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The reasonable size of the coal pillar in the working face is usually the most critical
aspect in coal mining, which is related to the deformation of the surrounding rock of
the roadway and the degree of damage to the coal pillar during the coal resource
extraction process. The reasonable-size design of coal pillars usually adopts methods
such as strength and elastic core zone calculation. However, for the remaining coal
resources, the width of the working face is often unequal, and widening or narrowing
the working face can significantly change the reasonable size of the coal pillar. In the
laboratory, uniaxial compression tests were conducted on coal samples with
different aspect ratios. Based on the possible sizes of coal pillars in coal mines,
four three-dimensional humerical models of coal pillar compression with different
aspect ratios were established. Obtained the failure characteristics and strength of
coal pillars with different aspect ratios and provided the strength formula and aspect
ratio calculation formula for coal pillars. A mechanical roof model for widening the
working face was established, and the relationship between coal pillar strength and
working face width was proposed. The strength of coal pillars increases with the
increase of aspect ratio. The length of the working face and the aspect ratio of the
coal pillar were calculated using the coal pillar strength formula. The width of the
working face has increased from 63 m to 160 m, and the size of the coal pillar has
increased from 3.6 m to 13.4 m, which has improved the resource recovery rate of
the coal pillar. According to the deformation monitoring of the A503 working face
roadway that there is no evidence of roof caving or sheeting, and the roadway’s
maximum deformation is 147.3 mm, which proves that the width of the coal pillar is
suitable for the mining requirements of uneven working faces. This provides
important theoretical support for reasonably determining the size of coal pillars
and improving the utilisation rate of irregular coal resources.
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1 Introduction

The difficulty of mining coal, such as thin coal seams, remaining coal safety pillars, and fairly
irregular leftover coal seams, is abandoned with the high-intensity mining of coal resources. In
China, the average recovery rate for coal resources is around 30%, but only 10%-15% of those
resources are recovered from small coal mines, creating a significant quantity of legacy coal
resources (Zhang et al,, 2016; Wang and Zhang, 2019). Both the remaining coal resources and
the mining work are often erratic. Throughout the working face’s progression, lengthen the
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working face by adding hydraulic support and shorten it by
withdrawing hydraulic support in order to verify that the coal has
been thoroughly mined in irregular coal mining locations. For the road
to remain safe during mining, the coal pillar’s stability and bearing
capacity are essential. After the working face has been mined, the
majority of the roof pressure load is next transmitted to the coal pillars
on each side (Li, 2006). While the working face is moving forward,
lengthen the working face by adding hydraulic support and shorten it by
withdrawing hydraulic support in order to verify that the coal has been
thoroughly mined in irregular coal mining locations. For the road to
remain safe during mining, the coal pillar’s stability and bearing
capacity are essential. After the working face has been mined, the
majority of the roof pressure load is next transmitted to the coal pillars
on each side (Li, 2006). The major influences on the stability and load
carrying capacity of the coal pillar’s capability are its size and the load
(ChughPulaPytel, 1990; JaiswalShrivastva, 2009a; KosteckiSpearing,
2015; Zhang et al, 2018). Li (2020) looked into how the geometry
of the plastic zone around a coal pillar in a deep road varied depending
on its size. The major stress vector changes as a result of the size of the
coal pillars, and butterfly wing plastic zones arise in different roof
positions. The stress distribution and size of the surrounding rock have
an impact on pillar stability, according to the research (Xiao et al,, 2011;
Yang et al, 2013; Yang et al., 2020), which examined the effect of the
pillar size of coal on stress distribution. Therefore, the design pillar of
coal width on irregular working faces is essential for safe mining. In
general, there is a strong correlation between aspect ratio and coal pillar
strength (Hustrulid, 1976; Mohan and SheoreyKushwaha, 2001;
JaiswalShrivastva, 2009a). Bieniawski (1968) testing of cubic coal
samples of various sizes demonstrates a link between the coal’s
strength and the size of the investigated samples. Khair and Achanti
(1996) looked at laboratory studies on the size of coal samples and their
effects on compressive strength. Changing the sample size would not
result in a noticeable change in the compressive coal’s capacity for
strength because the compressive coal’s capacity for strength depends
on the sample size to some extent. Theoretical understanding of effect
magnitude has been enhanced by Bazant and Planas (1997). Hossein
(MasoumiSaydamHagan, 2016) conducted a series of laboratory tests
on Gosford sandstone samples in a range of sizes, including point
loading and uniaxial compression testing. Additionally, a unified size
impact law was presented. Additionally, the uneven working face is
because the coal pillars have broken. During mining, the loads on the
coal pillars vary as the working face’s length changes (Wang et al., 2013;
Yu and HuangWang, 2016; He et al,, 2020). Matching the breadth that
serves as the coal pillar working face width changes is the key challenge
in constructing a suitable coal pillar width.

It is evident that most early studies did not consider the width of
the working face when designing the appropriate size of coal pillars.
Therefore, testers will check the uniaxial compressive strength of
coal samples with different aspect ratios. Through numerical
simulation, the strength of coal pillars with different aspect ratios
can be determined. In order to determine the correlation between
the length of the working face and the aspect ratio of the coal pillar, a
mechanical roof model with a relatively uneven working face will be
constructed. Create coal pillars with the appropriate width and
adjust them according to the length of the irregular working face.
This is crucial for mining uneven working faces and improving the
recovery rate of coal resources.
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2 Background in engineering
2.1 General working face situation

At the northernmost point of the A’ai mining region, Qiuci
Mining Co., Ltd. is situated on the west bank of the Kuche River,
101 km north of Kuche County, Xinjiang. The direct roof is made
with a typical thickness of 5.06 m of fine sandstone, and the basic
roof is made of medium-sized sandstone, often about 7.92 m. The
A503 fully mechanised caving face is the third coal mining face in
the A5 mining area. The northern part of the face is the original
A5 goaf, the southern part is the A502 working face, the western
part is the boundary protection coal pillar of the mine field, the
eastern part is the A5 mining area protection coal pillar, and the
upper part is the A602 working face goaf. The burial depth of the
working face is about 150 m. The direct bottom is made of grey
siltstone, with a thickness of approximately 4.40 m, and the basic
bottom is made of light medium grey-fine sandstone, with a
thickness of around 6.89 m. The bottom plate is complete, and
there are no cracks.

2.2 Difficulties in designing coal pillar size in
irregular areas

Only the irregularly shaped area depicted in Figure 1 remains in
the A5 coal seam in an unmined state following the mining of the
Qiuci Mine’s A502 working face. The chamber and pillar portion of
this location is in the west, and the coal seam fire region created by
mining is in the south.

Based on the characteristics of the working face, four
preliminary layout schemes have been designed: regular layout,
asymmetric handle (one-time expansion of the working face)
layout scheme, symmetric handle (expansion-contraction) layout
scheme, and extremely irregular (multiple expansion-contraction)
layout scheme. As shown in Figure 2.

Through economic and technical comparison, although the
extremely irregular working face has some complicated processes
and is difficult to mine, it can mine 438,400 tons more coal than the
conventional regular layout, and the economic benefits are
significant. Choose an extremely irregular layout as the mining
plan for the A503 working face of Qiuzi Mine. The variation of
working face length can be divided into areas with unchanged face
length, areas with increased face length, and areas with decreased
face length. Hydraulic support technology will be increased while
hydraulic support technology will be decreased to complete the
mining of quite erratic coal seams.

As is clear from this technique, an appropriate segment pillar width
is crucial for the secure mining of relatively erratic working faces. The
load on the pillar of coal is affected by mining the working face, and as
variations in the working face’s forward motion occur, so does the
mining width (Zhu et al, 2014; Gao et al, 2019). There will be a
significant loss of coal resources in a relatively limited working face
width if the coal pillars are left in place in compliance with the limit load.
To ensure safe mining at the working face without losing significant
resources available for coal, the coal’s dimensions and pillars should be
modified together with the working face’s width.
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FIGURE 1

Quite irregularity left-over coal seam area.

symmetric handle layout scheme

FIGURE 2
Different layout schemes of irregular working face.

FIGURE 3
Tester and coal samples with different aspect ratios.

3 Experimental method and procedure

The basic mechanical properties of coal samples are the basis
for studying the reasonable size of coal pillars. The wider the coal
pillar, the greater the compressive strength, but at the same time,
the more coal resources are wasted. A reasonable width of coal
pillars can not only meet the requirements of roadway protection
but also reduce the waste of coal resources. Determining the
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‘ extremely irregular layout scheme

strength of coal pillars with different aspect ratios is the key to
determining the reasonable width of coal pillars. Because the
height of the roadway is a fixed amount, the strength of coal
pillars with different widths must be considered first when
retaining coal pillars. In order to determine the strength of coal
pillars with different aspect ratios, uniaxial compression tests
(UCT) were carried out on coal samples with different
aspect ratios.
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FIGURE 4
Coal samples’ stress-strain curves at various aspect ratios.
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FIGURE 5
Coal samples strength with different aspect ratios (where D is
aspect ratios).

3.1 Equipment and samples preparation

From the Qiuci Coal Mine in Kuche, Xinjiang Province, China,
coal samples were taken from whole coal. The samples were
constructed in accordance with the experimental specification
advised by ISRM and were cylindrical, as depicted in Figure 3,
with a diameter of 50 mm and heights of 15, 20, 30, 35, 50, 75, and
100 mm. The tests were carried out. using electro-hydraulic servo
rock testing equipment created by Changchun Corporation that has
a maximum axial pressure of 1,000 kN.

3.2 Experimental outcome

Using an ultrasonic detector RSM-SY5, the P-wave velocities of
each coal sample were determined using an instrument with a
timing precision of 0.05ps, a test range of 0-629,000 ps, an
amplifier power of 82 dB, and a bandwidth of 10 kHz-250 kHz.
For testing, three coal samples for each ratio with P-wave velocities
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between 1,550 and 1,750 m/s were chosen. All measurements were
carried out until the sample was destroyed at a 0.002 mm/s constant
loading rate.

3.3 Test result

Coal samples’ stress-strain curves at various ratios under UCT
are shown in Figures 4, 5.

It is depicted in Figure 3 based on the coal samples’ stress-strain
curves, which show various proportions. It is clear that the
compression stage, the linear elastic stage, the fracture
propagation stage, the yield stage, and the post-peak stage can be
distinguished in the stress-strain curves of coal samples with various
proportions. The compression stage of the coal sample is shortened,
and the elastic stage is prolonged with the increase in length-
diameter ratio. The wider the coal sample, the greater the peak
strength and the greater the residual strength.

Figure 4 shows that as the aspect ratio rises, the average
durability of the coal samples decreases. The coal’s durability

sample has the following relationship to D:
1
0, = 0.78 5 +11.35 (1)

When D < 0.7, the strength of the coal sample increases greatly
with the decrease in the height-diameter ratio.

The relationship between the height-diameter ratio and the
compressive strength of coal samples was obtained by laboratory
experiments. However, because the laboratory experiment is carried
out on small-sized coal samples, it can only reflect the law of the
influence of width on strength and cannot represent the strength of
large-scale coal pillars. It is still necessary to construct the strength
formula for the on-site coal pillar scales because the aspect ratio
plays a significant role in the coal sample strength.

4 Simulation of coal pillar strength with
different aspect ratios

Small-scale specimens do not accurately reflect the strength
and behaviour of coal bulk under stress and strain. Large-size
coal specimens are therefore necessary for performing UCT.
However, it is quite challenging to complete UCT on large-
size specimens (JaiswalShrivastva, 2009b). A reliable strategy is
the use of numerical simulation (MohanSheoreyKushwaha, 2001;
ShabanimashcoolLi, 2012).

4.1 Model and scheme

The pillar width between the roadway and room goaf is altered
with the working face’s length once the very irregular working face is
prepared. The layout of an appropriate coal pillar width is based on
the strength of coal pillars with various aspect ratios (Jiang et al.,
2011; Wang et al,, 2011). Therefore, the strength of coal pillars with
various aspect ratios was investigated using FLAC™ numerical
simulation software. The model has a floor, pillar, and roof.
Based on the dimensions of panel A503 from the Qiuci Coal
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pillar size: 10m>10mx=6m
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Models of pillars with different aspect ratios. (A) Pillar size: 5 m x 5 m x 6 m. (B) Pillar size: 10 m x 10 m x 6 m. (C) Pillar size: 15 m X 15 m X 6 m (D)

Pillar size: 20 m x 20 m x 6 m.

TABLE 1 Strain-softening plastic properties for coal pillar.

Strain (0] 0.01 0.03 0.05 ‘ 0.1

Cohesion (MPa) 1.51 1.20 0.80 0.40 0.40

Mine, four coal pillar numerical models were created, with a total
width along the x, y, and z axes of 9 m, 14 m, 19 m, and 24 m, and
a height in the z direction of 10 m. According to Figure 6, one
zone’s coal pillar length is 0.1 m x 0.1 m x 0.1 m. To examine the
strength of coal pillars with various aspect ratios, software
was employed.

The x, y, and z directions, as well as the model’s top, were set in
the vertical direction to maintain a constant vertical velocity of
displacement, which is confined to the roof and floor boundaries,
respectively. The pillar is modelled using the Mohr Coulomb yield
criterion with train softening (DuncanTruemanCraig, 1995).

Through experimental testing, the physical and mechanical
characteristics of samples of ordinary coal were determined. The
charcoal samples’ elastic moduli were 0.5 GPa, 10.7 MPa for uniaxial
compressive strength, 0.27 for Poisson ratio, 5.3 MPa for cohesive
strength, and 25.2° for friction, respectively. The carbon pillar’s
plastic stress softening characteristics are represented in Table 1.

4.2 Characteristics of coal pillar failure with
various aspect ratios

Figure 7 illustrates the curves of stress and strain, and failure

traits of coal samples with various aspect ratios when using
numerical simulation tools.

Frontiers in Environmental Science

Figure 7 shows how the stress-strain curves of coal samples with
different aspect ratios are similar to the shape of laboratory tests. It
includes the post-peak stage, the yield stage, and the elastic stage. In
the early stage of coal pillar deformation, the upper and lower
boundaries first undergo compaction deformation and then extend
to the middle of the coal sample. With the loading of pressure, the
plastic zone expands, so that the column is less damaged in the
elastic stage. The failure of the coal pillar is mainly a shear failure.
Stress concentration occurs at the diagonal, so the diagonal is first
destroyed. Both sides occur symmetrically. The coal pillar
experienced shear failure of the X-shaped conjugate slope. The
higher the D, the more obvious the shear failure characteristics of
the double-inclined plane of the coal pillar.

4.3 Coal pillar strength with different
aspect ratios

The strength design formula suggested by Bieniawski (1992),
Holland (Pati, 2011), Bunting, and Bunschinger is employed as the
calculation formula for pillar strength in the mine. Table 2 displays
the strength of coal pillars with various aspect ratios.

Figure 8 illustrates how the coal pillar’s strength decreases as W
rises. The Bieniawski formula fits the results of the numerical model
better than the other four strength formulas, which can roughly
reflect the relationship’s trend. The right coal pillar strength formula
in the Qiuci mine can be obtained by using the Bieniawski formula
to correct the coal pillar strength.

0.36) @)

05 = 0.968 x 12.15(0.64 +—
w
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FIGURE 7

Failure characteristics and stress-strain curves of coal samples
with various aspect ratios. (A) W=0.3. (B) W=0.4. (C) W =0.6.
(D) W =1.2.

Figure 9 shows that the curve of the coal pillar’s adjusted
strength and W agrees exactly with the outcomes of the
numerical model, with a correlation degree of 1.
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TABLE 2 Strength of coal pillars with different aspect ratios.

Strength/MPa

Bieniawski Formula (Bieniawski, 1992) 22.36 18.71 15.06 11.42

Holland Formula (Pati, 2011) 22.18 19.21 15.68 11.09

Bunting Formula 20.66 17.62 14.58 11.54

Bunschinger Formula 18.44 16.20 13.95 11.70

Simulation Result 21.65 18.13 14.59 11.06

5 Segment coal strength in quite
irregularity left-over coal seam

5.1 Mechanical roof model of quite
irregularity working face

The roof can be reduced to a beam with a very erratic working face.
The support of the coal pillar received below is simplified as the elastic
foundation, and the weight of the rock formation above the beam is
simplified as the load qc. The roof mechanical model is constructed, and
the two sides of the beam are fixed, as shown in Figure 10.

5.2 Solution of mechanical model

The differential equation for the beam’s curved surface is:

ErOP) _ q(x) - p(x) 3)

oxt

The cross-sectional moment of inertia of the beam is I, m?, and
the elastic modulus of the beam is E, GPa. The load received below
the beam is represented by P(x), and the load received above the
beam is represented by g(x).

The foundation’s reaction force for an elastic foundation can be
expressed as follows:

p(x) = kow(x) 4)

When L;<x< L; + Ly, taking the characteristic coefficient
o= \4/4%, the general answer to Eq. 3 is as follows Huang
et al. (2020):

w(x) = e [d; cos(ax) + d, sin (ax)]

+ e ™ [ds cos (ax) + dy sin (ax)] + — (5)

Similarly, the general solution of other area elastic foundation
equation can also be obtained.

When 0<x< L3, the general answer to Eq. 3 is as follows Huang
et al. (2020):

g 4 45 5 ds ,
=—x'"+=x"+=x"+d;x+d 6
w(x) 24x 6x 2x 7X +dg (6)
The corner’s relationship to the bending moment, shear
force, and deflection of a particular segment of the beam is as

follows Huang et al. (2020):
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Pillar strength with different aspect ratios.

_dw(x)
0(x) = dx
d2
M (x) = —EI ;‘;(zx) )
d3
Q(x) = —EI%

Both ends of the beam are fixed ends, so the boundary
condition is:

(W) yeep-1, = 05 (W) yopys Lyt Lot Lor ey = O )
(g)x:—Ll—Lz =0, (e)x:L3+L4+Ls+L6+L7+Ls =0

Additionally, the bending, shear, corner, and deflection
moments are equivalent at x = =L, x =0, x = L3, x = L3 + Ly,
X=Ls+ L4+ Ls,x=Ls+ Ly+ Ls+ Lg, x=1L3 +L4+L5+L6+L7inthe
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model. From the above boundary conditions, unknown coefficients
can be determined.

5.3 Relationship between coal pillar strength
and quite irregularity working face width

The tension of the coal pillars in the regional domain can be
determined using Eq. 4 in place of Eq. 8 to model the region of the
coal pillars as a continuously distributed Winkler elastic foundation
Zhang et al. (2017):

Po(x) = qc + ko [d1€™ cos (ax) + d,e™ sin (ax)
+dse”* cos (ax) + dye” sin (ax)] 9)

The stress in a single coal pillar will be the integration for stress
in this range of area, such as: Assuming that the length and width of
the coal room make up the range of coordinates in the load-bearing
area of a single coal pillar, [x;, x,], the stress in the single coal pillar
will be Zhang et al. (2017):

x2
Q= [ peoax (10)
Equation 10, when integrated, yields the single coal pillar’s
stress as:
Q=4c(x2—x1)
k
+ i( (—e*'d, +e“'d, + e *'d; + e dy) cos (ax)

+ (—e*d; — e"'d, — e ds + e dy) sin (ax;)

+ (e"™d) —e™d, — e ™ d; — e d,) cos (ax,)

—(e"™d; +e™'dy + e d; — e d,) sin (ax,)) (11)
The foundation coefficient k, is 8x10” the overlaying uniform

load gc is 3.2 x 10° N/m?, the basic top elastic modulus E is 20.9 GPa,
and the fundamental thickness of the A5 coal seam is 11 m,
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coal strength.

according to the Qiuci Mine’s geological information. Roadway
widths in the A503 working face Ls are 4 m, coal pillar widths in
the A503 working face L, are 6 m, room-pillar goaf widths in Ls and
Lg, mining width in L, is 5 m, and the length of the suspended roof in
the A502 working face L; is 10 m. The concentration factor (k) is 2.
The link between the working face length and coal pillar strength by
bringing these parameters into Eq. 11 is shown in Figure 11.

As seen in Figure 10, the coal pillar’s peak tension rises as the face
length of the working face lengthens. The following equation
determines the face length and peak stress of the pillar created by fitting:

o = 0.0618L + 7.0763 (12)

The proportion of the length of the working face and the aspect
ratio can be determined as follows by combining formulas (2)
and (12):
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w/h>0.0146L - 0.102 (13)

The breadth of coal pillars varies as a result of the A503 working
face of Qiuci Mine adopting a very atypical arrangement to extract as
many coal resources as possible. The surface length of each area is
entered into formula (13), and the theoretical working face’s length
and the minimal width of the pillar of coal are calculated as shown in
Figure 12 in the instance where the height of the pillar of coal is
h=6m.

The alteration in face length is primarily divided into four
sections in the actual manufacturing process: the beginning
working face, whose length is constant; the length rising working
face; the length constant working face in the intermediate area; and
the length dropping working face. The length increase working face
has a minimum coal pillar in width 13.4 m, the length constant
working face has a minimum coal pillar in width 13.4 m, and the
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length decrease working face has a minimum coal pillar in width
from 3.68 m to 13.4 m, according to formula (12) and Figure 12. The
coal pillar’s smallest width is 4.91 m in the initial face. As a result,
Figure 13 depicts the theoretical border of the actual coal pillar and
the minimum coal pillar width boundary line.

Figure 13 indicates that the theoretical limit of the smallest width
of the coal pillar is within the bounds of the actual coal pillar
boundary line.

6 Engineering examples

From June 5 to July 10, during the mining of A503 working
face, the deformation of the top of the roadway was observed. The
displacement monitoring of the roadway roof is carried out. The
deformation monitoring station is set every 30 m in the middle of
the track roadway of the A503 working face, and a total of
7 stations are arranged. The deformation of roadway roof was
monitored by LBY-3 double anchor roof separation instrument.
The layout of the station is shown in Figure 14. Figure 15 shows
the deformation of the top of the roadway at station
1 and station 7.

Figure 15 illustrates how the deformation of the roadway roof
advances along with the working face and eventually tends to a
steady value. There is no abrupt shift in the roadway’s sinking
and deformation process, indicating that there has not been any
damage to the roof, like a roof fall. Neither the roadway’s roof nor
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its walls experienced any phenomena like the roof collapsing or
peeling, and neither did the roadway’s supporting structure fall
off or sustain significant deformation or other damage. It
demonstrates how reasonable and capable the coal pillars in
the road are for maintaining safe mining on the working
face of A503.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1338642

Huang et al.

7 Conclusion

Following a thorough investigation of the suitable coal pillar
width that fluctuates with the size of the atypical working face, the
following precise results were drawn:

(1) Seven coal samples with varying aspect ratios had their

uniaxial compressive strengths measured, and it was
discovered that there was an inverse link between the two.
The coal pillars’ failure characteristics are examined primarily
for shear failure using four numerical compression models of
coal pillars with aspect ratios. The coal pillar’s formula for

strength is

o5 =0.968 x 12.15(0.64 + %)

(2) A mechanical roof model with a quite erratic working face
was constructed, and the coal pillar’s stress was measured.
The length of the working face and the aspect ratio of the coal
pillar were calculated using the coal pillar strength formula,
and it was found that when the working face length grows, the
appropriate breadth of the coal pillar must likewise increase.

(3) The suitable width of the highway of the A503 Qiuci Coal
Mine’s working face is constructed in accordance with the
relationship between the working face’s length and the width of
the coal pillar. Monitoring of the roadway’s roof subsidence on-
site reveals that there is no evidence of roof caving or sheeting,
and the roadway’s maximum deformation is 147.3 mm.
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