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Abstract

In order to examine the height of a fractured water-conducting zone due to the presence of
a fault, a typical working face in the Baodian Coal Mine which is located in the Yanzhou
Coalfield of northeastern China is examined as a case study. Two subsurface conditions
with and without a fault are considered. In this study, equations are developed to calcu-
late the maximum span of the unsupported roof with and without the presence of a fault.
Numerical models are used to examine the changes in stresses and the development of a
plastic zone at different stages of mining. A comparison of the results based on theoretical
analysis and numerical model shows that the height of the fractured water-conducting zone
increases significantly with the presence of a fault. The height of the fractured water-con-
ducting zone is about 1.50 times higher than the case without a fault. The results provide
important insight into the prevention and control of water inrush in mines with thick and
loose deposits and a thin bedrock.

Keywords Fault - Height of fractured water-conducting zone - Overburden failure model -
Theoretical calculation - Numerical simulation

1 Introduction

Coal mining destroys the structure of overlying strata, which causes the initiation, extension
and coalescence of roof fractures and forms water-conducting fracture zones (Palchik 2003;
Guo et al. 2012; Wu et al. 2021). In recent decades, researchers in both China and other parts
of the world have developed various methods to examine the height of the fractured water-
conducting zones (Fan et al. 2019; Tan et al. 2018; Zeng et al. 2020). Qian et al. (1994) made
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advances in the mechanical analyses of faults which previously only considered the impacts
of caving rock blocks and degree of pseudo-plasticity by using the Voussoir beam model. Xu
et al. (2012) examined the influence of the location of the key stratum of the roof on the height
of the fractured water-conducting zone and proposed a method to predict the height based on
the location of this key layer. Majdi et al. (2012) interpreted the height of destressed zone and
the combined height of the caving and fracturing zones above the mined panel roof induced
due to longwall mining as equivalent, and described the mechanism of development of the
height of this zone. With the development of computer technology, simulation softwares are
used to simulate coal mining, calculate the displacement and tensile strain of the surface and
stratum, and predict the distribution of ground fractures and water flowing fractures (Zhao
et al. 2016; Sun et al. 2018; Zhang et al. 2018; Lu et al. 2015). The height of the mining-
induced fractured zone in formations overlying the coal seam was studied based on the “three
maps-two predictions” approach (Wu and Zhou 2008; Zeng et al. 2018). Tian et al. (2019)
studied the movement of roof and the instability of coal pillar in the process of multi seam
mining. Yang and Xia (2018) studied the overburden failure law and characteristics of strata
pressure behaviors under the weak and weathered composite roof during coal mining.

Faults are a common geological structure which break the continuity of the coal seams and
roof (Das et al. 2018); rocks in the fault zone are usually fissured with gouges on the sliding
surface, which lead to the fracturing of the roof of the roadway in mines (Li and Wu 2019;
Wang et al. 2016; Wu et al. 2020). This results in the development of roof fissures near the
fault in the working face with increased deformation and movement of the overlying strata.
This situation not only creates difficulties while mining, but also poses hidden risks to the
safety of miners at the mine surface (Wang and Meng 2018; Cui et al. 2018; Wang et al. 2019a,
b). Mining-induced stress distribution and roof roadway deformation mechanisms during fault
population activation were investigated by both theoretical analysis and 3D numerical simula-
tions (Sun et al. 2019; Wang et al. 2016; Huang et al. 2021). Islam and Shingo (2009) used the
boundary element method to numerically model the fault areas based on the Mohr—Coulomb
failure criterion to analyze the safety of the mine. Naoi et al. (2015) recorded acoustics emis-
sions to monitor the cracks in faults in a mine in South Africa and analyze the stresses and
strengths of the faults. However, there are few comparative studies based on different mine
geological conditions. Therefore, one of the objectives of this study is to address this research
gap through a case study based on the geological conditions of working face 83-02 in the
Baodian coal mine to examine the fault structure in the mined area due to impacts of coal
seams after the completion of mining. Baodian Coal Mine is located in the Yanzhou Coalfield,
in the Shandong Province of northeastern China. A mechanical model of the overburden fail-
ure will be developed to examine the mechanisms behind the changes and collapse of roofs
with and without the presence of a fault at the working face. The height of the fractured water-
conducting zone formed by the collapse of the roof with and without the presence of a fault
caused by mining of the top coal seam is theoretically calculated and compared with the result
obtained through numerical simulations.

2 Overview of the studied area
2.1 Overview of working face 83-02

The length of working face 83-02 in the Baodian Coal Mine along the strike and dip
ranges from 1979 to 2505 m and 157 to 282 m, respectively, and the elevation at the
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bottom of the floor ranges from 143 to 285 m below sea level. The coal seam mined in
the working face, which is called the No. 3 Coal Seam, is generally influenced by the
Xingxing Anticline and Yanzhou Syncline. Working face 83-02 is located in the center
of the Xingxing Anticline with the Yanzhou Syncline to the north. The coal seam mined
in the working face consists of the upper part of the No. 3 Coal Seam and the No. 3 Coal
Seam itself in the Shanxi Formation. The upper part of the No. 3 Coal Seam, which has
a thickness that ranges from 3.69 to 7.76 m with an average thickness of 5.28 m, is pri-
marily the exploited seam.

Figure 1 shows the plan view of the fault distribution in working face 83-02. There
are three faults to the south of the working face, which are labeled as VIII-F14, VIII-
F15, and VIII-F72. VIII-F14 and VIII-F15 are located on the west side of the open cut.
VIII-F6 is located near the south end of the No. 1 exploration roadway, with a fault
throw (H) of 9.6 m. The strike of the fault is approximately north—south and parallel to
the roadway. Two regular faults, VIII-F7 and VIII-F9, are found with fault throw of 1.3
m and 2.5 m, respectively. VIII-F76 is found in the middle of the No. 1 Roadway, and
its strike is approximately north—south, and parallel to the fractured zone of the working
face. Both faults, VIII-F6 and VIII-F76, have great impacts on the stability of the road-
way in transporting people and materials. Faults VIII-F1 and VIII-F2 are found near
the design stop line at the north end of the No. 1 Roadway, with minimal reduction in
height and little influence on tunnel excavation. Faults VIII-F70, VIII-F44 and VIII-F43
are successively located along the No. 2 Roadway from south to north. Fault VIII-F42 is
located near the design stop line, with a fault throw of 2 m.
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Fig. 1 Plan view of fault distributions of Working Face 83-02
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Fault VIII-F76 is the largest fault in the entire working face, which is located under a
thin layer of bedrock in the middle of the roadway. This fault has a large impact on the frac-
tured zone of working face 83—02. Therefore, it is important to study the development of
the height of the fractured water-conducting zone in the mine roof strata during the mining
of the working face which is attributed to the existence of VIII-F76.

2.2 Overview of fault VIII-F76

Two large-scale drilling programs were carried out on this site with a total of eight groups
of exploratory boreholes. In the first drilling program, five groups of exploratory boreholes
were drilled in different locations perpendicular to the direction of the roadway facing the
working face. The five groups of boreholes are labeled as Boreholes 1-1 to 1-5. In the
second drilling program, three groups of exploratory boreholes were drilled, which were
also perpendicular to the direction of the roadway and faced the working face. They are
labeled as Boreholes 2—1 to 2-3 (Fig. 2). In total, twenty-five boreholes were drilled in
eight groupings to determine the spatial distribution of the fault zones. Fault VIII-F76 is
medium in size and a normal fault with a maximum fault throw of 13.6 m based on the
exploratory drilling data during the construction of the roadways. The borehole informa-
tion and the properties of VIII-F76 are summarized in Table 1.

3 Stress analysis of roof strata during mining on working face 83-02
3.1 Subsurface stratigraphies

Based on the observed geological conditions, two subsurface stratigraphies, with and with-
out the presence of a fault, were developed to calculate the stress state of the roof of the
working face and the height of fractured water-conducting zone.

The roof and floor of the No.3 Coal Seam are made up of six geological formations
which include: Loose layer, silty sandstone, fine sandstone, aluminum mudstone, siltstone
layers, and the coal seam. The coal seam itself consists of a total of seventeen layers. The
height of the upper seam of the No. 3 Coal Seam is equal to 5 m, where the roof and floor
are made up of a total of 12 and 4 layers of rock, respectively. The mechanical properties
of each rock and coal layers are shown in Table 2 Based on these properties, two simpli-
fied subsurface stratigraphies, with and without a fault, have been developed to assess the
stability of the working face as shown in Fig. 3.
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Fig.2 Spatial distributions of exploratory boreholes in VIII-F76
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9m Silty sandstone
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Im No.2 Coal Seam
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(a) Subsurface stratigraphy — without presence of fault
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(b) Subsurface stratigraphy with presence of fault

Fig.3 Two subsurface stratigraphies of Working Face 83-02. a Subsurface stratigraphy — without presence
of fault b Subsurface stratigraphy with presence of fault

Table 1 Summary of the properties of VIII-F76

Obs. Borehole Number of  Cumulative drill-  Fault orien- Fault dip angle (°) Fault throw (m)
boreholes ing distance (m) tation (°)
1-1 2 33.10 276 39 7.50
12 3 92.87 272 42 7.00
1-3 4 113.00 272 48 5.50
1-4 3 63.72 272 46~54 4.70
1-5 3 131.65 272 50 8.50
2-1 4 130.36 276 13~36 8.00
2-2 4 111.80 276 36 13.60
2-3 2 80.00 276 19~36 12.40
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3.2 Calculation of maximum roof span

(1) Calculation of maximum roof span without fault.

During the initial cut of working face 83-02, there was the first sign of a roof col-
lapse. Since the strength of the roof is relatively high, a hanging roof was developed
without a total collapse. Since working face 83-02 is larger than the span of the hanging
roof, the hanging roof can be considered as a fixed beam supported by the coal wall at
one end of the working face and coal pillar at the other end. The weight of the overlying
strata can be considered as the load acting on the beam (Qian and Liu 1984). The longi-
tudinal section and stress analysis for calculating the roof span to prevent roof collapse
by using a simplified model based on a fixed beam is shown in Fig. 4.

Based on a unit width in the third dimension of the fixed beam as shown in Fig. 4 b,
the reaction forces, F, and Fy, at both ends of the beam, are equal to each other due to
symmetry. The bending moments, M, and M,, are also equal to each other due to sym-
metry, which can be calculated based on the beam theory. Since the net resultant verti-
cal force in the rock mass is equal to zero, and F, =Fg, each force should be equal to
one half of the total load, that is: qL/2. The maximum bending moment at both ends of
the fixed beam (Li et al. 2015) is equal to qL%/12.

The normal bending stress at any point on the beam is:

Table 2 Calculation parameters of strata and fault

Geological Stratum Thickness (m) E (MPa) Ry(MPa) 7y (kN/m®) C (MPa) @)
Loose layer 30 450 0.1 18,000 0.05 20
Fine sandstone 23 1100 2.5 23,520 3.40 31
Aluminum mudstone 6 660 1.6 20,580 2.00 27
Silty sandstone 9 1200 2.7 24,500 4.40 30
Aluminum mudstone 11 660 1.6 20,580 2.00 27
Silty sandstone 19 1200 2.7 24,500 4.40 30
Aluminum mudstone 5 660 1.6 20,580 2.00 27
Fine sandstone 2 1100 2.5 23,520 3.40 31
Siltstone 2 860 2.4 22,540 3.00 27
Coal (No.2 Coal Seam) 1 400 0.6 13,720 0.80 22
Silty sandstone 3 1200 2.7 24,500 4.40 30
Siltstone 5 860 24 22,540 3.00 27
Coal (upper seam; No.3 coal seam) 5 400 0.6 13,720 0.80 22
Silty sandstone 9 1200 2.7 24,500 4.40 30
Coal (lower seam; No.3 coal seam) 3 400 0.6 13,720 0.80 22
Siltstone 1 860 2.4 22,540 3.00 27
Silty sandstone 16 1200 2.7 24,500 4.40 30
Fault - 600 0.4 19,600 0.80 20

Notes: E is the elastic modulus (MPa), Ry is the tensile strength (MPa), y is the unit weight (kN/m3), C is
the cohesion (MPa), and ¢ is the angle of internal friction (°)
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(a) Longitudinal vertical section of mine strata
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(b) Stress analysis of rock stratum based on simplified fixed beam model

Fig.4 Schematic and simple model for limiting overhanging.a Longitudinal vertical section of mine strata
b Stress analysis of rock stratum based on simplified fixed beam model

M-y
- (1)

4

o=

where ¢ is normal bending stress (MPa) on any section of the beam, M is the bending
moment of the section (kN-m), y is the distance from the normal bending stress point to the
neutral axis of the section, and J, is the moment of inertia of the section about the neural
axis (m*).

The moment of inertia on the beam section (J,) is equal to:

J.= =0 )

where h is the thickness of the rock layer (m) considering a beam of unit width in the third
dimension.
Substituting the bending moment of the beam of qL%*/12 in Eq. (1), the maximum

normal bending stress (G,,,,) is:

_ql?

O-max - 2]’12 (3)

When 6, =R, the maximum span of the roof, L;, can be calculated from Eq. (3) as:
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(a) Vertical section of mine with working face approaching a fault
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(b) Stress analysis of simplified model of rock as beams
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Fig.5 Stress analysis of rock layers and simplified model of rock as beams in working face before
approaching fault. a Vertical section of mine with working face approaching a fault. b Stress analysis of
simplified model of rock as beams

2R,

L., =h-
T1 i qi+ki

“

where q; is the load acting on the beam (kN/m), Ry is the ultimate tensile strength of the
rock (MPa), h; is the thickness of the rock layer i (m), and k; is the self-weight load of the
rock layer i (kN/m).

The above calculation is applicable for a single beam or a single layer of rock. For
multiple layers of rock above the coal seam, the maximum span can be calculated by
considering an equivalent distributed overburden load from:

_ E (Vihi + Vigrhigy + - + 1,0,
' ER +Ey hyy + - + 1,k

®

where q; is the load supported by the beam i (kN/m), E; is the elastic modulus of the rock
layer i (GPa), k; is the self-weight load of the rock layer i (kN/m), andy; is the unit weight
of the rock layer i (kKN/m?).

(2) Calculation of maximum roof span with fault.
When the working face is close to a fault and the collapse of the roof falls into the

goaf, as shown in Fig. 5 (a), the broken rock no longer transfers the horizontal force in
the mining direction due to the deformation of the roof. The vertical force is mainly
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Fig.6 Simplified mechanical
model and stress analysis of rock
Stratum

q .
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Fig.7 Model of Voussoir beams simplified into rock layers

supported by the coal seam in front of the goaf and the working face, which reduces the
length of the intact roof and increases the height of the fractured zone.

The simplified model of the rock layer in the roof is shown in Fig. 5 (b). The beam in
this figure is a statically indeterminate structure with one end constrained by the fixed rock
mass and the other end supported by the coal seam.

When tensile failure occurs, 6,,,, =R, and the maximum span of the beam, L, is:

Lo 3R, ;
=3\ g+ (6)

3.3 Calculation of maximum overhanging roof span

After collapse, one end of the rock layer in the roof is fixed and the other end is overhanged
over the broken rock mass, thus forming a cantilever beam as shown in Fig. 6.

The maximum bending moment of the cantilever beam occurs at the fixed end A which
is equal to qL%/2. By substituting this maximum bending moment in Eq. (1), the maximum
tensile stress in the beam at Point A is equal to 3qL*/h?.

When tensile failure occurs, 6,,,, =Ry, and the maximum span of the beam, Ly, is:

max

Ry

L=h,l—2L —
N 3(g+ k)

)
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According to Egs. (4), (6), and (7), the maximum roof span with and without a fault is cal-
culated according to the parameters in Table 2 The results are shown in Table 3

3.4 Stability calculation of fractured rock block after collapse

When the mine face loses the support of the coal seam after the coal has been mined and the
roof span is larger than the maximum span for stability, the surrounding rock of the roof will
break and collapse. The rock layer may break and form an orderly arrangement of fault blocks
much like a beam (Qian et al. 1994), which in essence is an arch or Voussoir beam. A simpli-
fied mechanical model of the blocks is shown in Fig. 7.

According to the theory of the Voussoir beam, the beam structure of roof blocks in the
goaf is formed by block rotation above the upper wall goaf and extension of the block above
the coal pillar. Half of the load of the rotating block above the goaf is supported by friction
between the blocks, and the remaining load is transferred to the unmined pillar and to the fault
in front by compression between the broken blocks.

Considering the interaction between two blocks as shown in Fig. 8, the horizontal force, T},
at the interface is given by:

L;G;;
I;= 2 —wr) ®)

ij

where L; (m) is the length of the block j of layer i, G; (kN) is the weight of the block j, wy;
(m) is the vertical deformation of the block j, and 4; is the thickness of the layer i.

When a rock layer is fractured, a fracture surface is formed which makes an angle 8, with
respect to the vertical as shown in Fig. 8.

When instability occurs at the fracture surface, the frictional resistance is less than the
shear force on the fracture surface which can be expressed as:

(Tcos@ —Rsinf) -tgp <R-cos@+T -sinf 9)

T - sin(¢p — ) < Rcos(¢p — 6) (10)

where R (kN) is the vertical force at the contact and ¢ (°) is the friction angle at the contact.

Table 3 Maximum roof span of Geological Stratum Thickness (m) Ly (m) Ly, (m) Lg(m)

rock layers
Loose layer 30 17.96 14.66 7.33
Fine sandstone 23 55.54 45.35 22.68
Aluminum mudstone 6 30.15 24.62 12.31
Silty sandstone 9 42.11 34.39 17.20
Aluminum mudstone 11 38.87 31.73 15.87
Silty sandstone 19 50.08  40.89  20.44

Aluminum mudstone 5 27.57 22.51 11.26

Fine sandstone 2 20.55 16.78 8.39

Siltstone 2 20.59 16.81 8.41

Coal (No.2 Coal Seam) 1 9.35 7.64 3.82

Silty sandstone 3 3228  26.36 13.18
5

Siltstone 23.54 19.22 9.60
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Fig. 8 Force diagram of block A
interaction

Fig. 9 Flowchart of roof overbur-

den failure analysis Extraction distance
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: e
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When the shear force between the rock blocks is greater than the friction force, the Vous-
soir beam becomes unstable:

R > Tig(p —0) (11)

By substituting Eq. (8) in Eq. (11), the maximum length of the block can be calculated
from:

2(h; - W

L — 12
Y7 1g(p—0) (12)
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When a rock block in the Voussoir beam meets the criterion in Eq. (12), the structure
becomes unstable. Guo et al. (2019) developed an overburden failure model for fully mecha-
nized caving mining to explain the mechanism of the initial caving of the rock strata above the
goaf, failure of the overhanging roof strata and instability of the rock blocks. The flowchart of
the model is shown in Fig. 9.

With the advance of the working face, if the total distance to layer i+ 1" is less than the
maximum distance for stability consideration based on the Voussoir beam, the rock layer is in
a stable state. In this case, the separation distance between layer ith and layer i+ 1th is equal
to:

lth

A,-J-H:m—ghi(l(p—l) (13)
3.5 MPa
HHHH&iHUHCHHHJHHH

S N N A

(a) Schematic diagram of boundary conditions of no-fault model

3.5 MPa
ER R R RN NRRRRRERRERRRE
5

R BB R R BB FoRe R e R

(b) Schematic diagram of boundary conditions of fault model

Fig. 10 Schematic diagram of initial conditions and boundary conditions of two numerical models. a Sche-
matic diagram of boundary conditions of no-fault model b Schematic diagram of boundary conditions of
fault model
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where A;; is the separation distance between the ith layer and the i+ It h layer (m), m
is the thickness of the coal seam (m), Kp is the residual crushing coefficient, and h; is the
thickness of the ith layer (m).

When the separation distance is less than zero, the instability of the ith layer will
not affect the stability of the i+ 1t h layer, and the fractured zone will cease to develop.
The ith rock layer above the coal seam becomes unstable and forms a fractured water-
conducting zone. The height of the fractured zone, H, can be calculated from:

H=) hK, (14)
i=1

According to the study by Guo et al. (2002), the crushing coefficient mainly depends
on the pore size of the material between the rock blocks in a loose state. Particle size
and surface roughness play an important role for the crushing coefficient; that is, the
smaller the particle size of the broken pieces, the larger the crushing coefficient, which
can be expressed as:

K,=K.-0017Ind (15)

where K|, is the residual crushing coefficient, K, is the crushing coefficient of the roof and d
(m) is the distance between the rock layer and the coal seam.

The roof of the No. 3 coal seam is a layer of siltstone with a crushing coefficient of
1.15. According to Eq. (13), the separation distance between successive layers of rock
and the thickness of each layer are calculated and summarized in Table 4.

According to Eq. (14), the height of the fractured water-conducting zone at the work-
ing face without a fault is determined to be 67.8 m, and the height with a fault is equal
to 100.9 m.

Table 4 Separation distance and

Geological Strat Without a Fault With a Fault
height of fractured zone cological Stratim fthouta Fad !thakau

Ajiqt(m) K, (m) A (m) K (m)

Loose layer - - 0 10.3

Fine sandstone <0 - 0.40 23.92
Aluminum mudstone 0.12 6.60 1.32 6.24
Silty sandstone 0.54 9.54 1.56 9.36
Aluminum mudstone 1.34 12.10 1.92 11.55
Silty sandstone 2.44 20.14 2.47 20.14
Aluminum mudstone 3.58 5.50 3.61 5.3

Fine sandstone 4.08 2.12 391 2.12
Siltstone 4.20 2.12 4.03 2.12
Coal (No.2 Coal Seam) 4.32 1.20 4.15 1.07
Silty sandstone 4.52 5.30 4.22 5.45
Siltstone 4.82 3.18 4.67 3.33
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4 Numerical model of the fractured zone at the working face
4.1 Modeling scheme and boundary conditions

To study the influence of faults on the stability of the working face, two numerical models,
with and without the presence of a fault, have been developed for the subsurface stratigra-
phies in Fig. 3. The size of the model is a 450 mx300 mXx 150 m (X XY xZ) block with
an average thickness of the coal seam of 5 m. There are 12 layers of rock above the coal
seam with a total height of 116 m. Below the coal seam, there are 4 layers of rock with a
total height of 29 m. The thickness of the overburden material above the model is about
140 m. This gives an equivalent vertical overburden pressure of 3.5 MPa which is applied
uniformly on the upper boundary of the model (see Fig. 10). The lower boundary condi-
tion of the model is assumed to be fixed with a zero displacement boundary condition in
all three directions. For the left and right boundaries of the model which are adjacent to the
solid rock, vertical roller boundaries are imposed which allow movement only in the verti-
cal direction.

The three-dimensional models that show the layers of the material are provided in
Fig. 11.

Model 1 has a total of 112,500 zones and 120,156 nodes, and Model 2 has 101,250
zones and 108,376 nodes. To examine the changes in stress at the roof due to the excava-
tion of the coal seam, three monitoring lines located at 50 m, 100 m and 150 m in the x
direction (see Fig. 10) have been set up for both models. The lines are denoted as A, B, C,
and A’, B’, C’ for Models 1 and 2, respectively; see Fig. 10. The Mohr—Coulomb model is
used to model the constitutive response of the rock.

The model parameters are given in Table 2 A commercial software, FLAC?P, was used
in this simulation. Referring to Fig. 10, the coal seam has a thickness of 5 m with a width
of 100 m. The length of the working face is 200 m for both models. Modeling the excava-
tion of the coal seam in Model 1 starts at an X value of 100 m with a width of 100 m in the
Y direction. The excavation for both models is modeled in 10 steps with a 20 m excavation
in each step with removal of the entire coal layer in each step. The total length of excava-
tion of the coal seam in the X direction is 200 m. After the excavation, there is 100 m of
coal pillar at both ends of the working face. There is no additional support for the roof
which can cave into the excavation freely (Fig. 12).

4.2 Results of the numerical model

(1) Effects of working face mining on plastic zone development in the rock.

Figures 12 a, b show the calculated plastic zones at the completion of mining of Models
1 and 2, respectively.

In simulating the mining of the working face, stresses in the overburden strata are
changed and plastic zones are formed at the north and south ends of the working face.
Based on the properties of the rock and the constitutive response of the material, the
changes in the plastic zones are calculated. Since the plastic zones represent plastic
yielding of the rock which results in significant damage to the material, the hydraulic
conductivity of the rock mass will likely be increased. Therefore, the size of the plastic

@ Springer



Natural Hazards (2021) 108:2143-2165 2157

Zone
Colorby: Group  Any

Aluminum-Mudstone
Fine-Sandstone
Loose-Sediment
No.2-Coal-Seam
No.3-Coal-Seam-lower
No.3-Coal-Seam-upper
Siltstone
Slity-Sandstone

(a) Model 1 without fault
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(b) Model 2 with fault

Fig. 11 Numerical models for fractured zone analysis. a Model 1 without fault. b Model 2 with fault

zone is considered to be the size of the fractured water-conducting zone. As shown in
Fig. 12, at the completion of the working face for the case without a fault, the plastic
zone shows a “saddle-shaped” failure with more shear yielding at the north and south
ends and tensile yielding in-between. The maximum height at both sides of the plas-
tic zone is about 64.2 m which is considered to be the height of the fractured water-
conducting zone. For the case with a fault, the plastic zone near the fault region and the
yielding of the fault are joined together. The plastic zones resemble a more “irregular
saddle” shape with increase in the plastic zone at the south side of the working face at
the beginning of the mining. The height of the plastic zone at both ends is about 96.5
m which is considered to be the height of the fractured water-conducting zone. In this
case, it is about 1.50 times higher than the case with no fault. Therefore, in the case with
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Fig. 12 Calculated plastic zones and height of fractured water-conducting zone for two models. a Final
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fractured zone for Model 1, without fault, and Model 2, with fault

a fault, the height of the roof failure is obviously higher than that without a fault. The
influence of a fault on the stability of the surrounding rock is evident.

(2) Effects of the working face mining on the stresses in the roof.
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Mining of the coal seam changes the in-situ stresses with stress redistribution in the
rock. The existence of faults will have an impact on stress redistribution and stress changes,
etc. Therefore, it is important to study the changes in stresses in the rock and the develop-
ment of the fractured water-conducting zone due to the faults by using numerical modeling.

The initial vertical stress states, with and without faults, of the rock are shown in Fig. 13
a and b. It can be seen that the initial and final stress fields in the rocks are affected by the
presence of the fault. The stress field with the fault is complex in forming the fractured
zone. As a result, the stresses are all reduced at the fault compared to the case without
a fault. The stresses inside the fault are also changed with the maximum stresses at the
bottom of the fault. It can be seen that the upper part of the fault above the long wall is
subjected to tensile stresses which makes the upper part of the working face move along
the fault. Moreover, due to the existence of the fault, the stress distribution in this stratum
is non-uniform which presents a complex condition in excavating the coal seam. As seen
in Fig. 13 c and d, there are stress concentrations at both ends of the working face in both
cases. The maximum vertical stress in the case with no fault is equal to 14.4 MPa, and the
maximum vertical stress in the case with a fault is equal to 14.7 MPa.

Figure 14 shows the vertical stress distribution along the 6 monitoring lines at different
stages of mining of the working face.

As seen in Fig. 14, mining the working face leads to substantial changes in stress dis-
tributions. In Figs. 14 a and b, Monitoring Lines A-A and A’-A’ are 200 m away from the
fault, which is far away from the fault. There is no significant difference in vertical stress
between roof without fault and fault.. In Figs. 14 ¢ and d, when mining of the working face
approaches the vicinity of the fault at a distance of 150 m away from Monitoring Lines
B-B and B’-B’, the vertical stresses at the roof for the case without a fault and the case with
a fault are significantly different. In Figs. 14 e and f, Monitoring Lines C-C and C’-C’ are
located at a distance of 50 m from the fault and Monitoring Line C’-C’ intersects the fault.
When excavation of the working face approaches the vicinity of the monitoring lines, the
vertical stresses above the roof for the case without a fault are significantly different from
the case with a fault, thus indicating that the presence of a fault has great influence on the
changes in vertical stresses during mining of the working face which affects the develop-
ment of the fractured water-conducting zone in the rock.

Figure S15 shows the vertical stresses in the roof at different stages of mining of the
working face. The stresses in the roof of the mined area are low, and approach zero. The
variation in the stresses in the roof along the working face is approximately parabolic in
shape. The stresses at the front of the mined working face are higher than the stresses in the
roof of the mined area. The pattern of the variations of stresses in the roof propagates for-
ward with the advancement of the working face. In the case where there is no fault, there
are two regions of stress concentration located at the two ends of the mined working face.

The vertical stress increases with the increase of the mining distance, and the variations
of stresses are roughly symmetrical about the middle of the mined working face. In the
case where there is a fault, there are three regions of stress concentrations located at both
ends of the mined area and the fault zone. With progression of mining, the stress concen-
tration region at the north end approaches the fault, thus intensifying the stress concentra-
tion at the fault.

4.3 Results and analysis

1. Summary of the results from the theoretical analysis and numerical modeling.
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Fig. 13 Vertical stress distributions in the rock due to mining. a Initial vertical stress contours with no p
fault. b Initial vertical stress contours with a fault. ¢ Vertical stress contours at the completion of mining
with no fault. d Vertical stress contours at the completion of mining with a fault

In the theoretical analysis, the equations to calculate the maximum span and the
height of the fractured water-conducting zone are developed and combined with the
stress state in the rock for the cases with and without a fault. The mechanical model is
simplified in order to analyze the stress state due to mining. Based on the failure of the
overburden material in the fully mechanized caving mining, the height of the fractured
water-conducting zone for the case with and without a fault is 100.9 m and 67.8 m,
respectively.

In numerical modeling, two three-dimensional numerical models have been devel-
oped for the cases with and without a fault. At the completion of mining, the stress
distribution and plastic area in the rock are obtained. The height of the fractured water-
conducting zone for the case with and without a fault is found to be 96.5 m and 64.2 m,
respectively.

2. Interpretation of results

Based on mining theory, mining of the coal seam causes tensile failure, tensile frac-
ture, shear failure, and elastic rock when moving away from the top of the coal seams
into the rock strata. Shear yielding plastic zones develop at both ends of the goaf, and the
roof in the middle of the goaf appears to yield partially in tension. As shown in Table 3
with the presence of a fault, the maximum span of the unsupported roof is significantly
smaller than the case without a fault, which shows that the existence of a fault has a
great impact on the stability and integrity of the rock. The results provided in Table 4
also show that the fractured water-conducting zone of the roof increases significantly
with the presence of a fault.

In the numerical analysis, there are changes in the stress distribution and plastic
zone due to mining. With the advance of the working face, the stresses in the roof are
increasing, which lead to the gradual yielding of the roof and the formation of the frac-
tured water-conducting zone. At both ends of the working face, stress concentrations
develop in the roof and below the mine floor with rapid stress changes which lead to
significant damages to the rock. It can be seen in Fig. 12 that in the case with a fault,
the height of the failure zone in the roof is significantly higher than that without a fault,
and the influence of the fault on the stability of the rock is evident. In Fig. 13, it can be
seen that stresses are increasing in the mined area and in the coal wall at the ends for
both cases. The maximum vertical stress in the case with no fault is equal to 14.4 MPa,
and the maximum stress in the case with a fault reaches 14.7 MPa. The existence of a
fault has a great influence on the change in vertical stress in the roof during the mining
of the working face, which will further affect the development of the fractured water-
conducting zone in the roof as shown in Figs. 14 and 15.

5 Conclusions

1. Based on a detailed analysis of the geological and hydrogeological conditions of the
studied area, mechanical models for the case with and without a fault for Working Face
83-02 are developed. The maximum span and maximum overhanging distance of the
mine roof are calculated based on the beam theory for the case with and without a
fault. The heights of the fractured water-conducting zone with and without a fault are
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calculated to be 100.9 m and 67.8 m, respectively. The height of the fractured water-
conducting zone with a fault is about 1.48 times of that without a fault.

2. Three-dimensional numerical models are used to study the changes in stresses and plas-
tic zones in the overburden material due to mining. By comparing the results in three
monitoring lines located at different distances in the working face, it is found that the
height of the fractured water-conducting zone increases significantly when the working
face approaches the vicinity of the fault. The heights of the fractured water-conducting
zone for the case with a fault and without a fault are simulated to be 96.5 m and 64.2
m, respectively. The height of the fractured water-conducting zone with a fault is about
1.50 times higher than that without a fault.

3. The results from the numerical model are consistent with those of the theoretical analysis.
It is found that the height of the fractured water-conducting zone in the presence of a fault
is significantly higher than that without a fault. In this case, the height of the fractured
water-conducting zone with a fault is about 1.50 times higher than that without a fault.
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