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ABSTRACT A large number of shallow fossil fuel energy sources have been exhausted, including coal,
oil, natural gas, and other non-renewable energy sources with rapid industrial development. The mining
of fossil fuel energy has gradually shifted to the deep layers of the stratum, where safety is more difficult
to guarantee. As a result, the development of a data acquisition system that can be used for microseismic
monitoring and disaster prediction is imminent. In this study, in order to complete the design of a high-
precision acquisition circuit, main control circuit, and other hardware circuits, the authors developed a set
of high-precision distributed wireless microseismic acquisition stations, which was combined with three-
component geophones to complete a microseismic monitoring system. This monitoring system was then
verified through on-site work during the construction of a coal mine in China. This paper focuses on a
detailed analysis of the data collected by the acquisition stations. Firstly, twelve sets of acquisition stations
were used to conduct fixed-location blasting tests of the mine, which yielded good test results. Secondly,
an analysis of microseismic monitoring data obtained during deep-well fracturing was carried out, and pre-
fracturing static monitoring, carbon dioxide monitoring, fracturing monitoring, and post-fracturing static
monitoring were also completed. This paper provides a detailed introduction to fracturing monitoring data
of mines, combining discussions on the other three types of mine monitoring to reach relevant conclusions.

INDEX TERMS Acquisition station, fracturing monitoring, high-precision, microseismic, three-component.

I. INTRODUCTION
As an important basic energy source, coal plays a significant
role in human production and life [1]. However, as a non-
renewable energy source, most of the shallow coal resources
in the world are gradually being exhausted, and coal mining
is beginning to focus on those in the deeper layers of the
stratum. As the risks due to coal-rock burst and mine pressure
increase, coal mine disasters will become more common.
As an important means of mine disaster prediction, dis-
tributed and networked seismic mine monitoring technology
will become a trend [2], [3].

As a micro-fracture space monitoring technology, micro-
seismic monitoring plays an important role in warning of
rock rupture in underground engineering [4]. Microseis-
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mic monitoring first collects microseismic signals of rock
rupture, then utilizes waveform analysis to obtain param-
eters such as the time, location, and source of the micro-
seismic event [5]. By accurately determining the location
of a microseismic event [6], it is possible to judge the
spatial distribution of the rupture surface in the rock (frac-
ture network) [7], [8]. Through the analysis of the devel-
opment rate of a microseismic event or the evolution of
source parameters in a certain area [9], [10], dynamic
monitoring and early warning of rock burst disasters in
tunnel boring can be realized [11]. Quantitative seismol-
ogy can be used to analyse various types of mechanics
information (such as seismic deformation, stress adjust-
ment, stress release, etc.) of the rock rupture process [12],
while microseismic monitoring and acquired parameters can
identify the mechanical process of rock deformation and
fracture [13].
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Dynamic properties of an elastic medium can be pre-
dicted by interpreting seismic research. Since anisotropy is
related to the modelling problem of seismic wave propa-
gation [14], [15], determining the original parameters of a
seismic inversion is also affected by the anisotropy of the
medium [16], [17]. In past research, a wealth of experience
has been accumulated based on a large number of theoretical
and algorithmic solutions for dynamic seismological prob-
lems [18], [19]. Seismology is a relatively common discipline
in modern geophysics and plays a pivotal role in geologi-
cal exploration and disaster prediction [20]–[22]. The main
source of its data is seismic records of natural or man-made
events on the Earth’s surface, using existing acquired data to
obtain characteristic information about the various aspects of
wavefield propagation properties [23]. This paper proposes
the use of near-surface geophysical techniques, which have
been combined with geomorphological analysis to determine
the natural subsurface processes acting on the study area [24].

However, the premise of all data analysis is the collection
of microseismic data, and the quality of the collected data
directly affects the credibility of subsequent data process-
ing. At present, the instruments used for seismic monitoring
have matured, with a variety of seismic monitoring instru-
ments produced by established seismic instrument manufac-
turers, such as the 408UL, 428XL, and 508XT of SERCEL
in France, and the G3iHD of INOVA; yet, instruments used
specifically for microseismic monitoring are still imma-
ture [25]. In addition, their acquisition accuracy, synchro-
nization accuracy, and real-time monitoring are lacking to
different extents [26].

Furthermore, in the geophysical exploration industry, the
development of exploration instruments and the analysis
of geophysical data are often carried out separately, with
little communication or cooperation between them. There-
fore, in scientific research, it is vital to develop a micro-
seismic acquisition and monitoring system for actual mine
exploration.

II. DEVELOPMENT OF MICROSEISMIC ACQUISITION
STATION AND ITS TECHNICAL INDICATORS
The overall development of the acquisition station includes
the hardware circuit, operating program, and design of the
mechanical structure. When using the acquisition station,
the electrical engineer mainly considers its electrical perfor-
mance. In field construction, however, the operational sta-
bility of the acquisition station appears especially important
[27], because operational stability is the premise that the
acquisition station can smoothly extract the microseismic
signals in a harsh environment. Next, the electronic circuit
design of the collection station will be described in detail.

A. HARDWARE CIRCUIT DESIGN
According to the development of seismic signals, the acquisi-
tion station can be roughly divided into three parts, as shown
in Figure 1: 1) the high-sensitivity sensor, which converts
the microseismic signal from the vibration signal into an

FIGURE 1. Overall block diagram of acquisition station.

FIGURE 2. Three-dimensional map of geophone.

electrical signal; 2) the acquisition circuit, which initially
processes and converts the analogue electrical signal from the
sensor into a digital electrical signal; 3) the control circuit,
which stores the digital signal, uploads that signal to the upper
computer, and controls the working state of the acquisition
station, etc.

1) THREE-COMPONENT SENSOR
The sensor is the source of all geological detection instru-
ments, and it is also an indispensable part. The intrinsic
voltage sensitivity is 1.32 V / in./ sec.An electric acquisi-
tion instrument requires electrodes, a magnetic acquisition
instrument requires a magnetic bar, and a logging instrument
requires a series of sensors for temperature, pressure, and
acceleration. Similarly, microseismic collectors require geo-
phones. The three-component (3-C) geophone in this paper
uses a traditional moving-coil vibration sensor, which uses
the principle of electromagnetic induction to convert the input
motion velocity into an inductive potential output in the coil.
It directly converts the mechanical energy of the measured
object into an electrical signal output. The geophone is a
unit with three single-component sensors packaged together,
as shown in Figure 2. As can be seen from this figure,
the one-directional sensors are perpendicular to each other.
The vibration signals (X component, Y component) in the
horizontal direction and the vibration signal (Z component)
in the vertical direction are respectively measured.

2) ACQUISITION CIRCUIT
The acquisition circuit plays a key role in the entire acqui-
sition station because the signals in the whole system are
input into the system from the acquisition circuit, which is the
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FIGURE 3. Structure diagram of acquisition circuit.

source. As the quality of the signal is very important, noise
processing is required. An indicator of the acquisition station,
which is also mentioned below, the equivalent input noise is
mainly determined by the acquisition circuit [28]. Figure 3 is
a block diagram of the acquisition circuit. It can be seen from
the figure that a part of the circuit’s front end is a protection
circuit, which mainly protects the subsequent circuit and
prevents damage to other circuits due to destructive signals.
An integral part of this protection circuit is the Schottky
diode.

The second stage is impedance matching. This part of
the circuit mainly matches the impedance with the internal
impedance of the geophone to obtain a complete differential
input signal. Since the seismic signal is a low frequency
signal, while the signal input by the geophone is a differential
signal, the input signal needs to be subjected to common
mode filtering to filter out the high-frequency noise signal,
and then the weak seismic signal needs to be amplified.
In addition, since the output signal of the selected amplifier
in the project is a single-ended signal, while the input of
the analogue-to-digital conversion is a differential signal,
the single-ended signal of the amplifier output needs to be
converted into a differential signal. At the same time, further
noise reduction is carried out, as well as input into the AD
chip to convert the analogue signal into a digital signal so as
to complete the acquisition process of the seismic signal [29].

3) MAIN CONTROL CIRCUIT
The main control circuit is the core of the distributed wire-
less microseismic acquisition station that allows all parts of
the acquisition station to work in coordination. The part is
responsible for not only pre-processing and storing data, but
also a range of task-scheduling work. As shown in Figure 4,
the control is accomplished through the GPIO port on the
ARM processor in the main control circuit, achieving func-
tions including control of power-on management, indicator
lights, and buttons of the acquisition station. In addition,
through the GPIO-extended Wi-Fi network of this processor,
interaction and data transmission with the host computer are
achieved.

In the main control unit, part of the task scheduling can-
not be completed by the ARM core processor alone; there-
fore, in this paper, FPGA was used to assist the work.
This work specifically includes the following: 1) acquisition

FIGURE 4. Main control circuit task-scheduling diagram.

TABLE 1. Performance indicators of acquisition station.

station clock management, task scheduling and related strat-
egy scheduling; 2) temporary buffering of data collected by
the acquisition circuit; 3) uploading and processing infor-
mation through GPS to allow synchronization across the
acquisition station; 4) measurement of electrical parameters
and ambient temperature during circuit operation; and 5) data
communication.

B. KEY INDICATORS OF ACQUISITION STATION
After the hardware circuit of the acquisition station is devel-
oped, it is necessary to test the performance indicators of
each aspect one by one, and then carry out the experimental
verification. The detailed verification tests of the acquisi-
tion station are described in section 3, while this section
mainly describes indicators such as equivalent input noise,
synchronization accuracy, and the number of channels of the
acquisition station. Table 1 shows the results of some of these
indicators.

III. MICROSEIMIC DATA ACQUISITION AND PROCESSING
ANALYSIS FROM ON-SITE DEEP WELL FRACTURING
A. PRELIMINARY INSTRUMENT TEST DATA ANALYSIS
After the development of the acquisition station was com-
pleted, it was necessary to test its actual applicability.
This experiment used the method of drainage fixed-location
blasting to test the acquisition station. The purpose of the
experiment was to determine the location and range of influ-
ence of blasting. Monitoring was conducted through 16 dis-
tributed wireless microseismic acquisition stations developed
in-house. GPS at the front-end of the distributed stations
sampled and recorded data and analysed it after monitoring.
The sampling bit depth was 24 bits, the dynamic range was
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FIGURE 5. Blasting record waveform.

FIGURE 6. Blasting-induced microseismic waveform.

135db, and the sampling rate was 1000 Hz. Earthquakes of
magnitude 0-2 could be recorded at the source.

In this case, the experimental site was randomly selected
and implemented under the conditions of numerous uncer-
tainties. Figure 5 and Figure 6 show the field test results. The
results show that the data quality was good, andmultiple clear
microseismic waveforms can be seen (Figure 5, Figure 6).

It can be seen from Figure 5 and Figure 6 that when
the amplitude of the blasting was at the maximum, the half
period of the maximum amplitude reflected the source scale
of themicroseismic event. In addition, themicroseismic event
induced by the blasting had a small amplitude, with usually
one to two large amplitudes, and the entire waveform enve-
lope was in the shape of a swallow. Microseisms induced by
other causes could be related to coal mine production, usually
showing multiple peaks with similar amplitudes that appear
continuously.

The location of the blasting source is denoted by the red
circle in Figure 7, while the blue circles indicate the source

FIGURE 7. Microseismic source location distribution top view.

FIGURE 8. Side view of microseismic source locations in the east-west
direction.

location of the induced microseismic events, and the black
squares are the location of the acquisition stations. Along the
east-west direction, the length of the affected area is approx-
imately 60 m. Toward the west, a strip including scattered
microseismic events with source points at different depths can
be seen, which is about 100 m long. Along the north-south
direction, the length of the affected area is approximately
50 m; in addition, scattered microseismic events can be seen
in the far north. The near-field affected area can be judged as
connected through fractures.

The location of the blasting source is shown by the red cir-
cles in Figure 5 and Figure 6, and the affected area is given by
the induced secondary earthquakes. These secondary earth-
quakes, also known as microseismic events, have locations
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FIGURE 9. Side view of microseismic source locations in the east-west
direction.

FIGURE 10. Deep well microseismic monitoring station distribution.

shown by the blue circles in Figure 8 and Figure 9. The
blasting is equivalent to an earthquake of magnitude 0-0.2,
and the average radius of the source is 16.2 m. In the depth
direction, the affected area extends upwards to a large scale,
while the directly-affected area has a scale of 60 m, where
an interval seems to exist, which further extends upwards by
30 m.

From the test results, the actual location of the on-site
drainage blasting is basically consistent with the location
obtained by inversion of the data collected through the acqui-
sition stations. It can be seen that the theoretical calculation
results are accurate, and the data collected by the acquisition
stations is stable and reliable and can be used in actual
production.

FIGURE 11. Fracturing monitoring 4D image.

FIGURE 12. Fracturing monitoring top view.

B. ANALYSIS ANALYSIS OF DEEP WELL FRACTURING
MICROSSEISMIC MONITORING DATA
Pre-fracturing static monitoring, carbon dioxide monitoring,
fracturing monitoring, and post-fracturing static monitoring
were carried out on this well. The monitoring interval was
506.70-514.50 m, and the vertical depth was 510.6 m. During
operation, fractures occurred along the original crack in the
earth layer, and the increase in gap pressure also caused
cracks and faults, thus inducing microseismic events. The
pre-fracturing monitoring time was 120 minutes, the frac-
turing monitoring time was 150 minutes, and the post-press
monitoring time was 120 minutes.

By identifying and locating microseismic events, the loca-
tion, size, and extent of these microseismic events were
inversed. The monitoring results show that the average
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FIGURE 13. (a) Fracturing monitoring side view (parallel to fracture direction). (b) Fracturing monitoring side view (perpendicular to fracture direction).

FIGURE 14. (a) Fracturing monitoring 3D image top view. (b) Fracturing monitoring 3D image side view.

fracture direction of the pre-fracturing static monitoring of
the XX well was 73.9 degrees northeast, 76.9 degrees north-
east for carbon dioxidemonitoring, 87.4 degrees northeast for
fracturing monitoring, and 79.3 degrees northeast for post-
fracturing static monitoring.

1) PRELIMINARY PREPARATION
The project used a planar microseismic network, and Fig-
ure 10 shows an example of a 6-station planar microseismic
network, using wireless transmission. The coordinates in the
figure were determined using the projection of the operation
layer on the ground as the origin of the coordinate system.
The horizontal axis is along the east-west direction with east
as positive; the vertical axis is along the north-south direction
with north as positive. The red circle in the figure indicates
the projection of the operation layer on the ground, and the
black triangles represent the locations of the geophones.

2) FRACTURING MONITORING RESULTS
The monitoring depth was 506.70-514.50 m, while the ver-
tical depth was 510.6 m. The location of each source point
can be clearly seen from the four-dimensional view shown
in Figure 11. Combining all source points, the direction and
height of the fracture propagation is indicated [30,31], and
the colour indicates the time sequence of the microseismic
occurrence. By projecting the 4D image on a plane, a top
view and a side view of the source locations can be obtained,
as shown in Figure 12 and Figure 13(a)(b).

The upper and lower limits of the fracturing monitoring
depth and the height range of the monitoring section can
be seen from the parameter table of Table 2. This depth
range is the result of direct computer calculations and can be
compared to the given depth range.

The top view (Figure 12) shows that as the well under-
went fracturing, many artificially-created parallel fractures
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TABLE 2. Fracturing monitoring parameters.

TABLE 3. Artificial fracture parameters and influent fracture scale.

and oblique fractures were formed in the north-east direction.
The side view (Figure 13(a)(b)) perpendicular to the fracture
direction indicates the generally stable fracture height and its
variation with length. From the results, it can be derived that
the fractures developed asymmetrically on the two sides of
the well. The reason for this asymmetry was usually caused
by the complexity of the stratigraphic structure and lithology,
as well as the difference in permeability.

As can be seen from Figure 14(a)(b), the main seam (blue)
was 40 degrees northeast, with three distinct sub-cracks in
directions of 35 degrees northwest, 75 degrees northwest,
and near east-west. Figure 15 above shows the possible frac-
tures. It can be seen from the figure that the development
of primeval fractures in the near-well induced by the leak-
age of fracturing fluid were 50-80 degrees northeast and
10-40 degrees northwest. The figure shows the existence and
orientation of non-structural cracks.

3) MONITORING ERROR ANALYSIS
According to the calculation principle of error analysis, the
calculation error of the distance d between two different
microseismic points is

E∗(d) =
v∗p1

∗t

L∗
(E∗(vp)+ E∗(1t)) (3-1)

The error of 1t in Equation 3-1 generally depends on
the scale error of the first-time reading. When the sampling
interval of the microseismic recording is 1ms, the relative
error of1t is 1% - 5%. The precision of velocity, E∗(vp),
depends on the quality of the original data and the calculation
method of velocity, which is about 2% - 6%. Due to the
approximation of L∗ = v∗p1

∗tL∗ = v∗p1
∗t , the precision

of E∗(d) is in the range of 3% - 11%. Considering that the
source-velocity joint inversion can achieve a higher precision,
the actual error range should be less than 10%.

FIGURE 15. Fracturing monitored primeval fracture orientation induced
by fracturing fluid leakage.

Here, we use the normal distribution theory to analyse the
scalemeasurement error by the T test method. The confidence
of the T test is set to 0.75, and the scale error can be calculated
by the T distribution table and Equation 3-2 to Equation 3-5
[32,33].

X =
n∑
i=1

Xi
n

(3-2)

S2 =
n∑
i=1

(Xi − X )2

n− 1
(3-3)

D0.75 = t × S ÷
√
n (3-4)

D
′

0.75 =
D0.75

D0.75 + X
(3-5)

where n is the sample number of microseismic points, X and
S represent the sample mean and unbiased estimator of vari-
ance, D0.75 indicates the absolute error when the confidence
is 75%,D

′

0.75 indicates the relative error when the confidence
is 75%, and t indicates the value of the T-distribution table
when the confidence is 75%.

4) FRACTURING MONITORING SUMMARY
Due to crack tip effects [34], [35], the actual influent fracture
size was smaller than the monitoring scale. Table 3 lists the
artificial fracture parameters and the influent fracture scale at
75% confidence.
1. The trend in orientation of artificial fractures in hydraulic

fracturing was 87.4 degrees northeast and the total length
of fractures was 443.5 m (Table 4).

2. The length of influent fractures in the west wing of the
hydraulic fracturing was 212.5 m, and the length of influ-
ent fractures in the east wing was 231.0 m. The height of
influent fractures was 33 m.

3. The near-well primeval fractures were moderately devel-
oped, ranging from 50-80 degrees in the northeast and
10-40 degrees in the northwest. The inclination angle was
1 degree, and the average fracture surface tended to the
southeast.

VOLUME 7, 2019 147221



S. Qiao et al.: Mine Fracturing Monitoring Analysis Based on High-Precision Distributed Wireless Microseismic Acquisition Station

TABLE 4. Artificial fracture orientation.

IV. CONCLUSION
In order to alleviate the safety problems in mineral mining,
a distributed wireless microseismic acquisition system for
mine monitoring is developed in this paper. The paper briefly
introduces the hardware development principle and the elec-
trical indicators of acquisition stations. Based on this self-
developed microseismic acquisition system, a preliminary
test and a later practical application were carried out in a
mine in China. The data obtained from the microseismic
acquisition system were processed and analysed in detail. In
consideration of actual coal mining operations, the results
show that this acquisition system is very successful for frac-
turing monitoring applications and can be applied to the
safety monitoring of actual mining activities.
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