minerals

Article

Distribution Law of Mine Ground Pressure via a Microseismic

Sensor System

Zilong Zhou !, Yinghua Huang 12 and Congcong Zhao *

check for
updates

Citation: Zhou, Z.; Huang, Y.; Zhao,
C. Distribution Law of Mine Ground
Pressure via a Microseismic Sensor
System. Minerals 2023, 13, 649.
https://doi.org/10.3390/
min13050649

Academic Editor: Mamadou Fall

Received: 13 April 2023
Revised: 5 May 2023
Accepted: 6 May 2023
Published: 8 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Resources and Safety Engineering, Central South University, Changsha 410083, China

State Key Laboratory of Safety Technology of Metal Mines, Changsha Institute of Mining Research Co., Ltd.,
Changsha 410012, China

*  Correspondence: congcongzhao@csu.edu.cn

Abstract: The particularity of the occurrence conditions of the ore body in Xianglushan Tungsten Mine
determines the mining form of the ore body and the particularity of the ground pressure distribution
after mining. A large number of mined-out areas, supporting pillars, and natural and human factors
have formed a comprehensive disaster environment. This can lead to frequent disasters, great harm,
serious economic losses, and the necessity of severe environmental protection operations in the mine.
This study aims to establish a microseismic monitoring system according to the actual needs of the site
and to reveal the law of ground pressure manifestation by analyzing the distribution characteristics
of microseismic events; to analyze the occurrence stability of the goaf; further verify it laterally; and
finally, demonstrate the feasibility and effectiveness of the microseismic monitoring sensor system.
In view of the current ground pressure problem in Xiangxuoshan tungsten mine, the stress change
characteristics during dynamic mining and filling were obtained through comparative analysis of
different perspectives such as surface change, energy release, and mining loudness, and key areas
were identified to improve the reliability of underground ground pressure monitoring. The results
show that the process of deposit destabilization caused by ore body mining can be further analyzed
by microseismic monitoring, and the combination of surface settlement, mining intensity, and energy
release can verify the accuracy of stress distribution and ground pressure transfer. In turn, the general
reliability of underground ground pressure hazard warning is empirically improved.

Keywords: microseismic monitoring; ground pressure distribution; goaf; disaster; environmental protection

1. Introduction

The number of mined-out areas in mines around the world increases rapidly with the
increase in mining scale, and the threat of mined-out area disasters is becoming increasingly
serious [1-3]. In particular, there are many abandoned goaves in metal mines that constitute
the main strategic reserve resources. With the extensive promotion of filling mining
technology, disasters in goaves have been mitigated to a certain extent [4,5]. However,
under the restrictions of technology and equipment available at the time, there are still
mined-out areas with potential safety hazards that have not been properly solved [6]. In
recent years, many scholars have proposed a variety of goaf ground pressure analysis
methods, comprehensive disaster prevention, and early warning methods [7,8], which
have achieved remarkable results in preventing goaf collapse and pillar instability [9] such
as theoretical analysis [10], indoor acoustic emission test [11], numerical simulation [12],
on-site microseismic monitoring [13,14], and on-site industrial test [15,16]. Marco et al. [17]
argued that the goaf near the working face was the leading factor in the occurrence of
disasters, which seriously threatens the safety of mine production. It mainly combines the
microseismic monitoring technology and numerical simulation method to systematically
analyze the stress distribution law of surrounding rock in the stope and reveal the precursor
characteristics of ground pressure disasters in the adjacent working faces of the goaf.
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Liu et al. [18] aimed to consider the occurrence of underground mine disasters from
the perspective of informatization, automation, and intelligence. Future research should
focus on intelligent microseismic data processing methods such as microseismic signal
recognition and precise positioning algorithms, as well as the research and development of
microseismic equipment.

Microseismic activities in underground mines related to mine pressure have been
extensively studied [19]. In the mining process of underground mines, microseismic
monitoring can reveal the performance characteristics of different types of damage in the
form of repetition [20]. However, due to the characteristics of complex inducement, long
activity cycles, and large randomness of ground pressure disasters in mined-out areas, many
prevention and control methods of ground pressure disasters still cannot meet the needs
of stability of mined-out areas caused by large-scale mining [21]. In general, the failure of
goaves in underground mines is closely related to the stability of the roof, surrounding
rock, and supporting pillars. From the perspective of stress distribution and transfer and
disaster prevention, the internal structure and failure process of the surrounding rock
and pillars should be the main focus [22,23]. The surrounding rock damage caused by
mining changes its compressive strength, leading to roof collapse and pillar hand shear
failure, and other accidents [24]. In recent years, microseismic monitoring technology
has become increasingly mature in the stability monitoring and disaster prevention of
rock mass structures [25-27]. The conventional approach of microseismic monitoring is
to monitor the passive fracture source in real-time, online, and omnidirectionally [28,29].
There is a serious lag in the study of source location and mechanical characteristics of
passive rupture sources through a microseismic monitoring system. This will lead to a lag
in our research on disaster prediction. Therefore, we can understand the evolution law
of the historical records of the existing data through the analysis of the existing data. In
particular, it is a new comprehensive monitoring method combined with on-site filling
and pillar protection measures. Combining the characteristics of microseismic monitoring
technology and mining periodicity of ore and rock, we can understand and evaluate the
breakage of surrounding rock and pillars through microseismic monitoring and analyze
the weak areas of mechanical properties of the mine [30-33]. However, many studies do
not seem to pay attention to the cooperative mechanism and evolution process of ground
pressure redistribution and transfer via microseismic monitoring technology [34,35]. In this
process, the lack of accurate control and effective guidance on the distribution of ground
pressure [36] led to the occurrence of roof falls of surrounding rock and pillar instability [37],
which can cause accidents.

Therefore, to study the interaction between goaf, surrounding rock mass, and pillar
system in the mining process, we emphatically analyzed the characteristics and perfor-
mance rules of ground pressure redistribution in the mining process based on microseismic
monitoring data. At the same time, the ore yield, surface subsidence, and energy release
parameters are used as verification analysis to protect the underground safety environment
and surface geological environment of the mine. In addition, combined with the distribu-
tion of roof and floor, pillar, and microseismic events in the mining area, the space-time
evolution law in the process of rock mass failure is revealed. Finally, this research provides a
reference and basis for the stability analysis and research of large-scale and complex goaves.

2. Engineering Site and Microseismic Monitoring
2.1. Project Location Summary

Xianglushan Tungsten Mine is located in the northwest of Jiangxi Province, China (as
shown in Figure 1a), and the surface morphology presented in Figure 1b shows that it has
rich scheelite resource reserves (discovered in 1958 and put into production in 1991)—the
second largest scheelite discovered in China [38]. The anticline structure of the mining
area is gentle (as shown in Figure 1c), and the deposit is concealed [39,40] (as shown in
Figure 1d). In addition, its shape is variable, and the rock strata are widely metamorphosed,
resulting in large differences in the distribution of mine ground pressure [41-45].
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Figure 1. (a) Mine location. (b) Topographic and geomorphic map. (c) Overall drawing of goaf,
surface, and important buildings. (d) Spatial distribution map of main rock strata.

Due to the influence of previous destructive mining and other historical mining
reasons, the ground pressure in the goaf that causes phenomena such as pillar cracking,
spalling, roof caving, and pillar and roof collapse is relatively serious. It can be seen that
Xianglushan Tungsten Mine is facing a relatively serious problem with ground pressure
safety production. This left a large number of potential production safety hazards for the
follow-up mining and production of Xianglushan Tungsten Mine, and with the continuous
increase in the mining area and goaf volume, the potential threat of large-scale ground
pressure activities will also become greater and greater.

Since 2013, in the process of residual ore extraction in the Xianglushan Tungsten
Mine, the geological environment and geological landform have faced severe challenges.
Therefore, the project team began to study the safety and environmental protection between
microseismic monitoring and mined-out areas. At this stage, ground pressure monitoring
is mainly used to monitor and provide early warning of the overall ground pressure status
of the mine, ensure the safety of production, and provide guidance for the treatment of
the goaf.

2.2. Monitoring Network

To reproduce and analyze the law of ground pressure in the key areas of the mine, we
built and optimized the microseismic monitoring system in Xianglushan Tungsten Mine.
Figure 2 shows the layout of the main mining area and its microseismic monitoring system.

In terms of horizontal distribution, it mainly includes the eastern part (ellipse formed
by blue dotted line) and the western part (ellipse formed by red dotted line). According
to the occurrence characteristics and mining area of the ore body, it is divided into four
areas with more detail. In the eastern region, magenta represents the main mining area
between exploration lines 0# and 8#, yellow represents the main mining area between
exploration lines 8# and 12#, and cyan represents the main mining area between exploration
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Figure 2. Plane distribution of microseismic monitoring sensor and exploration line position relationship.

According to the mining stage and scale, the east and west areas are divided by the
16# exploration line. A total of 24 new sensors are added. Eighteen sensors are distributed
and installed between lines 16-18# in the west area. Six sensors are installed in the east of
the 16-wire amplifier. Since the establishment of a 48-channel microseismic monitoring
system underground in October 2010, a total of 4 years of uninterrupted monitoring had
been carried out by September 2014. The total number of channels was expanded to
60 channels and 84 channels in September 2012 and September 2013, respectively, and the
monitoring coverage was gradually expanded from the eastern residual mining area to the
western mining area with 18~20 lines. The sensors in the east area mainly cover the pillars
in the thick and large goaf. As shown in Figure 2, the cylinder is a sensor, numbered 1~84.
There are 84 sensors in the expanded microseismic monitoring network.

The sensor used in Xianglushan Tungsten Mine is the original sensor equipped by the
ESG Microseismic Monitoring System. All sensors in the system are single-axis acceleration
sensors. The specific parameters are as follows: The sensor is a piezoelectric acceleration
single-axis sensor. The sensitivity is 30 V/g, and the frequency response range is 50-5000 Hz.
A data acquisition instrument simultaneously collects analog signals from six channels at a
sampling rate of 20 KHz. The accuracy of converting analog signal to digital signal is 24 bits.
Due to the need for microseismic event location, the microseismic monitoring system uses
the time synchronization source generator of GPS timing, and the synchronization timing
accuracy is 1 x 107°s.

Figure 3 presents the network topology of the microseismic monitoring system of
Xianglushan Tungsten Mine. It shows the location and distribution of sensors in different
zones. The topology is composed of sensors of signal acquisition hardware, Paladin of
data acquisition and processing system, special cables of signal transmission and time syn-
chronization system, software of integrated positioning and parameter calculation system,
“brain” processing system of remote collaborative monitoring, and machine subsystem
system of information transmission and network sharing system. All sensors were fixed in
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the borehole by recyclable sensors to fully couple with the rock mass. Sensor cables were
laid from underground to the surface through specific stopes and shafts. A new generation
of high-precision multi-channel intelligent microseismic monitoring data analysis system
for rock fracture developed by ESG company was installed in the ground control room.
This intelligent monitoring system can effectively filter out environmental noise, which
ensures that the data acquisition system and source positioning system operate accurately
and normally. Microseismic data were recorded continuously at a sampling rate of 2000 Hz.
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Figure 3. Network topology diagram of microseismic monitoring system in Xianglushan Tungsten
Mine (Paladin expansion architecture diagram).

3. Analysis of the Distribution Law of the Overall Ground Pressure in the Mine

This paper mainly analyzes the microseismic monitoring data in the residual mining
production process of Xianglushan Tungsten Mine in Jiangxi Province from October 2012 to
September 2014. In addition, the microseismic monitoring data from October 2010 to
September 2012 are also simply introduced as the basis for data analysis of the main
interval. During the 48-month continuous monitoring period, there is a subtle relationship
between the output scale of the residual ore body, the stress change of the surrounding rock
pillar system, and the microseismic monitoring data, especially during the period from
October 2012 to September 2014.

In the specific engineering environment of Xianglushan Tungsten Mine, the stress
evolution of the surrounding rock—pillar-bearing system and the development state of
the ground pressure activity can be well reflected by the microseismic data. The number,
intensity, and temporal and spatial distribution of microseismic events can clearly and
directly reflect the stress redistribution and concentration state of the surrounding rock—
pillar-bearing system, as well as the laws and characteristics of ground pressure activities.
This paper summarizes and analyzes the spatiotemporal distribution characteristics of
microseismic positioning events from 2013 to 2018, reflects the evolution characteristics
of the overall ground pressure distribution of the mine through the characteristics of
microseismic activity, and discusses the relationship between microseismic activity and
the stress in the mining process of residual ore bodies in order to guide mining and
other activities.

In particular, on 28 June 2013, a large-scale roof collapse and ground pressure manifes-
tation event occurred at the four pit mouths that intersected the eastern mining area and the
western mining area. The large-scale goaf collapse event caused the overall stress transfer
and redistribution of the mine, and it triggered the ground pressure manifestation event
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of different scales in multiple areas. The following sections provide a detailed analysis
and discussion.

3.1. Microseismic Monitoring Data Processing

In this study, we mainly obtained data for microseismic events that occurred in the
study area from October 2012 to September 2014 for processing and analysis. During
this period, a total of 103 effective microseismic positioning events were monitored and
located underground.

Figure 4 shows the position relationship between the magnitude of the microseismic
location event and the plane distribution. Figure 4 shows the magnitude and plane position
distribution of the center of the earthquake, and the spherical shape represents the location
and magnitude of the event. The color purple to red represents increasing magnitude, and
the size of the spherical shape from small to large represents increasing magnitude.

1

N —4.54 Magnitude -1.09

‘ LD e
E

Main residual ore

/ e \\
0 Qﬁf
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Figure 4. Spatial distribution of all microseismic positioning events that occurred underground from
October 2012 to September 2014 (top view).

Figure 5a shows the relationship between the magnitude and time of the microseis-
mic localization events. From the analysis, it can be seen that the magnitude range of
microseismic localization event moments is between —2.0 and —0.2. Figure 5b shows the
characteristics of the temporal distribution of all localization events within one day. From
the analysis, it can be seen that the microseismic localization events are distributed at all
hours of the day. There is a relative increase between 6:00 a.m. and 12:00 noon, which
coincides with the actual production rhythm of the mine. Figure 5c shows the distribution
of localization accuracy of microseismic localization events. In terms of the seismic source
dimensional error, its main localization accuracy is between 10 and 20 m, with the largest
number of events at 26. The positioning accuracy of less than 30 m reached 53 positioning
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events, accounting for 51.5% of the total number of events. In general, the overall local-
ization effect of microseismic localization events can match the depth of the research on
this topic.
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Figure 5. Characteristic distribution of microseismic monitoring events. (a) Time and magnitude.
(b) NumA number of events at different times in a single day. (c) Location accuracy of microseismic
events (X-axis: positioning error; Y-axis: number of events; Red line: corresponding percentage).

Figure 6 shows the development trend of the total number of single-channel events
per day from October 2012 to September 2014, and shows the total underground pressure
activity per day. Next, we will further analyze the relationship between mining intensity
and underground ground pressure activities, and the dynamic development trend of
underground ground pressure activities from 2012 to 2014. It can be seen from the analysis
that the average number of single-channel events per day is about 50, and the average total
relative energy is about 5000 mv. During the annual Spring Festival shutdown and overhaul
holiday, the total daily microseismic activity level in the underground is much lower than
the average level. For example, during the period from January 2013 to March 2013 and
from November 2013 to March 2014, it is shown that underground ground pressure activity
has a significant correlation with mining activities.

] x10°

]
Daily accumulated level value

Figure 6. Cont.
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3.2. Analysis of Stress Concentration and Ground Pressure Transfer Characteristics

According to the microseismic characteristics of the damage at different locations of
the mine site, the overall events are numerous and scattered in the overall monitoring
range. If all dimensions are selected as the model boundary, the accuracy of local data
analysis near the fault will be low. Next, we select the micro-earthquake events that can
show the relationship between the occurrence of typical damage and micro-earthquake in
the target period of Xianglushan Tungsten Mine for key analysis.

3.2.1. Distribution Law of the Concentrated Area of Microseismic Location Events

The microseismic positioning events monitored in the past two years are reproduced
in the plane. As shown in Figure 7a, through observation and analysis, microseismic
positioning events are mainly concentrated and distributed in the band area formed by two
blue dotted lines in the figure. The strike of the strip area is the same as that of the ore body.
In addition, the profiles of 6#, 12#, and 16# exploration lines are shown in Figure 7b—d,
respectively. The location of microseismic location events is also delineated in the profiles
of 6#, 12#, and 16# exploration lines. It can be seen that these positions are located at the
place with the largest buried depth in the mined-out area, at the core of the “anticlinal” ore
body, with a maximum buried depth of 200~300 m. The above microseismic monitoring
data show that the microseismic positioning events in the mined-out areas with large burial
depths are more concentrated than those in other areas.

@ )\ (b) /r [ B-B G#
o' B AP B
N “h
;s {'}Ef .‘ >
==z S - \
/ - . N
. (®) , 5 100 m Active area
[ L |
16 # °
—4.54 Magnifude
[
Cusa Magnifude 109
B . °
-
2012.10~2014.09 I L - | \ Sl
: - - - Acti\'te area % |
0 ° 1000 m ’ I "’*\ L M

Figure 7. The relationship between the concentration bands of microseismic monitoring events and
the profile positions of the main ground pressure manifestation points. ((a) Top view; (b) Section B-B;
(c) C-C profile; (d) D-D profile).

It is reflected from the side that this type of damage is mainly caused by the buried
depth. Therefore, it is preliminarily concluded that typical microseismic events are dom-
inated by special damage category. Specifically, mine microseismic positioning events
tend to be concentrated and distributed along the strike of the ore body, in the core of the
“anticlinal” ore body, and the strip-type area with the largest burial depth. Figure 7a shows
that the strip-type area along the strike of the ore body is the most concentrated place of
the whole microseismic activity of the mine and the area with the highest concentration
of stress. This strip area is the most likely place for future ground pressure activities and
large-scale collapse of mined areas and is the key area for mine safety management.
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3.2.2. Law of Stress Concentration and Transfer

From the perspective of mining disturbance stress transfer, it can be seen from the
analysis of underground stress-monitoring results at the mine site, as shown in Figure 8,
2* measuring point has the largest increase in stress, and the increase in stress is about
1.1 Mpa. Moreover, 1* and 9* stress increase slightly, by 0.3 MPa and 0.34 MPa, respectively,
and for 6%, the stress at the measuring point is unchanged and slightly decreased. The
results of the stress meter measurement show that the stress in the fourth mining area in
the west of the fifth pit mouth underground increased greatly. The stress in the 585 and
126 mining areas of No. 216 and No. 2 pit mouth is increased to a certain extent. The stress
level of the 9* measuring point in the abovementioned measuring points gradually tends to
be stable, and the trend of the stress level of 1* and 2* measuring points is still in a state of
continuous increase on the whole. The stress in the mining areas of No. 4 and No. 216 and
No. 585 and No. 126 in the west of No. 5 and No. 2 pit mouths is increased to a great
extent, with the increase in stress ranging from 0.3 MPa to 1.1 MPa, and the trend is still in
a state of continuous increase on the whole. By comparing the mining area with the stress
concentration area, it can be seen that the mining disturbance in the mining area makes the
stress in the surrounding area produce a certain degree of stress concentration. As shown
in Figure 8, stress monitoring points are set at 2* and 1* positions. Around the remaining
mining area, the stress changes of 2* and 1* sensors are 1.1 MPa and 0.3 MPa, respectively,
that is, the new load on the pillar per unit area is 110 tons and 30 tons, respectively.

-4.54 Magnifude 1 09 ‘\

—— ¥ s

: Eastern residual mining site | ##_ No.585
Magnifude 1 09 .

454 ,

. * o

Stress
concentration
area indicated by

goaf collapse

Area where large-scale

occurred on June 2F§, 2013

stress monitoring

b e

0

Measuring point

Sensors

1000 m

Figure 8. Regional distribution of stress transfer and concentration after large-scale collapse event.

In terms of the overall stress transfer of the mine, a comprehensive diagram of the un-
derground microseismic monitoring and the location of the stress gauge from 28 June 2013
to September 2014 is shown in Figure 8, which shows the collapse of the large-scale mined-
out area at the fourth pit mouth of the eastern residual mining area that occurred on
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28 June 2013. It can be seen from the figure that the stress concentration areas reflected
by the stress monitoring are consistent with the microseismic active areas reflected by the
microseismic monitoring. This shows that there is great consistency between the active area
of microseism and the area of stress concentration. After the production limit in the east
of the two regions, small-scale collapse and other ground pressure phenomena continue
to occur in local areas, indicating that the stress monitoring and microseismic monitoring
have achieved good monitoring results, and the reflected underground ground pressure
characteristics are consistent and reflect the actual situation.

According to the analysis of the gathering area of microseismic positioning events
after the occurrence of large-scale mined-out area collapse, the microseismic positioning
events are mainly distributed at the arch foot of the “anticlinal” ore body, indicating that the
stress of the overlying strata after the large-scale collapse is transferred to and concentrated
in the arch foot of the entire mined-out area’s structural system. It shows that although
the area with the highest concentration of underground stress is not at the arch foot at
present, with the continuous occurrence of underground goaf collapse, the stress will
mainly transfer to the arch foot. Therefore, the western mining area that adopts the room-—
pillar method for mining according to the design should be the key area for future ground
pressure monitoring.

3.2.3. Distribution Law of Ground Pressure Manifestation Area

From October 2012 to September 2014, a total of 32 cases of ground pressure manifes-
tation were counted through monitoring and warning cases of the microseismic monitoring
system. These ground pressures show different scales, for example, large-scale collapse,
local pillar cracking, and roof fall, on 28 June 2013.

As shown in Figure 9, the solid circle represents the position of each ground pressure
display. The size of the circle indicates the scale of the relative ground pressure. The blue
dotted line shows that the stability classification of goaf belongs to the scope of Class IV
goaves of unsafe areas. Based on comparing the comprehensive map of the occurrence
area of ground pressure manifestation with the distribution area of the Grade IV goaf, the
overall law of the ground pressure manifestation area is as follows: most of the positions of
ground pressure manifestation are within the range of a Grade IV stable goaf. The goaf with
Grade 1V stability is mainly characterized by a large roof span and small pillar size, which
leads to the occurrence of roof fall and wall fragmentation in the goaf. Although these
areas may not be those with the most concentrated stress, they are relatively susceptible to
ground pressure safety accidents such as goaf collapse. Therefore, the goaf with Grade IV
stability should be the key area for daily ground pressure safety management.

3.3. Analysis of the Influence of Microseismic Activity on Production Intensity
3.3.1. Relationship between Monthly Underground Ore Output and the Monthly Total
Number of Single-Channel Events

Firstly, this is an approximate working condition comparison, which is an auxil-
iary pavement for the study of the ground pressure distribution pattern. The potential
pattern of this type of event is reflected from different levels side by side. The under-
ground ore yield was kept at 70,000~80,000 tons/month before the production limit in
July 2013. After the production limit in the east, the ore yield was reduced to about
40,000 tons/month. Figure 10 shows the changing trend of monthly ore output from
October 2010 to September 2014. At the same time, starting from the establishment of the
microseismic system, the total number of single-channel events in the underground every
month was counted, and its corresponding relationship with the monthly ore output is
shown in Figure 11.
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area of Class IV goaf.
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Figure 11. Trend chart of the relationship between cumulative ore yield and the cumulative total
number of single-channel events. (October 2010~September 2014, 48 months).

During the period from October 2010 to May 2013, the total number of single-channel
events per month was no more than 2500, ranging from 250 to 2400, with an average of
about 1300. After the large-area roof collapse at the fourth pit mouth on 28 June 2013,
the mine experienced the overall transfer and concentration of ground pressure, resulting
in increased microseismic activity in several local areas and the occurrence of ground
pressure. In July, August, and September after the production limit began in July 2013, the
overall microseismic activity of the mine was still far higher than the historical maximum.
The total number of single-channel events in July reached 21,669 and then decreased
rapidly. However, the total number of single-channel events in September still reached
3717. The areas with a sharp increase in a microseismic activity mentioned above are mainly
concentrated in the west fourth mining area, 216 mining area, north third mining area, and
585 mining area in the second mining area of the fifth mining area, and all have produced
ground pressure manifestations of different scales. The above areas belong to the most
unsafe Class IV area in the classification of goaf stability zoning. Since October 2013, the
overall ground pressure transfer effect caused by the large-area roof collapse at the four
pit openings has gradually slowed down. At the same time, the mining disturbance in
the eastern mining area has been significantly reduced by limiting production, and the
overall mine microseismic activity has gradually recovered to the level before the large-area
collapse. The maximum number of single-channel events per month is not more than 2000,
between 20 and 1951, with an average of about 1000.

The total reserves of the main ore body of Xianglushan Tungsten Mine are 17.56 million tons.
By September 2014, 10.18 million tons had been recovered, of which the western part
had been mined since September 2010, and about 1 million tons had been recovered by
September 2014. The eastern part recovered about 9.18 million tons, while the total reserves
of the eastern part of the ore body were 11.1 million tons, and the current recovery rate
reached 82.7%. The trend chart of the relationship between the cumulative ore output of
the eastern mining area and the cumulative total number of single-channel events is shown
in Figure 11. Under the condition of the current high recovery rate in the east, the ground
pressure situation faced by the next residual mining will be more serious, and the work of
filling in the east, the study of stope ground pressure law, and the monitoring and warning
of ground pressure disasters should be accelerated.
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3.3.2. Relationship between Monthly Underground Ore Output and Total Monthly
Positioning Events

From October 2012 to September 2014, 103 microseismic positioning events were
monitored underground. The spatial distribution of microseismic events is presented in
Figure 12a—c, which shows the spatial location of the location event during the period
from October 2012 to 28 June 2013, from 28 June 2013 to 30 September 2013, and from
October 2013 to September 2014.

(@) 2012.10~2013.06 (b) 2013.07~2013.09 (c) 2013.10~2014.09
( -} SN / e

1000m 1000 m 0

Figure 12. Spatial distribution of microseismic location events. (a) October 2012~June 2013.
(b) July 2013~September 2013. (c) October 2013~September 2014.

Figure 13 shows that during the period from October 2012 to May 2013 the maximum
number of events per month was not more than 12, ranging from 1 to 12, with an average
of 5. On 28 June 2013, after the large-area roof collapse at the fourth pit mouth, the mine
experienced an overall transfer and concentration of ground pressure, resulting in increased
microseismic activity in several local areas and the occurrence of ground pressure. In the
3 months of June, July, and August after the start of the production limit in 2013, the overall
microseismic activity of the mine was far higher than the historical maximum, with the total
number of positioning events in June, July, and August reaching 20, 21, and 2, respectively.
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Figure 13. Trend chart of the relationship between monthly ore output and a monthly number of
positioning events (October 2012~September 2014, 24 months).

The areas where the above microseismic activity has increased sharply are mainly
concentrated in the west fourth mining area, 216 *, and 585 * in the second mining area of
the fifth mining area, and all have produced ground pressure manifestations of different
scales. It is also the most unsafe Grade IV area in the classification of goaf stability. Since
September 2013, the overall ground pressure transfer effect caused by the large-area roof
collapse event at the fourth pit mouth has gradually slowed down.
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At the same time, the mining disturbance in the eastern mining area was significantly
reduced by limiting production. The overall microseismic activity of the mine gradually
recovered to the level before the large-scale collapse. In general, the ground pressure
transfer and stress concentration show obvious consistency with the change in ore yield.
Figure 14 shows the relationship between the cumulative ore yield and the cumulative total
number of positioning events. Specifically, the total number of localized events per month
is no more than 4, ranging from 0 to 4, with an average of about 0.8.
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Figure 14. Trend chart of the relationship between cumulative ore yield and the cumulative total
number of positioning events (October 2012~September 2014, 24 months).

3.4. External Performance Characteristics of the Overall Ground Pressure Development of the Mine

Through the above analysis, we know the characteristics of the distribution and trans-
fer of mine stress and its production-related activity characteristics during the analysis
period. In addition, the overall data are consistent by year, and they do show obvious
changes. The spatial distribution and evolution of microseismic positioning events mon-
itored underground from 2013 to 2018 are shown in Figure 15. In terms of the overall
evolution, it shows the specific location, magnitude, and aggregated location and magni-
tude information of microseismic positioning events each year. It also shows how to verify
it by other auxiliary methods, and then verify the relationship between ground pressure
and microseismic events by parameters such as surface subsidence and energy release.

3.4.1. Analysis of Development Characteristics of Ground Pressure Based on
Surface Subsidence

Through the survey point layout and data monitoring and analysis of specific un-
derground points, we can see that the deformation of all survey points on the surface is
not obvious in all directions except for the accumulated deformation of 20 mm in the due
north direction of 1 * survey point (the horizontal survey accuracy is 10 mm). However,
there are large fluctuation anomalies. Figure 16 shows the development trend of total
settlement in the elevation direction of each measuring point on the surface. It can be seen
that the surface settlement deformation is not obvious and has not caused a major hard
impact temporarily. Continuous observation should be maintained to assess its future
development trend.
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Figure 15. Evolution diagram of space-time distribution of underground microseismic
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Figure 16. Development trend of total settlement at each measuring point on the surface
(May 2013~May 2014).

Figure 17 shows the development of underground pressure appearance times before
and after the large-area collapse. It can be seen that the number of ground pressure mani-
festations peaked in July and August after the large-scale collapse event on 28 June 2013,
which was greater than the historically highest level before the large-scale collapse event,
indicating that the underground stress redistribution and concentration after the large-scale
goaf collapse event entered a peak period. With the end of the stress adjustment period
of three months after the large-scale goaf collapse event, the number of ground pressure
manifestation events is again at the average level before the large-scale collapse.
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Figure 17. Change the trend of ground pressure before and after large-area collapse.
3.4.2. Analysis of the Development Characteristics of Ground Pressure Based on
Energy Release
From Figure 15, it can be seen that the spatial distribution and evolution process of
microseismic positioning events were monitored underground from 2013 to 2018. The
figure shows in detail the specific location and magnitude of microseismic positioning
events for each year. Combined with the change of the whole process, we analyzed the
change law of microseismic events and their energy release to reflect the characteristics
of ground pressure change from the side and verify them. The annual event rate and
cumulative energy release rate of underground microseismic positioning are shown in
Figure 18.
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Figure 18. Trend chart of downhole microseismic positioning event rate and cumulative energy
release rate per year.

A total of 122 microseismic positioning events were monitored from 2013 to 2018. The
most active microseismic positioning events in 2013 totaled 70. After the production of the
eastern residual mining area began to decrease in the second half of 2013, the microseismic
positioning events decreased significantly in the four years from 2014 to 2017. The number
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of microseismic positioning events per year is only 0-7, lower than the level of 10% in
2013, and the microseismic activity rate is significantly reduced. At the same time, the
frequency and intensity of underground ground pressure are also in a corresponding state
of relaxation, and the ground pressure situation is slowing down. However, in 2018, the
number of microseismic positioning events increased to 34, and the cumulative energy
release rate was similar to that in 2013. In 2013, it was 5388 J, and in 2018, it was 5091 ],
which indicates that the underground microseismic activity rate in 2018 had started to
intensify again. At the same time, the frequency and intensity of underground ground
pressure manifestation increased significantly. It indicates that the underground pressure
situation in 2018 will start to deteriorate again.

According to the above analysis, underground microseismic activity in 2018 in-
creased significantly compared with that in 2014-2017. The spatial distribution of un-
derground microseismic positioning events in 2018 is shown in Figure 19. It can be seen
that 34 microseismic positioning events are distributed in and near the core of the “anticli-
nal type” with the largest burial depth. This shows that after the development and transfer
of large ground pressure in the early stage, the energy release is much slower and there is
essentially no obvious concentration phenomenon in the location. It also shows that the law
of ground pressure development and transfer can be objectively verified by microseismic
monitoring data.

~ Exploration line

Warning area line

—454 Magnifude .
[ .
Magnifude

. [ ]

—4.54

0 o ol 16# 1000 m

Figure 19. Spatial distribution of underground microseismic positioning events in 2018.

With the release of energy, the characteristics of moment magnitude change of micro-
seismic events reflect the magnitude and indicate the degree of damage. It can reflect the
fracture area, average dislocation momentum, and shear modulus of rock at the dislocation
of microseismic events. The changing trend of the moment magnitude of microseismic
positioning events with time in 2018 is presented in Figure 20, which shows that, in
October 2018, the maximum moment magnitude reached 0.3.
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Figure 20. Spatial concentration relationship diagram of underground microseismic positioning
events in 2018.

4. Discussion and Conclusions

On 28 June 2013, a large-scale roof collapse and ground pressure display event occurred
at the four pits where the eastern and western mining areas of Xianglushan Tungsten Mine
intersect. The collapse of the large-scale mined-out area caused the stress transfer and
redistribution of the whole mine and triggered ground pressure manifestation events of
different scales in many regions. Through certain monitoring methods such as microseismic
monitoring we can reproduce the change process of ground pressure and stress transfer
before and after the event, to analyze its internal characteristics, summarize the change
rules, and finally, provide response references for similar mines and accidents. Specifically,
we discussed the characteristics of microseismic event concentration in different working
conditions and different locations, for example, the distribution of ground pressure transfer
and microseismic events in a strip pattern, and the distribution of the main top concentrated
areas. In addition, the data on surface subsidence, energy release, and ore yield were
verified. In general, the data conform to the overall trend of ground pressure distribution
and the actual objective working conditions of the mine site.

Taking Xianglushan Tungsten Mine as the engineering background, the microseismic
monitoring system was built to analyze the ground pressure manifestation law, and the
ground pressure transfer characteristics were comprehensively analyzed in combination
with microseismic events and residual mining. The ground pressure transfer and distribu-
tion were analyzed from different spatial angles, and the ground pressure manifestation
characteristics in different periods before and after were compared on the timeline. Finally,
the system was verified and analyzed by auxiliary parameters such as ore yield, surface
subsidence, and energy release. The main conclusions are as follows:

(1) For the complete hard rock, when its stress increases, there will be micro-shock /acoustic
emission, which is the direct manifestation of the internal micro-fracture of the rock,
until the occurrence of macro-cracks, rock mass failure and instability, roof caving,
pillar spalling, pillar burst, and other macro-ground pressure phenomena such as the
occurrence of micro-shock signals will inevitably increase.

(2) The temporal and spatial distribution characteristics of microseismic positioning
events from 2013 to 2018 were summarized and analyzed. The characteristics of
microseismic activity reflect the evolution characteristics of the overall ground pres-
sure distribution of the mine, and the relationship between microseismic activity and
mining volume and surface subsidence was discussed, to guide mining.

(3) Through the collection of microseismic, stress, and ground pressure data before and
after the collapse event of the largest mined-out area in this period, the regional
distribution of microseismic activity, stress concentration, and ground pressure mani-
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festation were analyzed, and the characteristics of the overall ground pressure of the
mine and the changing trend of the overall ground pressure activity were studied.
The obtained overall ground pressure law and development trend guide the mining
and mined-out area treatment of the mine.

(4) According to the field monitoring data over five years, there are many microseismic
events in the year of large-scale collapse events, accounting for 57.4%. Since then,
the number of events has decreased significantly, less than 10% of the peak value.
The occurrence frequency and intensity of ground pressure tend to ease. In the later
stage, the growth rate is relatively fast, which is equivalent to the energy release. The
increase in event activity rate is confirmed laterally, reflecting the characteristics of
ground pressure transfer and redistribution.
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