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Abstract
In order to improve both the pressure relief in deep coal mining and the permeability of coal
seams for gas drainage, the auger mining (AM) method was proposed for mining extremely thin
coal seams underneath a major coal seam to enhance its permeability and improve its pressure
relief for subsequent major mining. The method was applied to Chiyu Coal Mine in China as a
case study. Based on the geological conditions of the mine, the influences of AM parameters
such as AM width, intermediate coal pillar width and distance between adjacent temporary wide
pillars on the pressure distributions and permeability enhancement were studied in detail and the
optimal set of parameters for the mining operation were obtained. Based on our simulations, it
was found that using the proposed method with the optimal parameters derived, the permeability
of the upper protected coal layer will increase by more than 671 times the initial permeability.
This demonstrated that the proposed new AM method is effective for the purposes of pressure
relief and permeability enhancement in the protected major coal layer.

Keywords: extremely thin coal seams, permeability enhancement, auger mining, temporary wide
pillars, intermediate coal pillar
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1. Introduction

The proven coal resource buried at the depth of more than 1000
m accounts for about 53% of the total coal resource in China
(Peng 2008). The mining at such significant depth is often
associated with complex and harsh conditions such as high stress,
high ground temperature, high karst water pressure and severe
mining disturbance, resulting in high potential of coal and gas
outburst, rock burst and other related disasters (Ranjith
et al 2017, Zhou et al 2017). In these cases, mining lower pro-
tective layers to relieve the high pressure and enhance the

permeability of the upper protected major coal layers to be mined
later has proved to be an effective way for safe and efficient
mining of these deep coal resources (Aguado and Nicieza 2007,
Jin et al 2016). In addition, based on Chinese Coal Mine Safety
Regulations, the mining techniques using protective layers must
be implemented for regional pressure relief when mining out-
burst-prone coal seams. Therefore, it is important to understand
the mechanism of pressure relief and permeability enhancement
of the protected layers in deep mining, so that operations can be
designed and managed properly when practically implemented.

There are numerous published research on protective layer
mining mechanism within the context of fully mechanized
longwall mining (FMLM) (Fang et al 2009, Liu et al 2011,
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Yang et al 2011, Chen et al 2013, Wang et al 2013a, Zhang
et al 2015), but very little work has been done in the area of
auger mining (AM). The thickness of the coal seam in the
FMLM face must normally be more than 1.2 meters so as to
avoid excessive waste rock production (Song and Yun 2013). In
other words, the FMLMmethod is not suitable if the thickness of
the coal seam to be mined is less than 1.0 meter (Yan and
Miao 2009). If the FMLM method was used in this case, in
addition to excessive waste, the mining may also cause excessive

damage to the roof or floor layers, which will result in large strata
movement and increase the risk of rock outburst or water inrush
(Tang 2015, Xiong et al 2015). AM is suitable for a coal seam
where the surrounding rock is stable and the inclination of the
coal seam varies little. A drawback is that coal production is
small due to the thin coal seam and it takes a long time for
handling the drill pipe. However, in the situation of mining
extremely thin coal seams, it will be advantageous to use the AM
method as the benefits include a simple mining layout, less

Figure 1. Drill hole columnar section.
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equipment required and easier automation. At present, the
application of the AM method for permeability enhancement and
pressure relief in the protected layer still remains challenging and
the mechanism is far from fully understood.

In this paper, a method is proposed for the analysis of
pressure relief and permeability enhancement in the protected
layers when AM is used to mine the protective layer under-
neath. The effects of pressure relief and permeability
enhancement at different AM parameters are discussed in
detail, which provides useful references and examples for the
implementation of the AM method in practice.

2. AM method for mining extremely thin protective
coal seams

2.1. Geological conditions

Chiyu Coal Mine is a high gassy mine with the design pro-
duction capacity of 3.0 Mt/a. The main mineable coal seams
of North No. 3 panel are the 2# and 3# of the Shanxi
Formation. The average thickness of the 2# and 3# coal
seam is 1.9 and 1.0 m with the interlayer spacing of 7.1 m.
The drill hole columnar section is shown in figure 1.

Due to small interlayer spacing, high gas pressure and low
permeability, the drainage of gas was carried out beforehand at
the coal mine by driving a rock roadway in the floor of 3# coal
seam, which led to a great number of drill holes but a poor
effect. Therefore, the protective mining method was proposed,
and 3# coal seam was selected as the protective layer because
of its low gas pressure, small thickness, small absolute gas
content and low probability of gas accident. However, if we
had set a longwall mining face in 3# coal seam, the 2# coal
seam would collapse to the goaf of 3# coal seam. Therefore,
we proposed to excavate the 3# coal seam with the AM
method, which required the understanding of the permeability
evolution law with AM in an extremely thin protective layer to
guide the gas drainage in practice.

2.2. Conventional AM face

In an AM face, the cutting heads are arranged in the roadway
where the workers operate the machine to mine the coal seam.
Drill bits are pushed in a longitudinal direction to mine the
coal, which is then conveyed along the drill pipes to the
scraper conveyor. Intermediate coal pillars (ICPs) are left
between the AM rooms. The layout of a typical AM face and
its mining process are shown in figure 2.

Excavations inevitably will cause pressure redistribution
in the surrounding rocks and permeability enhancement due
to strata movement, formation of rock fractures and rock
breakage (Wang et al 2013b, Liu and Cheng 2015, Yao
et al 2016). This can benefit the gas drainage in the sur-
rounding rocks. The size of the excavation determines the
range of rock failure and the magnitude of strata movement,
stress and permeability changes (Zhang et al 2016a). For
conventional AM, significant pressure relief and permeability

enhancement are hard to achieve due to the small mining
rooms and the arrangement of the ICPs.

2.3. Proposed AM method for effective pressure relief and
permeability enhancement

In order to improve the effects of pressure relief and perme-
ability enhancement within rocks above the AM excavations,
a novel method of AM of extremely thin coal seams is pro-
posed. The flowchart shown in figure 3 gives detailed steps to
follow for the optimization of the operational parameters for
this mining method.

Compared with the conventional AM method, the key to
the proposed method is to increase the AM room width and
reduce the ICP width so that effective strata movement can be
achieved, while ensuring safe mining operations. The ICPs in
this case are designed to provide only short-term temporary
support of the AM rooms and they are designed to collapse
under the strata pressure after the coal auger moves to the next
AM room. This increased roof failure will accelerate the effects
of pressure relief and permeability enhancement for the coal
seams above. To ensure a safe working environment, temporary
wide pillars (TWPs) are set at a certain interval to provide
longer-term roof support so as to protect the coal auger from
being trapped after the failures of the ICPs. The TWPs can be
recovered later when their protection is no longer needed. The
proposed AM process is illustrated in figure 4. In this method,
the degree of roof movement is the major indicator for deter-
mining whether the ICP and TWP arrangements are appropriate,
which is the key to the design of a successful AM operation.
The analysis of roof movement in AM and the optimization of
AM operational parameters are the focus of this paper.

3. Design of AM parameters

The key to this proposed AM method is to control the state of
the ICPs. They can provide temporary support and will col-
lapse under the strata pressure after the AM advancing dis-
tance reaches a threshold distance. The AM width and ICP
width determine the magnitude and strength of the load-
bearing capacity of the coal pillar after AM, which decides the
state of the ICPs and provides temporary support. With the

Figure 2. Layout of a conventional AM face.
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increase of mining distance, the mining area is gradually
enlarged, and the ICPs behind the goaf do not need to provide
support. They collapse under the strata pressure, which
increases the effect of pressure relief and permeability

enhancement. Therefore, these three parameters (AM width,
ICP width and the distance) are tested.

The AM model is shown in figure 5 and a simplified
beam model to represent the strata of an AM room is shown

Figure 3. Flowchart for the optimization of operational parameters for the proposed AM method.
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in figure 6. The parameters need to be determined include the
AM width (a), ICP width (b) and the distance between
adjacent TWPs (L).

3.1. The AM width

The structure formed by AM is simplified as a beam with two
fixed supports (Swift and Reddish 2002), as shown in
figure 6. According to the beam theory (Chen et al 2009), the

deflection in this case can be expressed as:

w = -⎜ ⎟⎛
⎝

⎞
⎠ ( )Qa x

EH

x

a2
1 , 1

2 2

3

2

where Q is the vertical load above the roof strata, E is the
elastic modulus of the roof, H is the thickness of the roof

Figure 4. Schematic diagram of the proposed AM operations.

Figure 5. Representation of AM model.

Figure 6. Model of a beam with two fixed supports.

Figure 7. Calculation of load on the ICP.
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strata considered and x is the distance from the left end of
the beam.

During the mining of an AM room, the roof must not
collapse and the roof deformation should not cause any pro-
blem for the movement of auger drills. The worst-case sce-
nario that needs to be considered for roof movement is when
the auger is mining the last section (section width=w) of a
room. In this scenario, the roof vertical displacement Δh at
x=a−w is:

D =
-

-
-

=
-⎜ ⎟⎛

⎝
⎞
⎠

( ) ( ) ( )h
Qa a w

EH

a w

a

Qw a w

EH2
1

2
. 2

2 2

3

2 2 2

3

The AM room width can then be determined by the
following formula:

= +
D ( )a w

hEH

Qw

2
, 3

3

2

if the maximum allowable roof displacementΔh to ensure the
safe operation of the auger drills is given.

3.2. The ICP width

The roof is supposed to remain stable only during the mining
of the AM room. The calculation of the required ICP width is
based on this requirement. It is assumed that the ICP should
bear the weight of the rock below the key stratum, which is
assumed to stay intact, while the rock stratum below it will
separate due to ground deformation after mining, as shown in
figure 7.

If a is less than 2H1tanθ (in figure 7(a)), the actual load
on the ICP can be calculated by the following formula:

s s
g

q= ´ + -⎜ ⎟⎛
⎝

⎞
⎠ ( )a

b

a

b
1

4
cot . 4z z0

2

Otherwise, if a is greater than 2H1tan θ (in figure 7(b)),
the load on the ICP can be calculated by the following
formula:

s s q= ´ +⎜ ⎟⎛
⎝

⎞
⎠ ( )H

b
1 tan , 5z z0

1

where σz is the actual load on the ICP, H1 is the thickness of
the rock below the key stratum, θ is a shear angle of rock or
coal defined as θ=90°–β, and β is the caving angle of rock
or coal, σz0 is the load below the key stratum and it is cal-
culated as: σz0=γH1 and γ is the rock bulk density.

The strength of the ICP can be calculated using the fol-
lowing formula proposed by Bieniawski (1968):

s s= ´ +⎜ ⎟⎛
⎝

⎞
⎠ ( )b

h
0.64 0.36 , 6m

n

p

where σp is the actual strength of the ICP, σm is the in situ
coal mass strength, h is the height of the AM room and n=1
when b/h<5. Considering a safety factor s, b is given by the
critical state when the load is equal to the strength of the ICP,
i.e. sσz =σp. Therefore, if a is less than 2H1tanθ,

Otherwise, when a is greater than 2H1tanθ,

3.3. The distance between adjacent TWPs

As the mining face advances, there will be additional incre-
ments for both the overburden deformation and the roof
movement due to the additional stratum load created near the
work face, which will increase the risk of the auger drills
being trapped. TWPs are used to solve this problem and they
should be placed at a certain distance apart from each other (L
in figure 6) to ensure the smooth progress of the AM. To
calculate an appropriate value for L, two different extreme
scenarios are considered with regard to the condition of the

s s s s s g q s
s

=
- + - - -( ) ( ) ( )

( )b
s h h s h s a a h0.64 0.64 0.36 cot 1.44

0.72
. 7

z m m z m z

m

0 0
2 2

0

Figure 8. Model of when the ICPs are intact.

Figure 9. Model of the worst-case scenario when only one ICP
support is active.

s s s s s s q
s

=
- + - +( ) ( )

( )b
s h h s h s H h0.64 0.64 1.44 tan
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z m m z z m

m
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2

0 1
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ICPs between a pair of TWPs: intact or fully collapsed. For
the case when the ICPs are still intact, the ICP and roof are
regarded as a multi-span beam system with elastic founda-
tions. Because the ICP width is very small, the ICPs are
simplified to point supports of the beam, as shown in the
model illustrated in figure 8. Under the elastic-state assump-
tion and using the bending moment equations given in
(Department of Ship Manufacturing Shanghai Jiao Tong
University 2005), a (n+1) dimensional first-order equation
about bending moment (M) can be obtained, as detailed in the
following matrix:

where I is the moment of inertia of the beam, K is the
flexibility coefficient of the ICPs, i.e. the displacement of the
ICP under the action of a unit force.

The bending moment of the beam can be obtained from
the equation above and the deflection equation of the beam
can then be obtained by quadratic integration of the moment
of the beam, i.e.

w = + +⎜ ⎟⎛
⎝

⎞
⎠∬ ( )M

EI
x x Cx Dd d . 10

On the other hand, for the other scenario, all the ICPs
collapsed except the ICP near the AM work face. If the AM
parameters are designed properly, this should be the normal
scenario of AM according to the idea of pressure relief and
permeability enhancement, where the ICPs are supposed to
fail after the advance of the work face with only the ICP next
to the AM work face left to support the roof. Therefore, this
scenario can be represented by the model shown in figure 9.

The solution of this model includes two parts: the mined-
out part (L1 in figure 9) and the part being mined (a in
figure 9). The total roof deformation for the mined-out section
can be obtained by the combination of the two parts solved
individually. In this case, it is assumed that the only ICP
shown in figure 9 is still intact and is in the elastic state.

Therefore, the stress–strain relation of the ICP is:

=
D ( )F

b
k

h

h
, 11s

where F is the force acting on the ICP, ks is compliance
coefficient of the ICP. For the mined-out part (L1 section in
figure 9), the roof deformation at the ICP caused by the load
above the beam and the force acting on the ICP can be cal-
culated as:

-
-

-
= D
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1

and the solutions from equations (11) and (12) are:
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whereΔh1 is the deformation and F1 is the force acting on the
ICP caused by the mined-out area.

In a similar way, in the part being mined, according the
compatibility equation of deformation:
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and the solutions are:
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whereΔh2 is the deformation and F2 is the force acting on the
ICP caused by the part being mined.

The total deformation of the ICPΔh3 is the sum ofΔh1 and
Δh2, i.e.

D = D + D =
+

+
-

- + - + + ( )

( )
( )

( )
16

h h h
a hq

a bk hEI

h L a q

a bk a bk L abk L bk L hEI

3

8 3

3

8 3 3 3
.

s

s s s s

3 1 2

4

3

4

3 2 2 3

It is assumed that the deformation is linear in the part
being mined. The width of the mining auger is w and Δh3 is
the maximum roof deformation at distance a from the
unmined coal wall (ICP in this case). Then the maximum
displacement Δh for the worst-case scenario at the mining
auger location is:

D = D =
+

+
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- + - + + ( )
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h
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a
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3
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3

3

3

4

3 2 2 3

Based on these equations, once the maximum allowable roof
displacement (Δh) is given, the distance L between TWPs can
then be determined.

There are assumptions involved in the analytical evalua-
tions discussed previously. Although these assumptions such
as linear elastic behavior of the roof before failure and uniform
roof stress may not exactly match practical conditions in some
cases such as very soft roof conditions, the results do match the
numerical evaluation reasonably well and a parametric study
will provide some useful guidance to the optimization of AM
operational parameters (see the following).

3.4. Parametric studies of AM variables

The relationships discussed above suggest that many variables
will affect the roof displacement in AM. The influences of some
of the key variables (height of the roof, elastic modulus and
overburden load) on the roof deformation within an AM room
are summarized in figure 10 when the width of AM room
a=10 m, which demonstrate that:

(1) The overall trend of variations of the roof deformation
are similar, and the differences between different cases
are only in their magnitude.

Figure 10. Influencing factors on roof deformations.
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(2) The greater the thickness and strength of the roof (rock
beam above the mined-out area) are, the smaller the
roof deflection becomes, as expected. The roof
deformation increases as the overburden load increases.

Using the geological conditions of Chiyu Coal Mine and its
corresponding mechanical and geometrical parameters of E=20
GPa, Q=20 MPa, H=1.4 m, H1=80 m and w = 5 m, the
relationship between the maximum roof movement at the auger
location for the worst-case scenario and AM width is plotted in
figure 11(a) based on equation (2), which shows a non-linear
relationship. In general, for practical mining operations, a max-
imum roof deformation of 0.15 m near the operating rig is
allowed. Based on this requirement, the AMwidth for the mine is
determined to be less than 10 m for the case of Chiyu Coal Mine.

The overburden load is borne by the ICPs during AM
operations. An ICP will fail when its strength is smaller than
the load imposed by the overburden. The bearing capacity of
ICPs are related to their size and strength.

Figure 12 shows the relationships between the required
ICP width and AM width with different AM height and ICP
strength. As expected, (1) the required ICP width increases as
the AM width increases. After a=2H1tanθ, the required ICP
no longer changes; (2) the required ICP width also increases
as the AM height increases; and (3) the higher the ICP
strength, the smaller the required ICP width.

For the case of Chiyu Coal Mine, where h=1 m and
σm=20 MPa, the required ICP width is calculated to be 2 m.
If none of the ICPs fails and they are all assumed to be in the

elastic state, the roof deformation profile is shown in
figure 13, where four AM rooms between a pair of TWPs are
assumed. The following observations can be made:

(1) The maximum roof deformation increases as the AM
width increases.

(2) The roof deflection is also influenced by the flexibility
coefficient (K ) of ICPs. The ICPs are considered to be
in a rigid state if K is 0. As expected, the greater the
compliance coefficient, the greater the roof deformation
under the elastic-state assumption.

(3) The maximum roof deformation does not change as the
AM work face advances, which suggests that TWPs
will not make any contribution to the roof movement in
the AM rooms when the ICPs are intact.

However, it is unrealistic to assume that ICPs never fail and
are always in the elastic state. In fact, in the proposed AM
method, all the ICPs are designed to fail under the load so as to
meet the need of pressure relief and permeability enhancement.
In this circumstance, according to equation (16), the relationship
between the maximum roof deformation and the total AM dis-
tance between TWPs is shown in figure 14 for the case study,
where the parameters used are: h=1 m, H1=80 m,
γ=2500 Nm−3, a=10 m and b=2 m. With the advance of
the work face the maximum roof deformation reaches 0.15 m
when the total AM distance reaches 40m. Therefore, the dis-
tance between adjacent TWPs should be less than 40 m for
Chiyu Coal Mine to ensure the safe operation of the auger drills.

4. Numerical simulations of permeability evolution of
Chiyu Coal Mine

Fast Lagrangian analysis of continua (FLAC) is used to
analyze the stability of the ICP and permeability evolution of
the protected layer in 3D for the Chiyu Coal Mine case study.
The size of the numerical model is 140 m long, 140 m wide
and 60 m high, as shown in figure 15.

The strain-softening model is applied to the protected
layer and its surrounding rock and the other parts are assumed
to follow the Mohr–Coulomb model. The parameters used
in the simulation are shown in table 1. A vertical stress of
15 MPa is assumed at the top face of the model, while the
bottom face of the model is fixed. A seepage model about
stress, fracture and seepage is incorporated in the analysis.
Mechanical calculation and seepage calculation are carried
out separately (Zhang et al 2016b). The original permeability
of 2# coal seam is 0.134 md.

The fracture is of importance in the evolution of per-
meability (Wang et al 2011). In the model, the permeability at
different states of rock is discussed separately. The perme-
ability within a rock mass is only related to the stress in the
horizontal direction (Ren and Edwards 2002). And perme-
ability of fractured rock is related to maximum and minimum
principal stress (Durucan 1981, Zhou et al 2017). The fish is
used in simulation to judge the state of the rock and then the

Figure 11. Relationship between AM width and roof deformation.
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permeability is determined by the following formula:
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where, k0 is the original permeability of rock mass, σxx0 is
the original in situ horizontal stress and σxx is the horizontal

stress during the mining, σ1 and σ3 are the maximum and
minimum principal stresses, MPa; kf0 is permeability when
(σ1+σ3)/2=1MPa.

4.1. Stability of ICPs

The plastic zone and vertical stress distribution when the ICP
width=2 m at different mining stages are shown in
figures 16 and 17, from which the following observations can
be made:

(1) When the AM work face advances 46 m, the plastic
zone appears in No. 1 and No. 2 ICPs, suggesting they
start to undergo the failure process.

(2) When the AM work face advances 70 m, the plastic
zone has covered No. 1, No. 2 and No. 3 ICPs, which
indicates complete failure of these ICPs. The order of
the pillar collapse is 2, 1 and 3. Note at this stage, No. 5
ICP must remain intact to support the roof in order to
avoid the jamming of the auger drills.

The cases of AM with two different ICP widths were
further analyzed and the results are shown in figure 18. Based
on this figure, we can conclude that:

Figure 12. Relationships between the required ICP width and AM width at different conditions.

Figure 13. Roof deflection profiles when the ICPs are intact.

Figure 14. Relationship between the maximum roof deflection above
the coal auger and total distance of AM between TWPs.
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Figure 15. FLAC model of Chiyu Coal Mine.

Figure 16. Plastic zone distribution at two different AM stages.

Table 1. Rock mechanical parameter.

Order Lithology Depth (m)
Density
(kg m−3) Bulk (GPa) Shear (GPa)

Friction
angle (°) Cohesion (Mpa) Tensile (Mpa)

1 Siltstone 7 2700 20.65 11.22 40 7 6.7
2 Sandy mudstone 12 2650 32.14 9.92 30 6.5 6.3
3 Mudstone 3.5 1800 15.55 4.05 28 5.5 5.3
4 4#coal 2.76 1450 13.33 4.44 32 5.2 2.0
5 Carbonaceous mudstone 2.5 1900 15.62 5.59 28 6 3.5
6 Medium fine sandstone 1.1 2600 22.54 8.64 35 6.8 5.2
7 Mudstone 4.89 1800 15.55 4.05 28 5.5 4.3
8 3# coal 1 1450 13.33 4.44 32 5.2 4.3
9 Siltstone 2.8 2700 20.65 11.22 40 7 4.0
10 Medium fine sandstone 1.1 2600 22.54 8.64 35 6.8 5.5
11 Mudstone 3.2 1800 13.33 4.11 28 5.5 5.0
12 2# coal 1.9 1450 13.33 4.44 32 5.2 2.0
13 Mudstone 2.8 1800 13.33 4.11 28 5.5 5.8
14 Medium fine sandstone 1 2600 22.54 8.64 35 6.8 7.2
15 Siltstone 12.2 2700 20.65 11.2 40 7 8.8
16 Medium fine sandstone 6.25 2600 22.54 8.64 35 6.8 10
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(1) For ICP width=1.5 m, once the AM work face
advances 56 m, the ICPs will collapses, beginning with
No. 2, followed by No. 1 and No. 3. No. 4 is partially
covered by the plastic zone, suggesting it also suffers

from failure and therefore the coal auger may easily be
jammed in place during operation.

(2) For ICP width=3.0 m, some plastic zones just appear
in part of the ICPs when the AM work face advances

Figure 17. Vertical stress acting on ICPs at different AM stages.

Figure 18. Plastic zone evolution with two different widths of ICPs.
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Figure 19. Permeability evolution of 2# coal seam at different stages of mining of 3# coal seam using the proposed AM method.
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88 m, indicating that the 3.0 m wide ICPs are strong
enough to provide support to the roof for a long period
of time.

(3) It is therefore reasonable to conclude that for the case
study of Chiyu Coal Mine, the width of the ICPs that
meets the requirement of the proposed AM method is
2.0 m, as derived from the 2D studies.

4.2. Permeability evolution in protected seam

The permeability evolution of 2# coal seam (protected layer)
at different AM stages is shown in figure 19. The corresp-
onding development of plastic zones within 2# coal seam is
shown in figure 20.

The following observations can be made from figures 19
and 20:

Figure 20. Development of plastic zones in 2# coal seam at different stages of mining of 3# coal seam using the proposed AM method.
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(1) When the AM advancing distance is less than 58 m, the
permeability of coal seam #2 only increases slightly
with the maximum permeability of 0.165 mD (above
the gate road), which is only 1.23 times the original
permeability. The influence of AM on 2# coal seam is
not significant at this stage and there is no plastic zone
in the coal seam.

(2) When the AM advancing distance reaches 70 m, the
maximum permeability of 2# coal seam will increase to
6.72 mD, which is 50 times the original permeability.
The sharp permeability increase is due to the plastic
failure of 2# coal seam caused by AM in 3# coal
seam. In a similar way, when the AM advancing
distance reaches 82 and 94 m, the maximum perme-
ability of 2# coal seam increases to 40 and 90 mD,
respectively, which is 300 and 671 times the original
value.

For the case when the ICP width=3 m, as shown in
figure 21, plastic failure zones only appear partially at two
sides of some ICPs even after the AM advancing distance
reaches 88 m. In this case, there is no complete failure of the
ICPs and the permeability enhancement is not significant.
The maximum permeability is 14 mD, which is 104 times the
original permeability.

4.3. Discussions

(1) Based on the numerical simulations presented above,
ICPs with the width of 2.0 or 3.0 m can support the roof
without complete failure during the AM process.
However, the 2.0 m ICPs can provide temporary
support and will collapse under the strata pressure after
the AM advancing distance reaches a threshold
distance, which satisfies the fundamental requirement
of ICPs for the proposed AM method.

(2) For permeability enhancement, the failure of ICPs can
cause significant damage to surrounding rock and

enhance the permeability of protected layers. Therefore,
the 2.0 m wide ICPs are suitable for the proposed AM
method for pressure relief and permeability enhancement.

(3) At present, AM has not been applied extensively in the
filed due to the lack of mining equipment, but this
method is verified in miniature. In the future, more
large-scale validation will be carried out.

5. Conclusions

(1) In order to ensure effective pressure relief and perme-
ability enhancement on the protected layers when mining
extremely thin coal seams underneath these layers, a
more aggressive new AM method is introduced together
with the process to optimize the key parameters such as
AM room width, ICP width and the distance between
adjacent TWPs.

(2) The roof displacement increases significantly after the
failure of ICPs. The required distance between adjacent
TWPs is calculated based on the assumption of
complete failure of all ICPs between them to ensure
effective permeability enhancement. The value derived
from numerical models and the theoretical analysis are
in good agreement.

(3) Numerical simulation results show that the failure of
ICPs is guaranteed if designed properly so as to ensure
effective pressure relief and permeability enhancement
by AM. For the case study, the optimal width of ICPs to
apply the proposed AM method is 2.0 m.

(4) The proposed AM method in this paper is suitable for a
coal seam group with extremely close distance due to
the AM height. Theoretical analysis makes some
assumptions, which may not be reasonable in some
cases, such as very soft roof conditions.

Figure 21. Permeability and plastic zone evolution of 2# coal seam when the ICP width is 3 m after the AM advancing distance reaches
88 m.
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