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Abstract: Increasing construction depth, changeable failure formations, and redistributed stress
conditions inevitably make the mechanical response of mining shaft rock mass complicated. The
design method and construction technology of deep shaft need to be perfected urgently. We studied
the stability and control method of a main shaft from —930 m located in a deep gold mine. It
is concluded that the surrounding rock of the shaft faces conditions including non-high-stressed,
high-stressed, and possible instabilities. The failure types include structural plane-controlled failure,
deep stress induced failure, rock burst, low confining pressure shear failure, spalling, and frequent
conversion of multiple failure. The damages of the surrounding rock mass at —930~—1500 m
displayed “ear-shaped” damage, with damage ranges of less than 2.5 m. The shaft temporary
reinforcement adopted bolt mResh beam support, in which the length of the bolt was 2.5~3 m, and
the row spacing was 1.5 m. The steel type and diameter were determined by the on-site bolt pull test.
This temporary support countermeasure plays an important role in preventing shaft deformation
and is worth promoting in similar mines.
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1. Introduction

The utilization of deep mineral resources has become an inevitable trend in the de-
velopment of the world’s mining industry [1,2]. In order to mine deep mineral resources
safely and efficiently, it is necessary to dig a deep shaft from the surface to the deep ore
body [3,4]. At present, there are more than 200 mines with a depth of more than 1000 m
in the world; some deep mining shafts have been constructed close to 3000 m [5,6]. The
South Deep Mine in South Africa built a 2995 m ventilation shaft [7,8]. The depth of the
#10 shaft of Resolution Copper Mine in the United States is 2117 m [9,10]. The depth of the
#4 shaft of Lucky Friday zinc mine in the United States is 2922 m [11,12]. The depth of the
shaft bottom of the Kidd Creek Mine in Canada is 3014 m [13,14].

With the improvement of deep mineral resource exploration technology, there are
more deep vertical shafts being constructed in China’s underground mines [15]. The
number of shafts with a depth of more than 1000 m exceeds 30, and most of them are within
1200 m [16,17]. For example, the main shaft of Angang Gongchangling Iron Mine has a
depth of 1022 m, the depth of the new auxiliary shaft of the Chengchao Iron Mine of Wuhan
Iron and Steel Co., Ltd. is 1135 m, the main shaft of Tongling Nonferrous Dongguashan
Copper Mine is 1125 m, the depth of the mixing shaft in the Dongfeng mine field of
Linglong Gold Mine is 1018 m, and the depth of the mixed shaft of Jinchuan Longshou
Mine is 1083 m [18-20]. It can be seen from the above statistics that the construction depth
of vertical shafts in China will reach the range of 1500~2000 m in the next 5~10 years.

The shaft is the throat of the underground mine production system. It is the major
infrastructure project for underground mine construction. From the 1980s to the present,
more than 200 shafts have been deformed and damaged. Many shafts have been damaged
and repaired many times, and they are still unable to maintain stability [21-23]. The direct
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economic loss caused by the damage and repair of shafts is more than hundreds of millions
of USD. Compared with shallow-buried shafts, the geological conditions and stress states
of deep shafts are obviously different. Especially under the action of strong excavation and
unloading, the force state of the deep shaft is more complicated: (1) The surrounding rock
mass of the shaft is under the combined action of complex factors, including the plateau
rock mass stress, the high-water pressure, the strong excavation unloading, the high rock
mass temperature, and the vibration load [24,25]. (2) Under the comprehensive actions of
high stress and strong excavation unloading, the risk of rock burst in the surrounding rock
mass of the deep shaft seriously increases [26]. (3) In order to meet the requirements of
ventilation and lifting capacity, a large-section shaft structure is adopted.

With the increase of the construction depth of the shaft, the changeable rock mass
formations and stress conditions inevitably make the mechanical response of the shaft
more complicated. Whether it is the increase of ground pressure or the deterioration of the
geological environment, the safety of the shaft is continuously threatened. At the same
time, large dynamic loads, such as blasting from a distance or activation of local faults, may
cause large ground vibrations at the shaft or even the failure of shaft support [27,28]. The
design method and construction technology of deep shaft engineering need to be changed
urgently. For this purpose, firstly, we investigated the geology and physical-mechanical
properties of the rock. Secondly, we analyzed the in situ stress distribution and the stress
redistribution after the excavation of the shaft. Thirdly, the corresponding support and
control strategies were analyzed, and the support parameters were optimized to control
the deformation of surrounding rock.

2. Geological Background and Engineering Overview
2.1. Geology and Faults

The main fault in the shaft area is located in the middle section of the Longkou-Laizhou
S-shaped fault structure, with a control length of about 2100 m. The fracture width of the
fault structure is about 200—420 m, and the overall strike is 40°, inclined to the northwest,
with a dip angle of 20-35°. A continuous and stable main fracture surface developed in
the center of the main fault, marked by gray-black fault gouge with a thickness of about
5-20 cm. The degree of rock mass fragmentation along the two sides of the main fault
surface is gradually weaker.

2.2. Rock Mass Quality

Combined with the on-site core survey (Figure 1), it was determined that the sur-
rounding rock mass of the main shaft within the depth range of —930~—1280 m is free of
fragmentation. The structural surface is closed without filling, and the particle boundary
on the core surface is in close contact. It was comprehensively judged that the surrounding
rock mass of the shaft in this depth range is un-weathered. Combining the scoring method
of RMR, the rating of rock mass is shown in Table 1. The UCS was obtained on MTS815 in
our laboratory, which is a fully integrated high-force test system optimized for carefully
controlled characterization of brittle materials. In total, 200 specimens sampled at different
depths were used.

Table 1. RMR rock mass classification results.

Location UCS/MPa RQD Joint Spacing Joint Condition Water Total Score  Classification Quality
—930.0~—972.0 102.5 17 10 25 15 74 I good
—972.0~—987.0 102.5 17 10 25 15 74 I good

—987.0~—1050.0 102.5 13 10 25 15 70 I good
—1050.0~—1073.0 102.5 13 10 25 15 70 II good
—1073.0~—1102.0 102.5 13 8 25 15 68 I good
—1102.0~—1153.0 102.5 17 10 25 15 74 I good
—1153.0~—1207.0 102.5 17 8 25 15 72 I good
—1207.0~—1250.0 102.5 17 10 25 15 74 I good
—1250.0~—1271.0 102.5 13 10 25 15 70 I good
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Figure 1. On-site rock core surface conditions.

We used the GD3Q-GA borehole TV to collect borehole image information (Figure 2a)
and used Dips software to process the image information, divide the joint fissures (Figure 2b),
and finally obtain the joint occurrence information. The statistical results are listed in Table 2.

Figure 2. Part of the borehole inspection image (a) and joint fissures (b).

Table 2. Statistics of joints in surrounding rock mass of wellbore at different depths.
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Table 2. Cont.

Locations Joints Locations Joints
—1050.00~ —1207.00~

—1073.00 m —1250.00 m

—1073.00~ ] = [ —1250.00~

—1102.00 m —1271.00 m

2.3. Engineering Overview

The net diameter of the main shaft is 6.7 m with elevation wellhead at +32.9 m. The
elevation of the bottom of the well is —1488.1 m, and the depth of the wellbore is 1527 m. The
content of the project mainly includes the excavation of the shaft, the development of horizontal
road ports, the arrangement of cables, etc. The construction process is shown in Figure 3.

4m

Figure 3. Cycle diagram of shaft digging and masonry operation.

3. Destruction Characteristics

The mechanical response of the surrounding rock mass of the shaft during the con-
struction mainly refers to the redistribution of the in situ stress and the deformation after
excavation. In order to obtain the distribution of in situ stress in the +32~—1495 m depth
range of the Gold Mine, the distribution law of in situ stress at different depths suitable
for different regions in China was obtained by fitting the test results of in situ stress at
different depths in different regions. The analysis and control of the stability of the new



Sustainability 2022, 14, 13329

50f11

main shaft of the mine and its surrounding rock provide data support. The principal stress
distribution equation can be obtained:

oy = 0.035h + 5.231
o, = 0.021h + 0.636
oy = 0.027h

The in situ stress redistribution of the surrounding rock mass includes the transverse
section of the unsupported rock mass, and the stress near the working face of the longi-
tudinal section. The deformation characteristics mainly refer to the radial convergence of
the surrounding rock of the shaft. Grasping the stress and deformation characteristics of
the surrounding rock mass after excavation can provide important basis for the stability
control [29,30].

3.1. Stress Distribution in Cross Section and Longitudinal Section

Here we use PHASE2 for a numerical simulation analysis of the cross-section stress
distribution. PHASE? is a 2-dimensional plastic finite element program for calculating
stresses and displacements around underground openings, which can be used to solve
a wide range of mining and civil engineering problems, including plane strain, elastic
or plastic materials, staged excavations, support (bolts/shotcrete) design, jointed rock,
groundwater, etc. It is a numerical method for solving partial differential equations in two or
three space variables. To solve a problem, a large system is subdivided into smaller, simpler
parts that are called finite elements. This is achieved by a particular space discretization in
the space dimensions, which is implemented by the construction of a mesh of the object:
the numerical domain for the solution, which has a finite number of points. PHASE2
has been widely used in geotechnical and mining engineering as a tool for the design
and the analysis of tunnel and surface excavation, as well as ore extraction and supports.
Several applications have been reported in the area of slope stability analysis. Its potential
applications in most areas in geotechnical engineering increase with the passage of time
and the accumulation of users’ experience.

The simulation in our study was carried out by the ideal elastoplastic constitutive
model in the Phase2 plane strain model. The boundary of the model adopts displacement
constraints in the X and Y directions with a triangular mesh. When the restrain option is
used to apply zero X-displacement boundary conditions, the nodes will be free to move in
the Y direction only, and the X displacement will be fixed at zero throughout the analysis.
When the restrain option is used to apply zero Y-displacement boundary conditions, the
nodes will be free to move in the X direction only, and the Y displacement will be fixed at
zero throughout the analysis. The number of mesh elements was 5769, and the number of
nodes was 2961. The maximum horizontal principal stress was applied in the X direction,
and the minimum horizontal principal stress was applied in the Y direction. According
to the rock physical and mechanical parameters provided by Yang (2016) [31], we used
the elastoplastic constitutive model and the Mohr—Coulomb yield criterion. The stress
distribution of the transverse section of the wellbore at different depths after excavation was
obtained and is shown in Figures 4 and 5. The plastic zone radius of the shaft surrounding
rock determined by the stress distribution at different depths is shown in Table 3.

Table 3. The radius of the failure zone determined by the stress distribution of the shaft.

Depth/m —930.0 —987.0 —1050.0 —1073.0 —1102.0 —1153.0 —1207.0 —1250.0
2 ~—987.0 ~—1050.0 ~—1073.0 ~—1102.0 ~—1153 ~—1207 ~—1250.0 ~—1271.0
Plastic radius/m 3.9 5.2 5.2 6.1 5.6 5.2 5.2 5.6
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Figure 4. The stress redistribution of the cross-section of the surrounding rock mass of the
shaft at different depths: (a) —1050.0~—1073.0 m, (b) —1073.0~—1102.0 m, (c¢) —1102.0~—1153 m,
(d) —1153.0~—1207 m, (e) —1207.0~—1250.0 m, (f) —1250.0~—1271.0 m.
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Figure 5. Stress distribution in longitudinal section of surrounding rock of wellbore at different depths:
() —1050.0~—1073.0 m, (b) —1073.0~—1102.0 m, (c) —1102.0~—1153 m, (d) —1153.0~—1207 m,
(e) —1207.0~—1250.0 m, (f) —1250.0~—1271.0 m.

3.2. Deformation Characteristics of Shaft Surrounding Rock Mass

There are three modes of the shaft surrounding rock mass failure, in the forms of ear-
shape, elliptical-shape, and butterfly-shape. We determined the damage range and form
of the surrounding rock mass by numerical simulation. The distribution morphology and
range of the damage zone at different depths are shown in Figure 6. It can be seen that the
radius of the plastic zone gradually increases with the increasing of depth. When the depth
is —930~—1073 m, the radius of the plastic zone is less than 2 m, and the maximum value
is 2.48 m, which appears at —1310~—1450 m. The range of the plastic zone is smaller than
the length of the general anchor bolt, and the range of the plastic zone can be controlled by

bolt support.
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(©) (d)

Figure 6. Distribution of plastic zone in surrounding rock mass of shaft at different depths.
(a) —1102~—1153 m; (b) —1153~—1207 m; (¢) —1207~—1250 m; (d) —1250~—1271 m.

4. Control Strategy

The ground motion represented by the peak ground velocity (PGV) has been accepted
as the most representative parameter to define the dynamic load in rock mass supporting
design. In the absence of in site measurements, a seismological method provides an
alternative for calculating the scale of the dynamic loads. Since the method takes the
seismic source and the wave travel into consideration, the accuracy of calculated values
is within the acceptable limits for engineering practice [32]. In this study, the rock mass
control design is given by the theories which considers elastoplastic mechanics and follows
the assumptions of “continuous, uniform and isotropic”. The influence of joints on support
design is mainly reflected in the calculation of rock mass strength reduction using rock mass
classification. The influence of relatively large geological structures or nearby projects on
the support design is mainly reflected in the temporal and spatial distribution of regional
secondary stresses, while geological structures such as faults and fracture zones, cannot
be reflected in the design of the shaft support. In this part, through numerical simulation,
we designed the limit depth (—1250~—1271 m) support strategy. Numerical models were
carried out for ideal surrounding rock mass without rock structure surface and surrounding
rock with rock structure surface. Combined with the rock mass parameters of the new
main shaft, the horizontal in situ stress was calculated to verify the feasibility of the shaft
support design (Figure 7).

The bolt parameters given in Figure 7 are 2.5 m in length, 1.5 m in row spacing. The
bolts are HRB500 steel type with 22 mm diameter. After the bolt is installed, the pressure of
the shaft surrounding rock mass is unloaded by stress splitting, and then 400 mm concrete
(C25) lining is applied. The simulation result was calculated and is shown in Figure 8.
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Figure 7. Schematic diagram of the —930~—1500 m support design of the new main shaft:
(a) Schematic diagram of longitudinal section. (b) Schematic diagram of transverse section.

(b)

Figure 8. The simulation results of bolt support for the surrounding rock of the shaft: (a) Simula-

tion results of bolt support without structural surface. (b) Simulation results of bolt support with
structural surfaces.

According to the simulation results of bolt support in Figure 8, the length of the
bolt is 2.5 m, and the radii of the plastic zone obtained by the simulation are 1.78 m and
1.84 m, respectively, which are smaller than the design length of bolt support and meet
the requirements of bolt support for the surrounding rock of the shaft. It is found that
the design concept of traditional shallow-buried shaft support—"“improving the strength
of concrete and increasing the thickness of concrete lining to control the stress”—is not
feasible in the design of a deep shaft support.

The temporary support of the surrounding rock of the new main shaft in the range of
—930~—1271 m is designed as anchor mesh beam support. The length of the anchor rod is
2.5 m, and the spacing between rows is 1.5 m. The steel type and diameter of the anchor rod
were selected by the on-site anchor rod pull test, and the anchor rod support parameters
have been verified to be reasonable. The support design for the surrounding rock of the
shaft in the range of —930~—1271 m is 400 mm C25 concrete, and its safety factor is greater
than 2.5, which meets the design expectations. The design parameters of support in the
range of —930~—1271 m can be extended to the level of —1494.10 m after the bolt length is
increased to 3 m.

5. Conclusions

The increasing construction depth and the redistributed stress conditions make the
mechanical responses of mining shafts complicated. We studied the stability and control
method of a main shaft from —930 m located in a deep gold mine. Results show that the
damages of the surrounding rock mass at —930~—1500 m displayed “ear-shaped” damage,
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with damage ranges of less than 2.5 m. The shaft adopted bolt mesh beam support as
temporary reinforcement, in which the length of the bolt is 2.5~3 m, and the row spacing is
1.5 m. The main conclusions are as follows:

(1) The type of surrounding rock of the new main shaft (—930~—1271 m) including non-
high-stressed (stable rock), high-stressed (unsqueezed rock, spall, or rock burst), and
possible instability failure.

(2) The failure types including structural plane-controlled failure, deep stress induced fail-
ure, rock burst, low confining pressure shear failure, spalling, and frequent conversion
of multiple failure.

(3) The damage of the surrounding rock mass of the shaft at —930~—1500 m is “ear-
shaped” damage, and the damage range is less than 2.5 m.

(4) The new main shaft adopted bolt mesh beam support as temporary support where
the length of the bolt is 2.5~3 m and the row spacing is 1.5 m. The steel type and
diameter are determined by the on-site bolt pull test.

(5) The above-mentioned temporary support structure can be installed after the shaft is
excavated, and the thickness of the concrete support is determined to be 400 mm.

(6) The method in this study not only ensures the smooth construction of the mine shaft,
but also provides significance reference for construction of similar mine shafts.
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