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Abstract: The classification of microseismic signals represents a fundamental preprocessing step in
microseismic monitoring and early warning. A microseismic signal source rock classification method
based on a convolutional neural network is proposed. First, the characteristic parameters of the
microseismic signals are extracted, and a convolutional neural network is constructed for the analysis
of these parameters; then, the mapping relationship model between the characteristic parameters of
the microseismic signals and the rock class is established. The feasibility of the proposed method in
differentiating acoustic emission signals under different load conditions is verified by using acoustic
emission data from laboratory uniaxial compression tests, Brazilian splitting tests, and shear tests. In
the three distinct laboratory experiments, the proposed method achieved a source rock classification
accuracy of greater than 90% for acoustic emission signals. The proposed and verified method
provides a new basis for the preprocessing of microseismic signals.

Keywords: classification; microseismic signals; convolutional neural network

1. Introduction

In recent years, the increasing demand for mineral resources has led mining companies
to gradually expand their operations to deeper underground levels. However, underground
excavation activities disrupt the natural stress equilibrium of the surrounding rock mass.
The excavation process generates voids that release stored strain energy within the rock
mass, resulting in rock mass failure and dynamic events such as ground pressure bursts
and sudden inflows of water, contributing to mining-induced dynamic disasters [1,2].
Mining-induced dynamic disasters possess significant destructive power and high levels of
hazard. They exhibit characteristics such as abrupt occurrence, complex mechanisms, and
numerous influencing factors. Currently, research on mining-induced dynamic disasters
has become a key and challenging aspect of underground mining safety efforts [3,4].

Microseismic monitoring is currently the most widely employed method for monitor-
ing mining-induced dynamic disasters. It involves the use of acoustic-electric sensors to
monitor the generation of elastic waves during the rock mass failure process, thereby obtain-
ing spatiotemporal strength information related to microseismic events and facilitating the
prediction of mining-induced dynamic disasters [5–8]. Before predicting mining-induced
dynamic disasters, a series of preprocessing steps are required for microseismic signals:
microseismic signal classification [9–13], microseismic signal denoising [14,15], initial ar-
rival time picking [16,17], and seismic source localization [18–20]. Microseismic signal
classification represents the first step in the preprocessing of microseismic signals and is a
crucial component to ensure the effectiveness of subsequent procedures. The microseismic
signals acquired via microseismic monitoring systems can be categorized into genuine
microseismic signals and non-microseismic signals. The amplitude, frequency, and other
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characteristics of genuine microseismic signals are often used to reveal the state of rock
failure. Some scholars [21–23] have conducted laboratory acoustic emission experiments to
demonstrate the significant differences in the evolution patterns of microseismic character-
istic parameters during the failure process of various rock types. Song [24] investigated
the evolution of absolute acoustic emission energy and cumulative acoustic emission en-
ergy during the uniaxial compression failure process of granite under different loading
rates. Li [25] investigated the mechanical behaviors and the variations in acoustic emission
characteristic parameters, including event counts, cumulative counts, and energy, during
the uniaxial compression failure process of sandstone. Xu [26] studied the variations in
acoustic emission event counts and duration during the fracture failure process of limestone
specimens. Wang [27] investigated the frequency-domain variations in acoustic emission
energy during the failure process of limestone under Brazilian splitting loading condi-
tions. Guo [28] characterized the failure process of coal under Brazilian splitting loading
conditions using acoustic emission parameters such as energy, frequency counts, and ampli-
tude, and compared them jointly with mechanical damage laws. Ban [29] investigated the
variations in acoustic emission energy parameters during the failure process of rock-like
materials under shear loading conditions. Luo [30] studied the patterns of cumulative
acoustic emission counts and amplitudes during the failure process of red sandstone under
various shear angle conditions. Li [31] conducted a comparative analysis of the differences
in acoustic emission count variations during the failure process of red sandstone under
three different loading conditions: uniaxial compression, Brazilian splitting, and shear.
Li [32] compared the differences in acoustic emission B-values and peak frequency vari-
ations during the failure process of rocks from different geological formations, such as
granite, sandstone, and marble, within the same region under Brazilian splitting loading
conditions. These studies show that the characteristics of microseismic signals generated by
different rocks under stress vary significantly, and accurately identifying the types of rocks
that generate microseismic signals can help to more precisely judge the stress state and po-
tential failure location inside the rock mass, thus improving the accuracy of early warning
systems. Vallejos and McKinnon [33] introduced an algorithm for classifying microseismic
events and explosions based on multiple source parameters and logistic neural networks.
Meier [34] combined a generative adversarial network with a random forest classifier to dis-
criminate between seismic signals and noise. Provost [35] used random forest surveillance
to build a classifier that automatically identifies microseismic signals, seismic signals, and
noise signals. Wilkins [36] used a convolutional neural network to accurately identify and
select a large number of microseismic signals collected via the microseismic monitoring
system in coal mine. Ma [37] introduced a Bayesian discriminative method that is based
on source parameters and waveform characteristics, and they validated this method using
microseismic data from a mine. Shang [38] trained an artificial neural network model using
22 parameters derived from principal component analysis as input features, which resulted
in an enhanced accuracy in discriminating between genuine microseismic signals and
explosion signals. This model was subsequently applied to the Junde underground mine,
yielding a high level of accuracy. Tang [39] introduced deep spatial and channel attention
modules and established an improved network architecture suitable for complex signal
recognition and classification. The research findings of these scholars have achieved the
identification of genuine microseismic signals from non-microseismic ones. On the other
hand, Chien [40] built a convolutional self-coding network to identify real microseismic
signals, classifying them according to the depth of the formation at which they were gener-
ated. Mousavi [41] studied the signal characteristics of deep and shallow microearthquakes
and clustered them based on these characteristics using machine learning techniques. Few
researchers have delved further into distinguishing the source rock types for microseismic
signals. However, mines exist within complex geological environments where different
rock strata are composed of various types of rocks. The rock failure detected using the
microseismic system comprises a mixture of different types of microseismic signals. This
complexity can introduce a certain degree of error when utilizing microseismic signals
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for mining-induced dynamic disaster prediction and assessment. Therefore, after distin-
guishing real microseismic signals from non-microseismic signals, it is necessary to further
distinguish the types of rocks that generate microseismic signals.

In this study, we designed and explored a CNN-based classification model to identify
source rock types generating microseismic signals using feature parameters from raw micro-
seismic signals. The classification model associates the extracted feature parameters from
raw microseismic signals with the corresponding rock types. Using the trained classification
model, complex microseismic signals can be identified, providing the corresponding source
rock types. Additionally, acoustic emission signals from laboratory uniaxial compression
tests, shear tests, and Brazilian splitting tests were used to simulate the microseismic signals
of actual rock failures in mines.

The overall structure of this article consists of four sections, including this introductory
section. Section 2 presents the laboratory tests for obtaining microseismic signals, the design
of a neural network for microseismic signal type recognition and the model training details.
Section 3 describes the training process and test results of the new method under three
different experimental conditions, while Section 4 provides an analysis of the experimental
results, potential application value, shortcomings of the research, and future directions.

2. Materials and Methods

The proposed method for classifying the source rock types of microseismic signals (MS)
integrates the Fourier transform with convolutional neural networks. The workflow of this
method is illustrated in Figure 1 and consists of three key steps: (1) Establishing a dataset
of microseismic signal features and a basic convolutional neural network framework;
(2) training a model to map the relationship between microseismic signal features and
source rock type labels; (3) application to new microseismic signals.
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Figure 1. Workflow source rock type identification for real microseismic signals.

2.1. Microseismic Signals Acquisition

In this section, microseismic signals are simulated by utilizing acoustic emission (AE)
signals obtained from laboratory experiments. Following the standard test method of the
International Society of Rock Mechanics [42], laboratory acoustic emission (AE) experiments
involving uniaxial compression, Brazilian splitting, and shear tests were conducted on
various rock specimens to simulate the distinct failure processes of deep-seated rocks.

2.1.1. Compressive Loading Test

The process of simulating microseismic signals generated by rock failure under com-
pression was conducted through uniaxial compression acoustic emission signal experi-
ments, as depicted in Figure 2. The rock specimens used in this study, as shown in Figure 2a,
were collected from the same coal seam, overlying aquifer, and aquitard within a single
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mine and working face. These specimens represented coal, sandstone, and mudstone,
respectively (Zhalainuoer Coal Industry Co., Ltd., Hulunbuir, China). The rock specimens
were cylindrical in shape with a diameter of 50 mm and a height of 100 mm. The me-
chanical loading system employed is depicted in Figure 2b and consisted of a Shimadzu
AG-250KN (Shimadzu Co., Ltd., Kyoto Prefecture, Japan) mechanical testing machine.
Displacement-controlled loading was used with a loading rate set at 0.05 mm/s. The acous-
tic emission monitoring setup, depicted in Figure 2c, utilized a Soft-Ice DS2 (Beijing Soft
Island Times Technology Co., Ltd., Beijing, China) acoustic emission monitoring instrument
with a sampling rate of 3 MHz, a threshold of 20 mV, a pre-amplifier gain of 40 dB, and
RS-54A sensors.
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The specific test process is as follows: Firstly, the acoustic emission sensor is attached
to the surface of the sample, with the center of the cylindrical side surface used for the
uniaxial compression test, and the center of the circular bottom surface used for the Brazilian
splitting and shear test. A coupler is applied between the specimen and the sensor. The
sample is then placed vertically in the center of the lower seat of the press, and the position
of the upper indenter is adjusted to be close to the sample. Finally, the pressure loading
system and the acoustic emission monitoring system are started simultaneously until the
sample is damaged.

2.1.2. Shear Loading Test

In this section, laboratory shear tests were conducted to simulate the scenario of rock
mass failure under shear stress. The rock specimen types and sources utilized in Figure 3a
were identical to those employed in the uniaxial compression test, except for a variation in
specimen dimensions, with a diameter and height of 50 mm each. Similarly, the recognition
types and parameters of the loading and monitoring systems used remained consistent
with the previous experiment, except for the loading pressure head, which was replaced
with a shear pressure head set at a shear angle of 60◦, as illustrated in Figure 3b.

Processes 2024, 12, x FOR PEER REVIEW 5 of 14 
 

 

 
Figure 3. Shear failure acoustic emission signal experiments. (a) Test sample, (b) mechanical loading 
system. 

2.1.3. Indirect Tensile Loading Test 
The fracture of rocks under tensile loading is a common failure mode in deep-seated 

rock formations. Therefore, in this section, the proposed method is validated for discrim-
inating rock types using acoustic emission signals generated during laboratory Brazilian 
splitting tests, serving as an indicator of its effectiveness in distinguishing rock types 
based on microseismic signals produced during tensile failure. During the laboratory Bra-
zilian splitting test, the types and parameter settings of the mechanical loading machine 
and acoustic emission monitoring device were the same as in the previous two tests. It 
should be noted that, in this test, the specimen used was a flat cylinder with a height of 25 
mm and a diameter of 50 mm, as shown in Figure 4a. The loading head used was replaced 
with a tensile stress loader, as shown in Figure 4b. 

 
Figure 4. Tensile failure acoustic emission signal experiments. (a) Test sample, (b) mechanical load-
ing system. 

2.1.4. Feature Parameters Extraction 
After collecting microseismic signals, 10 microseismic shape feature parameters need 

to be extracted from them to serve as input parameters for the machine learning model, 
as shown in Figure 5a,b. As illustrated in Figure 5c, x1 to x8 represent time-domain 
characteristics: amplitude, continuous time, rise time, rise count, vibration count, energy, 
effective voltage, and average level. x9 and x10 represent frequency-domain parameters 
obtained through Fourier transformation: centroid frequency and peak frequency, 
respectively. These parameters are then flattened into a one-dimensional feature matrix, 
which serve as the input features for the model. The labels are assigned based on the lithology 
of the rock formations. It is important to note that the microseismic signals in the dataset 
should originate from the same microseismic monitoring area to ensure data consistency. 

Figure 3. Shear failure acoustic emission signal experiments. (a) Test sample, (b) mechanical
loading system.



Processes 2024, 12, 1135 5 of 13

2.1.3. Indirect Tensile Loading Test

The fracture of rocks under tensile loading is a common failure mode in deep-seated
rock formations. Therefore, in this section, the proposed method is validated for discrimi-
nating rock types using acoustic emission signals generated during laboratory Brazilian
splitting tests, serving as an indicator of its effectiveness in distinguishing rock types based
on microseismic signals produced during tensile failure. During the laboratory Brazilian
splitting test, the types and parameter settings of the mechanical loading machine and
acoustic emission monitoring device were the same as in the previous two tests. It should
be noted that, in this test, the specimen used was a flat cylinder with a height of 25 mm and
a diameter of 50 mm, as shown in Figure 4a. The loading head used was replaced with a
tensile stress loader, as shown in Figure 4b.
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2.1.4. Feature Parameters Extraction

After collecting microseismic signals, 10 microseismic shape feature parameters need
to be extracted from them to serve as input parameters for the machine learning model, as
shown in Figure 5a,b. As illustrated in Figure 5c, x1 to x8 represent time-domain character-
istics: amplitude, continuous time, rise time, rise count, vibration count, energy, effective
voltage, and average level. x9 and x10 represent frequency-domain parameters obtained
through Fourier transformation: centroid frequency and peak frequency, respectively. These
parameters are then flattened into a one-dimensional feature matrix, which serve as the
input features for the model. The labels are assigned based on the lithology of the rock
formations. It is important to note that the microseismic signals in the dataset should
originate from the same microseismic monitoring area to ensure data consistency.
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the damage source corresponding to the microseismic signal.

2.2. Type Identification Convolutional Neural Network (T_Net)

Figure 6 illustrates the T_Net, which is constructed based on microseismic signal
feature parameters and comprises a total of 16 layers organized into 4 convolutional
modules. Each convolutional module consists of a convolutional computation layer, a batch
normalization layer, an activation function layer, and a max-pooling layer.
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In the convolutional layers of the 4 convolutional modules, the convolutional kernel
size is consistently set to (2 × 1) with a stride of 1. The number of generated convolutions
for each module is 32, 64, 128, and 256, respectively. The input feature is a 10 × 1 feature
matrix, and after the convolutional computations, it yields an output matrix comprising
256 microseismic signal feature parameters. The convolution operation can be expressed as
the following Equation (1) [43]:

S(g, p) = ∑m ∑n I(g − m, p − n)K(m, n) (1)

where, g, p represent the index of the output feature map, and m, n represent the index of
the convolution kernel.

After the convolutional layers, a batch normalization layer is inserted. This is because
parameters during the training process may undergo real-time variations, which can lead to
changes in the data distribution of the microseismic signal feature matrix after convolutional
computations. The placement of the batch normalization layer addresses the situation
where the data distribution in intermediate layers changes during training, making the
process of training the network model smoother and more stable. The implementation of
batch normalization can be represented using the following Equations (2)–(5):

xi,j =

x1,1 · · · x1,10
...

. . .
...

xi,1 · · · xi,10

(j = 1 . . . 10, i = 1 . . . k) (2)

where, xi,j represents the value of the jth characteristic parameter in the ith microseismic
signal characteristic matrix. i is the number of microseismic signals in the same batch, and j
is the number of microseismic signal characteristic parameters in the matrix.µ1

...
µj

 =


1
k ∑k

1 xi,1
...

1
k ∑k

1 xi,j

 (j = 1 . . . 10, i = 1 . . . k) (3)

where, µj represents the mean value of the class j characteristic parameters of microseismic
signals. σ2

1
...

σ2
j

 =


∑k

1(x 2
i,1 − µ2

1

)
...

∑k
1(x 2

i,j − µ2
j

)
 (j = 1 . . . 10, i = 1 . . . k) (4)
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where, σ2
j represents the variance of the class j characteristic parameters of microseismic

signals.

yi,j = γ

 xi,j − µj√
σ2

j + ε

(j = 1 . . . 10, i = 1 . . . k) (5)

where, yi,j represents the variance of the xi,j batch normalized value, γ is the scale factor, ε
is the small positive numbers used when the divisor is 0.

Considering that microseismic waveforms exhibit both positive and negative ampli-
tude points, making them susceptible to noise interference, the Exponential Linear Unit
(ELU) activation function has been chosen as the appropriate activation function within the
T_Net. The ELU function helps address this issue by allowing the representation of both
positive and negative values while mitigating the adverse impact of noise. The characteris-
tics of the ELU function make it suitable for preserving the dynamic range and reducing
the degradation caused by noise interference in the analysis of microseismic waveforms.
The ELU function can be expressed as the following Equation (6) [44]:

f (x) =
{

α(ex − 1), x < 0
x, x ≥ 0

(6)

where α represents a scalar that represents the slope of the negative portion.
Within the T_Net framework, the maximum pooling strategy is employed, where the

maximum value within each pooling region serves as the selected pooling result. This
selection criterion aids in preserving the most salient features within the downsampled
feature maps.

2.3. Model Training

Figure 7 illustrates that during the model training process, the input layer takes the one-
dimensional feature parameter matrix of microseismic signals as the model’s input, with the
corresponding source rock type serving as the label. Within the training layers, the T_Net
network, constructed as the foundational framework, learns the mapping relationship
between the parameter matrix and the source rock type. The final output represents the
most suitable source rock type for the microseismic signal.
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microseismic signals.

2.3.1. Data Set

In the uniaxial compression test, a total of 7681 acoustic emission signals were collected,
comprising 430 signals from sandstone, 6618 from mudstone, and 633 from coal. For the
shear test, 6792 acoustic emission signals were collected, with 859 from sandstone, 846 from
mudstone, and 5087 from coal. The Brazilian splitting test yielded 6935 acoustic emission
signals, with 6065 from sandstone, 769 from mudstone, and 101 from coal. The dataset was
divided into a 90% training set and a 10% test set. The final division results are shown in
Table 1 below.
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Table 1. Data set partitioning results.

Sandstone Mudstone Coal

Train Test Train Test Train Test

Uniaxial compression test 389 41 6035 583 574 59
Shear test 589 103 846 98 5087 589

Brazilian splitting test 5248 815 662 107 88 13

2.3.2. Hyperparameter Settings

The hyperparameters for model training include the use of the Adam optimization al-
gorithm, a maximum of 5000 training steps, an initial learning rate of 0.001, a regularization
parameter of 0.0001, and a learning rate that decreases by a factor of 0.5. The cross-entropy
loss function is used to minimize prediction errors and facilitate model convergence. All
experiments were conducted on a PC equipped with an NVIDIA GeForce 2080 Ti GPU and
64 GB RAM, using Matlab R2018a (Meiswalker Software (Beijing) Co., Ltd., Beijing, China)
to construct the neural networks. This configuration was used for both model training and
testing in all subsequent test examples.

The trained model can be employed for the source rock type classification of new
microseismic signals related to the source of damage. However, it is important to note that
the training data and the application data must originate from the same mine or project
site. If there is a need to utilize the model in different projects, it is imperative to gather
microseismic waveform data anew and conduct retraining of the model.

3. Results

Figure 8a,b illustrate the variations in training set loss and accuracy (blue curves) and
validation set variations (cyan curves) during the model training process. Throughout the
entire training process, the training loss slightly outperforms the validation loss, as observed
from the loss and accuracy curves. Both curves exhibit a rapid descent trend in the initial
1000 training epochs, followed by a gradual descent over the subsequent 3600 training
epochs. The validation loss and accuracy stabilize after the 1000th epoch, with only a
slight decrease from 0.01 to 0.003, whereas the training loss drops significantly from 1 to
0.1 during the first 1000 epochs. The training recognition accuracy sharply increases in the
first 1000 iterations and subsequently stabilizes at around 99.9%. The continual decrease in
both training and validation losses, coupled with the ascent in accuracy, validates that the
proposed T_Net network has learned the mapping relationship between acoustic emission
waveform parameters and the types of fractured rocks.
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The recognition accuracy of the test set’s acoustic emission signal identification, as de-
picted in Figure 9a,b, is as follows: sandstone—97.5%, mudstone—100%, and coal—98.3%.
In terms of the misclassification of acoustic emission signals, signals originating from
sandstone may be incorrectly classified as coal, while signals from coal–sandstone may be
misclassified as sandstone. However, sandstone is not misclassified as mudstone, nor is it
misclassified as both coal and mudstone. This section may be divided into subheadings
and should provide a concise and precise description of the experimental results, their
interpretation, as well as the experimental conclusions that can be drawn.
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Figure 9. Test results of the model under uniaxial compression failure mode. S stands for sandstone,
M stands for mudstone, C stands for coal. (a) Test set data identification result confusion matrix;
(b) Training set data and test set recognition accuracy.

When the model is applied to the recognition of rock types based on acoustic emission
signals under shear stress conditions, as depicted in Figure 10a,b, the training set loss and
accuracy (blue curves) and validation set variations (cyan curves) during the model training
process reveal that, by the end of the training, both curves will converge similarly to the
previous experiment, approaching 0% loss and 100% accuracy. However, it is noteworthy
that the loss curve experiences a sudden change near the 1500th step, which is relatively
delayed compared to the uniaxial compression test.
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As illustrated in Figure 11a,b, the recognition accuracy of the test set’s acoustic emis-
sion signal identification is as follows: sandstone—97%, mudstone—96.9%, and coal—100%.
Notably, the highest recognition accuracy shifts from mudstone to coal. Additionally, in
terms of the misclassification of acoustic emission signals, the transition to coal no longer
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results in misidentification as sandstone or mudstone, but rather mutual misclassifications
occur between sandstone and mudstone.
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When the model is applied to the recognition of rock types based on acoustic emission
signals under tensile stress conditions, as depicted in Figure 12a,b, the training set loss and
accuracy (blue curves) and validation set variations (cyan curves) during the model training
process reveal that, by the end of model training, both curves will converge similarly to the
previous experiment, approaching 0% loss and 100% accuracy. However, it is noteworthy
that the loss curve experiences a sudden change near the 600th step. Compared with the
first two tests, the convergence rate of this model is the fastest.
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As illustrated in Figure 13a,b, the recognition accuracy of the test set’s acoustic emis-
sion signal identification is as follows: sandstone—100%, mudstone—99%, and coal—92.3%.
It is worth noting that sandstone has the highest identification accuracy. Addition-ally, in
terms of the misclassification of acoustic emission signals, the transition to sandstone no
longer results in misidentification as coal or mudstone, but rather, mutual misclassifications
occur between coal and mudstone.

The proposed method achieved a source rock type classification accuracy of over 90%
for acoustic emission signals in three distinct laboratory experiments, demonstrating the
feasibility of source rock type classification based on microseismic signals generated during
rock failure.
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4. Discussion and Conclusions

In this study, a convolutional neural network (CNN) named T_Net was developed
for identifying the source rock of microseismic signals. T_Net demonstrates effective
performance in identifying the sources of laboratory acoustic emission signals through
training, validation, and testing processes. Given the similarity between acoustic emission
signals and microseismic signals, it is feasible to extend this method to identify the source
rock types of microseismic signals in coal mines [45]. The application of T_Net to acoustic
emission data from various rock failure modes indicates its strong generalization and
microseismic signal recognition capabilities across different types of coal mine dynamic
disasters. Accurately identifying the source rock types of microseismic signals can help
determine which rock strata or ore bodies have stress concentration or crack expansion.
Additionally, long-term monitoring and data accumulation contribute to the establishment
of a coal mine dynamic-disaster risk assessment model and provide a comprehensive
understanding of coal mine geological structure and stress distribution.

Despite T_Net demonstrating good performance in identifying the source rock of AE
signals, it has several limitations: (1) In laboratory rock mechanics tests, environmental con-
ditions are strictly controlled, resulting in fewer environmental noise influences. However,
the complex conditions in real coal mining environments introduce noise components into
the collected microseismic signals, reducing the model’s effectiveness in field applications.
(2) As a supervised learning method, neural networks heavily rely on training samples.
Insufficient, limited, or overly specific samples may lead to overfitting and ineffective
model training.

In future work, combined with a denoising method, the automatic denoising of
microseismic signals before feature extraction will improve the field application effect of
the model.
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