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Under the condition of close-distance double-thick coal seams’ mining, the serious strata behavior occurred in the lower
retracement channel, which is affected by the double disturbance with upper coal-pillar static load and mining dynamic pressure.
Field investigation, laboratory test, and numerical simulation were used to study the failure characteristics and stress distribution
of N0381 retracement channel. .e results show that the plastic failure and stress of the surrounding rock are obviously
asymmetric; specifically, the closer the roof is to N0381 gob, the stronger the strata behavior is. In addition, when the upper coal
pillar is in critical stable or stable state ((w/h)> 2), high stress concentration in the upper coal pillar is transmitted downward
through floor rock so that two dangerous areas with severe strata behavior are formed in N0381 retracement channel. In view of
this, a partition control strategy with “high-pressure water jet + asymmetric high-strength cable-beam net + three-hole anchor
cable group + roof grouting” as the core is proposed to ensure the stability of the lower retracement channel. .is study provides a
reference for coal mines with similar production geological conditions.

1. Introduction

As an important coal production base in China, Datong
coalfield has a long mining history. In recent years, with the
continuous increase of mining intensity, the shallow Jurassic
coal seams are increasingly exhausted, and the deep coal
seams of the Carboniferous-Permian system have been
highly valued [1]. .e minable coal seams in the Carbon-
iferous-Permian system are characterized by multiple layers,
small spacing between layers, and large thickness, thus the
close-distance double-thick coal seams are abundant in the
Datong mining area [2, 3]. Longwall full-mechanized caving
mining technology is widespread in the thick coal seam
(3.5m< thickness≤ 8m) [4, 5]. Before moving to a new
working face, a large cross-section retracement channel is
used for equipment turn and retrace at the stopping line of
the old working face [6].

At present, there are two common retracement ways
regarding the full-mechanized caving mining working face

in China. One is to excavate the retracement channel ahead
of time, that is, to excavate 1 or 2 auxiliary passages parallel
to the working face at the design stopping line before the end
of the mining work [7]. .e other is to excavate the
retracement channel with the coal cutter. When the working
face is pushed to the stopping line, hydraulic supports re-
main in its position, but the coal cutter and transport
machine move forward to cut coal, and finally, a large cross-
section retracement channel is formed for equipment
recycling [8, 9]. .e preexcavation retracement channel
technology sets 4 to 6 connecting roadways between the
auxiliary passages, realizing the synchronous relocation of
fully mechanized mining (caving) equipment. .e pre-
excavation retracement channel technology has been
adopted in Shendong, Ningxia, and other large mining areas.
.e practice shows that the technology has certain advan-
tages in shortening the time of moving the old working face
and installing new one [10]. However, the implementation of
the technology has high requirements for the integrity of the
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surrounding rock because the channel is always in a severe
dynamic loading state affected by advance abutment pres-
sure [11–13]. .e 3# and 4# coal seams in the YZS coal mine
belong to close-distance double-thick coal seams. Due to the
comprehensive effects of upper coal-pillar static load and
mining dynamic pressure, a more complex stress super-
position evolution is formed during the mining of the lower
coal seam. Moreover, the integrity of the surrounding rock is
damaged by repeated mining, making the lower retracement
channel more difficult to control. .erefore, the applicability
of preexcavation retracement channel technology in close-
distance double-thick coal seams must be further studied. At
present, the method of using the coal cutter to excavate the
retracement channel is widely used in Datong coal mine.

According to the geological conditions, coal mining can
be divided into single coal-seam mining and coal-seam
group mining [14, 15]. In the past, research studies on the
stability of the retracement channel mostly focused on single
coal seam with thin (thickness≤ 1.3m) and medium
(1.3m< thickness≤ 3.5m) thicknesses [16–18]. .ere is a
lack of research on the failure mechanism and stability
control for the lower retracement channel in close-distance
double-thick coal seams. In view of this, it is of great
practical significance to master the failure mechanism and
determine the reasonable support scheme for the retrace-
ment channel under the double disturbance of upper coal-
pillar static load and mining dynamic pressure.

In this paper, the typical close-distance double-thick coal
seams in YZS coal mine were chosen as the engineering
background. A local model was built to simulate the stability
and stress concentration of the upper coal pillar with dif-
ferent aspect ratios. Based on the local model, the failure
characteristic and abutment stresses of N0381 retracement
channel under the double disturbance of upper coal-pillar
static load andmining dynamic pressure were compared and
studied in the global model. Furthermore, the stability
control strategy for the lower retracement channel was
determined to satisfy the geological conditions of close-
distance double-thick coal seams and provide reference for
the similar coal mines.

2. Case Study

2.1. Geological andMiningConditions. .e Yanzishan (YZS)
coal mine is located in Datong City, Shanxi Province, China.
.e 3# coal seam is being mined at present. Its average
buried depth, thickness, and dip angle are 430m, 5.3m, and
2°, respectively. .e N0381 working face in 3# coal seam
adopts longwall full-mechanized caving mining technology,
with a mining height of 3.2m and a caving height of 2.1m.
Its strike and tendency length are 2517m and 180m. .e 4#
coal seam is located above 3# coal seam, and its average
thickness and dip angle are 7.5m and 3°, respectively. .e
average distance between the two coal seams is 25m, and
there is a key layer that is mainly composed of medium-
coarse sandstone, as shown in Figure 1. In addition, a
37.5m-wide coal pillar was left between N0481 and N0482
gobs, and the horizontal distance between the coal pillar and
N0381 tailgate is 30m (Figure 2). .e method of using the

coal cutter to excavate the retracement channel is used to
withdraw equipment at the end of the mining work. N0381
retracement channel section is rectangular with a width of
10m and a height of 3.3m.

2.2. Previous Support Scheme. To evaluate the rationality of
previous mining experience in YZS coal mine, field inves-
tigation was carried out on N0481 retracement channel in 4#
coal seam. .e cables with diameter of 17.8mm and length
of 6300mm were used in the roof, and the cables were
connected in rows by w-steel tapes. .e spacing of the cables
installed in the roof was 1300mm× 1500mm, which is a
typical uniform and symmetrical arrangement. .e bolts
with diameter of 18mm and length of 1700mmwere used in
the rib, and their spacing was 1000mm× 1500mm. .e
support scheme of N0481 retracement channel is shown in
Figure 3.

Field investigation found a large area of coal rib spalling
and roof falling during the retracement of the N0481
working face. .e maximum load of the hydraulic support
reached 53MPa, and the corresponding dynamic load co-
efficient was 1.77. In addition, severe roof subsidence oc-
curred in some areas, which made it difficult to withdraw
hydraulic supports (Figure 4). Compared with N0481
working face, N0381 working face is covered with coal pillars
and gobs. .e complex stress environment will inevitably
bring more serious ground pressure behavior, indicating
that the previous support experience is not suitable for
N0381 retracement channel. In view of this, this paper takes
YZS coal mine as the engineering background to study the
failure mechanism and stability control of N0381 retrace-
ment channel.

3. Local Model

3.1. Stress Concentration in the Coal Pillar under Static Load.
When mining N0381 working face (after 4# coal seam was
mined for 5 years), the overburden movement caused by 4#

�ickness (m) Depth (m) Lithology
12.4 382.6 Coarse sandstone
6.5 389.1 Fine sandstone
3.4 392.5 Siltstone
7.5 400.0  #4 coal seam
6.0 406.0 Fine sandstone
8.0 414.0 Medium-fine sandstone
4.5 418.5 Kaolinite rock
5.3 423.8 Conglomerate
1.2 425.0 Carbonaceous mudstone
5.3 430.3  #3 coal seam
3.2 433.5 Carbonaceous mudstone
3.6 437.1 Kaolinite rock
5.5 442.6 Medium-fine sandstone

Figure 1: Stratigraphic column at the study site.
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coal seam mining had became stable. It can be considered
that the residual coal pillars in 4# coal seam were only af-
fected by overlying strata gravity. Under the static load, the
stress concentration in the coal pillar with different aspect
ratios is different [19]. .e different degrees of stress con-
centration are transmitted downward through floor rock,
which has differing impact on N0381 retracement channel.

3.1.1. Principle of Stress Concentration in the Coal Pillar.
.e premise of studying coal pillar stress concentration is to
clarify the stability of the coal pillar. Prassetyo et al. [20]
pointed out that coal pillar stability involves pillar load
estimation, pillar strength estimation, and safety factor
calculation. Once the strength limit of the coal pillar is
exceeded by static load, the coal pillar is prone to yield
instability. Due to plastic failure is irreversible and the

bearing capacity of the plastic zone is limited, thus the re-
sidual strength of the yield coal pillar will be greatly reduced.
In this situation, the stress concentration in the coal pillar is
negatively related to its failure. Specifically, the stress con-
centration decreases with the increase of coal pillar static
load, but increases with the increase of coal pillar strength.
However, when the coal pillar is in the stable state, the
statement is just opposite. .e relationships among coal
pillar stress concentration, coal pillar static load, and coal
pillar strength are shown in Figure 5. .us, coal pillar static
load and coal pillar strength become the key to clarify the
principle of stress concentration in the coal pillar.

3.1.2. .e Static Load of the Coal Pillar. When the overlying
strata movement caused by N0381 working-face mining
tends to be stable, a continuous uniform load is coming on
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Figure 2: Space location relationship of 3# and 4# coal seams.
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the residual coal pillar, thus this load is static rather than
dynamic [21]. .e tributary area theory is the most com-
monly used method for coal pillar static load estimation..e
tributary area is defined as the sum of the pillar cross-
sectional area and excavated area. .e theory is based on the
assumption that all the strata loads above the tributary area
are borne by the coal pillar [22]. As is known to all, longwall
full-mechanized caving mining causes the working face to be
oversized; such large mining space makes overlying strata
collapse fully, so the bearing capacity of gob gangue and
floor cannot be ignored. In view of this, the calculation
formula for coal pillar static load was obtained by modifying
the tributary area.

After the mining of N0481 and N0482 working faces, the
overburden of the residual coal pillar developed gradually
upward along a collapse angle (α). As shown in Figure 6, the
load to be borne by the coal pillar mainly includes two parts:
the strata weight (G) within the inverted trapezoid range of
the collapse angle and the load (q) transmitted by the higher
stable strata.

.e geometric relationship (Figure 6) satisfies the fol-
lowing formula:

δ
 h

� cotα, (1)

where Σh is the height of the caving zone, which can be
calculated according to  h � h/(Kρ − 1), h is the mining
height of 4# coal seam, and Kρ is the expansion coefficient of
the caved rocks in the gob.

.e strata weight (G) within the inverted trapezoid range
of the collapse angle can be expressed as follows:

G � c(w + δ)  h, (2)

where c is the average density of overlying strata and w is the
width of the coal pillar.

.e load (q) transmitted by the higher stable strata can
be calculated as follows:

q � kc H −  h −  m , (3)

where k is the load transfer coefficient of overburden, H is
the average depth of 4# coal seam, and Σm is the cumulative
mining height of Jurassic coal seams.

.erefore, the total static load on pillar (Lp) can be
evaluated as follows:

Lp �
c(w + δ)  h + ck H −  h −  m( (w + 2δ)

w
. (4)

If the inverted trapezoid shape of coal pillar overburden
is simplified as a rectangle with width of (w + 2δ) and height
of Σh, formula (4) can be simplified as follows:

Lp �
ck(w + 2δ) H +((1 − k)/k( )  h −  m)

w
. (5)

Due to Jurassic coal seams have been mined for a long
time, the cumulative mining height (Σm) cannot be accu-
rately counted. .erefore, borehole stress meters were used

Coal rib
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Roof falling
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Roof subsidence

Supporting
structure damage 
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Figure 4: Deformation and damage of N0481 retracement channel. (a) Coal rib spalling and roof falling. (b) Roof subsidence and supporting
structure damage.
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to monitor in situ stress (S1) in 4# coal seam, and then,
formula (5) can be expressed as follows:

Lp �
S1(w + 2δ)

w
. (6)

Bring formula (1) into formula (6):

Lp � S1 1 +
2cotα

Kρ − 1 w /h
⎛⎝ ⎞⎠. (7)

It can be found that the average load of the residual coal
pillar is related to the in situ stress (S1), the collapse angle (α),
the expansion coefficient of the caved rocks (Kρ), and the
aspect ratio (w/h). When the mining conditions are deter-
mined (S1, α, and Kρ (kept constant)), the static load of the
residual coal pillar is only related to its aspect ratio. Spe-
cifically, the static load of the coal pillar increases with the
decrease of the aspect ratio (w/h).

3.1.3. .e Strength of the Coal Pillar. For the past few de-
cades, an amount of research on coal pillar strength has been
conducted using the empirical semistatistical and laboratory
test. Salamon et al. [23] suggested an empirical power
formula for calculating coal pillar strength with the width-
height ratio as the variable. Bieniawski [24] proposed that
when coal pillar size exceeds a critical value, the coal pillar
strength will not change with the width-height ratio; thus,
the linear formula is more suitable to describe the strength of
all sizes of coal pillars. .e above empirical analysis methods
can be used to predict coal pillar stability on the macrolevel,
but it cannot directly show the differing impacts of coal pillar
stress concentration on the lower coal seam. However,
numerical simulations can achieve the above requirements.
Mohan et al. [25] comparatively analyzed failed and stable
cases of pillars by FLAC3D and pointed out that numerical
simulation may be a feasible and better method to assess coal
pillar strength. Esterhuizen et al. [26] put the pillar-roof-floor
system as a unit to simulate coal pillars, gob, and overburden
response and presented that well-calibrated numerical models
can help better understand the load and failure process. In a
word, the linear and power formulas indicate that the aspect

ratio is a key parameter affecting the strength of the coal pillar.
Taking the aspect ratio as a variable, the numerical simulation
can visually show the stress concentration of the different sizes
of coal pillars, which provides a basis for obtaining the de-
formation and failure characteristics of the lower retracement
channel.

In view of the advantages of numerical simulation, the
coal pillar strength was simulated by using the finite dif-
ference software FLAC3D in this paper..e specific coal and
rock mass parameters, constitutive model, and calibration
methods are shown in Section 3.2.

3.2. Local Model for the Coal Pillar Aspect Ratio

3.2.1. Model Setup. As a key factor, the aspect ratio is not
only affecting coal pillar load but also plays an important role
in coal pillar strength. .us, FLAC3D was used to set up the
local model with the aspect ratio as the variable to simulate
the stability and stress concentration of the coal pillar. In the
local model, the aspect ratio (w/h) of the coal pillar is 1, 2, 3,
4, and 5, respectively, in which the coal pillar height (h) is
7.5m. .e field observation shows that the expansion co-
efficient of the caved rocks in N0481 gob (Kρ) is 1.25, the
collapse angle (α) is 75°, and in situ stress (S1) is 9.18MPa.
Taking these parameters into formula (7), the static load of
the pillar can be calculated. Combined with geological
conditions, the local model size was (w + 16)
m× 30m× 50m (Figure 7). .e displacements of the model
bottom were fixed. .e horizontal displacements of the four
sides of the model were fixed. Based on in situ stress of
9.18MPa and rock bulk density of 0.025MN/m3, a vertical
stress of 8.40MPa was applied to the top boundary of the
local model to simulate overburden pressure. Gravity ac-
celeration of 9.80N/kg was applied in the model.

3.2.2. Rock Mass Parameters and Constitutive Models

(1) Coal and Rock Mass Parameters. .e premise of FLAC3D
to successfully simulate coal mine engineering cases is to
input reasonable coal and rock mass parameters. Compared
with intact rock samples, there are a lot of joints and
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q
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∑h
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Figure 6: Schematic diagram of coal pillar static load.
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fractures in in situ rock masses. Medhurst and Brown [27]
pointed out that joints and fractures could affect the strength
of the rock mass, thus the parameters obtained from intact
rock by laboratory tests cannot be directly used in numerical
simulation. Determining reasonable rock masses’ parame-
ters include the following three aspects [28, 29]: (a) testing
physical and mechanical parameters of the coal and rock
mass in the laboratory, (b) translating the intact rock pa-
rameters obtained from laboratory tests into rock mass
parameters for numerical simulation, and (c) correcting the
rock mass parameters by theoretical analysis or on-site
measurement.

Based on the nonlinear Griffith failure criterion, the
generalized Hoek–Brown criterion was introduced by Hoek
and Brown [30]. .is criterion could convert laboratory
parameters into rockmass parameters by fitting a wide range
of triaxial tests on intact rock samples. .erefore, the rock
mass strength analysis software RocLab (10.0) was used to
determine the parameters of the coal and rock mass in this
study. .e coal and rock mass parameters obtained are
shown in Table 1.

(2) Constitutive Models. .e most commonly used consti-
tutive models for the coal seam is the perfect elastic-plastic
model and strain-softening model. .e strain-softening
constitutive model divides the failure process of coal into
three phases: elastic phase, plastic phase, and residual phase,
as shown in Figure 8. Research and practice show that the
strain-softening constitutive model is more in line with the
progressive failure process of coal [31]. .us, the strain-
softening constitutive model was used for 4# coal seam; in

addition, the Mohr–Coulomb constitutive model was used
for other strata.

Due to the fact that it is difficult to test the values of the
strain-softening model (cr and εp), the evaluation method is
usually used to determine the initial values of these pa-
rameters, and then, numerical simulation is carried out.
Finally, the reasonable parameters are determined by
comparing simulation results and field measurement data.
.e values are listed in Table 2.

3.2.3. Local Model Validation

(1).eoretical Prediction of Coal Pillar Stability. Because coal
pillar stability can truly reflect the relationship between coal
pillar strength and coal pillar load, this paper verifies the
local model from the perspective of coal pillar stability by
using theoretical analysis. Mark and Chase [32] proposed the
Mark–Bieniawski formula for calculating coal pillar
strength:

Sp � S1 0.64 +
0.54w

h
−
0.18w

2

hL
 , (8)

where L is the strike length of the coal pillar.
.e safety factor (FOS) for evaluating the stability of coal

pillars is defined as follows:

FOS �
Sp

Lp

, (9)

where the coal pillar load (Lp) and the coal pillar strength
(Sp) are determined by formulas (7) and (8):

FOS �
Sp

Lp

�
0.64 + (0.54w/h( ) − 0.18w

2/hL) 

1 + 2cotα/ Kρ − 1 w/h 
. (10)

.e strike length of the coal pillar is more than 2000
m (L>>w), thus the formula can be simplified as follows:

FOS �
Sp

Lp

�
(0.64 + 0.54w/h) Kρ − 1 w/h 

Kρ − 1 w/h  + 2cotα
. (11)

According to Kushwaha’s research [33], when FOS≥ 2,
the coal pillar can maintain long-term stability; when
FOS� 1∼2, the coal pillar can maintain short-term stability;
when FOS≥ 0.6, the coal pillar only keeps stable for few days.
Based on geological conditions, mining technology, and
pillar setting methods in Chinese, the coal-pillar safety factor
table was obtained by investigation and statistical studies
(Table 3) [34].

According to formula (11) and Table 3, the safety factor and
stability of the coal pillar is determined. Combined with the
results of the local model, it can be found that the stability of
coal pillar with different aspect ratios obtained from the
simulations agrees well with theoretical prediction (Table 4).

(2) Field Measurement of Coal Pillar Stress. In order to verify
the local model from the perspective of stress concentration,
borehole stress meters were installed in a 37.5m coal pillar

x
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l

δ δw

h

l

y

z

h

w

δ δ
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z

Figure 7: Schematic diagram of the local model. Note: l is the width
of the local model.
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during the mining of N0481 working face. .e monitoring
scheme is shown in Figure 9(a), and the comparison
between field measurement and simulation result
(w/h � 5) is shown in Figure 9(b). It can be found that the
numerical simulation curve is in good agreement with
field measurement, which indicates that the rock mass
parameters and constitutive model used in the local model
are reasonable.

3.2.4. Analysis of Simulation Results of the Local Model.
.e stress distribution and plastic failure in coal pillars with
different aspect ratios (w/h �1, 2, 3, 4, and 5) are shown in
Figure 10. When the aspect ratio of the coal pillar is 1, the
vertical stress at the top and bottom of the coal pillar is
bimodal, but in the middle, it is a single peak..e peak stress
is 7.84MPa, which is far lower than in situ stress of 9.18MPa,
so the coal pillar is in the pressure relief state. When the

aspect ratio is 2, the stress distribution shows an obvious
single peak, and peak stress reaches up to 35.03MPa. When
the aspect ratio is 3, 4, and 5, the stress distribution shows
double peaks, and peak stress is 21.98MPa, 19.70MPa, and
18.68MPa, respectively. It is safe to say that the superpo-
sition of the abutment pressure of the coal pillar on both
sides decreases with the increase of the aspect ratio. In
addition, when the aspect ratio is greater than 2, an elastic
core can be found in the center of the coal pillar, and the coal
pillar bearing capacity mainly depends on it.

In order to visually show the influence of the aspect ratio
on stress distribution and plastic failure, a multivariate
analysis method was used to analyze the peak stress, the
central stress, the average load, the damage degree, and the
horizontal plasticizing depth ratio for the coal pillars with
different sizes (Figure 10(f)). .e average load, damage de-
gree, and horizontal plasticizing depth ratio are negatively
correlated with the aspect ratio. .e peak stress and central
stress are indexes to characterize the stress concentration of
the coal pillar, which are the smallest when the aspect ratio is
1, reach the peak when the aspect ratio is 2, and then decrease
with the increase of the aspect ratio. .is phenomenon shows
that there is a critical value (w/h � 2) for the coal pillar aspect
ratio. When the size of the coal pillar is lower than the critical
value, the coal pillar is in an unstable state. Affected by re-
sidual strength, the stress concentration in the coal pillar is
significantly reduced. When the size of the coal pillar is larger
than the critical value, the coal pillar is in a stable state. .e
superposition of the abutment pressure on both sides of the
coal pillar decreases with the increase of the aspect ratio.

4. Global Model

4.1. Model Size and Design. .e numerical simulation
software FLAC3D was used to establish the global model. To
realize the principles of plastic failure and abutment stress of
N0381 retracement channel, three models with the upper
coal-pillar aspect ratio of 1, 2, and 5 were built, corre-
sponding to the upper coal pillar in the unstable state, critical
stable state, and stable state, respectively. .e global model
size was 320m× 240m× 72m. Considering computer

Table 1: Rock mass parameters.

Lithology mi D GSI σt (MPa) Em (GPa) K (GPa) G (GPa) Φ (deg.) c (MPa) ]
Coarse sandstone 16 0.8 72 0.50 21.29 11.83 8.87 48.6 2.70 0.20
Fine sandstone 10 0.8 62 0.17 8.91 5.12 3.68 35.2 1.27 0.21
Siltstone 11 0.8 64 0.17 9.47 5.85 3.85 36.1 1.32 0.23
4# coal seam 5 0.8 40 0.03 1.90 1.22 0.77 16.3 0.42 0.24
Medium-fine sandstone 12 0.8 66 0.28 13.08 7.78 5.36 41.0 1.74 0.22
Kaolinite rock 7 0.8 53 0.07 4.42 2.73 1.80 25.3 0.75 0.23
Conglomerate 14 0.8 68 0.22 12.86 7.39 5.31 41.2 1.68 0.21
Fine sandstone 10 0.8 62 0.15 8.51 5.06 3.49 34.5 1.22 0.22
Carbonaceous mudstone 7 0.8 47 0.05 3.30 2.03 1.34 23.3 0.66 0.23
3# coal seam 5 0.8 33 0.01 1.20 0.77 0.49 13.2 0.31 0.24
Carbonaceous mudstone 7 0.8 47 0.05 3.29 2.03 1.34 23.3 0.66 0.23
Kaolinite rock 7 0.8 53 0.07 4.42 2.83 1.78 25.3 0.75 0.24
Medium-fine sandstone 12 0.8 66 0.28 13.10 7.53 5.41 41.0 1.75 0.21
Note: mi is the constant of intact rock, D is the disturbance coefficient, and GSI is the evaluation parameters of fracture rock.

Elastic phase
Plastic
phase Residual phase

St
re

ss
 (M

Pa
)

Strain

Peak 
strain εp

Residual stress

Residual 
strain εr

Peak stress σp

σr
Strain-so�ening

Perfect elastic-plastic

Figure 8: Stress-strain relationship.

Table 2: Strain-softening parameters.

Properties εp εr Cr (MPa) Φr (°)
Value 0.007 0.013 0.23 11.4
Note: Cr is residual cohesion and Φr is the residual friction angle.
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operation efficiency, the grid near the residual coal pillar in 4#
coal seam was refined (Figure 11). .e stress boundary con-
dition, displacement boundary conditions, and rock mass
parameters were consistent with the local model. A double-
yield constitutive model was used for gob gangue. Strain-
softening and Mohr–Coulomb constitutive models were used
for coal seams and other strata (Tables 1 and 2), respectively.

4.2. Double-Yield Model Parameters. Compared with the
local model, there are two problems in the global model: (1)
after the mining of N0481 and N0482 working faces, how to
reasonably control the load of the residual coal pillar to make
the global model consistent with the local model, such as coal
pillar stress concentration and plastic failure range; (2) with
the gap of gob gangue is gradually compacted by overlying
rockmovement, how to simulate themechanical properties of
gob gangue is another problem to be solved..e double-yield
constitutive model is commonly used to simulate the

mechanical properties of the gob gangue. Jiang [35] studied
the mechanical behavior of gob gangue using the double-yield
constitutive model, and the mechanical properties of the
caved zone were compared by the theoretical solution and
simulation result. Feng and Wang [36] pointed out that the
double-yield model obtained data agree well with Salamon’s
equation, which effectively reflects the loading mechanism of
gob gangue. .erefore, setting up a reasonable double-yield
constitutive model can effectively solve the above problems.

As an important parameter of the double-yield model,
the cap pressure can be calculated as follows [37]:

σ �
E0ε

1 − ε/εmax( 
, (12)

where σ is the cap pressure, E0 is the initial elastic modulus, ε
is the bulk strain of the coal and rock mass, and εmax is the
maximum bulk strain, and εmax and E0 can be estimated as
follows [38]:

Table 3: Coal pillar safety factor.

Safety factor (FOS) 0≤ FOS< 0.8 0.8≤ FOS≤ 1 1< FOS≤ 1.5 FOS≥ 2
Coal pillar state Unstable Critical stable Stable Absolute stable

Table 4: Comparison between theoretical prediction and simulation results.

Coal pillar aspect ratio Safety factor (FOS) calculation value .eoretical prediction results Simulation results
1 0.38 Unstable Unstable
2 0.83 Critical stable Critical stable
3 1.32 Stable Stable
4 1.82 Stable Stable
5 2.34 Absolute stable Stable
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Figure 9: Comparison between field measurement and simulation result. (a) Layout of field measurement. (b) Field measurement and
simulation result.
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Figure 10: Continued.
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εmax �
Kρ − 1 

Kρ
,

E0 �
10.39σ1.042

c

K
7.7
ρ

,

(13)

where σc is the strength of the caved rocks.
Taking N0481 and N0482 gobs in 4# coal seam as an

example, the strength of the caved rocks (σc) is 23.70MPa,
and the expansion coefficient of the caved rocks (Kρ) is 1.25.
.e initial value of cap pressure is calculated by formula (12),
and then, the initial parameters were brought into simu-
lation. By using trial and error, the parameter values are
constantly adjusted to achieve a good agreement between the
global model and local model. .e parameters obtained are
shown in Tables 5 and 6.

4.3. Global Model Validation. .e four indicators (peak
stress, central stress, damage degree, and horizontal plas-
ticizing depth ratio) of the coal pillar obtained from local and
global models were compared to validate the global model.
.e stress concentration (peak stress and central stress) and
plastic failure (damage degree and horizontal plasticizing
depth ratio) of the coal pillars in global models are larger
than local models (Figure 12), but the maximum error of
each index did not exceed 5%. From the perspective of safety,
it can be said that the high stress concentration of the coal
pillar in the global model reserved a safety factor for the
lower retracement channel, so the global models and its
input parameters can be considered reasonable.

4.4. Analysis of Simulation Results of the Global Model

4.4.1. Failure Analyses of the Surrounding Rock. Before
N0381 retracement channel formed, a transition distance of
20m stopping coal caving was designed to reduce the mining
dynamic pressure. Limited by the length of the paper, seven
typical sections were selected to study the failure characteristics
of N0381 retracement channel, as shown in Figure 13. When
the upper coal-pillar aspect ratio is 1, the roof plastic failure is in
a shape of “right-angle trapezoid”. Specifically, the plastic depth
of the roof above the virgin coal rib is 2.2m. From the virgin
coal rib to the central axis of the retracement channel, the roof
plastic failure increases linearly, and the plastic depth of the
roof near N0381 gob reaches 6.6∼8.8m. In addition, the failure
characteristics of the floor are similar to the roof. .erefore,
taking the central axis of N0381 retracement channel as the
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boundary, the plastic failure of the surrounding rock is ob-
viously asymmetric, and strata behaviors are mainly concen-
trated in N0381 gob side. On the contrary, the sections (y� 25,
31, 33, 35, and 43m) that may be affected by the upper coal

pillar have no obvious difference compared with other sections
(y� 15 and 58m) in plastic failure distribution, which indicates
that the influence of the upper coal pillar onN0381 retracement
channel can be ignored.

Table 6: Material parameters.

Parameter c (kg/m3) G (GPa) K (GPa) φ (°) σt (MPa)
Value 1340 1.15 3.74 27 0
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Figure 12: Comparison between local and global models. (a) Peak stress. (b) Central stress. (c) Damage degree. (d) Horizontal plasticizing
depth ratio.

Table 5: Cap pressures.

Strain 0.00 0.01 0.03 0.05 0.07 0.09 0.11 0.13 0.15 0.17
Stress (MPa) 0.00 0.53 1.78 3.37 5.44 8.26 12.34 18.76 30.30 57.23
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When the upper coal-pillar aspect ratio is 2, there are two
dangerous areas (I A zone and I B zone) with severe strata
behavior under the edges of the upper coal pillar. It can be
seen that the range of I B zone is wider than I A zone,
specifically, the strike range (y-axis direction) of I A zone
and I B zone are 15∼35m and 39∼62m (Figure 13(b)). In
addition, the plastic failure of surrounding rocks still shows
an asymmetric distribution, but the severity of asymmetric
strata behaviors in different areas is different. .e upper
coal-pillar static load and the mining dynamic pressure are
coupled and superimposed in dangerous areas (I A zone and
I B zone). .e double-force sources aggravate the roof
damage, and the plastic failure in some sections (y� 25 and
51m) even develops to the upper gob. .erefore, the

asymmetric strata behaviors are more prominent in dan-
gerous areas (I A zone and I B zone). When the upper coal-
pillar aspect ratio is 5, the failure characteristics of N0381
retracement channel are similar to that of the coal pillar with
the aspect ratio of 2, but the range and damage degree of the
dangerous areas (II A zone and II B zone) are slightly larger.

On the whole, the plastic failure of N0381 retracement
channel shows an asymmetric distribution; specifically, the
plastic depth of the roof near N0381 gob is greater than that
of the roof near the virgin coal rib. When the aspect ratio of
the upper coal pillar is greater than 2, there are two dan-
gerous areas in the retracement channel, and the plastic
failure in those areas is serious and shows stronger asym-
metry. In addition, owing to the middle of N0381
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Figure 13: Characteristics of plastic failure of N0381 retracement channel. (a) Upper coal-pillar aspect ratio of 1. (b) Upper coal-pillar aspect
ratio of 2. (c) Upper coal-pillar aspect ratio of 5.
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retracement channel is more strongly affected by the mining
pressure of N0381 working face, the range of I B (II B) zone is
wider than I A (II A) zone.

4.4.2. Abutment Stress Analyses of the Surrounding Rock.
In order to clarify the characteristic and principle of the
abutment stress in N0381 retracement channel, taking the
upper coal-pillar aspect ratio of 5 as an example, the roof
stress survey lines were arranged on the typical section
(y� 73m), which was selected from the dangerous area of II
B.

As shown in Figure 14(a), the vertical stress of the roof
near N0381 gob (0m< x< 5m) is less than 6.30MPa, in-
dicating that the roof is in the pressure relief state. .e
vertical stress of the roof increases linearly from the central
axis to the virgin coal rib, but the rising speed slows down
after entering the virgin coal rib. .e peak stress is about 4m
deep into the virgin coal rib and reaches up to 27.73MPa.
.us, the vertical stress of the roof is asymmetric; specifi-
cally, the vertical stress of the roof near the virgin coal rib is
greater than that of the roof near N0381 gob. As shown in
Figure 14(b), the distribution of horizontal stress at different
heights of the roof is different. Specifically, the horizontal
stress of the shallow roof (roof height is 1∼6m) increases
exponentially and shows obvious asymmetric characteris-
tics; however, the horizontal stress of the deep roof (roof
height is 7∼12m) almost keeps a constant value. .erefore,
the support design should make full use of the stable hor-
izontal stress environment of the deep roof to compensate
the shallow roof.

5. The Failure Mechanism and Control of the
Surrounding Rock

5.1. .e Failure Mechanism of the Surrounding Rock.
According to the analysis of plastic failure and abutment
stress of N0381 retracement channel, the following two
factors should be fully considered for the stability control of
the surrounding rocks: the mining dynamic pressure of
N0381 working face and the residual coal pillar in 4# coal
seam.

.e global models show that the closer the roof is to
N0381 gob, the stronger the mining dynamic pressure is, and
the plastic failure and stress distribution of the surrounding
rocks are asymmetric, evidently with the central axis as the
boundary. .e severe strata behaviors in the roof near to
N0381 gob increases the risk of roof fall, thus huge amounts
of pigsty timbering are used to ensure the safe withdrawal of
hydraulic supports. Moreover, manual cleaning is often
required in the areas with serious gangue caving. .e in-
creased workloads not only bring a large amount of material
consumption but also make the staff exposed to a dangerous
working condition. In addition, after a part of hydraulic
supports were withdrawn and once the caved gangue blocks
the retracement channel, the ventilation will be adversely
affected. In fact, the previous support experience mainly
focused on the roof near the virgin coal side and often ig-
nored the role of roof stability above the hydraulic supports.

When the upper coal pillar is in a critical stable or stable
state ((w/h)> 2), the high stress concentration in the coal
pillar is transmitted downward through floor rock at a
certain angle, resulting in two dangerous areas with severe
ground pressure behavior formed in the retracement
channel. In the dangerous areas, the upper coal-pillar static
load and the mining dynamic pressure are coupled and
superimposed. .e double-force sources aggravate the roof
damage, and thus, the asymmetric strata behaviors are more
prominent. Different from single coal-seam mining, the
adverse effects of the upper coal pillar on the lower
retracement channel should be considered fully in close-
distance double-thick coal seams.

5.2. Stability Control of N0381 Retracement Channel

5.2.1. High-Pressure Water Jet Technology. In order to avoid
the adverse effects of the upper coal pillars on N0381
retracement channel, the critical stable or stable coal pillars
((w/h)> 2) should not be left in 4# coal seam. If a wide coal
pillar must be left for safety mining, pressure relief measures
should be taken to eliminate the stress concentration in the
coal pillar. Deep-hole blasting, large-diameter dense holes,
and high-pressure water jet are the commonly used pressure
relief means in coal mines, which can effectively reduce
stress concentration and improve the stability of the sur-
rounding rock [39, 40]. In view of the advantages of high-
pressure water jet technology, such as little bit wear, less
dust, and no spark, the high-pressure water jet should be
preferred [41].

.rough continuous rotary cutting inside the coal pillar,
water jet boreholes with radius of d/2 are formed. .e stress
state of the coal mass around the water jet borehole changes
from triaxial compressive to uniaxial compressive, forming a
plastic circle with a radius of D/2, as shown in Figure 15.
With the decrease of the boreholes’ spacing (b), the stress
curves around the boreholes are superimposed, and the coal
mass between the boreholes is more prone to plastic failure.
.e design principle of the high-pressure water jet scheme is
to ensure that the stress field and plastic zone caused by
water jet boreholes are superposed to form continuous and
effective cutting for the coal pillar elastic core.

5.2.2. “Asymmetric High-Strength Cable-Beam Net +.ree-
Hole Anchor Cable Group +Roof Grouting” Partition Control
Strategy. According to the failure mechanism of N0381
retracement channel, the roof near to N0381 gob was se-
riously damaged by the mining dynamic pressure, and thus,
it is necessary to use the supporting structure to improve the
roof adaptability to the asymmetric failure. In addition,
when the high-pressure water jet technology affected by
geological conditions becomes difficult to implement, the
support design should also fully consider the stress con-
centration of the upper coal pillar.

In view of the above problems, the surrounding rock
partition control strategy with “asymmetric high-strength
cable-beam net + three-hole anchor cable group + roof
grouting” as the core is proposed. (1) .e asymmetric
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arrangement of high-strength cable-beam net is used to
improve roof support strength. Especially, by strengthening
the bearing capacity of the roof near to N0381 gob,
restricting vertical stress transfer to the virgin coal rib, and
weakening the asymmetry of roof stress distribution. (2).e
partition support is adopted for N0381 retracement channel,
specifically, three-hole anchor cable group and roof grouting
as the supplement support are used in dangerous areas to
reinforce the top coal crack, improve the integrity of the
weak roof, and realize the three-dimensional compression of
the coal and rock mass. (3) .e high-strength I beam is
selected to replace the w-steel tape for the roof near to N0381
gob. By improving roof surface confining pressure, the
damage of high stress to the coal mass is reduced, and the
self-supporting ability of the rock stratum is brought into
play so that the supporting structure and surrounding rock
work in harmony.

5.2.3. Reasonable Choice for Control Strategy of the
Retracement Channel. Under the conditions of close-distance
double-thick coal seams mining, the control strategy for the
lower retracement channel is not a single type, but should be
flexibly adjusted according to the stress state of the upper coal
pillar, the severity of the mining dynamic pressure, and the
failure characteristics of the surrounding rock. According to
local models, the stress concentration in the unstable coal pillar
(w/h � 1) is lesser than in situ stress, which has almost no
impact on the retracement channel. .erefore, the control
strategy only needs to consider the asymmetric strata
behavior caused by mining dynamic pressure, and the
support design can be carried out with “asymmetric high-

strength cable-beam net.” When the upper coal pillar is in
the critical stable state (w/h � 2), high stress concentration
is formed in the coal pillar. In view of this, the “high-
pressure water jet + asymmetric high-strength cable-beam
net” should be adopted. When the upper coal pillar is in
the stable state (w/h> 3), the high-pressure water jet is not
a good way due to the large size of the upper coal pillar,
and the partition control strategy with “asymmetric high-
strength cable-beam net + three-hole anchor cable
group + roof grouting” becomes an effective method to
realize the stability of the surrounding rock.

5.3. Optimization of the Support Scheme for N0381 Retrace-
ment Channel. Based on the above analysis, the partition
control strategy with “asymmetric high-strength cable-
beam net + three-hole anchor cable group + roof grout-
ing” as the core is put forward for N0381 retracement
channel. According to the global model with the upper
coal-pillar aspect ratio of 5, the plastic depth of the roof
near to N0381 gob is over 7.0 m; thus, the 6300mm-long
anchor cable used in the previous support scheme is
unreasonable. Due to hydraulic supports need to be
transported along the virgin coal rib, the anchor cable in
the roof near to the virgin coal rib should also be
strengthened. .e optimized support design not only
lengthens the anchor cable, but also increases support
density. In addition, three-hole anchor cable group and
roof grouting as the supplement support are used in
dangerous areas (15∼37m away from N0481 tailgate;
58∼83m away from N0481 tailgate). .e specific support
parameters are shown in Figure 16.
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Figure 14: Stress distribution of the roof of N0381 retracement channel. (a) Vertical stress of different heights. (b) Horizontal stress of
different heights.
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6. Conclusion

.is study provides a numerical simulation method for
obtaining the failure characteristics of the lower retracement
channel in close-distance double-thick coal seams. Com-
pared with previous studies, this study has the following
characteristics: (a) a local model with the strain-softening
constitutive model was built to simulate the correlation
between the stress concentration and the aspect ratio of
the coal pillar; (b) based on the local model, a global model
was built to simulate the failure mechanism of N0381
retracement channel under the double disturbance of
upper coal-pillar static load and mining dynamic pres-
sure; (c) theoretical prediction and field measurement
were used to validate the local model and its input pa-
rameters, and the double-yield constitutive model used in
N0381 gob was validated by comparing the simulation
results from local and global models. .e main conclu-
sions are as follows:

(1) .e local models show that there is a critical value
(w/h � 2) for the coal pillar aspect ratio. When the size
of the coal pillar is lower than the critical value, the coal
pillar will be in the unstable state, and its stress con-
centration is lesser than in situ stress; when the size of
the coal pillar is greater than or equal to the critical
value, the coal pillar is in the critical stable or stable
state, and its stress concentration slightly decreases as
the aspect ratio increases.

(2) .e global models show that the plastic failure and
stress distribution of N0381 retracement channel are
asymmetric evidently; specifically, the closer the roof
is to N0381 gob, the stronger the strata behavior is. In
addition, when the upper coal pillar is in the critical
stable or stable state (w/h> 2), there are two dan-
gerous areas formed in the retracement channel, and
the strata behavior in those areas is more serious and
shows stronger asymmetry.

(3) According to the failure mechanism of the sur-
rounding rock, this study proposes a partition
control strategy with “high-pressure water jet-
+ asymmetric high-strength cable-beam net + -
three-hole anchor cable group + roof grouting” as
the core to realize the stability of the lower
retracement channel. Moreover, the control
strategy is not immutable, but should be flexibly
adjusted according to the stress state of the upper
coal pillar, the severity of mining dynamic pres-
sure, and the failure characteristics of the sur-
rounding rock.
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