localization time.
This correction could improve the localization accuracy of concrete cracks. Further experiments are
being carried out to extend the applicability of the regional exhaustive method in 3-D structures.
Considering the importance of having a correct threshold and waveform trigger algorithm, we are
preparing making the proper arrangements to add the arrival time when expanding the 2-D and 3-D
algorithm to further improve the localization accuracy.
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