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Abstract: As one of the non-destructive testing (NDT) methods, acoustic emission (AE) can be widely
applied to the field of engineering and applied science owing to its advantageous characteristics.
In particular, the AE method is effectively applied to monitor concrete structures in civil engineering.
For this technology to be employed in a monitoring system, it is necessary to investigate the
propagation characteristics of the AE in structures. Hence, this study investigates the characteristics
of AE in concrete structures to evaluate the field applicability of AE monitoring systems. To achieve
this goal, experiments employing an AE system are conducted for concrete structures 20 × 0.2 × 1.2 m
in length, width, and height, respectively, to explore the AE parameters according to the impact
energy. Among all AE parameters, absolute energy is determined to be most sensitive factor with
respect to the impact energy. In addition, the attenuation effect of the AE wave is quantitatively
evaluated according to the wave propagation distance. Moreover, the concept of effective distance is
newly suggested based on the experimental results. The effective distance is shown to increase as the
impact energy increases, although the increased effective distance is limited because the damaged AE
signal is of high frequency. This study helps improve the field applicability of AE monitoring systems
by suggesting suitable AE sensor spacing, which contributes to promote the practice of technology.
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1. Introduction

Owing to the exacerbated aging of structures as a result of natural disasters or earthquakes, it is
essential to monitor damage status in reinforced concrete structures for both safety and economic
considerations. Accordingly, the demand has increased for structural health monitoring (SHM)
technology in civil engineering [1,2]. In recent years, such monitoring has been mainly performed
by non-destructive testing (NDT) methods. This method is advantageous because flaws in materials
or systems are inspected without causing damage to the objects; therefore, the structures can still be
used during the test. Acoustic emission (AE), one of the dynamic technologies used in non-destructive
inspections [3–7], involves elastic waves produced by the application of external impact that are radiated
by sudden changes in the stress state of some regions in the material [8,9]. The AE method is a passive
technique that identifies defects, flaws, and cracks that develop only during the monitoring [10,11].
This is a distinguishing point compared with other NDT methods that need to apply an artificial
source such as a hammer or ultrasonic waves to the target material. Thus, the AE testing method can
effectively detect the deterioration of materials as soon as the damages occur [2,12], whereas other

Appl. Sci. 2020, 10, 6051; doi:10.3390/app10176051 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-1259-4796
http://www.mdpi.com/2076-3417/10/17/6051?type=check_update&version=1
http://dx.doi.org/10.3390/app10176051
http://www.mdpi.com/journal/applsci


Appl. Sci. 2020, 10, 6051 2 of 18

NDT methods are applied before or after the loading of structures [10]. Furthermore, the AE technique
can even detect microcracks in materials and can continuously determine the degree of damage in
real time. Owing to the advantageous characteristics of this method, it is considered to be suitable for
monitoring systems of concrete structures [13]. The AE monitoring system consists of an AE sensor,
an amplifying and filtering system, and data acquisition equipment. On the basis of the monitored AE
signal, the system can detect signs for failure before the critical failure occurs in the materials.

In monitoring systems, AE techniques have been applied to detect the crack location, quantify
the degree of damage, and determine the crack classification of concrete structures [14–16].
Accordingly, many studies have been conducted on AE characteristics, including propagation distance,
source location estimation, and crack classification in the concrete material [12,14,17–23]. Table 1
summarizes the reports of AE characteristics in studies conducted after 2011 according to main
research topics.

Table 1. Literature review of investigations of acoustic emission (AE) characteristics in
concrete materials.

References Target Characteristic Investigation Results

Polyzos et al. (2011) Propagation distance
The RA value (rise time/amplitude) tends to increase
with propagation distance, whereas the frequency
parameters do not vary significantly with distance.

Aggelis et al. (2011) Propagation distance and crack
classification

For reliable crack classification, the propagation
distance between the source crack and the acquisition
point should not exceed a threshold value. Shear
cracks generate elastic waves with higher RA values
than those in tensile cracks.

Feng and Yi (2017) Propagation distance

A new method based on AE is proposed. When the
frequency is between 100 kHz and 150 kHz, the
cumulative amplitude attenuation reaches its
maximum value, and the frequency components
decay exponentially. The value is lowest when the
frequency is between 200 kHz and 250 kHz.

Ongpeng (2018) Source location

Damage monitoring using AE source location based
on a computational geometry method is suggested;
the convex hull volume correlates well with the
damage until 60% of the ultimate load is reached.

Prem and Murthy (2017) Evaluation of damage degree

The four-point bending test of the reinforced concrete
beams showed that as the level of damage increased
in microcracks, visible cracks, steel yield, and
concrete crushing, the values of AE parameters such
as count, hits, rise time, acoustic emission energy,
and duration increase; however, this does not occur
for average frequency.

Tam et al. (2018) Evaluation of damage degree
A relationship between AE activities and mechanical
damage is established, and good correlation is found
with empirical laws.

Schechinger and Vogel (2007) Source location
The accuracy of the AE location is discussed; the
source location capability decreases when concrete
cracking occurs.

Sagar et al. (2018) Crack classification
High AE energy is released during the development
of shear cracks, whereas low AE energy is released
during that of tensile cracks.

Aggelis et al. (2017) Propagation distance

In monitoring the cracking of textile reinforced
cement, the distance between the location of the
damage and the sensor had a significant effect on the
propagating waveform under the bending test.

The AE system can be usefully applied to monitor concrete structures in civil engineering.
For example, this system can be particularly effective for foundation monitoring because damages in
foundations are not visible using a typical monitoring system (Figure 1). Even though the internal crack



Appl. Sci. 2020, 10, 6051 3 of 18

of foundations is not visible, it may have a critical effect on the foundation safety, which determines
the overall safety of buildings or structures. If the foundation is damaged by external impact, the
induced damage can be detected by AE passive techniques in the early failure stage. For practical
application of AE techniques in such monitoring systems, the effects of elastic wave energy and wave
propagation distance on the AE parameters should be investigated. This is because in monitoring
systems, the degree of damage can be estimated using the received AE signals based on the AE
energy parameters. In addition, the AE propagation distance determines the sensor arrangement in
a monitoring system. These issues are meaningful for increased applicability of AE monitoring to
concrete structures.
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Figure 1. Schematic diagram of acoustic emission (AE) monitoring system for foundation structures.

Once the elastic wave is generated, it then travels throughout the material and can be detected at
considerable distances from its point of origin [24]. Propagating from its source to the point of detection,
the wave is subjected to all of the characteristics and variations of its acoustic path. During propagation,
the wave energy is attenuated by spreading and scattering by both microscopic and macroscopic
variations in the structure media [24,25]. Considering the aforementioned attenuation characteristics
of the AE, the wave energy has a significant effect on the propagation characteristics of the AE. If the
AE characteristics according to the impact energy are analyzed in advance, the impact energy applied
to the structure can be reversely estimated by measuring the AE parameters. Nevertheless, previous
studies lack investigations of the propagation characteristics of AE according to the energy induced
from external impact in concrete structures. Therefore, it is necessary to investigate the effect of acoustic
energy on the wave propagation distance.

Moreover, AE techniques should be tested in actual-sized structures to overcome limitations
caused by scale problems. Because the acoustic waves in laboratory specimens do not spread widely in
all directions owing to the small scale, the wave attenuation effect is not properly considered in lab tests.
Thus, research on AE techniques in actual-sized structures is needed to evaluate the applicability of AE
monitoring systems to the field. In field applications of AE monitoring systems, sensor arrangement is
determined on the basis of the wave propagation distance considering the attenuation effects (Figure 2).
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Therefore, this study focuses on an AE monitoring system for concrete structures and investigates
the AE characteristics in actual-sized structures to evaluate the field applicability of this system.
To achieve this objective, experiments estimating the AE parameters in a concrete structure are
conducted with regard to the wave energy and its propagation distance. In addition, the maximum
propagation distance of the AE wave is suggested for practical application of the AE monitoring
system. The results of this study can serve as guidelines for suitable sensor arrays covering all areas
of target structure monitoring and cost-effective AE sensor spacing. Therefore, these results can
improve the applicability of AE monitoring systems, contributing to promote the practice of technology
and engineering.

2. Experimental Program

2.1. Test Setup

A drop experiment was conducted to investigate the propagation characteristics of AE according
to the impact energy. In the experiment, reinforced concrete structures 20 m × 0.2 m × 1.2 m in length,
width, and height, respectively, and AE sensors with data acquisition equipment were prepared.
In each specimen, steel reinforcements 10 mm in diameter were placed with the direction shown in
Figure 3. The spacing of the steel reinforcement was 200 mm in the transverse direction and 250 mm in
the vertical direction. The AE sensor used in the experiment is R.45I (R.45I sensor, MISTRAS Group
Inc, Benicia, CA USA), which includes 40 dB preamp, and is internally amplified with a resonance
frequency of 20 kHz and an operating frequency of 1–30 kHz with very high sensitivity [26]. The sensor
is equipped with a data transmission line and a standard Bayonet Neill–Concelman (BNC) connector
on the side and is connected to the AE system (AEwin Software for Express-8 E5.91, MISTRAS Group
Inc, Benicia, CA, USA, 2014.), which contains real-time data acquisition and replay software developed
by MISTRAS [27]. The sampling rate was set as 1 MHz, and the threshold for filtering noise was set
to 40 dB in the data acquisition. In addition, even though the AE signal is amplified by the internal
amplifier in the sensor, the AE parameters were calculated with the original signal magnitude in
the data acquisition. It should be noted that because no filtering process was used (except for the
threshold setting), the measured AE signals contained noise that might have occurred during the
experiment. Thus, an analog filter was used in the system with settings of 1 kHz and 400 kHz for
low- and high-pass filters, respectively. Furthermore, according to the recommendation of AEwin for
Express-8, the pre-trigger was 256 µs, the peak definition time (PDT) was 200 µs, the hit definition time
(HDT) was 800 µs, and hit lockout time (HLT) was 1000 µs.Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 18 
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Figure 3. Schematic diagram of experiments.

In the experiment, elastic waves were generated by dropping a steel ball vertically from a specific
height. The generated waves were recorded by AE sensors installed on the surface of the structure
and were transformed into electric waveforms [28,29]. Figure 3 shows a schematic diagram of the
experiment parameters. The measurement points were 0.1 m, 0.3 m, 1.0 m, 4.0 m, 8.0 m, 11.0 m, 14.0 m,
16.0 m, and 17.0 m from the impact point.
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2.2. Test Parameters

Several parameters indicate the characteristics of AE waves; those considered in this study are
count, duration, amplitude, average frequency, signal strength, and absolute energy. Duration is the
time interval between the triggering time of one AE signal and the time of its disappearance. Count is
the number of times one signal exceeds the threshold within the duration. Amplitude is the peak
voltage of the signal waveform, which is closely related to the magnitude of the source event [30].
These parameters identify the waveform characteristics of the AE signal. In addition, average frequency
was calculated from the count divided by the duration obtained over each AE signal; the signal strength
was calculated by integrating the absolute value of the voltage signal with respect to time; and the
absolute energy is the square of the wave signal with respect to time. These parameters were elected as
indicators of the AE signal intensity. All test parameters were determined using AEwin for Express-8
software in data acquisition equipment [27]. This means that the parameter-based AE evaluation was
employed, and not the streaming mode in this study. Figure 4 illustrates the AE parameters considered
in this study.
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2.3. Test Procedure

The experimental procedure is shown in Figure 5. The AE sensors were installed at the points
shown in Figure 5a using high-vacuum grease with adhesive tape to enhance the coupling performance
at the interface between the concrete and the sensor. The sensors were connected to the data acquisition
equipment and a computer with the AE software installed. The balls were dropped through a hollow
cylinder in a direction vertical to the surface (Figure 5b).
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Figure 5. Experiment process.

Table 2 shows the experimental cases. To investigate the effect of impact energy on the propagation
characteristics, the experimental cases were established according to the four different weights of
the ball and drop heights, respectively. Thus, a total of 16 cases were set, and 9 experiments were
performed for all measurement points in each experimental case. The impact energy for generating the
elastic waves in Table 2 was calculated as shown in Equation (1).

Impact energy (J) = ball mass (g) × gravitational acceleration (m/s2) × drop height (m) (1)

Table 2. Experimental cases by ball and dropping height.

Ball Number (#) Weight (g) Height (m) Impact Energy (J) Measurement Distance (m)

Ball 1 32.5

0.1 0.03

0.1
0.3
1.0
4.0
8.0

11.0
14.0
16.0
17.0

0.5 0.16
1 0.33
2 0.65

Ball 2 110.0

0.1 0.11
0.5 0.55
1 1.10
2 2.20

Ball 3 260.6

0.1 0.26
0.5 1.30
1 2.60
2 5.20

Ball 4 509.5

0.1 0.51
0.5 2.55
1 5.09
2 10.18

When the ball hits the structure surface, not all the impact energy is transmitted to the acoustic
energy because some energy is lost, such as heat and vibration generated by friction between the
surface and the ball. However, the intensity of the elastic wave is proportional to the impact energy
of the steel ball. Thus, the impact energy indicated the energy of the elastic wave in the experiment.
Moreover, the rebound effect of the ball on the recorded signal was filtered in the experimental results.
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3. Experimental Results

3.1. Effect of Impact Energy

Energy from the external impact affects the induced elastic wave characteristics, including energy
and propagation distance. That is, damage that occurs in the structure can be reversely estimated
based on the recorded AE parameters. Thus, the AE parameters that varied with the impact energy of
the steel ball were evaluated. The AE signals representing the voltage time were collected from the
AE sensors, and each AE parameter was measured by the data acquisition equipment. Figures 6–11
show the variations in the AE parameters with the impact energy for the representative cases of close
(D = 0.1 m), medium (D = 4.0 m, 8.0 m), and far (D = 17.0 m) distances from the impact point.
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As shown in Figure 6, the count increased as the impact energy increased. When the distance was
closer, as the impact energy increased from 0.03 J to 10.2 J, the count increased 5.7 times. It also increased
2.9 times and 2.0 times at propagation distances of 4.0 m and 8.0 m, respectively. This phenomenon
indicates that the strong intensity of the wave increases the number of times the wave exceeds the
threshold. However, the increasing tendency of the count according to the impact energy decreased
with distance. This indicates that the count at far distances is less sensitive to the impact energy.

Figure 7 shows that the duration increased according to the impact energy. As the impact energy
increased from 0.03 J to 10.2 J, the duration increased 3.4 times when the distance was close. However,
it increased 3.3 times and 2.2 times at propagation distances of 4.0 m and 8.0 m, respectively.

Both the count and duration tended to increase sharply at a small impact energy value when the
propagation distance was medium. In addition, an increase in the tendency of both parameters with
the impact energy was clear when the distance was close. However, this tendency became ambiguous
with increasing distance from the source, resulting in highly scattered data (Figures 6d and 7d). This is
because the wave intensity weakens according to the propagation of the wave. In this case, although
the AE signal was detected, it likely provided unreliable information owing to weak intensity of the
acoustic wave. This fact implies that AE sensors can reliably measure AE signals only at a particular
distance. That is, the proper spacing of AE sensors is needed for application of the AE monitoring
system to a field site.

As shown in Figure 8, the amplitude was mostly 100 dB at the close distance. The maximum
amplitude value was 100 dB even though the intensity of the impact increased, because the maximum
measurement limit of the experimental set-up was 100 dB. In addition, in the case of the medium
propagation distance (D = 4.0 m), the amplitude gradually increased according to the impact energy,
and the amplitude showed a constant value of 100 dB when the impact energy was greater than 1.1 J.
When the distance was 8.0 m, the amplitude converged to 100 dB from impact energy greater than 2.6 J.
However, the amplitude did not reach 100 dB at the far distance owing to attenuation of the signal.
These results support the fact that the amplitude is closely related to the intensity of the AE signal.
In addition, the increasing tendency of the amplitude according to the impact energy was unclear at
a propagation distance of 17.0 m, at which point the signal intensity was already weak. In this case,
the collected AE signal could not provide reliable information because it contained abundant scattering
noise according to the wave propagation. This result also indicates that the proper spacing for AE
sensors in the monitoring system is essential for avoiding data uncertainty.

Both the signal strength and absolute energy showed a similar tendency, which is proportional
to the impact energy. Considering the fact that both parameters were calculated by integrating the
AE signal strength with respect to the duration of the waveform, this tendency can be predicted from
variations in the AE count, duration, and amplitude. This increasing tendency with the impact energy
was found to be more prominent when the impact point was close to the sensor.

As shown in Figure 11, a relatively high average frequency was observed when the impact energy
was less than 2 J. Then, the average frequency converged to 2 kHz when the impact energy exceeded
3 J at medium and far propagation distances. However, when the propagation distance was close,
the average frequency did not converge according to the impact energy. This is because the elapsed
time for receiving the AE signal was shorter than the time required to reach the resonant frequency
of the sensor. It was also observed that smaller impact energy and propagation distance resulted in
higher average frequency.

However, the average frequency did not differ significantly with an increase in impact energy.
Considering its definition, this phenomenon occurred because the count and the duration increased
according to the increase in impact energy. Similarly, as the wave propagation distance increased,
the count and the duration decreased; the average frequency did not appear to decrease with an
increase in impact energy. Therefore, average frequency is not considered to be a significant parameter
for evaluating the impact energy acting on a concrete structure.
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In the experiments, the intensity AE parameters were more sensitive to impact energy than other
AE characteristics. Therefore, the absolute energy and signal strength are highly recommended as
significant factors for analyzing the external impact of concrete structures in AE monitoring systems.

3.2. Effect of Propagation Distance

As the stress wave from a source propagates outward through the surrounding media, the energy
per unit area decreases owing to numerous factors such as geometric spreading, internal friction,
scattering, and mode conversion. Here, this loss of signal amplitude is referred to as attenuation.
Because high-frequency waves have short wavelengths irrespective of the medium or wave type,
their attenuation is greater than that in low frequency waves.

Although the frequencies generated by AE cover a wide spectral range, the typical frequency
ranges of 1 to 500 kHz are used according to the material properties. The main frequency of the AE
signal is often determined based on the AE sensors used for measurement; nevertheless, most AE
signals induced by cracks or damage tend to be of high frequency [24,31]. For this reason, AE waves
are largely affected by the attenuation effect according to the propagation distance; therefore, it is
important to analyze this effect in concrete structures.

Thus, representative AE parameters, including signal strength for the intensity parameter and
duration for the waveform characteristics parameter, were quantitatively investigated according to the
wave propagation distance.

As shown in Figure 12, the AE signal strength in all experimental cases decreased according to the
propagation distance. The signal strength suddenly decreased at the 10 m point and did not show a
significant value after the 16 m propagation distance. This trend was shown regardless of the impact
energy. At 4 m, however, the signal strength was less affected by the propagation distance in the case
of large impact energy than that of small impact energy. For example, for ball 2, the signal strength
decreased by 43% when the impact energy was 2.2 J but decreased by 58% when the impact energy
was 1.1 J. The duration also decreased as the propagation distance increased (Figure 13). The reason for
the decreases in both parameters is that the intensity of the AE signal is weakened by the attenuation
effect according to the propagation distance. The degree of duration decrease was lower in the case of
large impact energy, showing decreases of 44% and 37% when the impact energy was 10.2 J and 5.1 J,
respectively, at the propagation distance of 4 m. However, the duration did not decrease abruptly at
10 m and still showed a significant value after the propagation distance of 16 m in all experimental cases.
Moreover, unlike the experimental results of the signal strength, the distance ranges included increases
with distance, such as that at propagation distances of 4 m and 17 m for ball 2. This phenomenon
indicates that the duration parameter is more sensitive to noise such as reflected waves than main AE
signals, leading to uncertain experimental results. For this reason, the attenuation effect cannot be
accurately estimated by checking only the duration parameter.

According to the experimental results, the attenuation effect is more accurately estimated by the
intensity parameter than the waveform characteristics parameter. In addition, the attenuation effect is
also affected by the impact energy, as evidenced by the negligible attenuation of the large wave energy
according to the propagation distance. Furthermore, this effect was smaller when the propagation
distance was long.
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4. Discussion

When damage occurs in structures, the main AE signals, as well as other noise such as reflected
acoustic waves and vibration, are generated [32]. Most of acoustic signals induced by cracks or
damage appear to be of high frequency, whereas the other noise has relatively low frequency.
Attenuation increases with frequency; therefore, at large distances from a source, only the low-frequency
components of the event will be observed. It is important to analyze the maximum propagation
distance of the main AE signals because the aim of the monitoring system is to detect the damage in the
structure by measuring these signals. Considering this fact, we newly defined an effective AE distance
for yielding the maximum propagation distance of the main AE signal. That is, if the AE signal is
measured at a distance longer than the effective distance, it can be determined as a noise signal.

Among the AE parameters, amplitude was chosen as an indicator for suggesting the effective
distance. The following amplitude variations according to the propagation distance were investigated
for representative experimental cases: very small (E = 0.16 J), small (E = 0.33 J), large (E = 2.2 J),
and very large (E = 5.1 J) impact energy (Figure 14).
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In small energy cases (E = 0.16 J, 0.33 J), the amplitude was 100 dB of the measurement limit until
the propagation distance reached 2 m; then, it decreased according to the distance. However, when the
impact energy was large (E = 2.2 J, 5.1 J), amplitude maintained a constant saturated value until the
distance of 8 m was reached, and then it decreased. Contrary to general expectations, the amplitude
increased as the propagation distance increased from 16 m to 17 m. This uncertain result is attributed
to the noise and weak main signal caused by the attenuation effect with a long propagation distance.
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The experimental results also showed that the propagation distance at which the amplitude of AE
begins to decrease from the maximum value varies depending on the impact energy. Thus, the AE
signal can be propagated at long distances if the signal intensity is strong.

Here, the experimental results of the amplitude at impact energy of 2.2 J were used as a
representative case for showing effective distance. The signal reception levels were divided into four
steps according to the amplitude values: perfect (above 100 dB), good (80–100 dB), normal (60–80 dB),
and weak (40–60 dB). The propagation distances matched with each level, as shown in Figure 15.Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 18 
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With the propagation distance range at perfect and good levels, the measured AE signal can be
regarded as the main AE signal from the material damage. However, those at the normal and weak
levels are less reliable because the intensity of the signal is weakened by the attenuation effect. Thus,
in the representative case, the effective distance was 11 m.

The effective distance differed depending on the impact energy. Figure 16 plots the propagation
distances at each level according to the impact energy, where the effective distance is a propagation
distance below the good level line. The effective distance increased as the impact energy increased,
which indicates that a greater impact to the structure results in longer propagation of the effective AE
signal. However, although the signal intensity increased, the increase in the effective distance was
limited because the damage signal is of high frequency, and the AE wave is finally attenuated at a
particular distance regardless of its intensity.
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In the field, AE signals are obtained by installing a suitable AE sensor, usually numerous sensors
in an array, in locations to facilitate detection of any activity that might originate in the structure under
study. In the monitoring system, the above result implies that if the installation distance between the
AE sensors exceeds the effective distance, the collected AE signal cannot provide reliable damage
information of the structure. That is, the installation distance of the sensor should be appropriately
considered based on the effective distance in the monitoring system. The result of the experimental
data is specifically based on the representative example and, as such, it should be applied according to
the specific cases considering environments, individual parameters of the AE event, and materials of
the structure.

Therefore, the suggested concept of effective distance is useful in determining the sensor spacing
and array in a field monitoring system. For greater improvement in AE monitoring system applicability,
further studies will be needed to develop filtering techniques of the AE signal noise. Furthermore, it is
necessary to investigate the method for evaluating structure damage based on AE parameters.

5. Conclusions

The energy of acoustic waves has a significant effect on the wave propagation distance. Thus,
the present study investigated the AE propagation characteristics in concrete structures according to
the impact energy, and experiments were conducted to evaluate the AE parameters. According to
the experimental results, the concept of effective distance for AE monitoring system was presented.
This study contributes to improving the field applicability of AE monitoring systems by suggesting
suitable spacing for AE sensors. The conclusions of this work are summarized in the following points:

1. The AE measurement experiments were conducted in actual-sized reinforced concrete structures
by dropping a steel ball. The amplitude, count, duration, absolute energy, signal strength, and average
frequency of the AE signal were investigated according to the impact energy of the ball. The AE
parameters tended to increase with an increase in impact energy. Among the AE parameters, absolute
energy was determined to be the most sensitive and is thus recommended as a significant factor in AE
monitoring systems to evaluate the external impact on a structure. However, the count frequency did
not differ significantly with an increase in impact energy.

2. The attenuation effects of the elastic wave were quantitatively evaluated with the AE parameters
according to the propagation distance. The experimental results indicated that the signal strength
and duration are the key factors for evaluating the attenuation effect of the AE signal. In addition,
the signal reception levels were divided into four categories according to the amplitude: perfect, good,
normal, and weak. At the propagation distance range at perfect and good levels, the measured AE
signal can be regarded as a main AE signal generated from the damage of the material. The effective
distance was suggested to be the maximum propagation distance of the main AE signal corresponding
to the good level in the representative case. The effective distance increased as the impact energy
increased, although the increased effective distance was limited because the damage signal is of high
frequency and, therefore, it is effectively attenuated.
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