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Reasonable width of gob-side coal pillar can reduce the waste of coal resources and is conducive to roadway stability. According to
the distribution of internal and external stress fields at the working face, a method for determining the width of gob-side coal pillar
was proposed. &e coal pillar and roadway should be set within the internal stress field, and support is provided through the
anchored part and the intact part of the coal pillar.&emethod was used in the design of the coal pillar at No. 130205 working face
of Zaoquan Coal Mine. &e calculation results indicated that the width of a coal pillar suitable for gob-side entry is 6.0m. It is
reasonable to arrange the roadway and coal pillar in the low-stress zone with a width of 11m. During tunnelling of roadway and
stoping of the working face, the deformation of the roadway increased with a reduction in the distance from the working face.
Even during stoping of the working face, there was an approximately 1.5m intact zone in the coal pillar. &is indicates that the
proposed method of designing small coal pillar of gob-side entry driving is reliable.

1. Introduction

With the continuous improvement of coal mining methods
and the enhancement of the mechanical equipment level,
fully mechanised caving has become an important mining
method for thick coal seam [1–3]. It can achieve high-yield
and high-efficiency mining of thick coal seams, but
roadways in mining area face challenges of surrounding
rock control, for example, the large cross section, strong
mining influence, and soft and thick coal roof and floor
[4–7]. Over the past few years, China has called for the
construction of resource-saving mines [8]. Fully mecha-
nised caving mining projects involving large-cross section
roadway driving along goafs under narrow coal pillar
conditions have become increasingly common, and the
difficulty in controlling the stability of the surrounding
rocks in these projects has increased.

A key issue in the fully mechanised caving of small coal
pillars is the design of a reasonable width. A reasonable coal
pillar width can not only reduce the deformation of the coal
pillar and the maintenance costs, but also maximise the

recovery of coal resources [9–11]. A century ago in the
United States, the design of coal pillar dimensions depended
heavily on intuition or established rules of thumb [12].
However, currently, various coal pillar design guidelines
have been developed on the basis of indoor tests and the-
oretical analyses [13–16]. Sheorey et al. [13] analysed 23 cases
of pillar instability and 20 cases of safe and stable pillars and
proposed a new pillar strength equation for practical values
of the width-to-height ratio. Aiming at the defect of tra-
ditional coal pillar safety evaluation method which regards
safety factor as fixed value, Najafi et al. [14] proposed a coal
pillar stability evaluation method which regards safety factor
as probability function. He et al. [15] studied the correlation
between the gob-side entry (GSE) stability and coal pillar
width during longwall top-coal caving mining in extra-thick
coal seams and found that the GSE with an 8m coal pillar
was destressed and minimal GSE deformation occurs. Fan
et al. [16] calculated the range of the internal stress field from
the perspective of the stress distribution in the surrounding
rock, thereby determining the width of coal pillars and
validating them onsite.
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In addition, with the advancement of field measurement
and numerical simulation techniques, they have been in-
creasingly applied to coal pillar design [17–24]. Focusing on
the potential variation in strength due to the strength
properties of the surrounding rock, Gale [17] proposed a
design method for coal pillar arrangement. Jaiswal and
Shrivastva [18] proposed a method for establishing the
strain-softening constitutive relation of coal via calibration
of a numerical model, and they determined the most ap-
propriate strain-softening parameters and hence identified a
reasonable coal pillar width. Esterhuizen et al. [19] calibrated
the numerical model of coal pillar strength using FLAC3D
according to triaxial test data of coal samples together with
the failure depth and peak resistance of the coal pillar. Wu
et al. [20] studied the initiation, propagation, and failure of
cracks within a 7m gob-side coal pillar during its formation
and suggest that the most appropriate pillar width is 10m in
the Sijiazhuang Coal Mine in China.

In the foregoing studies, the width of the coal pillar was
designed to maintain stability only under specific stress
conditions. However, the design of the coal pillar is related to
not only its own bearing capacity but also the stress envi-
ronment in which it is located. When the coal pillar is
designed to be in a high-stress area, its bearing capacity must
be high, that is, a large width. Conversely, a coal pillar in a
low-stress area must have a low bearing capacity and small
width [25]. &is study focused on soft rock roadway driving
along the goaf of Zaoquan Coal Mine. A design method for
the width of the coal pillar along the goaf was developed by
combining the position of the chain pillar (stress conditions)
and the bearing capacity of the coal pillar. &e method was
applied to Zaoquan Coal Mine.

2. Study Area

2.1. Geological Overview. Zaoquan Coal Mine is located at
the edge of the Mu Us Desert, southeast of Lingwu City in
Ningxia in northwestern China.&emine field is 13 km long
from north to south and approximately 4 km wide from east
to west, with an area of 52 km2. &e bedrock strata in the
mine field include the Upper Triassic Shangtian Formation,
Middle Jurassic Yan’an Formation (coal-bearing strata), and
Zhiluo Formation, as well as the Upper Jurassic Anding
Formation, with the bedrock extensively covered by Qua-
ternary wind-deposited sand or Palaeogene purplish-red
clay.&ere are three main workable coal seams: No. 2, No. 6,
and No. 8, which have thicknesses of 8.4m, 2.6m, and 5.5m,
respectively. &e coal seam currently being mined is No. 2.

2.2. Overview of Working Face. &e coal seam mined at
working face 130205—coal seam No. 2—is buried at a depth
of approximately 615m. Its thickness ranges from 8.2 to
10.7m, with an average of 8.4m. It contains a layer of gangue
(black carbonaceous mudstone) with an average thickness of
0.3m, which is 0.7m from the immediate floor of the coal
seam. &e lithology of the pseudoroof of No. 2 coal seam is
carbonaceous mudstone (average thickness of 0.4m), while
that of the immediate roof is siltstone (average thickness of

4.6m) and fine sandstone (average thickness of 3.2m), with
the part above it beingmedium sandstone (average thickness
of 12.7m) and fine sandstone (average thickness of 5.0m).
&e coal seam floor is siltstone (average thickness of 11.8m).

Airway 130205 opens at the return airway moving
downhill of mining area No. 13, and the machine tunnel
opens at the downhill belt conveyor of working face 130203
(where mining is completed) is above working face 130205.
Coal safety pillars (35m high) were set up in airway 130205
and machine tunnel 130203.&e working face is bounded by
normal fault F201 to the north and the shaft pillar in mining
area No. 13 to the south.&e part below working face 130205
is a primitive coal seam that has not been extracted; thus,
there is no mining activity affecting the excavation of the
working face.

&e airway of working face 130205 has a length of
2,198m, with a cross section of length×width� 5,000mm
× 4,000mm. &e machine tunnel has a length of 1,976m,
with a cross section of length×width� 5,200mm×

4,000mm. &e working face has a strike length of 1,910m
(with a workable length of 1,583m) and an inclination
length of 332m (cutting hole). &e mining method of
retreating longwall along the strike, the fully mechanised
top-coal caving technique, and the full-caving method were
adopted at the working face for the treatment of the goaf.
&e mining layout plan of working face 130205 is shown in
Figure 1.

3. Methodology

3.1. Coal Pillar DesignMethod Based on Internal and External
Stress Fields. During roadway excavation and maintenance,
the sources of mine pressure and their corresponding ex-
cavation locations and timings under different chain pillar
mining conditions were divided into three types, as shown in
Figure 2 [25–27].

&e first type was the excavation of a small coal pillar
within the internal stress field and advancement due to
mining of the relative working face before the formation and
stabilisation of the internal stress field (Position 1 in Fig-
ure 2). &e second type was advancement due to delayed
mining of the working face after the stabilisation of the
internal stress field (Position 2 in Figure 2). &e third type
was a roadway protection scheme using a large coal pillar, in
which excavation was conducted in the high-stress area
(Position 3 in Figure 2), with a low recovery rate owing to the
large coal pillar and a large stress concentration factor.

For improving the coal recovery rate and reducing the
stress concentration factor of coal pillar, the narrower the
coal pillar is, the better. But considering the supporting effect
of the coal pillar on the roof and the deformation degree of
the surrounding rock of the roadway, the designed width of
the coal pillar has a minimum value. If it is less than this
value, the coal pillar will be easily broken, and the roadway
will produce large deformation.

&e width of the small coal pillar in the section was based
on the comprehensive analysis of the effects of the stress,
displacement, and width of the small coal pillar on the
deformation of the roadway when the coal pillar was affected
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by stoping of the working face in this section. &e main
factors affecting the working condition of the coal pillar
included the following:

① Loading time: if the service time of the roadway was
relatively long, a strength factor of prolonged service
(with a value of 0.7 to 0.8) was used to correct the
compressive strength of the specimen.

② Width-to-height ratio: the relationship between the
coal pillar strength and width-to-height ratio (Sp) can
be expressed by the following equation [28]:

Sp �
B

h
 

(1/2)

Sc, (1)

where Sc represents the strength at B/h� 1 (i.e., the
cubic strength) and Sp represents the coal pillar
strength at a width-to-height ratio of B/h.

③ Load size: the degree of filling of the immediate roof
in the goaf is directly related to the load size of the
coal pillar. If the degree of filling was low, dynamic
loading was significant. If the filling thickness was 3
to 5 times larger than the mining height, dynamic
loading was not significant.

④ Anchor reinforcement: after the roadway was exca-
vated, stress failure occurred within the surface layer
of the coal seam on both sides of the coal pillar,
forming a failure zone in the internal stress field.
Moreover, the coal pillar was reinforced with an
anchor bolt, which significantly increased the lateral
pressure of the coal pillar under certain conditions.

3.2.CalculationMethod forCoalPillarWidth. &e stability of
roadway driving along the goaf must be maintained with the
installation of a small coal pillar in this section of the
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Figure 1: Relationship between the movement of the surrounding rock of the roadway and the abutment pressure distribution.
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Figure 2: Relationship between the movement of the surrounding rock of the roadway and the abutment pressure distribution. (a) Plan and
(b) profile.
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roadway. &e width of the coal pillar should be greater than
the sum of the widths of the crushing zone on the side of the
goaf and the anchorage zone. &at is, it must be ensured that
an intact zone is retained in the middle of the coal pillar to
provide support, as shown in Figure 3. Hence, the reasonable
minimum width B of small coal pillars in the section of
roadway driving along the goaf is calculated as follows:

B � S1 + S2 + S3, (2)

where S1 represents the crushing zone created in the small
coal pillar in the roadway driving along goaf in this section,
whose width is given as follows [29]:

S1 �
mA

2tgϕ0
ln

kcH + C0/tgϕ0( 

C0/tgϕ0(  + Px/A( 
 , (3)

wherem represents the height of the roadway (in m),A is the
coefficient of lateral pressure, k is the stress concentration
factor caused by excavation of the roadway, c represents the
average unit weight of the overlying strata (in kN/m3), H
represents the mining depth (in m), Px represents the
strength provided by the roadway support to the coal wall (in
MPa), and C0 and φ0 represent the cohesive force (MPa) and
the angle of internal friction (°) of the interface of the
laminae of the coal mass, respectively.

S2 represents the effective length of the anchor bolt in the
sidewall of the roadway (in m), with an additional rein-
forcement factor of 15%.

S3 represents the width of the elastic core zone in the
middle of the coal pillar (in m). Assuming that the crushing
zone of the coal pillar does not provide load bearing and that
only the anchorage zone and the elastic core zone provide
support, the width of the elastic core zone can be determined
using the width-to-height ratio of this part of the coal pillar
(equation (1)).

4. Results and Discussion

4.1. Calculation of Width of Coal Pillar at Working Face
130205. According to the equation for calculating the width
of the coal pillar and the geological parameters of working
face 130205, the width of the crushing zone of the small coal
pillar S1 was calculated as 1.8m, where m� 4m, A� 1.6,
k� 2.5, c � 2512 kN/m3, H� 615m, Px � 0.1MPa,
C0 �1.5MPa, and φ0 � 27°. &e effective length of the anchor
bolt in the sidewall of roadway was S2 � 2.3× (1 + 15%)�

2.6m. According to the uniaxial compressive strength
(24.6MPa) and the coal mass strength of the plastic an-
chorage zone (22.3MPa) of coal seamNo. 2 of Zaoquan Coal
Mine, it was found that the elastic core zone S3 in the middle
of the coal pillar was 1.7m in width. Combining the three
parts, the minimum width of the coal pillar was determined
to be 5.8m.&e width of the small coal pillar was set to 6.0m
in this study.

4.2. Distribution of Advanced Abutment Pressure.
Excavation and maintenance of roadways under a stable
internal stress field are crucial for preventing and controlling
the large deformation of roadways and related disasters.

Numerical simulations were performed to study the char-
acteristics of the distribution of advanced abutment pressure
during mining of working face 130203 and the deformation
and failure of the airway of working face 130205 during
excavation and stoping. An FLAC3D numerical simulation
model was established according to the physical and me-
chanical parameters of coal and the geological characteristics
of Zaoquan Coal Mine, as shown in Figure 4. &e working
face and the roadway were arranged in the central area of the
model, and the grid was densely divided in the part around
the roadway. &e numerical model comprised 285,600 grid
units. &e left and right boundaries of the model were
constrained by horizontal displacement conditions, and the
lower boundary was constrained by vertical displacement.
&e upper boundary was a free boundary with a uniform
load. &e size of the computational model was set as
311m× 300m× 227m.

During the simulation, excavation of working face 130203
was first conducted to observe the lateral abutment pressure
distribution characteristics of the working face, and the results
are presented in Figure 5. &e lateral stress distribution of the
working face was divided into low-stress (0∼5m), high-stress
(5∼11m), peak-stress (11∼20m), and stress-relief zones
(20∼50m). &is indicates that the range of lateral impact due
to the excavation of the working face was approximately 50m.
&e 6m coal pillar was just outside the peak-stress zone,
verifying the accuracy of the calculation results.

4.3. Deformation and Failure Pattern of Coal Pillar during
Excavation. After the excavation of working face 130203
was completed and the movement of the overlying strata was
stabilised, excavation of the airway of working face 130205
was conducted. &e deformation and failure of the sur-
rounding rocks of the roadway 150 and 180m from the
cutting hole during the excavation are shown in Figures 6
and 7, respectively.

&e results suggest that the deformation of the rock
around the airway gradually increased. &e deformation
value was particularly large near the vault. &e maximum
deformation near the airway was 114.4mm (180m from the
cutting hole). &e vault extended upwards, and the defor-
mation of strata converged quickly. &e deformation of the
surrounding rock was within 10mm, after extending 5m
into the rock. &e maximum uplift at the bottom was ap-
proximately 45mm. &e two sidewalls exhibited highly
asymmetric deformation distributions owing to the het-
erogeneity of the cross section.

4.4. Deformation and Failure Pattern of Coal Pillar during
Stoping. After the excavation of the airway of working face
130205 was complete, the excavation of working face 130205
was conducted.&e deformation and failure of the coal pillar
were observed, and the failure of the surrounding rocks of
the roadway 150 and 180m from the cutting hole is shown in
Figure 8. During the advancement of the working face with a
large mining height, the coal wall of the working face failed
in a certain range along the advancement direction under the
action of abutment pressure.&e depth range of 0 to 2.0m in
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the coal wall on the side of mining face 130205 was the
tensile and shear plastic zone, which was characterised by a
typical failure in the form of outward bulging. Under the
action of the abutment pressure, the reduction in the
strength of the coal mass caused the coal wall at the working
face to bulge outward. &e depth range of 0 to 1.5m in the
coal wall on the side of mining face 130203 was the tensile
and shear plastic zone. Under the action of the abutment
pressure, the reduction of the strength of the coal mass led to
the outward bulging of the coal wall at the working face.
Within the range of 2.0 to 4.5m in the centre of the small
coal pillar, although part of the coal seam was in the plastic
zone, the coal seam was mainly in the shear plastic zone, and
the degree of rock fragmentation was not severe.

&e comprehensive analysis indicated that there was
approximately 1.5m of noncrushing zone in the centre of the
6m small coal pillar.

4.5. Application Results. &e cross-point method [30] was
used to monitor the degree of deformation of the sur-
rounding rock of airway 130205. Measuring pins were in-
stalled at the centres of the roof, floor, and two sidewalls.&e

degrees of deformation of these parts were measured once a
day using a steel tape measure. &e deformation of the
roadway 150m and 180m from the cutting hole during the
advancement of the working face is shown in Figure 9.

&e deformation of the two sidewalls of the roadway was
greater than those of the roof and floor during the advance-
ment of the working face. &e maximum sinkage of the roof
was 55mm, the maximum heave of the floor was 55mm, the
maximum upper-wall bulge was 30mm, and the maximum
lower-wall bulge was 70mm. &e bulging of the upper wall of
the airway was the smallest among all the changes, indicating
that a 6m coal pillar can maintain the stability of the roadway.
Within 50m from the working face, the deformation of the
surrounding rock of the roadway became increasingly ap-
parent. &e deformation accelerated significantly within 35m,
and the deformation rate was maximised at approximately
20m.&us, the influence range during the process of stoping of
the working face was roughly within 50m.&e deformation of
the roof increased significantly within 20m ahead of the
working face, and a sharp increase occurred at approximately
15m. &is indicates that the coal seam mining generally af-
fected a range 50m ahead of the coal wall and that the impact
of the mining intensified within the range of 15m.
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&e YS(B) explosion-proof electronic borescope for mines
(as shown in Figure 10) was used to detect the failure in the coal
pillar 50m ahead of the working face, and the results are shown
in Figure 11. At the front end of the borehole (i.e., near working
face 130203), fractures developed in the borehole, and the coal
mass was crushed. At the middle of the borehole, the borehole
wall was relatively smooth, with high integrity. At the back end
of the borehole (i.e., near working face 130205), the borehole
wall appeared to be bright black under the illumination of the
probe, indicating that the coal mass here was also in the plastic
state. &e detection results indicated that both sides of the coal
pillar were in a state of plastic failure, while there was still an
intact elastic core zone in the middle, which indicates that the
design of the coal pillar is reasonable.&is was supported by the
overall results for the deformation control of the roadway. &e

effects on the roadway 50 and 100m ahead of the working face
are presented in Figure 12. As shown, the deformation of the
roadway along the goaf with a 6m small coal pillar was not
apparent within the influence range of advanced abutment
pressure, which can ensure normal stoping of the working face.

4.6. Discussion. &e method for determining the width of
gob-side coal pillar proposed in this paper is applicable to all
coal mines in theory. However, when the roadway roof is
hard, it needs to be supplemented by roof cutting and other
measures to prevent excessive stress on the coal pillar. &e
broken position of soft roof is close to the coal pillar, so it is
not necessary to take other measures, so the method in this
paper can be directly used for design.
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5. Conclusions

In the design of a coal pillar in roadway driving along a goaf,
not only the width of the coal pillar but also its location must
be considered. In this study, a method for determining the
location and width of a small coal pillar was developed on
the distribution of the internal and external stress fields at
the working face. &e method was applied to working face
130205 of Zaoquan Coal Mine.

(1) According to the calculation of the width of the limit
equilibrium zone generated in the coal pillar at

working face 130205 and the mechanical calculation
of the joint loading in the limit equilibrium zone and
the elastic core zone of the coal pillar, a reasonable
width of the coal pillar of the section was found to be
6m. &is result is consistent with the simulation
results for the distribution of the lateral abutment
pressure after the mining of working face 130203.

(2) During the excavation of the roadway and stoping of
the working face, the deformation of the roadway
increased with a reduction in the distance from the
working face. Owing to the asymmetry of the

Probe

Receiver

Transmission line

Figure 10: Detection equipment for internal fracture of the coal mass.

(a) (b) (c)

Figure 11: Internal fracture development in the coal mass. (a) Front-end crushing zone, (b) middle intact zone, and (c) back-end anchorage
zone.

(a) (b)

Figure 12: Effects on the roadway with 50 and 100m of working face advancement. (a) 50m of advancement and (b) 100m of advancement.
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roadway, plastic failure of the solid coal side of the
roadway was apparent. Although plastic failure also
occurred in the coal pillar, its bearing capacity was
still relatively high.&ere was approximately 1.5m of
intact zone in the middle of the coal pillar even
during the stoping of the working face.

(3) &e influence range during the stoping of the
working face was roughly 50m, and the deformation
of the roof increased significantly within 20m ahead
of the working face. &e deformation of the two
sidewalls of the roadway exceeded those of the roof
and floor, and the bulging of the upper wall was the
smallest among all the changes, indicating that a 6m
small coal pillar can effectively maintain the stability
of the roadway.&is is consistent with the conclusion
from the exploration of the coal pillar through the
borehole onsite that there is an intact zone in the
centre of the coal pillar.

(4) &e proposed design method for small coal pillars in
deep roadway driving along goafs is scientific and
reliable. It provides a scientific basis for the deter-
mination of the reasonable width of narrow coal
pillars, which can improve the maintenance status of
deep roadways and increase the coal recovery rate.
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