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A B S T R A C T   

Acoustic emission (AE) signal parameters can be used to classify the source type in concrete structures. However, 
signal parameters are influenced by the wave propagation from the source to the receiver, leading to wrong 
source classification results, especially for monitoring large concrete structures. This paper experimentally 
evaluates the influence of wave travel distance on signal parameters on a full-scale shear test of a reinforced 
concrete beam. The evaluated signal parameters include the RA value, average frequency, peak frequency, 
frequency centroid, and partial power. The evaluation reveals the limitation of using RA value - average fre
quency trends in large scale structural concrete members. Based on the evaluation, we propose a new source 
classification criterion using peak frequency or partial power, which can effectively classify the source type. The 
new criterion is also validated in a reinforced concrete slab test, which is another structural type. Based on the 
new criterion, we suggest a sensor layout that is suitable for source classification for large concrete structures. 
The results of this paper can help developing a reliable solution for real-time source classification for large 
concrete structures in general.   

1. Introduction 

Focusing on concrete macro-cracking, acoustic emission (AE) signals 
from tensile cracking and friction between the crack faces have different 
features [1]. Tracking features of AE signals can classify the source type, 
which improves the understanding of concrete cracking. The signal 
features are often simplified into signal parameters to improve the 
computing efficiency, for example rise time–amplitude ratio (RA value) 
and average frequency [1,2]. 

The signal parameters were originally derived by comparing exper
imental data on specimens with relatively small dimensions. In those 
specimens, change of signal parameters due to wave propagation is not 
pronounced. However, in actual concrete infrastructures with large di
mensions, we cannot ignore the influence of wave propagation on signal 
parameters which can lead to wrong source classification results. In the 
current literature, the influence of wave propagation on signal param
eters were mostly evaluated using simulations [3–5], which simplified 
the wave propagation in real concrete structures. Experimental valida
tion has confirmed the influence of wave propagation on signal pa
rameters, but most such studies were conducted on laboratory-scale 

specimens (e.g. within 50 mm) [6–8]. An exception is the research re
ported by Aggelis et al., in which they evaluated the influence of wave 
propagation on RA value and average frequency in a relatively large 
structure (with wave travel distances up to 0.8 m) [21]. They found a 
linear relationship between the signal parameters and wave travel dis
tance, and proposed a strategy to calibrate the signal parameters for full- 
scale structures. This strategy needs further validation. 

Moreover, classification using RA value and average frequency could 
not provide a consistent boundary between two types of signals, 
depending on different specimens. Most studies in literature only use the 
trend of these two parameters to indicate the transition from bending to 
shear cracking [10]. Therefore, a different set of source classification 
criteria need to be formulated, which are less influenced by wave 
propagation and provide a clear and consistent boundary between sig
nals from different types of sources. 

This paper first experimentally evaluates the signal parameters 
relevant to source classification in concrete structural members with 
large dimensions, including RA value, average frequency, peak fre
quency, frequency centroid and partial power. We study the perfor
mances of these parameters after waves travel a short distance from the 
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source (<0.3 m) and a long distance (up to 1.5 m). Based on the eval
uation, we propose a new source classification criterion, and suggest a 
sensor layout suitable for source classification. The new source classi
fication criterion is also validated in another type of concrete structure, 
reinforced concrete slab, which has different geometry, material prop
erties and sensor layout. The results show the reliability of the new 
source classification criterion in monitoring large concrete structures. 

2. Signal parameters for source classification 

During the damaging process of reinforced concrete structures, AE 
signals could come from tensile cracking, friction between the crack 
faces, yielding of reinforcement, and bond slip between reinforcement 
and concrete [9,11]. This paper deals with large-scale concrete struc
tures without shear reinforcements. In this type of structures, only lon
gitudinal reinforcements present at the outer layers where the tensile 
and compressive stress are maximum. Typical structures with this 
reinforcement design are concrete slabs. Between the longitudinal 
reinforcement layers, only bulk unreinforced concrete presents. Thus we 
can assume most of the AE activities are from macro-cracking of con
crete. Therefore, we limit the scope of this paper on studying AE source 
classification of two main source types: tensile cracking and friction 
(between the crack faces). 

Fig. 1 illustrates the tensile cracking and friction at local crack pro
file. Tensile cracking occurs when the maximum principal stress exceeds 
concrete strength and the two crack faces move away from each other. 
While, friction occurs when the two crack faces slide against each other, 
due to a protruding aggregate. In some literature, the source type ‘fric
tion’ is mentioned as ‘shear cracking’. But, the actual phenomenon of 
shear cracking is: tensile cracking mixed with friction between crack 
faces [12]. Concrete cracking (both flexural and shear cracking) are a 
combination of tensile cracking and friction, with more friction at shear 
cracking due to more shear displacement [13]. Therefore, we use a more 
specific description ‘friction’, instead of ‘shear cracking’ to describe the 
real source of AE signal. 

These two types of sources will generate signals with different fea
tures. When tensile cracking occurs, the crack faces move away from 
each other. Most particles’ motion direction is in line with the direction 
of wave propagation, giving most energy in the form of P-waves at the 
signal source. However, at friction, the faces of cracks slide against each 
other. Most particles move perpendicular to the direction of wave 
propagation, resulting in more energy in the form of S-waves at the 
signal source. Fig. 2 shows the typical received signals from friction and 
tensile cracking. In signals from friction, since dominated waves are S- 
waves which arrive later, the major part of energy arrives later. This 
feature can be described by the signal parameters rise time and peak 
amplitude: rise time is the time difference between onset and peak 
amplitude; peak amplitude is the largest amplitude of the signal envelop 
(Fig. 3a). The ratio between rise time and peak amplitude is larger at 
signals from friction (when the main energy arrives later). Therefore, the 
ratio between rise time and peak amplitude, which is called RA value, is 
suggested for source classification in literature [2]. 

From another aspect, the wave energy is more attenuated in the form 
of S-waves than P-waves [14]. And, considering that high frequency 
components attenuate more than low frequency components, S-waves 
filter out high frequency components more easily than P-waves. This 
would result in no or only limited amount of energy at high frequency 
components in the received S-waves. Since signals from friction origi
nally are dominated by S-waves, the received signals would have less 
energy at high frequency components, compared to the signals from 
tensile cracking which are originally dominated by P-waves. This has 
been found in the typical signals shown in Fig. 2 that received signals 
from friction has less energy at high frequency components (around 100 
kHz). To describe this feature, signal parameters related to frequency 
can be used. A widely-applied parameter is average frequency, which is 
calculated as counts divided by duration: counts implies number of 
times the signal amplitude exceeds a threshold; duration is the time 
duration from the first arrival to the point when the signal envelope 
decays to the threshold level (Fig. 3a). Experimental work in literature 
confirms that average frequency is less in signals from friction compared 
to those from tensile cracking [1,2,15]. 

Other frequency-related parameters, i.e., peak frequency, frequency 
centroid and partial power can also be used. These parameters are 
derived from frequency spectrum as illustrated in Fig. 3b: peak fre
quency is the point where the frequency spectrum has the maximum 
amplitude; frequency centroid is the centre of the mass of the frequency 
spectrum; partial power is a percentage, calculated by summing the 
frequency spectrum in a specified range of frequencies and dividing it by 
the total power of all frequencies. In this paper, we use partial power for 
frequencies over 70 kHz, which is noted as partial power (>70 kHz). The 
reason of selecting 70 kHz will be explained later. 

RILEM advises that the signal sources can be classified by combining 
RA value and average frequency [2]. However, it does not specify clear 
and consistent boundaries to distinguish the two types of sources. 
Mostly, researchers only indicate generally that signals from friction 
have larger RA values and smaller average frequencies [1,15]. 

Moreover, wave propagation will influence the RA value and average 
frequency due to signal amplitude attenuation [4]. The RA value in
creases with reducing peak amplitude, and the average frequency de
creases since high frequency components attenuates faster than low 
frequency during propagation. Therefore, signals from tensile cracking, 
which have a smaller RA value and higher frequency, may end up with a 
large RA value and low average frequency after wave propagation, and 
falsely be labelled as signals from friction. The parameters will not be 
reliable after a certain wave travel distance. The wave propagation will 
be more complicated considering uncertainties in real structures, e.g. 
internal cracks and interfaces between source and receiver. The influ
ence of these uncertainties are hard to be quantified analytically. 

3. Evaluation of the signal parameters 

To better understand the effect of wave propagation to the signal 
parameters, experiments have been carried out. According to the above 
discussion, this paper evaluates the RA value, average frequency, peak 

Fig. 1. Illustration of tensile cracking and friction at local crack profile.  
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frequency, frequency centroid and partial power. 

3.1. Introduction of experiments 

This study uses signals from a failure test on a large concrete beam 
with dimension of 10000 mm × 300 mm × 1200 mm (Fig. 4a). The 
concrete nominal compressive strength is 65 MPa, with maximum 

aggregate size of 16 mm. The test is a part of a large test program to 
study the shear behaviour of RC slab strips without shear reinforcement 
[17]. In the program, the test is named as I123A. 

In the test, flexural and shear cracks developed in sequence. AE 
signals from one flexural crack and one shear crack were used (respec
tively marked as CR2 and CR4 in Fig. 4b). The crack opening and shear 
displacement along the cracks were measured using digital image 

Fig. 2. Typical AE signals from friction and tensile cracking.  

Fig. 3. Illustration of signal parameters from: (a) time domain and (b) frequency domain.  

Fig. 4. Test setup: (a) an overview (photo is taken on the DIC side), and (b) beam configuration, load position, one support position, sensor layout, and crack pattern 
in AE measuring zone. 
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correlation (DIC). The results showed that CR2 had limited shear 
displacement, while CR4 had a significantly large amount of shear 
displacement [13]. Therefore, we consider that the majority of AE 
events at CR2 were due to tensile cracking, and a significantly larger 
percent of AE events at CR4 were due to friction. 

The AE signals were detected using 13 AE sensors (R6I with oper
ating frequency 40–100 kHz and resonant frequency 55 kHz) (Fig. 4b). 
We used a constant amplitude threshold of 45 dB for signal detection. A 
pre-amplification of 40 dB was applied. Due to attenuation, not all 
sensors were able to detect a signal from a same source. The farthest 
sensor that can detect a signal was at around 1.5 m from the source. By 
comparing signals that were originated from a same source but received 
by sensors at different distances to the source, we study the influence of 
wave travel distance. 

The location of AE events were estimated using the grid search 
method [11]. We carried out 2D source localization in the x-z plane, as 
the beam width was small compared to its length and height. The wave 
speed was estimated as 4100 m/s in a preliminary test on wave propa
gation [18]. The preliminary test was performed on uncracked concrete. 
When concrete is cracked, the presence of crack will reduce the wave 
speed [18] and influence the source localization results [16]. However, 
inclusion of the effect of presence of crack will complicate the source 
localization. Therefore, we excluded this effect by limiting the sensor 
spacing within 0.5 m that only a single crack is covered in a sensor grid. 

Based on the estimated location, AE events around the flexural crack 
CR2 were selected typically for tensile cracking (Fig. 5a), and AE events 
around the shear crack CR4 were selected for friction (Fig. 5b). Note that 
the estimated location was scattered around the real crack location, 
which was due to source localization error. Previous study shows that 
the source localization error can reach 0.09 m when no crack is between 
source and sensor [16,19]. A similar magnitude of error was also found 
in other studies [20]. Consequently, the calculated wave travel distance 
can have an error of ± 0.09 m. This error was neglected in our study on 
the influence of wave travel distance on signal parameters. In total, 337 
AE events were selected for tensile cracking and 1342 AE events for 
friction. 

3.2. Signal parameters from flexural and shear cracks 

This section evaluates the parameters of signals that were received 
by the closest sensor. Around 80% of these signals had a wave travel 
distance <0.3 m (the other 20% were within 0.5 m). We assume that this 
wave travel distance did not significantly influence the signal parame
ters, thus the received signals can represent the signal source. 

Fig. 6 compares the distribution of signal parameters from typical AE 
events for tensile cracking (a) and friction (b). The main observations are 
listed below:  

• The RA values (a.1 and b.1): the distribution was similar in the two 
types of sources, both having most events with RA values lower than 
0.2 ms/V.  

• The average frequency (a.2 and b.2): the modal bins were 60–70 kHz 
and 50–60 kHz in tensile cracking and friction, respectively.  

• The peak frequency (a.3 and b.3): the modal bins were 90–100 kHz 
and 30–40 kHz in tensile cracking and friction, respectively. We 
could conclude that AE events with peak frequency around 100 kHz 
were from tensile cracking, and 40 kHz from friction.  

• The frequency centroid (a.4 and b.4): the modal bins were 80–100 
kHz and 70–80 kHz in tensile cracking and friction, respectively.  

• The partial power (a.5 and b.5) was calculated as the percentage of 
frequencies above 70 kHz. The boundary of 70 kHz was selected in 
the middle of the two possible peak frequencies (40 kHz and 100 
kHz). Though, partial power was more evenly distributed, we can 
find that more signals had partial power over 0.5 in tensile cracking, 
and below 0.5 in friction. This indicates that signals from tensile 
cracking had larger amount of energy in high frequency components 
(>70 kHz). 

The comparison shows that the RA value cannot distinguish signals 
from tensile cracking and friction. The frequency-related parameters 
turned out to be reliable. Among them, the peak frequency showed a 
more significant difference between signals from tensile cracking and 
friction (which were 100 kHz and 40 kHz respectively). 

3.3. Influence of wave travel distance on signal parameters 

To study the influence of wave travel distance on the signal param
eters, we use the parameters from all the recorded signals which covered 
wave travel distance in range of 0.05 m to 1.5 m. 

Fig. 7 exemplifies the change of signal parameters. The signals were 
from the same single AE event (located at x = 2.5 m, z = 0.15 m), but 
received at different distances to the source, i.e. 0.15 m, 0.51 m and 
0.88 m (by sensors AE2, AE6 and AE8 respectively). No crack was 
observed between the sensors and the signal source. The signal param
eters are marked in the graph. In the time domain (top row of plots): the 
peak amplitude reduced and arrived later as the wave travelled further, 
resulting in an increase of RA values from 0.03 ms/V to 0.62 ms/V; the 
average frequency decreased from 69 kHz to 51 kHz. In the frequency 
domain (bottom row of plots): at 0.15 m to the source, high frequency 
components (>70 kHz) had a large percentage of energy, giving larger 
peak frequency, frequency centroid and partial power; at 0.51 m, the 
energy in high frequency components (>70 kHz) significantly reduced, 
but the low frequency components remained comparable to 0.15 m; at 
0.88 m, the energy in low frequency components also reduced. 

We find that high and low frequency components attenuated 
differently, which influenced the frequency-based parameters. To study 

Fig. 5. Selection of typical AE events for (a) tensile cracking (around flexural crack CR2 at load 150-200kN), and (b) friction (around shear crack CR4 at load 
250-300kN). 
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Fig. 6. Distribution of the parameters from signals received by the closest sensors in (a) tensile cracking and (b) friction, with (a.1) (b.1) RA value, (a.2) (b.2) average 
frequency, (a.3) (b.3) peak frequency, (a.4) (b.4) frequency centroid, (a.5) (b.5) partial power (>70 kHz). 
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the different attenuation in high and low frequency components, we 
separate the frequency components above and below 70 kHz by 
applying a high-pass filter and a low-pass filter (Fig. 8a). Then, the 
amount of energy in the filtered signals are calculated. Here, the energy 
is calculated as the area under the signal envelop in Vμs. Next, we 
calculate the change of energy at different distances in dB, comparing to 
the energy of the closest signal (which is the reference). Here, AE events 
from CR2 are taken. Fig. 8b and c show the energy changes of the filtered 
signals by high pass filter and low pass filter respectively. We find that 
higher frequency components attenuated more during wave propaga
tion, which meets our expectation. 

In the above examples, the signal parameters change with increasing 
wave travel distances in the following manner: increasing RA value and 
decreasing frequency-related parameters (i.e. average frequency, peak 
frequency, frequency centroid and partial power of high frequency 
components). 

Including all signals, Fig. 9 shows the distribution of signal 

parameters varying with the wave travel distance. We compared the 
results in tensile cracking (a) and friction (b):  

• The RA value (a.1 and b.1): the modal bin increased with increasing 
wave travel distance in both tensile cracking and friction. No clear 
difference can be found between signals from tensile cracking and 
friction.  

• The average frequency (a.2 and b.2): the modal bin reduced from 60 
to 70 kHz to 50–60 kHz after around 0.5 m in tensile cracking. After 
0.5 m, the average frequency in signals from tensile cracking and 
friction were comparable.  

• The peak frequency (a.3 and b.3): the modal bin in tensile cracking 
changed from 90 to 100 kHz to 30–40 kHz after 0.5 m. In friction, the 
modal bin remained 30–40 kHz.  

• The frequency centroid (a.4 and b.4): the modal bin gradually 
reduced with increasing wave travel distance in both tensile cracking 
and friction. In tensile cracking, the modal bin reduced from 90 to 

Fig. 7. Signals from an AE event (x = 2.5 m, z = 0.15 m) received at different distances: (a) 0.15 m, (b) 0.51 m and (c) 0.88 m.  

Fig. 8. (a) High-pass filter and low-pass filter, energy changes of the filtered signals by (b) high pass filter, and (c) low pass filter.  

F. Zhang et al.                                                                                                                                                                                                                                   



Construction and Building Materials 318 (2022) 126163

7

Fig. 9. Distribution of the parameters of all the signals, varying with wave travel distance, in AE events (a) for tensile cracking and (b) friction, with (a.1) (b.1) RA 
value, (a.2) (b.2) average frequency, (a.3) (b.3) peak frequency, (a.4) (b.4) frequency centroid, (a.5) (b.5) partial power. 
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100 kHz to 60–70 kHz after a wave travel distance of 0.5 m. In 
friction, the reduction was from 80 to 90 kHz to 60–70 kHz after a 
distance of 0.5 m.  

• The partial power (>70 kHz) (a.5 and b.5): the modal bin reduced 
with increasing wave travel distance in both tensile cracking and 
friction. But, in tensile cracking, the modal bin was initially above 
0.5. In friction, the value remained below 0.5. 

We can find that 0.5 m is a critical wave travel distance. After 0.5 m, 
high frequency components significantly attenuate and are not domi
nant anymore, even in signals from tensile cracking. As a result, signals 
from tensile cracking may be falsely distinguished as signals from fric
tion. Therefore, the first requirement for source classification is to use 
signals that are within 0.5 m to the source. The value of 0.5 m depends 
on the distance within which the high frequency components can 
dominate, thus, may vary with different materials. 

RA value and average frequency seem to linearly relate to the wave 
travel distance. This is in line with the findings of Aggelis et al. [21]. But, 
the magnitudes of the parameters in the two studies are different, due to 
different materials, sensor coupling and type of sensors. Moreover, in 
our study, RA value could not distinguish signals from tensile cracking 
and friction. Average frequency showed a different modal bin in signals 
from tensile cracking and friction, which were 60–70 kHz and 50–60 
kHz respectively. But, this difference can be mask by the large 
scatterings. 

The peak frequency shows a significant difference between tensile 
cracking (around 100 kHz) and friction (around 40 kHz). We can define 
a boundary of 70 kHz considering the possible scatterings of peak fre
quency. When the peak frequency is >70 kHz (which represents the 
cases when the frequency component around 100 kHz is dominant), the 
signal is from tensile cracking. Otherwise, the signal is from friction. The 
partial power may also be used, by determining whether the energy in 

high frequency components (>70 kHz) is more than that in low fre
quency components. But, the other two parameters, average frequency 
and frequency centroid, ‘average’ the high and low frequency compo
nents, indicating less difference between signals from tensile cracking 
and friction. This adds difficulty in defining a clear boundary to separate 
the signals from the two types of sources. 

Therefore, we suggest a new criterion for source classification: the 
signals with peak frequency >70 kHz or partial power (>70 kHz) >0.5 
are considered from tensile cracking; otherwise, the signals are from 
friction. A requirement is that the source and receiver distance should be 
within 0.5 m. The conformance of the source classification using the two 
parameters, peak frequency and partial power, are evaluated in the 
following section. 

4. Validation of the new criterion 

In this section, we validate the source classification criterion on other 
cracks of the same beam and a different type of concrete structure, a 
reinforced concrete slab. 

4.1. Validation on other cracks of the same beam 

Fig. 10a–c show the source classification results using peak fre
quency from first cracking to failure of the beam (considering the load 
intervals 150–200 kN, 200–250 kN and 250–300 kN respectively). The 
red dots are AE events classified as friction and the blue dots are tensile 
cracking.  

• At 150–200 kN, only flexural cracks CR1 and CR2 formed (a). More 
AE events were classified as tensile cracking.  

• At 200–250 kN, the shear crack CR3 formed (b). At upper part of 
CR3, more AE events were classified as tensile cracking, while at 

Fig. 10. Source classification using peak frequency in the beam: (a) at 150–200 kN, (b) at 200–250 kN, (c) at 250–300 kN, and (d) ratio of number of AE events as 
friction at different load ranges. (Blue dots are AE events classified as tensile cracking, and red dots are as friction). 
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bottom part, more AE events as friction. This is expected as the 
secondary crack in the bottom was more inclined (marked in b), 
which generated more friction between two crack faces.  

• At 250–300 kN, the shear crack CR4 formed (c). The shear crack CR4 
generated a large amount of AE events of friction. Moreover, the 
existing crack CR3 also had many AE events of friction. This means 
that both CR3 and CR4 had larger crack sliding (or shear displace
ment) when close to shear failure (at 300 kN). The classification 
results are in line with the critical shear displacement theory that 
near failure, critical crack would have large shear displacement [22]. 

Fig. 10d shows the ratio of the number of AE events classified as 
friction to the total number of AE, varying with the load ranges. With 
increasing load, the ratio of friction within each load increment 
increased. This was due to the formation of new shear cracks and the 
sliding between crack surfaces of the existing cracks. The source clas
sification criterion performs well in all the cracks of the reinforced 
concrete beam during the whole loading process. 

The above results were obtained from peak frequency. Using the 
other parameter partial power may provide different results in some 
cases. An example signal is provided in Fig. 11. The signal had a peak 
frequency at 105 kHz which was >70 kHz, thus was classified as from 
tensile cracking. However, since the peak was very narrow, the energy in 
the frequency range of over 70 kHz was not large. This results in a partial 
power (>70 kHz) of only 0.41 which was lower than 0.5. Consequently, 
the signal was classified as friction by partial power. Therefore, a further 
study to check the differences between the two criteria are made below. 

Table 1 counts the signals that, according to the two parameters, had 
matching and contrary source classification results. The number of sig
nals that resulted in matching source classification from the two pa
rameters are greyed out in the table. The percentages of matching 
classification were 87%, 89% and 91% in the three load increments 
respectively. Around 10% of the signals resulted in contrary classifica
tion. This paper considers the two parameters equivalent. Without 
further mentioning, we use peak frequency by default in the study 
presented below. 

4.2. Validation on a reinforced concrete slab test 

We evaluate the obtained source classification criterion in a different 
type of structure, a reinforced concrete slab. The slab had dimension of 
5000 mm × 2500 mm × 300 mm, with concrete nominal compressive 
strength of 45 MPa and maximum aggregate size of 16 mm. The slab was 
loaded by a point load till failure (Fig. 12a and b). The test is taken from 
a series of shear tests on reinforced concrete slabs [23]. In the series, the 
test is named as SR1M1. 

Thirty-two AE sensors (R6I with central frequency 60 kHz) were 
installed on the top and bottom surfaces of the specimen (Fig. 12b). The 

crack pattern at the bottom surface in the sensor enclosed zone is 
marked in Fig. 12b. 

Comparing to the beam test, the slab was much wider. Therefore, the 
crack distribution could not be simplified as a 2D case as in the beam. We 
used 3D source localization, which brought a larger source localization 
error compared to 2D [16]. Moreover, the slab had smaller crack spacing 
relative to the sensor spacing (Fig. 12b). Consequently, more than one 
crack is expected between two sensors, which also increased the source 
localization error. 

We applied the proposed source classification criterion. Fig. 13a 
shows the ratio of number of AE events classified as friction to the total 
AE events within each load increment (around 50 kN). The first crack 
opened at 150 kN. Afterwards, the ratio of AE events as friction 
increased with loading. This meets our expectation that more shear 
displacement occurred with increasing load, which generated more AE 
events of friction. We also observe a relatively larger ratio of AE events 
as friction before 150 kN. These events were around the loading plate 
from the source localization results (Fig. 13b). They could come from the 
friction between the loading plate and the structural surface during the 
setting of contact. 

We also validate if the distance limit of 0.5 m in the source classifi
cation criterion can be applied in the slab test. AE events from the first 
cracking was used, as at first cracking, signals were most from tensile 
cracking (which included both high and low frequency components), 
and not influenced by the existing cracks between source and receiver. 
Fig. 14 shows the distribution of the two parameters, varying with the 
distance. We find a clear difference of peak frequency after 0.5 m: the 
modal bin changed from 90 to 100 kHz to 30–40 kHz. The modal bin of 
partial power also reduced to values lower than 0.5 after 0.5 m. 

The above results prove the applicability of the proposed source 
classification criterion in the reinforced concrete slab. 

5. Discussion 

The proposed source classification criterion substantially improves 
the applicability and reliability of source classification. First, the applied 
signal parameters, peak frequency or partial power, can be calculated in 
real time by commercially available AE systems like MISTRAS [24]. The 
computational time is much less compared to source classification 
methods based on the whole waveform, for example, moment tensor 
analysis [25], hierarchical clustering [26] or even artificial intelligence- 
based methods [27]. This is important for real-time monitoring. Sec
ondly, compared to the traditional method of using RA value and 
average frequency, the proposed source classification criterion is more 
reliable, and calibrated with the influence of the wave propagation. 
Moreover, the proposed source classification criterion provides a clearer 
and more consistent boundary between signals from the two types of 
sources, while, in the traditional method, no consistent boundary can be 
distinguished. 

The distance limit of 0.5 m in the criterion limits the maximum 
sensor spacing for source classification. In our case, the sensor spacing 
should be smaller than 1 m to ensure the closest sensor is within 0.5 m 
from the source. This also means that we could increase the current 
sensor spacing from 0.5 m to 1 m, to reduce the applied number of 
sensors. But, a trade-off would be receiving less amount of AE events. 
And, if more than one crack presents in a sensor grid due to larger sensor 
spacing, the estimated source location would have larger error. 

An important assumption made in this paper is that we considered 
the signal received by the closest sensor representative of the source 
signal. However, these signals are still attenuated. Signal attenuation 
would result in lower frequency, which is more pronounced for signals 
from friction (dominated by S-waves). Therefore, for signals from fric
tion, it is hard to determine to which extend the observed lower fre
quency is from the original source signal features or signal attenuation. 
A possible solution is to further reduce the distance of the closest sensor 
to limit the influence from attenuation. For now, irrespective to the 

Fig. 11. Frequency spectrum of a typical signal that was sorted as from tensile 
cracking by peak frequency (105 kHz > 70 kHz), but friction by partial power 
(0.41 < 0.5). 
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reason of lower frequency of received signals from friction, the proposed 
criterion can be used. 

We should also consider the influence from sensor frequency 
response. Though the sensor operating frequency covers the two fre
quency components 40 kHz and 100 kHz [28], the sensitivity at 40 kHz 
can be 5 dB more than that at 100 kHz [29], which is around 1.7 times 
larger. In this case, applying a factor of 0.6 (1/1.7) to the amplitude at 

40 kHz may be more reasonable to determine the peak frequency. The 
same applies to the partial power calculation, a factor from the sensor 
frequency response should be multiplied to the amplitude of each fre
quency component in the received signal. When another type of sensor is 
used, it is suggested to modify this factor according to the sensor fre
quency response. It is a benefit of the proposed criterion that it can be 
calibrated for the sensor type. 

Table 1 
Number of signals that had matching and contrary source classification results using peak frequency and partial power (>70 kHz).  

*The percentage of signals that had matching source classification results according to peak frequency and partial power (>70 kHz). The number of signals that had 
matching results from the two parameters is greyed out. 

Fig. 12. Test setup: (a) a photo taken from top, and (b) dimension of the slab, load and support position, sensor layout and crack pattern in the AE measuring zone.  

Fig. 13. Source classification results using peak frequency in the slab: (a) ratio of number of AE events form friction at different load increments and (b) at 50–80 kN 
(blue dots are AE events classified as tensile cracking, and red dots are classified as friction). 
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Moreover, the proposed criterion needs to be verified in more ex
periments, with different concrete composition and geometry. 

6. Conclusion 

This paper experimentally evaluated the available signal parameters 
for source classification in full-scale concrete structures, including RA 
value, average frequency, peak frequency, frequency centroid and par
tial power. The performances of these parameters with short travel 
distances (<0.3 m) and long travel distances (up to 1.5 m) were studied. 
We found that the RA value, recommended by RILEM AE standard, was 
strongly influenced by wave attenuation, thus not reliable for source 
classification in large concrete structural members. Among the other 
frequency-related parameters, peak frequency and partial power can 
provide a clear boundary between signals from two types of sources. 
Therefore, they were used to develop the new source classification cri
terion: in case the peak frequency was over 70 kHz, or the partial power 
(>70 kHz) was >0.5, the signal was identified as from tensile cracking; 
otherwise, the signal was from friction. In a real test, we suggest that 
only the signal received by the closest sensor should be used, and the 
distance should be within 0.5 m. This distance limit suggests that the 
sensor spacing for a reliable source classification should be smaller than 
1 m. The proposed source classification criterion was validated by AE 
signals from other cracks of the same concrete beam and from a concrete 
slab test. 

The new source classification criterion has great potential in real- 
time AE monitoring. Using the selected signal parameters saves 
computational time compared to more sophistic classification using 
waveforms or even artificial intelligence-based methods, and provides 
more reliable results than traditional signal parameters for source 
classification. 

Further study can consider the calibration of the frequency spectrum 
according to the sensor frequency response. Moreover, the proposed 
criterion also needs to be verified in other types of concrete. 
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