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A B S T R A C T   

In laboratory rock mechanics experiments, it is common practice to employ single-component acoustic emission 
(AE) sensors to monitor the rock fracturing process, where the fracture location and fracturing mechanism can be 
inverted from the single-component AE waveforms. However, since such applications are often based on 
simplified isotropic hypotheses, accurately capturing the influence of strong anisotropy in rock on particle vi-
brations at rock surfaces using single-component AE sensors remains challenging. This limitation biases the 
actual particle vibration amplitude and direction, potentially leading to erroneous estimations in AE waveform 
inversion mof rock fracturing. Here, we combined three piezoelectric discs to create a three-component AE 
sensor, allowing us to capture particle vibration along three sensing directions on rock surfaces. Through two 
calibration experiments and polarization analysis of the three-component waveforms, we verify the new sensor’s 
capability to reliably capture the vibration features of hypocenters that are not easily obtainable using a single- 
component sensor. We apply this new sensor in uniaxial compression tests on shale, a material known for its 
strong anisotropy. The results indicate that the AE behaviors monitored by the three-component sensor are 
consistent with those obtained from the widely used single-component sensor. Moreover, the polarization 
analysis of the three-component waveforms reveals the presence of coupled hypocenters associated with multiple 
fractures. This is the first time a three-component AE sensor is used in laboratory rock mechanics experiments, 
which offers a more comprehensive understanding of the dynamic evolution of fractures in rock formations.   

1. Introduction 

The application of acoustic emission (AE) monitoring is common-
place in many aspects of rock mechanics, such as the evaluation of rock 
failure and the investigation of fracture propagation mechanisms in 
hydraulic fracturing.1–4 In general, AE is the release of elastic energy 
induced by damages, fractures, and disturbance of local stresses inside 
rocks,3,5–8 which is usually regarded as earthquakes in laboratory scale 
and high-frequency domain (kHz and MHz).9–12 The study of the 
mechanism of AE can deepen the understanding of the rock failure 
process and assist the safe construction of rock engineering projects. 

Nearly all the currently employed AE sensors can only collect AE 
signals from the direction perpendicular to the sensor’s surface (i.e., the 

surface of piezoelectric ceramic), i.e., the so-called single-component AE 
sensor40. One important reason for the wide use of single-component AE 
sensors lies in their high sensitivity to the generation of signals, which 
obeys the original design purpose of AE monitoring for damage detec-
tion inside an object.13 However, the single-component AE sensors 
restrict the application of AE monitoring in aspects that call for fracture 
location and focal mechanism inversion. Specifically, for fracture loca-
tion, only the first arrival phase of the waveform, i.e., the P-wave, can be 
effectively identified using a single-component AE senor,14,15 with other 
waveform phases difficult to differentiate. Additionally, a 
single-component sensor does not directly capture the polarity and 
amplitude of the waveform, both of which are essential for the inversion 
of the focal mechanism of AE hypocenters. Furthermore, in these 
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AE-related practices, the rock material is always assumed to be isotropic, 
so the complete amplitude of waveform can be calculated based on the 
assumption that the direction from the hypocenter to the AE sensor 
coincides with the particle vibration direction. Then, the simplified 
moment tensor method proposed by Ohtsu16 can be used to inverse the 
focal mechanism of an AE event. With such a common “isotropic” 
assumption, the calculated waveform amplitude based on the 
single-component waveforms may have non-neglectable errors, espe-
cially for highly isotropic rocks. Albeit with many problems, AE sensors 
currently applied in rock mechanics experiments are all 
single-component. This may also be due to their simple structure and 
ease of fabrication. 

Theoretically, an AE sensor having three orthogonal components 
may eliminate the deficiencies in single-component sensors. First, the 
three-orthogonal vibrations from a sensor can synthesize the accurate 
waveforms by summating the three vectors of vibrations without hy-
pothesis, although this may sacrifice the sensor sensitivity slightly. 
Furthermore, the P- and S-wave can be distinguished by the polarization 
analysis of three-component waveforms. With the information in both 
the P- and S-wave, a more precise analysis of the location and focal 
mechanism of AE hypocenters can be achieved.17–20 Moreover, the ac-
curate waveforms provided by a three-component sensor can promote 
the exploration of the absolute physical meaning of AE waveforms, 
which is important in inversion problems. Generally, the 
single-component AE waveform has unclear physical meaning due to the 
uncertain connection between the vibration sensed by a piezoelectric 
ceramic plate and the displacement, velocity, and acceleration of ma-
terials.21,22 Additionally, calibrating a single-component sensor is usu-
ally difficult,11,23 and thus the amplitude of AE waveforms recorded by 
single-component sensors has always been expressed by relative mag-
nitudes. Although most monitoring strategies select single-component 
sensors at multiple positions to compensate for those defects, it is still 
necessary to employ new three-component sensors in laboratory AE 
monitoring, just like that in the seismology field where three-component 
instruments are commonly used.22 To the best of our knowledge, only 
single-component sensors are currently widely provided commercially. 
In contrast, three-component sensors are hardly seen in AE monitoring, 
probably due to the obstacles to coordinating and synchronizing vibra-
tions from three directions at one detection point by piezoelectric discs. 

In this paper, we fabricate a three-component sensor consisting of 
three piezoelectric discs. To test the performance of the three- 
component sensor, we conduct two calibration experiments to acquire 
the three-component waveforms. We apply the polarization analysis on 
the waveforms to obtain the hypocenters’ characteristics, and then 
discuss the applicability of the three-component sensor in a uniaxial 
compression experiment. The paper is organized as follows. In Section 2, 

we show the structure of the three-component sensor and briefly 
introduce the polarization analysis of three-component waveforms. 
Section 3 presents the characteristics of three-component waveforms 
obtained from ultrasonic, dropping ball testing, and uniaxial compres-
sion experiments. Finally, we discuss the preliminary and further 
application of three-component AE sensors in rock fracturing processes 
and conclude at the end. 

2. Device and methods 

2.1. Three-component AE sensor 

The structure of the three-component AE sensor is shown in Fig. 1a, 
which consists of three piezoelectric ceramic plates glued and stacked on 
each other, along with the damping unit. Plate P receives vibrations 
perpendicular to the sensor surface, and plates S1 and S2 receive vi-
brations tangential to the sensor surface in two orthogonal directions. 
The three piezoelectric ceramic plates are vibrated when an AE wave-
form arrives at the sensor. The waveform can be decomposed into three 
directions, as shown in Fig. 1b. In the coordinate system aligned with the 
three sensing directions of the sensor, the incident direction of the 
waveform can be characterized by two angles, i.e., the dip angle α and 
the azimuth angle φ (Fig. 1b), which can be obtained by the polarization 
analysis introduced next. 

2.2. Polarization analysis 

Waveforms in the three directions represent the corresponding par-
ticle vibration traces. The study of particle vibration traces is called 
polarization analysis, in which the change of particle vibration trace 
indicates the phase change in the waveform. Since the 1960s, polari-
zation analysis of seismic waveforms has gained increasing attention24 

and is an effective method for separating P- and S-wave. The polariza-
tion of waveform is the time-space characteristic of particle vibration. 
Different waveform phases indicate different polarization directions.25 

The longitudinal wave (P-wave) is linearly polarized if the P-wave is not 
coherent with other waves. The direction of particle vibration of P-wave 
is consistent with its propagation direction. The transverse wave 
(S-wave) is also linearly polarized, but its direction of particle vibration 
is perpendicular to its propagation direction. Additionally, there are also 
surface waves elliptically polarized in the vertical plane.7,26 

The linearity and direction of polarization can be computed based on 
a covariance matrix,27 

Fig. 1. (a) The structure of the three-component AE sensor. (b) Decomposition of particle vibration in the coordinate system coincided with the three sensing di-
rections of the sensor (the red line represents the direction of initial particle vibration). (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 

S. Wu et al.                                                                                                                                                                                                                                      



International Journal of Rock Mechanics and Mining Sciences 178 (2024) 105756

3

V=

⎡

⎣
var(x) cov(x, y) cov(x, z)

cov(x, y) var(y) cov(y, z)
cov(x, z) cov(y, z) var(z)

⎤

⎦, (1)  

where cov(x, y), cov(y, z) and cov(x, z) are the covariances among the 
waveform data in the x, y, and z directions; the var(x), var(y) and var(z)
denote the corresponding variances. The covariance can be calculated 
by 

cov(x, y)=
1
N
∑N

i=1
(xi − μx)

(
yi − μy

)
, (2)  

where μx, μy and μz are the averages of waveform data in the x, y, and z- 
direction, respectively. The three eigenvalues and eigenvectors of the 
covariance matrix V are λi and vi, where i = 1,2,3 and we assume λ1 ≥

λ2 ≥ λ3. The eigenvectors represent the main polarization direction of 
the recorded waveforms (Kanasewich, 1981; Lin et al., 2012), and the 
eigenvalues reflect the linearity of polarization. The waveform with pure 
linear polarization, such as the P-wave, S-wave, and Love surface wave, 
has only one non-zero eigenvalue (i.e., λ1 ∕= 0, λ2 = 0, λ3 = 0). The 
waveform with pure elliptic polarization, such as the Rayleigh wave, has 
two non-zero eigenvalues (i.e., λ1 = λ2 ∕= 0,λ3 = 0). Generally, the three 
eigenvalues of waveform data are non-zero and do not equal each other. 

The linearity of polarization is quantified by a linear parameter 
called rectilinear (RL), which also describes the shape of particle vi-
bration trace. There are several ways to calculate rectilinear.25,28,29 In 
the present paper, we use the method presented in Jurkevics25 to 
calculate RL, i.e., 

RL=

(

1 −
λ2 + λ3

2λ1

)

× 100%. (3) 

RL = 1 and RL = 0 respectively correspond to pure linear and pure 
elliptic polarization. The dip angle α and the azimuth angle φ of the 
waveform can be calculated by the direction of polarization, i.e., 

α= arctan
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
v1x2 + v1y2

√

v1z
(4) 

and 

φ= arctan
v1y

v1x
, (5)  

where v1x, v1y and v1z are the components of v1 in the three sensing 
directions x, y, and z, respectively. Here, v1 is the principal direction of 
particle vibration corresponding to λ1. 

The polarization analysis can identify the different phases of the 
waveform even in complex wavefields where multiple phases of wave-
form overlap each other. It should be noted that the length of the time 
window used for waveform calculation needs to be determined ac-
cording to the sampling rate and the dominant frequency of the wave-
form. If the time window is too small, the polarization parameters are 
over-sensitive, and the results may exhibit abrupt changes. If the time 
window is too large, the polarization may be dull, and the change of the 
waveform phase may not be identified accurately. 

3. Experiments and results 

In this section, we conduct two calibration tests, i.e., an ultrasonic 
test and a dropping ball test, to facilitate the evaluation of the new 
sensor’s monitoring capability. We utilize polarization analysis of the 
three-component waveforms to calibrate their relationship with the ul-
trasonic and dropping ball seismic sources. Then, we apply the three- 
component sensor in uniaxial compression experiments on shale and 
discuss its effectiveness in the context of rock mechanics testing. 

3.1. Ultrasonic testing 

Ultrasonic testing involves the active generation of ultrasonic vi-
brations, which are then received by the acoustic emission sensor. The 
ultrasonic seismic source’s short duration can be considered a pulse 
source, making it convenient for calibrating the sensor’s response. We 
use a commercial piezoelectric sensor V153 with a 1 MHz resonant 
frequency (Olympus Ltd.) to generate a mechanical motion as the hy-
pocenter on the left side of the cylindrical steel bar. The three- 
component sensor acts as the receiver on the right (Fig. 2). The me-
chanical motion of V153 is caused by a rectangular electric pulse 
generated by a pulse/receiver 5077 PR (Olympus Ltd.) and then initiates 
the elastic wave in the steel cylinder with a P-wave velocity of 6200 m/s 
and an S-wave velocity of 3300 m/s. The elastic waves from the transmit 
point can induce both normal (P-wave) and tangential (S-wave) mo-
tions. We employ an AE acquisition system to record the receiver’s 
waveforms at a sampling rate of 10 MHz. Fig. 3a presents the waveforms 
received by the three-component AE sensor, from which we can see that 
the high amplitude in the waveform at ~30 μs represents the arrival of 
the S-wave (red line), and the low amplitude at the beginning segment of 
the waveform shows the arrival of the P-wave (blue line). We then draw 
the particle motion traces of the waveforms in Fig. 3b, where the blue 
and red lines represent the particle motion plotted with the P- and S- 
wave segments, respectively. It can be seen that the particle motion trace 
in the P-wave stage is parallel to the P-direction. When the S-wave is 
generated, the particle motion trace begins tilting to the direction par-
allel to the S-direction. These are consistent with the characteristics of 
the P- and S-wave particle traces generated by sensor V153.30 

We apply the polarization analysis for the waveforms to obtain the 
rectilinear, dip angle, and azimuth angle (Fig. 4). The P- and S-wave 
have linear polarization, so the rectilinear is close to 1. However, there 
are fluctuations in rectilinear before the arrival of the P- and S-wave. 
This may be caused by the vibration inertia of the sensor or the noise 
from the electrical signal conversion. According to Fig. 4, the dip angle 
of the P-wave is close to 0 (blue line), and the dip angle of the S-wave is 
about 15◦ (red line). The azimuth angle of the P-wave is close to 10◦

(blue line), and the azimuth angle of the S-wave is about 100◦ (red line). 
Since the particle motion direction of the S-wave is the back-and-forth 
motion of particles in the plane, both − 100◦ and 100◦ are the appro-
priate azimuth angle for the S-wave. After the first 35 μs, several jitters 
can be seen in the three curves behind the S-wave segment (Fig. 4). This 
is due to the coherent effect of ultrasonic waves inside the rock. Under 
the test condition presented here, theoretically, the dip angle of the P- 
wave should be close to 0, the dip angle of the S-wave should be between 
0 and 90◦, and the azimuth angle of the P-wave should differ from that of 
the S-wave by 90◦. The polarization results above are within the 
reasonable range of the theoretical values. It can be concluded that the 
characteristics of the P- and S-wave from the particle vibration can be 
distinguished, although the waveform coherence brings some interfer-
ence. This means utilizing the three-component AE sensor can effec-
tively distinguish different wave phases through polarization analysis. 

Fig. 2. Illustration of the ultrasonic testing.  
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3.2. Ball drop testing 

Ball drop testing is widely used to calibrate AE sensors.21,31 Through 
the test, we can calculate the energy, velocity, and acceleration of the 
dropping ball by a loading function, including the height of the drop and 
the mass of the ball, which makes it convenient to calibrate the absolute 
physical sense of the sensor. Gu et al.31 recapitulated the loading func-
tion of the ball drop as 

f(t) = − Fmax sin
(

πt
tc

)3/2

,0 ≤ |t| ≤ tc

f(t) = 0, otherwise
, (6)  

where Fmax is the maximum loading force during the contact process of 
the dropping ball and the contact sample, and tc is the total time of the 
contact process. The Fmax and tc are modeled as 

Fmax = 1.917ρ1
3/5(δ1 + δ2)

− 2/5R2
1v6/5

0

δq =
1 − μ2

q

πEq
, q = 1,2

tc = 1
/

fc = 4.53(4ρ1π(δ1 + δ2)/3)2/5R1v− 1/5
0

v0 =
̅̅̅̅̅̅̅̅
2gh

√

, (7)  

where ρq, Eq, uq are the density, Young’s modulus, and Poisson’s ratio of 
the material q, respectively (q = 1 refers to the steel ball, and q = 2 refers 
to the contact sample). Based on the loading function, we sketch in Fig. 5 
the wavefield from a ball dropping that contains an obvious P-wave. 

In this experiment, the AE system records a short waveform (sam-
pling rate 10 MHz) followed by an overflow distortion due to the 
overflow signal caused by the large energy of the dropping ball. Only a 
short segment of the waveform, corresponding to P-wave vibration, can 
be used for the following analysis (Fig. 6a). We conduct the polarization 
analysis for this waveform segment, and the results are shown in Fig. 6b. 
The analysis gives a rectilinear parameter of 1, and the dip angle and 
azimuth angle remain stable, which are consistent with the character-
istics of the hypocenter of the dropping ball. This further demonstrates 
that the three-component AE sensor can reliably reflect the particle 
vibrations. 

Fig. 3. (a) Three-component waveforms of the ultrasonic testing. (b) Particle motion trace of the ultrasonic testing. The black line represents the waveform, the blue 
section corresponds to the P-wave, and the red section corresponds to the S-wave. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 4. (a) Rectilinear, (b) dip angle, and (c) azimuth angle of the ultrasonic 
testing. The black line represents the waveform, the blue section corresponds to 
the P-wave, and the red section corresponds to the S-wave. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.) 
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3.3. Uniaxial compression testing 

Natural fractures in shale affect its fracturing process, which is an 
essential mechanical problem in oil and gas production.32 Uniaxial 
compression experiments together with AE monitoring are commonly 
used to investigate the characteristics of rock failure in shale. Here, we 
apply the three-component AE sensor to monitor a uniaxial compression 
experiment on a shale specimen to check whether the AE waveforms 
could reflect the complicated rock failure mechanisms. The shale sam-
ples were obtained from the Jilin shale oil-producing region in China 
and prepared in a cylindrical shape with a diameter of 25 mm and a 
height of 50 mm. The testing was conducted using the Geotechnical 
Consulting and Testing Systems (GCTS) mode RTR 2000, as shown in 
Fig. 7. To compare the results with the traditional single-component 
sensor, a commercial sensor – Nano30 – from Physical Acoustics Com-
pany is also used in the experiment (Fig. 7). We choose the continuous 
acquisition method to obtain the AE waveforms, and a 10 MHz sampling 
rate is employed. The velocities of P- and S-wave in shale used in the 
experiment are 4101 m/s and 2710 m/s, respectively. 

Fig. 8a shows the stress-strain curve of the uniaxial compression test 
together with the AE rates from both the single-component and the 
three-component sensors. It is shown that fewer AE events are acquired 
by the three-component sensor (red line) compared with the single- 
component sensor (gray line). Nevertheless, the trend of AE rate 

changes for the two sensors is consistent. We then compare the distri-
bution of AE event amplitude by the log NAE versus MAE curve in Fig. 8b, 
where MAE is the AE amplitude in unit dB, and NAE is the number of AE 
with an amplitude larger than MAE. These curves demonstrate the 
characteristics of the failure process of the shale specimen and can 
reflect the performance of the sensors. Fig. 8b indicates that the slopes of 
the two curves are almost parallel in the amplitude range smaller than 
2.5, demonstrating that the two sensors have a similar response to the 
amplitude distribution in the rock failure process. However, the single- 
component sensor is more sensitive to AE with large amplitudes (higher 
than 2.5) than the three-component sensor, which is manifested by the 
fact that the single-component sensor collects a higher proportion of 
events with an amplitude larger than 2.5. This is probably because AE 
events with higher amplitudes are usually of lower frequency, and the 
single-component sensor is more sensitive to lower-frequency AE events 
than the three-component sensor. Nevertheless, the three-component 
sensor presents a similar AE rate and amplitude distribution to the 
single-component sensor in the uniaxial compression test. 

We further investigate the three-component waveforms for analyzing 
the fracture hypocenters during the uniaxial compression test. Typical 
waveforms from the compression, elastic, and plastic stages of the uni-
axial compression process are selected for the analysis. The compression 
stage, represented by the initial nonlinear portion of the stress-strain 
curve, indicates crack closure. This is followed by the elastic stage, 
characterized by linear stress-strain behavior, and then the plastic stage, 
which extends from the end of the elastic stage to the peak stress. The 
waveforms and results of polarization analysis for the three stages are 
respectively presented on the left and right columns of Fig. 9, Fig. 10, 

Fig. 5. The sketch of the wavefield in a ball drop testing.  

Fig. 6. (a) Waveforms and (b) polarization analysis of ball dropping testing.  

Fig. 7. Uniaxial compression testing with Nano30 and the three-component 
AE sensor. 
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and Fig. 11. The mechanism of fractures in the compression stage is 
straightforward (Fig. 9), which is usually caused by the closure of 
fractures. Consequently, fracture closure results in simple source 
mechanisms, which can be reflected in the waveform. We observe in the 
waveform that the rectilinear value exhibits fluctuations primarily at the 
beginning, with the dip angle and azimuth angle displaying a similar 
changing trend. The mechanism of the fractures in the elastic stage be-
comes more complex (Fig. 10), so the rectilinear, dip angle and azimuth 
angle oscillate continuously. It can be seen from the curve of the dip 
angle that there are two small changes with short intervals around 100 
μs, and two large changes at 200 μs and 350 μs. These changes are not 
induced by the different waveform phases from the same hypocenter but 
by the different hypocenters from various times or diverse positions. 
This indicates that the AE waveforms contain mixed mechanical hypo-
centers. The AE waveform in the plastic stage is even more multifarious 
(Fig. 11). The dramatic changes in the polarization curves reflect the 
occurrence of multiple fractures, as they are closely aligned in both time 
and space, resulting in complex seismic sources. 

4. Discussion 

From the three experiments presented above, we preliminarily test 

the applicability of the three-component sensor in the process of AE 
monitoring in rock experiments. Although the current experimental 
results show that the three-component waveforms can distinguish the 
polarization parameters for different phases of the waveforms, there is 
no quantitative criterion to separate them. In the future, experiments are 
still needed to calibrate the three-component sensor with the ultimate 
goal of reaching a theoretical model for the quantitative interpretation 
of the waveforms in the rock failure process. Future research could 
develop specific quantitative metrics based on characteristics such as 
rectilinear, dip angle, azimuth angle, amplitude ratio and frequency 
content. Statistical analysis could help establish threshold values that 
effectively differentiate waveform phases under various conditions. 
Additionally, applying machine learning techniques could greatly 
improve automatic classification and distinction of waveform phases. 
Techniques like support vector machines (SVM) or neural networks 
could be employed, trained on datasets with pre-identified waveform 
phases from extensive pre-testing. 

Moreover, the uniaxial compression tests using single-component 
and the three-component sensor, as shown in Fig. 8, reveal lower 
sensitivity in the three-component sensor. The single-component sensor 
recorded 1556 AE hits, compared to only 448 AE hits by the three- 
component sensor. Despite having similar resonant frequencies—750 

Fig. 8. Results of the uniaxial compression testing. (a) The strain-stress curve and AE rates with respect to axial strain. (b) The AE amplitude distribution curves for 
the two sensors. Here, “3C” denotes “three-component”. 

Fig. 9. Typical AE events in the compression stage of the uniaxial compression testing. (a) Waveforms from the three-component sensor. (b) Polarization analysis of 
the waveforms. 
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kHz for the single-component sensor and 500 kHz for P-waves, 1 MHz 
for S-waves in the three-component sensor—the difference in reception 
is significant. This suggests a considerable loss in signal sensitivity for 
the three-component sensor. A probable cause is that three piezoelectric 
ceramic plates need to be vibrated by the source, which is less efficient 
for low-energy sources. A potential solution is to integrate a signal 
amplification unit upfront to enhance energy delivery and improve the 
signal-to-noise ratio. This method has been successful in Glaser-type 
sensors, producing low-energy, high signal-to-noise ratio signals.33,34 

Enhancing multi-component probes with pre-energy amplification could 
improve the utility of AE monitoring in analyzing micro-fractures. 

The polarization analysis of the three-component waveforms can 
distinguish the special waveform phases. This could advance a novel AE 
location method that utilizes both hypocenter direction and the time 
arrival delay between P- and S-waves through a single three-component 

sensor, assuming isotropic rock properties. The ratio of the amplitude of 
the three-component waveforms can determine the direction of the 
hypocenter, as shown in Fig. 12. The difference in the arrival time of P- 
and S-waves can determine the distance between sensors and the hy-
pocenter as follows, 

tarrival
P = t0 + Δ

/
VP, tarrival

S = t0 + Δ
/
VS, (8)  

where t0 is the initial time of the hypocenter, Δ is the distance between 
the hypocenter and the sensor and is given by 

Δ=
(
tarrival
P − tarrival

S
) VPVS

VP − VS
. (9) 

In the uniaxial compression experiment, a total of 448 distinct AE 
events were recorded. Because the size of the specimen used in this test 
is small, the P- and S-waves can be clearly distinguished in the 

Fig. 10. Typical AE events in the elastic stage of the uniaxial compression testing. (a) Waveforms from the three-component sensor. (b) Polarization analysis of 
the waveforms. 

Fig. 11. Typical AE events in the plastic stage of the uniaxial compression testing. (a) Waveforms from the three-component sensor. (b) Polarization analysis of 
the waveforms. 
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waveforms of hypocenters that have a certain distance from the sensor. 
We manually identify the arrival time amplitudes and the polarity of the 
P- and S-waves of 14 far-distance AE events. Fig. 13 shows the locations 
of the AE events compared with the visible position of fractures on the 
testing sample, which indicates that the locations based on the three- 
component AE sensor are within a reasonable range. However, the ac-
curacy of the localization results still requires further investigation. 

To effectively distinguish P- and S-waves, a sufficient propagation 
distance is required to create a discernible time difference between 
them. If this distance is too short, and and the time difference is less than 
the AE source’s duration, P- and S-waves will overlap and become 
indistinguishable. Therefore, the time difference must exceed the AE 
source duration for effective differentiation. Current three-component 
sensors, with a lowest resonant frequency of 0.5 MHz, capture AE sig-
nals with a maximum duration of 2 μs. Considering the velocity 

difference of 1391 m/s between P- and S-waves, at least 2.78 mm of 
separation is necessary. However, these sensors often detect longer- 
period, lower-frequency signals around 0.1 MHz, indicating extended 
AE source durations. Under these conditions, a minimum separation 
distance of 13.91 mm from the AE source to the sensor is required to 
differentiate P- and S-waves. This limitation significantly constrains 
effective localization in smaller samples. Additionally, while three- 
component sensors provide comprehensive waveform data, the influ-
ence of anisotropy on these waveforms must also be considered. 
Extensive seismological research has been conducted on anisotropy’s 
effects on waveforms, providing valuable insights for the application of 
three-component AE sensors.35–39 Investigating the impact of anisotropy 
on AE signals is a significant focus for our future research. 

5. Conclusions 

In this paper, we fabricate a three-component AE sensor to monitor 
the rock fracturing processes. The results are compared with the 
commonly used single-component AE sensors. This is the first time a 
three-component AE sensor has been utilized and tested in laboratory 
experiments. The reliability of the three-component sensor is assessed by 
using an ultrasonic source and ball drop testing. The application of the 
three-component sensor in the uniaxial compression testing of a shale 
specimen indicates that the three-component waveforms can promote 
the analysis of complicated wave fields and provide a new and powerful 
approach to studying the multiple mechanism hypocenter of fractures in 
the rock failure process. The rectilinear, dip angle, and azimuth angle of 
the three-component waveforms can help distinguish the different 
waveform phases, although at present it is still difficult to quantify the 
changes in the polarization parameters involving different phases. In the 
uniaxial compression test, the three-component waveforms in the elastic 
and plastic stage contain information on multiple mechanisms of frac-
tures, which cannot be collected in single-component AE sensors. The 
three-component sensor supports the calculation of AE location, which 
provides a new monitoring strategy for more information about the 
location and focal mechanism of AE events in rocks, especially in small- 
size samples. 

Fig. 12. The P-wave first motions in the three-component waveforms. The star 
represents the hypocenter, and the coordinate is determined according to the 
direction of the three-component sensor. 

Fig. 13. AE location results based on the data obtained from the three-component sensor.  
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