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Abstract: As a kind of dynamic real-time monitoring technology, microseismic monitoring
technology has been widely used for rockburst warning. Due to the complexity of the actual
monitoring environment, the monitoring signals often contain different types of noise, affecting the
earning warning of rockburst. In this study, an Autoencoder Convolutional Neural Network denoising
model based on deep learning has been proposed to denoising of the complex signals. The
unsupervised adaptive training method is used to train the model, which only needs to set its initial
parameters. The importance of an enhanced training dataset is illustrated by the comparison
experiment. The results indicate that the training and verification shows well performance during
training. The denoising efficiency of the proposed model is studied by the denoising of the synthetic
noise-containing signals. Furthermore, the dataset from the water conveyance tunnel in the Hanjiang-
to-Weihe River water diversion project (HJ-Project) in Shaanxi Province is taken as an engineering
example to evolute the performance of the proposed model for practical project. The denoising
performance of the model is analysed through the visual denoising results and evaluation index. The

model can effectively denoise the complex noised signal which separate it into pure microseismic
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signal and noise signal, and improve the signal-to-noise ratio, which is benefit for arrive-time picking
and source locating then improve the performance of early warning of rockburst.

Keywords: microseismic monitoring; rockburst; deep learning; denoising; convolutional neural
network

1. Introduction

Due to the uneven spatial distribution of water resources and serious water shortage in local areas,
China has carried out large-scale water conservancy projects. With the development of the construction
of water conservancy project, many rock mechanics problems have also been brought in the process
of project construction, especially the problem of serious rockburst, which poses a security threat to
construction personnel and mechanical equipment [1,2]. In recent years, the use of microseismic
monitoring technology for early warning of rock burst hazards is the most popular technique. However,
due to the complexity of the actual environment of construction of rock engineering project, the quality
of the microseismic monitoring signal is serious affect by the many types of noise, and even the noise
submerges the microseismic information. This increases the difficulty of signal processing, leading to
inaccurate signal identification, difficulty in picking up of the arrival-time, great error of source
location and inaccurate hazard warning [3-5]. Therefore, it is necessary to denoise the noisy
microseismic signals during the microseismic monitoring.

There are many denoising methods including Fourier Transform (FFT) [6], Short Time Fourier
Transform [7], Wavelet Transform (WT) [8,9] and Empirical Mode Decomposition (EMD) [10,11],
etc. There are still some problems when these denoising methods are applied to the microseismic
signals. Large amount of microseismic data result in the large number of iterations of the algorithm
with high complexity of signal, which are prone to redundancy. The partial analysis of the signal is
inaccurate, the quality of signal is distorted after denoising, and the signal features and amplitude
change strongly, resulting in changes of the original features of the microseismic event signal.
Furthermore, these denoising methods have poor engineering adaptability, and the noise cannot be

effectively denoised in the face of different types of noisy environment.
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The traditional feature extraction algorithm depends on the prior knowledge of data information and
the experience of technicians. With the continuous upgrading of task difficulty, it cannot achieve ideal
results which shows poor adaptability. With the continuous improvement of hardware performance
and software algorithms, deep learning [12] as a powerful artificial intelligence algorithm, has been
widely used in computer vision, engineering data mining, text classification and other fields, which
has achieved better results than traditional methods. Deep learning uses a large amount of data to train
the characteristics of model learning objectives by building a deep nonlinear network, and uses the
trained model to complete the mapping of task objectives [13-15]. There are many proposed methods
of denoising by deep learning. Li et al. [16] proposed a fast and flexible convolutional neural network
(FFCNN), which introduces transfer learning into the data training process to achieve seismic data
denoising. Guo et al. [17] proposed a new end to end mapping trainable microseismic data
reconstruction network model, which can effectively denoise of microseismic signal. Zhang et al. [18]
proposed a neural network model combining convolutional neural network (CNN) and short-term and
long-term memory (LSTM), which uses edge components for event detection and denoising training,
and is suitable for denoising of complex signals in mine microseismic monitoring. Zhu et al. [19]
proposed a denoising method based on deep convolution neural network, which can learn the sparse
representation of time-frequency data, as well as the nonlinear function mapped to the mask, and
effectively remove the Gaussian white noise in the coal microseismic signal. It can be seen that those
methods show it is effectively of denoising by using the convolutional neural network to denoise the
microseismic signals. However, microseismic signals in different projects are also affected by
geological factors such as surrounding rock classification and faults, and their waveform
characteristics such as frequency and amplitude are different. There is little study on the depth learning
method for denoising of microseismic signals in the surrounding rock of deep buried tunnels. Due to
deep learning can well learn the characteristics and sparsity of microseismic signals, it is possible to
remove the noise signal from microseismic signal to get relatively pure microseismic data. Therefore,
it is of great important to study on the microseismic signals denoising based on deep learning.

In this study, a convolutional neural network model is proposed which based on the deep learning

method of artificial intelligence, to denoise the microseismic signals. At first, a denoising model of
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microseismic signal with noise is proposed by using deep self-coding convolutional neural network.
Then, the denoising algorithm of microseismic data is realized by optimizing the training of the
convolution neural network. This model can effectively separate noised signal into microseismic
signals and noise signal. After denoising, the signal-to-noise ratio (SNR) is significantly improved,

and the characteristics of microseismic signals are also well preserved, with strong denoising effect.
2. Engineering background and microseismic monitoring system

Provide sufficient details to allow the work to be reproduced by an independent researcher. Methods
that are already published should be summarized, and indicated by a reference. If quoting directly from
a previously published method, use quotation marks and also cite the source. Any modifications to

existing methods should also be described.
2.1 Engineering background

The Hanjiang-to-Weihe River Diversion Project (HW-Project) is a sub-project of the South-North
Water Diversion Project, which is used to meet the water transfer and distribution projects in Xi'an,
Xianyang and industrial parks in China. The HW-Project passes through the Yellow River and Yangtze
River basins and crosses the Qinling Mountains along the way. The elevation range is about 1050 to
2420 m, and the maximum burial depth of the tunnel is about 2000m. Within the area are mainly
quartzite, granite, amphibolite and fault fractured rocks. Stratigraphic overview of the main tunnel area
of the water conveyance tunnel is shown in Figure 1. Two faults are present in the project area, i.e., f7
fault (N80 <285W/70285N (5210°/702859) and QF4 fault (N60270W/70<280<5 (200%210°/

70809). The fault zone is mainly filled with fractured rocks, diorite and mylonites.
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Figure 1 Stratigraphic overview of the main tunnel area of the water conveyance tunnel
2.2 Microseismic monitoring system

The microseismic monitoring system is adopted in the HW-Project to detect the rockburst [20-21].
Mobile microseismic monitoring equipment was built near the TBM working face to realize real-time
acquisition, spectrum analysis and 3D visualization of microseismic signals. Composition diagram of
microseismic monitoring system is shown in Figure 2. It is mainly divided into three parts: sensor
array (the project is equipped with 6 sensors), microseismic signal acquisition system, and upper
computer. The accelerometer receives the elastic wave and converts it into an electrical signal. The
Paladin data acquisition instrument converts the electrical signal into a digital signal, which is finally
transmitted to the Hyperion microseismic signal processing system via optical fiber. When the
monitored signal event is higher than the lower threshold set by the system, the Hyperion signal
processing system will record the complete waveform information of the signal and visualize it in 3D
by SeisVis software at the computer terminal. The processed microseismic event details are

automatically saved in the Access Database for later extraction applications.
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Figure 2 Composition diagram of ESG microseismic monitoring system

In the process of classifying the large number of signal waveforms monitored at the site of the HW-
Project, it was found that most of the microseismic signals contained different levels and types of noise.
We basically classify the noised microseismic signals into three categories: microseismic signal with
construction noise (MS-CN), microseismic signal with current interference (MS-CI), and microseismic
signals with both construction noise and current interference (MS-CN-CI), as shown in Figure 3. Fast
Fourier Transform (FFT) is a digital conversion technique that converts time domain analysis into
frequency domain analysis. By comparing different signal frequency domain features to identify
various types of signal frequency characteristics, the accurate identification of microseismic event
waveforms lays the foundation for the next step of microseismic signal denoising. The FFT formula
[22] is:

X(k)=YN3 x(n)(cosan%—jsinan %) (1)

where x(n) represents the time series of signals; X (k) represents the frequency sequence of
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Figure 3 Several typical microseismic signals, (a) pure microseismic signal, (b) signals with construction
noise (MS-CN), (c) signals with current interference (MS-Cl), (d) signals with both construction noise and
current interference (MS-CN-CI).

3. Autoencoder convolutional neural network model

3.1 Autoencoder principle

Autoencoder consists of two main parts: encode and decode [23-24]. The encoder maps the input signal
to the feature space which means mapping to the hidden layer:

£ =f(Wx+b) (2)
where x represents the input signal, x represents the hidden layer, f represents the nonlinear function.
The function of the decode is to restore the hidden variables of the hidden layer to the initial dimension:
®)

where y represents the decoded output, which is the actual network output and the predicted value for

y=fW'x+b)

the input layer.
Autoencoder is an unsupervised learning model, which learns the features of the input data and

reconstructs its structure to compress the input. It is a neural network in which the target output is
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equal to the input by back-propagation algorithm. The feature space of the input data is compressed
by the encoder, and then the compressed feature is reconstructed and output by the decoder [25]. As
shown in Figure 4, The input of the Autoencoder is data x without any prior and without difference.
The encoder learns feature Z from the input data through multi-layer hidden network such as
convolution layers and pooling layers, and maps x to Z. The dimension of Z is usually smaller than
that of x. The main purpose is for dimensionality reduction so as to capture the features of meaningful
changing factors in the data and improve the training speed of the model. The Autoencoder is trained
by minimizing reconstruction error, which is a measure of the difference between the original input x
and the reconstructed output y. The encoder and decoder output data information by compression and
reconstruction of the input data, and optimize and adjust the input and output information by loss
function, and finally meet the minimum value of the loss function. This feature of Autoencoder has
the function of data dimensionality reduction and compression. When the number of one neuron is
greater than that of the next layer of neurons, it can be considered that Autoencoder reduces the
dimension of the input data; otherwise, it can be considered that Autoencoder maps the input to a

higher dimension [26].

Input data (x) — Encoder Feature Decoder , Reconstruct

(Z) data(y)

Figure 4 Autoencoder structure

3.2 Building a Network Model
3.2.1 Building the Autoencoder Convolutional Neural Network

All networks in this study were implemented using the MATLAB framework, and it took us about six
months to build the Autoencoder Convolutional Neural Network structures. In the structure of
Autoencoder Convolutional Neural Network (AECNN) [27-28], the encoder is composed of two
convolutional layers and two pooling layers, as shown in Figure 5. The first layer consists of Conv1
and ReLU. Conv1 adopted 64 convolution cores with the size of 3>3 for feature extraction. Poolingl
adopts Max-Pooling operation with the parameter of 2>2 and the step size of 1, and compressed the

features identified by the convolution layer to prevent overfitting of convolution operation information.
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In the second layer, Conv2 adopts 32 convolution cores with the size of 3>3, and Pooling2 adopts the
maximum pooling operation with the parameter of 2> and the step size of 1. The decoder consists of
two deconvolution layers and two de-pooling layers. The parameter of Deconvl is 2>2>64 and the
ReLU activation function is used. The parameters of Depoolingl is 2>2 and the step size is 1. The
deconvolution layer and de-pooling layer are set to map the corner features and main features of
microseismic signals extracted by the encoder to recover certain dimensional features. The parameters
of Deconv2 is 2>2>32 and the ReL U activation function is used. The parameters of Depooling?2 is 2>2
with a step size of 1. Deconv2 and Depooling2 are set up to conduct new mapping of the feature
information extracted from the coding so that the resulting feature map, i.e., the denoised microseismic

information, corresponded one-to-one with the waveform position of the original image.

Encoder Decoder

onvolutional Pooling Deconvolutio Fully connected
< layers layers layer %
—— —— o0 0o ——

'l Activation Activation Activation
Tfenction ™l TTTT F - function_ function

Input data par il | 1| Reconstruct
(x) data(y)

Figure 5 The overall structure of the Autoencoding Convolutional Neural Network

3.2.2 Model training

The training flow chart of AECNN model is shown in Figure 6.
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To build a data set for training, we collect data from the HW-Project. The training data set includes
pure microseismic signals (MS), signal of noise (MS-CN, MS-CI and MS-CN-CI). A part of the
untrained noisy signals is taken as the validation data set. The noise signal synthesized by MATLAB
was used as the test set.

AECNN unsupervised pre-training process: parameters of the convolutional neural network structure
layer are set according to the network model construction. The learning rate of adaptive moment
estimation (Adam) [29] was set to 0.001 for network optimization. There are no standard rules for
setting network parameter values. The parameter values are set according to the experience of previous
model training. The AECNN signal denoising model constructed in this paper belongs to the form of
adaptive adjustment parameters. Therefore, you only need to set the initial parameters.

Set the number of training iterations for the training sample [30]. Iteration is the act of repeating
feedback. In a neural network, only repeated iterative training can achieve the desired goal or result.
In general, one iteration equals one training with multiple samples, and the results will be used as the
initial value for the next iteration. In this article, the relevant iteration parameter is set to the batch size
(batch_size) of 128, the number of iterations (iteration) is 100, set the number of data generation
batches to 1000. Make 100 iterations of the training complete 1000 turns, the generalization ability of
the model is improved. With the increase of the number of iteration training, the denoising effect tends
to be stable. AECNN network model is trained based on Tensorflow 2.6 platform, complete the training
and testing of the self-coding convolutional deep neural network on RTX3090GPU. The parallel
operation of GPU can greatly improve the computing efficiency of gradient and accelerate the training

process of deep neural network.

4 Experimental results and analysis

4.1 Analysis of training and Verification results

Microseismic data sets are a necessary condition for training convolutional neural networks [31-32].
Selecting appropriate sample data can make the model learn, evaluate and analyze abstract features of
microseismic data efficiently. The performance of the denoising of the model and sample size play a
key role. Since there is no open training dataset applied to microseismic data processing at present, it

IS necessary to establish a microseismic data set suitable for the denoising training in this paper. In this
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paper, a variety of data are used to build data sets. In order to make greater use of the monitored signal
data, the monitored signals are classified into pure microseismic, construction noise, current
interference, noised microseismic and other types of data.

Due to the huge cost of classification of signal collected by microseismic monitoring, the microseismic
data acquired is limited. In order to effectively solve this problem, the data set is enhanced to obtain
more training samples and improve the generalization ability of the model. Data enhancement
technology is used to expand the data set by mirroring the data, constructing Gaussian white noise,
current noise and other methods to make up for the problem of under-fitting caused by insufficient
data [33].

In this study, more than 8000 randomly combined microseismic data samples are divided into two
parts, 80% of which is used as training data set, 20% as verification data set, and noise signals
synthesized by MATLAB are used as test data set.

In order to verify the AECNN model trained by the enhanced training set has a better denoising effect
on the signals with noise, the original training dataset and the extended training set were used to train
the AECNN model respectively, and two AECNN denoising models with different degrees were
generated. The two models were tested by using the noise synthesis signal to observe the denoising
effect of the signal.

As can be seen from the denoising effect in Figure 7, there are still a lot of random noises in the signal
after the original training set is used to train the AECNN model, which makes it difficult to distinguish
microseismic information. Using the enhanced training set to train AECNN model, the random noise
in the signal after denoising is eliminated, and the microseismic signal information can be clearly
displayed. It is proved that the enhanced training set is better than the original training set to train the

AECNN model, and the importance of the enhanced data set in this paper is also verified.
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Figure 7 Comparison before and after denoising in the enhanced training set
The changes of accuracy and loss of training and verification datasets are shown in Figure 8. The
training accuracy refers to the probability of accurately detecting the microseismic shape of the training
set, while the validation accuracy refers to the probability of accurately detecting the microseismic
shape of the verification set. Loss represents the learning effect of AECNN model. The smaller the
loss value represent the better of the training. After 100 epochs of model training are completed, it is
found that in the last 10 epochs, the accuracy rate does not significantly improve and the Loss does not
further decrease, and both tend to be stable, which indicates that the training of the model has reached
a certain degree of fitting. The accuracy of the final training set and verification set was 97.7% and
95.2%, respectively, while the Loss was 0.0011 and 0.0016. It can be seen that AECNN model

performs well in training.
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Figure 8 Changes in accuracy and loss during training.

4.2 Denoising experiment of AECNN network model
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To test the denoising performance of the model in the time domain, three typical noised microseismic
signals, namely signal with noise, signal with current and signal with noise and current, synthesized
by the test set MATLAB, are used for denoising test.

AECNN network model is to complete the denoising task of noised microseismic signals, so the final
performance of the model is analyzed through visual denoising results. First, the denoising
performance of the model is evaluated, including the evaluation of noised microseismic signals and
pure noisy signals. In Figures. 9-11, each figure has three columns. The left column shows the noised
microseismic signals with different SNR, the middle column shows the signal after overall denoising,
and the right column shows the local denoised signal. The noised microseismic signal includes
construction noise with different intensity, current interference and mixed noise. The results show that
the denoising model can successfully decompose the noise signals with different types and intensities
into denoising signals and noises. In addition, the denoised signal loss is very small, and the shape and
amplitude characteristics of the denoised signal are well preserved. AECNN has well denoising
performance for microseismic signals with various type of noises. In addition, the SNR is greatly

improved after denoising, and the denoising effect is superior.
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signals and (c) Local denoised results
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Figure 10 Denoising efficiency of AECNN model for MS-Cl, (a) signal with different SNR, (b) denoised

signals and (c) Local denoised results
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Figure 11 Denoising efficiency of AECNN model for MS-CN-ClI, (a) signal with different SNR, (b) denoised

signals and (c) Local denoised results
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More importantly, AECNN is also used to conduct noise reduction test on noise samples. Fig. 12 shows
the noise reduction effect of AECNN on different types of noise, including construction noise, current

interference and noise current mixed noise.
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Figure 12 AECNN denoising results for different type of signals (a) the noise signal, (b) the denoising results
The results show the robustness of the denoising to some noisy signals present in the data, that is, the
signal after denoising is almost equal to the input data. Fig. 13 shows the distribution of the maximum
amplitude difference between the pure noised signal and the denoising results. The results show that
the maximum amplitude difference between original and denoised signals is smaller than 0.005V for
60% of noised signals, in which more than 95% signal lose smaller than 0.03V, which indicate that the

proposed method is very suitable for the denoising of the noised microseismic signal.
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Fig. 13 Denoising result of microseismic noise signal
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5. Engineering application

AECNN was applied to denoise microseismic signals HW-Project. Figure 14 shows the results of
denoising. In each figure, the first column is real microseismic signal with noise, the second column
is denoised signal by AECNN, and the third column is spectrum of the denoising signal. When the
pure microseismic signal cannot be restored, the SNR, mean square error (MSE) and correlation
coefficient are used as indicators to reflect the effect of signal n denoising, and the SNR distribution
after signal denoising is drawn. At the same time, 300 microseismic signals with actual noise were

selected for SNR denoising test, 100 of each noise type were selected, and every 5 were in a group, a

total of 20 groups of signals.
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Fig. 14 SNR distribution of AECNN denoising signal.
The AECNN has a well performance for the denoising of the actual monitored signals, as shown in
Table 1. In the case of low SNR, microseismic information can still be accurately identified from the
noise, and then the noise is removed, the useful information is retained, and the real microseismic
signal is restored to the maximum extent. The results of the spectrum diagram indicate that the signal
after denoising has main frequency characteristics and clear mode, from which it can be identified as
microseismic signal, indicating that the model has a high accuracy in identifying microseismic
information, and the SNR of the signal after denoising is significantly improved. The results show that
the noise reduction effect of the AECNN is better than the traditional noise reduction method and the

noise reduced signal is better for engineering application [34-35].
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Tab. 1 Denoising results of noisy microseismic signals

Microseismic signal with different noise

Evaluating indicator

MS-CN MS-CI signal MS-CN-CI signal
SNR 42.2475 25.2756 37.9705
Mean square error 0.0015 0.0025 0.0204
Correlation coefficient 0.7997 0.9401 0.8326

From the distribution of SNR in Figure 15, it can be seen that the SNR distribution of different types
of noised microseismic signals after denoising has obvious distribution intervals. For noised
microseismic signals, SNR distribution is mainly (40,50) after denoising; for MS-CI signals, SNR
distribution is mainly (20,30) after denoising; for MS-CN-CI signals, SNR distribution is mainly
(30,40) after noise denoising. This provides a reference for the denoising of different noised signal

types and is beneficial to the classification and recognition of waveform signals.
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Figure 15 SNR distribution of AECNN denoising signal
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6. Conclusion

(1) A denoising model based on convolutional neural network with depth learning called AECNN
is proposed. In this model, the features of the input data are learned through a series of convolution
pool operations of the automatic encoder, and the input data is reconstructed using the learning features
of the decoder to obtain the output data information. Then, a self-coding convolutional neural network
based on encoder and decoder is established.

(2) In order to get better training of the mode for insufficient data problem, some data are mirrored
and expanded to enhance the dataset. By comparing the results of synthetic signal denoising, it shows
the importance of the importance of enhancement of training dataset. The accuracy of the final training
set and verification set is 97.7% and 95.2%, while the loss reaches 0.0011 and 0.0016. The model
performs well during the training.

(3) The denoising results show that the self-coded convolutional network model has a strong
denoising ability for different type of noised microseismic signal, and it can successfully decompose
signal with different characteristics into pure microseismic signal and noisy signal.

(4) AECNN shows well performance and for denoising signals for noisy microseismic signal from
practical engineering. Under the condition of extremely low SNR, AECNN can accurately identify
microseismic information from noise, and then remove noise to get pure microseismic signals. It can
be seen that the SNR distribution of different types of noisy microseismic signals after denoising has

been significantly improved which is benefit for arrive-time picking and source location.
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