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Abstract: In order to study the deformation evolution law of fault activation caused by deep mining
in Shizishan Copper Mine, China, a monitoring system for fault activation slip is designed and
implemented on the basis of the field investigation of footwall fault activation of the main orebody
in the mining area. The displacement and stress of the fault are monitored by the multipoint
displacement meter, bolt stress meter, and borehole stress meter. According to the measured results,
the activation deformation laws of fault F2, fault F3, and fault F4 during deep continuous mining
are analyzed in detail. The results show that, when the influence range of underground mining
spreads to the fault, the increase in the additional tensile stress on the fault plane will reduce the
shear strength of the fault and increase the slip of the fault. When the shear stress exceeds the shear
strength of the fault plane, the shear failure of the fault plane occurs, the rock mass on both sides of
the fault loses stability, and the fault becomes active; when the orebody in the deep sublevel 14 and
sublevel 15 were continuously stoped, the development of the mining influence area to fault F2 leads
to fault F2’s activation. When stoping the orebody in sublevel 16, fault F3 also activates. With the
continuous downward mining of the deep part, the slip amount increases continuously. The fault
activation sequence is from fault F2 to fault F3, and then to fault F4.

Keywords: steeply inclined orebody; deep mining; fault activation; monitor; deformation law

1. Introduction

With the rapid development of China’s economy, the demand for mineral resources is
also increasing gradually [1]. Complex geological conditions are often faced in underground
mining. The difficulty of underground mining will increase with increases in mining depth
and scope [2]. Faults are an inevitable main geological structure in underground mining,
and their existence will destroy the continuity and stability of rock strata, thus changing the
stress field and displacement field around the surrounding rock [3,4]. Fault activation may
occur in the process of deep underground mining, which results in many mine disasters,
such as rock burst [5], mine water inrush [6], and surface subsidence [7]. Therefore, fault
activation has always been one of the important factors affecting the underground safety of
mining [8]. Therefore, it is of great significance to analyze the deformation characteristics
of fault activation in mining areas to prevent and control related disasters caused by
fault activation.

In recent years, many scholars have carried out a lot of research on the deforma-
tion characteristics of fault activation. Most scholars have mainly focused on theoretical
analysis [9-11], numerical simulation [12-14], and similar simulation experiments [15-17].
These three research methods mainly simulate and analyze the mechanical mechanism
and activation process of fault activation, and then obtain the deformation characteris-
tics of fault activation. However, the geological structure distribution of field faults is
often complex; it is unavoidable to simplify the actual situation when analyzing through
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theory, numerical simulation, and similar simulation experiments. The spatial and tem-
poral deformation characteristics of fault activation are different from the actual situation.
At present, there is relatively little monitoring of site fault activation, and most of the un-
derground field monitoring is mainly microseismic monitoring. Chao Liu et al. [18] es-
tablished a microseismic monitoring system and analyzed the activity of an excavation
active interruption fault according to the monitoring results. Loginov G.N. et al. [19] dis-
cussed the optimization of microseismic monitoring in hard ore mining and developed a
program to estimate the precision of microseismic monitoring. Kurlenya M.V. et al. [20]
introduced the modeling process and calculation method of the wave field in anisotropic
medium microseismic monitoring. Fuxing Jiang et al. [21] combined numerical simu-
lation and microseismic monitoring to analyze the structure in underground mining.
Baotang Shen et al. [22] monitored the stress state near the geological structure (e.g., faults
and shear zones) of an underground coal mine in Australia. Ghosh G.K. et al. [23] moni-
tored the stress state change in the geological structure of Rajendra underground coal mine
in India to understand the change in stress distribution in the event of disasters and achieve
safer mining operations. Wu Cai et al. [24] put forward the mechanical mechanism of fault
activation dominated by the mine vibration load and the mechanism of dynamic and static
load superposition-induced thrusting. Zhenhua Jiao et al. [25] studied the evolution law of
fault damage and slip induced by mining in combination with on-site microseismic moni-
toring and orthogonal simulation tests. Shankun Zhao [26] comprehensively used acoustic
emission monitoring, displacement, and stress monitoring to study the characteristics of
overburden movement, ground pressure behavior and dynamic response before and after
fault activation under the influence of mining. Bradley Forbes et al. [27] used multi-point
rod extensometers, distributed optical fiber strand sensors, and borehole pressure cells
(BHPCS) to measure and monitor the displacement and stress state changes of ore pillars.
Narose H. et al. [28] built an underground mine monitoring system based on the Brillouin
optical time domain reflectometer (BOTDR) system in El Teniente mine, and conducted
field tests. Serdyukov S. et al. [29] introduced the engineering decision-making of micro-
seismic data acquisition equipment to improve the information content of microseismic
monitoring in the geodynamic process of underground hard ore mining.

In summary, for the study of fault activation monitoring, most scholars have focused
on the problem of rock burst induced by fault activation, but ignored the fault displacement
and stress changes in the process of fault activation. Few scholars have proposed analyzing
a fault activation slip’s spatial and temporal evolution characteristics through the field
monitoring of fault displacement and stress. Based on the background of fault activation
in the footwall of the main orebody induced by deep continuous mining in Shizishan
mining area, Yuxi City, Yunnan Province, China, this paper designs a monitoring system
suitable for fault activation and slip in this mining area in view of fault activation and slip.
The displacement and stress of the fault are monitored by the multipoint displacement
meter, bolt stress meter, and borehole stress meter. Through the field measurement of
fault activation and slip, the stress and displacement evolution laws of the fault group
activation process in the footwall of the main orebody during deep continuous mining are
analyzed, and the spatiotemporal evolution characteristics of fault activation are discussed.
The research results are significant for the research of fault activation monitoring methods
caused by deep mining and the prevention and control of related disasters caused by
fault activation.

2. Engineering Geology of Mining Area

Shizishan Copper Mine is located in Xiaojie township, Yimen county, Yunnan province,
at the junction of the Yimen, Shuangbai, and Lufeng Counties. It is 51 km from Yimen
county. Figure 1 shows the geographical location and regional structure outline of Shizishan
Copper Mine. The south of the mining area is adjacent to the basin of fault Yuanjiang,
the east is the Kunming depression belt, and the north is adjacent to the basin of fault
Luwu. A set of strata have been deposited from Sinian, Paleozoic, to Mesozoic. The west of
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the fault Lvzhijiang is the Yuanmou-Xinping ancient land, the Mesozoic red layer covers
the upper part, and the basement is the Dahongshan group stratum. Within the scope of
the mining area, the Kunyang group strata exposed accounted for more than 90%, only
partially covered by Mesozoic red beds [30].
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Figure 1. Position and regional structure outline of Shizishan Copper Mine.

The Kunyang group strata exposed in the mining area can be divided into seven
groups, with a total thickness of more than 10,000 m. They are a set of shallow marine
clastic rock formations and carbonate formations. The strata of each group from top to
bottom are the Lvzhijiang formation, Etouchang formation, Luoxue formation, Yinmin
formation, Meidang formation, Dalongkou formation, and Heishantou formation. The
main lithologies of the mining area are Cyan grey dolomite, Faded dolomite, Purple slate,
and Carbonaceous slate. The structure of the deposit is the same as the regional geological
structure. The dominant fault group that has a great influence on deep mining is the NE
longitudinal fault group, which is located in fault F2, fault F3 and fault F4 of the footwall of
the main orebody. Fault F2 and F3 extend from sublevel 10 to sublevel 15, extending more
than 200 m, of which the projects in sublevel 11 and sublevel 12 are relatively exposed more.
Fault F4 extends from sublevel 6 to sublevel 18, which is a weak interlayer of Carbonaceous
slate. The occurrence of each fault is shown in Table 1, and the geological engineering
profile of each fault is shown in Figure 2.

Table 1. Parameter table of the main fault in the footwall of the main orebody of Shizishan Copper Mine.

Number of Fault Trend (°) Tendency (°) Dip Angle (°)
F2 222 132 69
EF3 221 131 71

F4 219 129 78
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Figure 2. Engineering geological profiles of faults in Shizishan Copper Mine.

The dip angle of the orebody in Shizishan mining area is 70°-80°, which belongs to
the steeply inclined orebody. The mine was put into operation in October 1977. The highest
elevation of the mine’s ground is 2143 m. The first-stage project is from sublevels 4 to §,
and the design elevation is 1807 m ~ 1587 m. The second-stage project is from sublevels 9
to 13; the design elevation is 1587 m ~ 1337 m, and the stoping is finished. The project’s
third phase is from sublevels 14 to 15, and the design elevation is 1337 m ~ 1237 m. The
basic stoping of the third-phase project is completed. The fourth phase of the project is
from sublevel 16 to 24, and the design elevation is 1237 m ~ 787 m.

3. Field Survey of Fault Activation Slip in Mining Area

Through the investigation of rock mass movement from sublevel 7 to sublevel 15 of
the footwall of the main orebody in Shizishan mining area, we focused on determining the
dominant faults that have an important impact on the stability of the project and selecting
the appropriate monitoring points for the layout of the rock movement monitoring network.
The investigation in April 2010 showed that the footwall of fault F2 had a great influence
on the movement of rock mass. The maximum slip of fault F2 was 0.50 m. The deformation
and failure of the roadway and chamber controlled by the fault are serious. With the overall
subsidence of the hangingwall of the fault, many projects have been abandoned. However,
fault F3 and fault F4 have not been activated, and fault FC2 and fault FC3 in the lower
part of sublevel 18 have not been exposed. The field investigation in April 2015 showed
that, during several years, under the influence of deep continuous mining, the slip of fault
F2 continued to increase and reached about 1.6 m. Fault F3 has been activated under the
influence of deep mining, the fault dislocation was obvious, and the slip amount was about
0.3 m. The faults in the footwall of the main orebody in the mining area are developing,
and there are weak planes objectively, which create conditions for roadway deformation,
cross-fall, collapse, and rock mass movement. Partial slip photos of fault F2 are shown in
Figure 3 (April 2010).



Appl. Sci. 2022,12, 6863

50f 20

Figure 3. Partial slip photos of fault F2 (April 2010); they should be listed as: (a) The dislocation along
the fault in the sublevel 12 roadway; (b) Fault movement along the fault in the bypass of sublevel
12’s chute; (c) Sliding of the fault near the chute in the sublevel 12; (d) Fault dislocation of material
chamber in sublevel 12.

4. Design of Fault Activation Slip Monitoring System

In order to explore the law of fault movement and failure in the process of deep
continuous mining and its influence on the surrounding rock of the roadway, a monitoring
system of fault activation slips was designed based on the field rock mass movement
survey. Rock mass movement was mainly monitored for the displacement change in fault
dislocation and the stress change in the surrounding rock in the hangingwall and footwall
of the fault.

4.1. Monitoring Content

According to the actual situation of rock mass movement in the mining area, the
monitoring content of underground rock mass movement was determined as follows:
(1) during the mining process, the slip amount and variation laws of fault F2, fault F3, and
fault F4 in the footwall of the main orebody were determined; and (2) the surrounding rock
stress and its variation laws of the hangingwall and footwall of fault F2, fault F3, and fault
F4 caused by mining were determined.

4.2. Monitoring Method

The monitoring of the fault is mainly based on the slip of the fault (dislocation displace-
ment of the hangingwall and footwall of the fault), supplemented by stress monitoring.
The multipoint displacement meter [31] is used to monitor the fault slip. Due to the large
cumulative slip of the fault, the multipoint displacement measurement range is limited.
When the slip exceeds the multipoint displacement measurement range, the marker line
method is used to observe the displacement of the fault. The bolt stress meter and borehole
stress meter [32,33] are used to observe the surrounding rock stress of the hangingwall
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and footwall of the fault. The monitoring instrument adopts a vibrating wire multipoint
displacement meter (monitoring precision is 0.01 mm), vibrating wire bolt stress meter
(monitoring precision is 0.01 MPa), and vibrating wire borehole stress meter (monitoring
precision is 0.01 MPa).

4.2.1. Monitoring Method of Fault Displacement Change
(1) Multipoint displacement monitoring method

The two-point multipoint displacement meter is used to monitor the dislocation
displacement of the hangingwall and footwall of the fault. During installation, the sensor
and the shorter anchor head are placed on the footwall of the fault so that, when the
hangingwall of the fault moves towards the goaf, the shorter anchor head and the sensor
remain relatively stationary, and the displacement measured by the longer anchor head is
the fault dislocation displacement. Therefore, it is only necessary to read the displacement
of the longer anchor head crossing the fault when measuring the displacement of fault
dislocation. A schematic diagram of the installation of the multipoint displacement meter

is shown in Figure 4.
\ Fault

Roadway

M2 M1
-

Multi-point
displacement meter

Figure 4. Installation diagram of the multipoint displacement meter.

(2) Mark line observation method

The mark line observation method is simple for field operation, convenient in applica-
tion and can meet the observation requirements. When using this method, it is necessary to
set up a marked observation line at the exposure of the fault on the roadway or chamber
wall. When the fault slips, the marked line will slip along with the fault, and the marked
observation line will move. The three-dimensional displacement of the staggered marked
line on fault plane L is the actual slip amount of the fault. The schematic diagram of the
mark line observation method is shown in Figure 5.

The relative increase in fault shear stress or the decrease in normal stress caused
by mining may cause fault activation. However, according to the currently retrieved
literature, there are few reports on an observation method for the fault stress state in the
ground pressure activity and rock movement monitoring caused by underground mining.
Therefore, this paper explores the observation method for the fault stress state and analyzes
the variation law of the fault stress state in the mining process.

4.2.2. Monitoring Method of Fault Stress State

The change in the additional tensile stress perpendicular to the fault plane in the
surrounding rock in the hangingwall and footwall of the fault was observed by using the
bolt stress meter. During installation, the borehole was perpendicular to the fault plane,
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and equal distance from the stress gauge in the surrounding rock of the hangingwall and
footwall to the fault plane was kept. The distance selected in this paper was 2 m. The
installation schematic of bolt stress meter is shown in Figure 6.

(1

Figure 5. Schematic diagram of the mark line observation method.

\ Fault | \

Fault

Roadway

Roadway S i ‘0

(a) (b)

Figure 6. Installation diagram of the bolt stress meter, they should be listed as: (a) Installation
schematic diagram of the bolt stress meter in the footwall of the fault; (b) Installation schematic
diagram of the bolt stress meter in the hangingwall of the fault.

The variation of additional shear stress along the dip direction of fault plane in
surrounding rock of hangingwall and footwall of fault was monitored by the borehole
stress meter. The borehole was perpendicular to the fault plane, and equal distance from
the stress gauge in the surrounding rock of the hangingwall and footwall to the fault plane
was kept. The distance selected in this paper was 1 m. The installation diagram of borehole
stress meter is shown in Figure 7.
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Figure 7. Installation schematic diagram of the borehole stress meter, they should be listed as:
(a) Installation diagram of the borehole stress meter in the footwall of the fault; (b) Installation
schematic diagram of the borehole stress meter in the hangingwall of the fault.

4.3. Layout of Monitoring Points

A schematic diagram of the displacement and stress measuring points in each sublevel
is shown in Figure 8. W is the multipoint displacement meter, BZX is the marked line
monitoring point, M is the bolt stress meter, and Z is the borehole stress meter. In the
multipoint displacement meter, the hole depth of monitoring points W11-6 is 12 m, and the
spacing of the measuring points is arranged according to 4 m and 8 m, the hole depth of
the other displacement meter is 4 m, and the spacing of the measuring points is arranged
according to 1 m and 3 m. The borehole stress meter and bolt stress gauge depths are both
4 m. Photographs of some on-site monitoring instruments are shown in Figure 9.

/ ;M 10-2
// r—~ W10-1

r 7101
/- MI0-1

(a)

Figure 8. Cont.
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(e)

Figure 8. Schematic diagram of the arrangement of measuring points in each sublevel. (a) Mea-
suring point position diagram of sublevel 10. (b) Measuring point position diagram of sublevel 11.
(c) Measuring point position diagram of sublevel 12. (d) Measuring point position diagram of sublevel
13. (e) Measuring point position diagram of sublevel 14.

Figure 9. Photographs of the field monitoring instruments, they should be listed as: (a) On-site
monitoring diagram of the multipoint displacement meter; (b) On-site monitoring diagram of the bolt
stress meter; (c) On-site monitoring diagram of the borehole stress meter; (d) The author recording
the monitoring data in the field.
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5. Monitoring and Activation Law Analysis of the Fault Activation Slip
5.1. Displacement Analysis
5.1.1. Calculation Formula of Multipoint Displacement Meter

In the measurement process of the multipoint displacement meter, the displacement
of the final fault dislocation can be calculated by Formula (1) [34,35].

P = K(F; — Fp) 1)

In the above formula: P—Displacement (mm);

K—Sensitivity coefficient of displacement meter (mm/F);
Fi—Frequency modulus at measurement (Frequency value EF2«1073);
Fo—Measured initial frequency modulus (Frequency value Fy? * 1073).

5.1.2. Analysis of Displacement Monitoring Data

According to the previous survey results, all faults to be monitored are normal faults.
Therefore, this monitoring adopts two anchor head multipoint displacement meters. When
installing the monitoring instrument, try to ensure that the multipoint displacement meter
sensor and the shorter anchor head are located in footwall of the fault, and the deeper
anchor head crosses the fault and is located in hangingwall of the fault. The results are
processed based on the monitoring data; since the deep anchor head moves together
with the fault during the movement of the hangingwall of the fault toward the goaf, the
displacement measured by the deeper anchor head is the fault dislocation displacement,
while the shorter anchor head and sensor are located in the footwall, which are relatively
immobile, so the readings are within the normal error range and in the immobile state.
Therefore, the displacement measured by the measuring point on the hangingwall of the
fault crossing the fault is the fault slip displacement. The multipoint displacement meter
monitoring curve of fault F2 is shown in Figure 10. Since 25 July 2011, the monitoring
displacement of the multipoint displacement meter at each measuring point of fault F2 has
gradually exceeded the range; therefore, after 25 July 2011, the observation of fault F2 was
mainly conducted by the mark line observation method. The mark line measuring point is
located in the exposed area of fault F2 in sublevel 12. Two points with better conditions
are selected to set up the mark line observation. The data are read every three months.
The slip of fault F2 observed by the marker line observation method is shown in Figure 11.
Figures 12 and 13 show the multipoint displacement meter monitoring curve of fault F3
and fault F4, respectively. The monitoring period was from November 2010 to April 2015.
The mining elevation is from sublevel 14 to the end of sublevel 15, and the stoping of deep
orebody in sublevel 16 and the development of sublevel 17 are currently underway. The
main results of the observation are as follows:

(1) Asof 25 July 2011, the cumulative displacement of each measuring point for monitor-
ing fault F2 is: W11-1is 291.2 mm, W11-2 is 332.3 mm, W12-1 is 350.4 mm, W12-2 is
374.1 mm, W13-1 is 385.3 mm, and W13-2 is 400.5 mm. During the monitoring period,
the average cumulative movement of fault F2 is 355.6 mm, and the average movement
rate is 1.36 mm/d. As of 14 April 2015, the fault F2 mark line monitoring, cumulative
fault slip of measuring point BZX1 is 1.45 m, and the cumulative fault slip of measur-
ing point BZX2 is 1.56 m. The cumulative slip of each measuring point of fault F3 is:
W11-5is 21.33 cm, W12-3 is 22.13 cm, W12-4 is 25.16 cm, W13-3 is 25.188 cm, W13-4
is 27.00 cm, W14-1 is 27.26 cm, and W14-2 is 27.27 cm. The displacement values of
each measuring point used for monitoring fault F4 are as follows: W10-1 is 0.021 mm,
W11-6 is 0.024 mm, W11-7 is 0.038 mm, and W12-5 is 0.072 mm.

(2) From the trend of the slip—time curves of the three faults, the moving rate of fault F2
is relatively large. After the fault activation under the influence of deep mining, the
cumulative slip is the largest, reaching 1.56 m. Fault F3 has also activated and slipped
under the influence of mining, and the cumulative displacement of the measuring
point with a large slip is 27.27 cm. The measuring point with the largest displace-
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4)

Slip amount (cm)

ment of fault F4 is W11-6, and the displacement is 0.072 mm. The displacement
value is small and within the normal error range, indicating that fault F4 has not
been activated.

According to the monitoring results, during the same monitoring time, the monitoring
displacement of the multipoint displacement meter in the lower sublevel is greater
than that in the upper sublevel, and the displacement of the measuring point near
the goaf is greater than that far away from the goaf, indicating that the movement of
the fault propagates from the bottom to the top. From nearby to far away from the
goaf, the fault activation sequence is from fault F2 to fault F3, and then to fault F4. In
general, for fault F2, at the same monitoring time, the displacement of the measuring
point on the west side of the fault is greater than that on the east side of the fault. For
example, the displacement of measuring point W11-2 is greater than that of W11-1,
the displacement of measuring point W12-2 is greater than that of W12-1 and the
displacement of measuring point W13-2 is greater than that of W13-1, indicating that,
in the process of moving the hangingwall of fault F2 to the goaf, there is also a rotation
along the right direction of the fault. The main reason is that the west side is closer to
the mining area.

From the monitoring results, the dislocation displacement of fault F2 and fault F3 has a
sudden increase during the monitoring time; it is especially obvious in the monitoring
data of fault F2. Compared with the observation time of the large displacement
change and stope blasting time, it can be learned that the point of time of the sudden
increase in the large displacement is the large blasting time or a short time after
blasting. This indicates that large underground blasting has a certain influence on
fault activation dislocation.
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Figure 11. Slip—time monitoring curve of fault F2 observed by the mark line.
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Figure 13. Multipoint displacement meter monitoring displacement-time curve of each measurement
point of fault F4.

5.2. Stress Analysis
5.2.1. Analysis of Monitoring Results of the Bolt Stress Meter

(1) Computing formula

In the measurement process of the bolt stress meter, the stress of the surrounding rock
around the final fault can be calculated by Formula (2) [35].

P S (fl-z - F02>
P=—=—"—7—"+ 2
A A

In the above formula:

P—Stress on the measured bolt stress meter (MPa);

A—Cross-sectional area of the measured bolt stress meter (m?);

P'—The force on the measured bolt stress meter (kN);

S—Sensitivity coefficient of the bolt stress meter (kN /Hz?);

Fo—Initial frequency of the bolt stress meter;

fi—Working frequency of the bolt stress meter.

(2) Analysis of monitoring results of the bolt stress meter

If the frequency of the bolt stress meter reading instrument increases, the calculated
results are positive under tension force. The frequency of the readout is decreased, and the
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calculation results are negative under compressive stress force. According to the actual
situation of tension and compression, different sensitivity coefficients were used to calculate
the stress measured at each measuring point. According to the installation diagram of the
bolt stress meter in Figure 5, the measured stress of the bolt stress meter is the change in
the additional stress of the rock mass near the fault plane perpendicular to the fault plane.
The stress curve of each measuring point with time is shown in Figures 14-16.
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Figure 14. The stress—time curve of each measuring point of fault F2 monitored by the bolt stress meter.
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Figure 15. The stress—time curve of each measuring point of fault F3 monitored by the bolt stress meter.
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Figure 16. The stress—time curve of each measuring point of fault F4 monitored by the bolt stress meter.
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As of 14 April 2015, the stress values of each measuring point used to monitor fault F2
are as follows: M11-2is 9.77 MPa, M12-2 is10.20 MPa, M13-1is 11.24 MPa, and M13-2 is
11.44 MPa. Due to the damage near measuring points M11-1 and M12-1, the readings
of these two measuring points are those as of 14 July 2012. During the monitoring
period, the average tensile stress of the hangingwall of fault F2 perpendicular to
fault plane 2 m is 6.65 MPa, and the average tensile stress of the footwall of fault F2
perpendicular to fault plane 2 m is 5.46 MPa. The stress values of each measuring
point for monitoring fault F3 are: M13-3 is 3.64 MPa, M13-4 is 3.72 MPa, M14-1 is
4.27 MPa, and M14-2 is 3.96 MPa. The stress of each measuring point of fault F4 is
within the initial error range, and the change is small.

The calculation shows that, with the continuous deep mining, the additional tensile
stress of the surrounding rock of the hangingwall and footwall of faults F2 and F3 is
vertical to the fault plane and increases over time; the stress of fault F4 changes little.
Through data analysis and the comparison of the changes in the additional tensile
stress of each measuring point on the hangingwall and footwall of the fault at the
same time, it is found that the additional tensile stress in the hangingwall of the fault
is greater than that in the footwall of the fault at the same fault, indicating that the
existence of the fault has a certain barrier effect on the stress distribution.
Comparing the three monitoring times with large stress variation values and the large
blasting time of the stope, after the large blasting operation was carried out in the
stope of sublevel 15 of the footwall of the main orebody, the stress value increases
rapidly, indicating that the blasting operation has a great influence on the stress
distribution in the fault and surrounding rock. It also indicates that the stress in the
orebody and surrounding rock change significantly under the influence of mining,
and the ground pressure activity enhances significantly.

5.2.2. Analysis of Monitoring Results of the Borehole Stress Meter

After the borehole stress meter is installed, the frequency value and the compressive

stress in the borehole aperture direction can be read directly on the reader. According
to the schematic diagram of the borehole stress meter installation in Figure 6, the stress
measured by the borehole stress meter is the compressive stress in the direction of the
borehole aperture; that is, the variation in the additional shear stress of the rock mass
located on the hangingwall and footwall of the fault plane along the dip direction of the
fault plane. The variation curves of the compressive stress with time at each measuring
point are shown in Figures 17-19.
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Figure 17. The stress—time curve of each measuring point of fault F2 monitored by the borehole
stress meter.
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Figure 18. The stress—time curve of each measuring point of fault F3 monitored by the borehole
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Figure 19. The stress—time curve of each measuring point of fault F4 monitored by the borehole
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meter.

As of 14 April 2015, the stress values of each measuring point used for monitoring
fault F2 are as follows: Z11-2 is 16.50 MPa, Z12-2 is 17.96 MPa, Z13-1 is 19.04 MPa,
and Z13-2 is 15.75 MPa. Due to the damage near the measuring point, the readings
of Z11-1 and Z12-1 are those as of 14 July 2012. The stress values of each measuring
point used for monitoring fault F3 are as follows: Z13-3 is 8.41 MPa, Z13-4 is 7.67 MPa,
Z14-11is 7.50 MPa, and Z14-2 is 6.95 MPa. The stress of each measuring point of fault
F4 did not change greatly.

From the calculation results, it can be seen that, with the continuous deep mining,
additional shear stress along the fault plane is generated in the surrounding rock of the
hangingwall and footwall of fault F2 and fault F3 and increases gradually over time,
while the stress of fault F4 changes little and is within the error range. Through data
analysis, compared with the change in the additional shear stress of each measuring
point in the hangingwall and footwall of the fault at the same time, it is found that
the additional shear stress of the hangingwall of the fault is greater than that of the
surrounding rock of the footwall of the fault, indicating that the existence of the fault
has a certain barrier effect on the stress distribution. The change in the additional
shear stress at the monitoring point on the west side of the fault is greater than that
on the east side, indicating that the influence of mining on the west side of the fault is
greater than that on the east side—the main reason for this is that the mining area in
the west is closer to the fault.
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Comparing the bolt stress meter and borehole stress meter at the same monitoring
position of fault F2, it can be found that the additional shear stress generated by
the same monitoring position of the fault is greater than the additional tensile stress
within the same time.

Comparing the monitoring time with an abrupt change in the stress value and the
large blasting time of stope, it can be found that the stress value increases rapidly
after the large blasting operation, indicating that the blasting operation has a certain
influence on the additional shear stress along the dip direction of the fault plane.

5.3. Regularity Analysis of Fault Activation Slip Based on Monitoring Results

According to the monitoring data of fault activation dislocation displacement for more

than four and a half years and the monitoring results of stress change in the surrounding
rock of the hangingwall and footwall of the fault, the following conclusions can be drawn
by comprehensive analysis:

@)

@)

®)

4)

From the relative relationship between the fault and the location of the mining area
and the slip failure of the fault, it can be concluded that fault F2, fault F3, and fault F4
in the footwall of the main orebody are normal faults; that is, the hangingwall of the
fault has moved to the goaf or there is a trend to move to the goaf. Under the influence
of deep mining, the normal stress on fault F2’s and fault F3’s planes decreases, and
the shear strength decreases. When the shear stress is greater than the shear strength,
movement and failure to the goaf will occur.

During the mining of the orebody in sublevel 14 and sublevel 15, fault F2 was activated
as the mining influence area developed to fault F2. With the passage of time, the
slip amount of fault F2 gradually increased, and the cumulative slip amount reached
1.56 m. In the process of mining the orebody in sublevel 16 of the deep part, the mining
influence range is spread to fault F3, and fault F3 is also activated. At present, the
place with the largest accumulative slip amount is 27.27 cm, and with the continuous
downward mining in the deep part, the slip amount is increasing. The monitoring
data showed that activation dislocation did not occur at fault F4, indicating that the
mining influence range did not reach fault F4.

From the monitoring data results, in the same monitoring time, the monitoring
displacement of the multipoint displacement meter in the lower sublevel is greater
than that in the upper sublevel, and the displacement of the measuring point near
the goaf is greater than that far from the goaf, indicating that the movement of the
fault is transmitted from bottom to top, and the distance from the mining area is
developed from near to far. The fault activation sequence is from fault F2 to fault
F3 and then to fault F4. In addition, for fault F2, at the same monitoring time, the
displacement of the measuring point on the west side of the fault is larger than that
on the east side of the fault, indicating that the rotation of the hangingwall of fault F2
along the right direction of the fault occurs in the process of moving to the goaf. From
the stress—displacement curve with time combined with the large blasting time of the
footwall of the main orebody;, it can be concluded that blasting vibration has a certain
influence on the fault activation.

From the stress monitoring results, when the mining influence range spreads to the
fault, additional tensile stress perpendicular to the fault plane and additional shear
stress along the dip direction of the fault plane are produced in the surrounding rock of
the hangingwall and footwall of the fault and increase with the increase in the mining
influence range. At the same monitoring position, the additional shear stress is greater
than the additional tensile stress, and the stress change value of the surrounding rock
of the hangingwall of the fault is greater than that of the footwall, indicating that the
existence of the fault has a certain barrier effect on the propagation of stress. It also
shows that, when the influence range of underground mining affects the fault, the
increase in additional tensile stress on the fault plane will reduce the shear strength of
the fault and increase the slip of the fault. When the shear stress exceeds the shear
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strength of the fault plane, shear failure occurs on the fault plane, and the rock mass
on both sides of the fault loses stability, resulting in small dislocation or overall slip,
which is the essence of fault F2’s and fault F3’s activation. From the monitoring results,
fault F4 has not yet been activated.

According to the activation slip of the fault, the movement of the surrounding rock
of the hangingwall of fault F2 will lead to a decrease in the confinement effect of
the surrounding rock of the hangingwall of the fault on the surrounding rock of the
footwall. The surrounding rock of the footwall of fault F2 is the surrounding rock of
the hangingwall of fault F3. When the confinement effect of the surrounding rock
of the hangingwall fault of F2 on the surrounding rock of the footwall is small to
enough, the hangingwall of fault F3 will also move in the direction of the goaf, and
the movement of fault F3 to a certain extent may also lead to the dislocation of fault
F4. Therefore, the footwall of the main orebody is controlled by the dominant fault,
and the movement and destruction of the fault conform to the domino effect.

6. Conclusions

)

@)

®G)

When sublevel 14 and sublevel 15 are continuously mined in the deep part of the main
orebody, the mining influence range spreads to fault F2, and fault F2 is activated. With
the passage of time, the slip increases gradually. In the process of mining the deep
orebody of sublevel 16, the mining influence range spreads to fault F3, and fault F3 is
also activated. As the deep mining continues downward, the slip amount is increasing.
During the monitoring period, fault F4 did not generate activation dislocation.
Within the same monitoring time, the monitoring displacement of the multipoint
displacement meter in the lower sublevel is greater than that in the upper sublevel,
and the displacement of the measuring point near the goaf is greater than that far
from the goaf, indicating that the movement of the fault is transmitted from bottom to
top, and the distance from the mining area is developed from near to far. The fault
activation sequence is from fault F2 to fault F3, and then to fault F4. Moreover, for
fault F2, at the same monitoring time, the displacement of the measuring point on the
west side of the fault is larger than that on the east side of the fault, indicating that the
hangingwall of fault F2 also rotates along the right direction of the fault in the process
of moving to the goaf; the main reason for this is that the west side is closer to the
mining area.

When the mining influence range spreads to the fault, additional tensile stress per-
pendicular to the fault plane and additional shear stress along the dip direction of the
fault plane are produced in the surrounding rock of the hangingwall and footwall
of the fault. The additional tensile stress increases with the increase in the mining
influence range. At the same monitoring position, the additional shear stress is greater
than the additional tensile stress, and the stress change value of the surrounding rock
of the hangingwall of the fault is greater than that of the footwall, indicating that the
existence of the fault has a certain barrier effect on the propagation of stress. When
the influence range of underground mining affects the fault, the increase in additional
tensile stress on the fault plane will reduce the shear strength of the fault and increase
the slip of the fault. When the shear stress exceeds the shear strength of the fault
plane, the fault plane will undergo shear failure, and the rock mass on both sides of
the fault will lose stability, resulting in small dislocation or overall slip, which is also
the essence of fault F2’s and fault F3’s activation.
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