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Abstract

In mining methods such as the “three-underground” shortwall strip mining and other meth-
ods involving coal pillar retention, research on the instability mechanism of overburden—
coal pillar groups considering the rheological properties of coal and rock is of great signifi-
cance for ensuring the long-term safety and stability of the coal pillar system, the safe and
efficient production of mines, and the safety of surface structures. Based on the interaction
between the coal pillar and the surrounding rock, a plane strain model of residual coal
pillars in inclined coal seams is established, and analytical expressions for the stress and
displacement fields of the coal pillar are derived using the Ritz method. Combined with
the actual conditions of strip mining in a certain village, a three-dimensional numerical
calculation model for coal pillar group stability is established, which incorporates the
rheological characteristics of coal-rock media. The influence of time effect on the long-
term stability of coal pillar group is investigated. The impact of coal pillar width, mining
depth, and coal seam dip angle on the plastic zone, stress distribution, and deformation
characteristics of coal pillar groups is further studied. Research findings indicate that
under the long-term action of the gravity of the overlying strata, the two sides of each coal
pillar entered the plastic yielding state after 1 day of creep, and present a shear failure
form. With the width of coal pillars increasing, both the extent of plastic zones and stress
and deformation within each pillar decrease to varying degrees. When the pillar width
reaches 40 m, the disparity in plastic zone coverage between pillars diminishes from a
maximum of 21.14% to 10.16%. As mining depth increases, the rate of growth in plastic
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1. Introduction

Due to complex coal seam conditions and outdated mining methods, numerous coal
pillar resources have been left behind in coal mines across multiple regions of China,
including Shanxi, Shaanxi, and Inner Mongolia. Particularly in coal pillar mining methods
such as the “three-down” strip mining, pillar-and-room mining, and pillar-and-room
mining, large coal pillars are often retained to support the roof, ensure the stability of
the surrounding rock in the mining area, control surface subsidence, protect roadways,
and isolate water and sand. However, due to factors such as overburden pressure and
coal-rock creep, local coal pillars may experience instability and failure, which will reduce
their load-bearing capacity. The pressure from the overlying strata supported by these
pillars then shifts to adjacent pillars, causing them to fail due to overload. This can trigger
a large-scale, progressive “domino effect” of instability, leading to a cascade of interrelated
disasters: unstable collapse of the mining area’s surrounding rock, surface subsidence,
gas outbursts, or water inrushes and sand collapses [1,2]. The collapse of residual coal
pillars at the Wajinwan Coal Mine in the Datong Mining District resulted in 18 fatalities and
19 injuries, extensive damage to underground facilities, and surface subsidence covering
approximately 163,000 square meters. The coal pillar group in the 402 panel of the No. 2 coal
seam at Majiliang Coal Mine became unstable, causing an elliptical subsidence zone to form
on the surface with a maximum subsidence depth of 0.7 m [3]. Therefore, investigating the
instability mechanisms of overlying rock-residual coal pillar groups is crucial for ensuring
the safety and stability of coal pillar groups, safe and efficient mining operations, and the
safety of surface structures.

Regarding coal pillar instability issues, many scholars have conducted research on
aspects such as coal pillar loading and bearing capacity [4—6], coal pillar width determina-
tion [7-10], and coal pillar stability analysis [11-19]. Various theories have been established
for calculating the coal pillar loads, including the effective area theory, pressure arch theory,
and A.H. Wilson’s two-zone constraint theory, as well as theoretical and empirical formulas
for calculating the bearing capacity of coal pillars. Analytical numerical methods, such as
the dominant area method [11], the abrupt change theory [12-15], and the finite difference
method [16-18], as well as the discrete element method [19], have been applied to coal pillar
stability analysis. On the other hand, coal-rock masses subjected to high stress during deep
coal mining often exhibit pronounced creep characteristics [20]. Xu et al. [21] employed
the principle of minimum potential energy to establish a stability analysis model for coal
pillars, in which the roof strata stiffness and the softening and rheological properties of the
pillar are considered. This model is further used to investigate the long-term stability of
coal pillars. Based on viscoelastic-plastic theory and unified strength theory, Xu et al. [22]
derived the theoretical formulas for stress and displacement distributions in the elastic
and viscoplastic zones of coal pillars, as well as for the width of the viscoplastic zone. Sun
et al. [23] employed a generalized Kelvin model to characterize the rheological properties
of coal pillars. By integrating the principle of minimum potential energy, they derived an
effective bearing time calculation formula for coal pillars in knife-pillar type goaf areas.
Li et al. [24] studied the long-term damage evolution of a strip coal pillar through the
combination of in situ investigations, laboratory tests and numerical simulation.

As evidenced by the aforementioned studies, existing research on the long-term
stability of coal pillars predominantly focuses on near-horizontal coal seam conditions, with
relatively limited exploration of inclined or steeply inclined seams [7,24,25]. Moreover, most
studies fail to adequately account for the influence of coal-rock rheological characteristics,
and the literature reporting on the mechanism whereby the instability of a single coal pillar
triggers widespread instability in coal pillar groups remains scarce.
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Therefore, based on the interaction between the coal pillar and the surrounding rock,
a plane strain model of residual coal pillars in inclined coal seams is established, and
analytical expressions for the stress and displacement fields of the coal pillar are derived
using the Ritz method. On this basis, based on the actual conditions of strip mining in a
certain village [26], a numerical model for the instability of coal pillar groups in inclined
coal seam strip mining is established to investigate the interaction between coal pillar
groups and surrounding rock. The influence of time effect on the long-term stability of
coal pillar groups is investigated. The variation in stress, deformation, and plastic zone
evolution characteristics in coal pillar groups with respect to pillar width, mining depth,
and coal seam dip angle are further studied. The research findings can provide a theoretical
foundation and technical support for determining the width of coal pillars to be reserved
during strip mining of inclined coal seams and for evaluating the long-term stability of
these pillars.

2. Mechanical Analysis of Interaction Between Coal Pillar and
Surrounding Rock

In the stability analysis of coal pillars, some scholars have established the empirical
calculation formula of coal pillar load and bearing capacity from the point of view of
statistical analysis through tests and field observation. However, research on the interaction
between coal pillar and surrounding rock and the stress—strain characteristics of coal
pillar is limited, and research on the main factors affecting the stability of coal pillar is
insufficient. The coal mining practice shows that the coal pillar width, mining depth, coal
seam inclination, and other factors have an impact on the stability of the coal pillar. At the
same time, under the long-term action of the overlying strata, the coal pillar strength will
decrease with the extension of time, and the coal pillar deformation has a time effect. In
this section, after analyzing the stress characteristics of the coal pillar and the relationship
between the coal pillar and the roof, the mechanical model of the coal pillar is established
to analyze the stress and deformation characteristics of the coal pillar. The analytical
expressions for the stress field and displacement field of the coal pillar were derived using
the Ritz method. A preliminary parametric analysis was further conducted to examine the
effect of coal pillar width on the vertical and horizontal displacements in the core region
of the coal pillar. The derived analytical solution can lay a theoretical benchmark for the
subsequent three-dimensional numerical analysis of inclined coal seam pillar groups.

2.1. Interaction Between Coal Pillar and Surrounding Rock

In some mining methods, a certain width of coal pillar is usually reserved to protect
the roadway and control the surface subsidence. The stability of the coal pillar is very
important for the safe production of the mine and the safety of surface buildings. In order to
avoid wavy undulating basins on the surface, it is necessary to set the appropriate mining
width and reserved width. If the coal pillar size is set too small or the mining width is
too large, it will lead to the instability of the coal pillar, and then cause the deformation
of the overlying strata to be too large and the fracture instability, resulting in the uneven
settlement of the surface buildings.

In coal pillar mining, the interaction between coal pillar and surrounding rock is
determined by the binding force and stiffness ratio between coal pillar and roof and floor.
There are three main types of interaction between coal pillar and surrounding rock [27]:
(1) Integral connection—The lithology of the roof and floor is the same as that of the coal
pillar, and the coal seam is non-full-thickness mining. (2) Non-integral connection and
dry friction—The coal seam is full-thickness mining, and there is binding force on the
contact interface between the coal seam and the roof and floor; (3) Connection with plastic
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interlayer—There is a weak interlayer between the contact interface of the coal seam, roof
and floor; (4) Combined connection—Any combination of the above three.

Due to the existence of binding force, the coal pillar will produce ideal deformation
as shown in Figures 1 and 2. Figure 1a shows the situation where there is a bonding force
between contact interfaces, which mainly has two types: (1) P = Cp + tp (Cp denotes
the overall cohesion and tg denotes the internal friction); (2) P = Cy + tg (Cy denotes
the non-holistic cohesion and tgy denotes the external friction). The presence of bonding
force P restricts the lateral deformation of the coal pillar near the contact surface; as the
distance from the contact surface increases, the influence of the bonding force gradually
decreases, and under these conditions, the coal pillar exhibits the ideal deformation shown
in Figure 1b. At this time, the coal pillar near the contact surface is in a three-dimensional
compression state. In the plane problem, the coal pillar near the contact surface is in the
state of bidirectional compression. Near the contact surface, not only are vertical stresses
0, present, but horizontal stresses oy directed toward the centerline of the coal pillar are
also present.

-4
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(a) Overall bonding type (b) Non-holistic bonding type

Figure 1. Ideal deformation characteristics of coal pillar with binding force on contact surface.
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Figure 2. Ideal deformation characteristics of coal pillar without cohesive force at contact surface.

When the bonding force P is very small, the coal pillar exhibits ideal deformation,
as shown in Figure 2. This situation arises because there is a weak interlayer between
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the coal pillar and the roof and floor. Due to factors such as the dip angle of the coal
seam, this interlayer is easily forced out under the pressure of the overlying rock, causing
the bidirectional compression zone at the interface to disappear. As a result, the lateral
deformation of the coal pillar is no longer constrained, and the pillar is subjected to uniaxial
compression along its height.

2.2. Establishment of Mechanical Model for Coal Pillar Stability Analysis

In the pillar mining method, the stability of the coal pillar can be treated as a plane
strain problem. In the following, the coal pillar with unit thickness is taken for quantitative
analysis of the stress and deformation of the coal pillar. According to the interaction
between the coal pillar and surrounding rock, in order to facilitate the analysis, the following
basic assumptions are made: (1) the coal pillar is assumed to be a continuous, uniform, and
isotropic elastomer; (2) there is no weak plane in the coal pillar; (3) the coal seam is mined
in full thickness.

Figure 3 depicts the mechanical model for coal pillar stability analysis. Taking into
account the dip of the coal seam, the load exerted by the overlying strata on the inclined coal
pillar can be decomposed into vertical load and horizontal load acting on the horizontal
coal pillar. In Figure 3, the width of the coal pillar is set as w and the height is /; the lower
boundary of the coal pillar is fixed, while the upper boundary of the coal pillar is subjected
to vertically distributed load g, and horizontally distributed load g.

vA

q o4

YvYvy

AEAAALEER

Y
- - A

qx

\Colalpillar

PSS,
w
Figure 3. Mechanical model for coal pillar stability analysis.

2.3. Calculation and Analysis of Coal Pillar Stability

In this section, the Ritz method is utilized to solve the analytical expression of the
stress and displacement field of the coal pillar. For the mechanical model shown in Figure 3,
the boundary conditions are

‘Ty|y:h =~y

Tyx|y:h = —(qx )
Uly=0 =0

v‘y:O =0

in which u[,—o, v|y=0 = 0 denote the displacement components in horizontal and vertical
directions at the bottom surface of the coal pillar, respectively. oy |, —p,, Tyx |, are the vertical
and shear stress of the coal pillar on the upper surface of the coal pillar, respectively. gy, qx
are the vertically distributed load and horizontally distributed load, and their directions
are defined as positive along the positive X- and Y-axes, and negative along the negative X-
and Y-axes.
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The approximate body force components are fy = 0, f;, = 0. From the displacement
boundary condition of the coal pillar, the displacement field expression u(x,y) and v(x,y)
can be taken as

u(x,y) = (A1 + Axg) )
y )

v(x,y) = 5(B1 + B23;)
in which Ay, Ay and By, B; are the undetermined coefficients; x, y are the spatial coordinates.
Obviously, Equation (2) satisfies the displacement boundary condition of the coal pillar and

can be solved by the Ritz method. For a plane strain problem, the deformation potential
energy V. of the coal pillar is

ou w? oul v’ 1.9 ou
Ve= (1+y fo Jo l 2y(aer@) +(57) +(@) +5(5; +ay)]dxdy
2h% [2A3 (=1 + p) + B3 (=1 +2u)] +

2(3B2 4 3B1By + B3) (—1+p)
+3A1A2(—1+2p) + A2(—1+2p) +3A3(—1+2p)
3wh[2Ale(—1 + 2“1/1) - Az(Bz + 431“11)]

E
" 24wh(1+ @) (2u — 1)

in which E and y are the elastic modulus and Poisson’s ratio.
Calculate the partial derivative of V; with respect to A;, Ay and By, By to obtain

av. _ E{6whBy(—1+2p)+2w? [3A;(—142p)+2A1 (—3+6p)] }
0A] — 24wh(14-pu)(—142p)

av. _ E{—3wh(By+4B1u)+8A2h (—14p)+2w?[3A1 (—1+21)+2A2(—1+2p)] }
04A; — 24wh(14+p)(—1+2u)

av. _ E[4w?(6B1+3B;)(—1+p)—12whAzp]

0By — 24wh(1+p)(—1+2p)

av. _ E{4w?(3B1+2B;)(—1+p)+4Byw? (—1+42u)+3wh|— Ay +2A; (—1+2p)] }
0B, — 24wh(14-p) (—14-2p)

For the case of fy = f, = 0, the Ritz equation is

Ve f— WV [
A= / Frands, S2¢ = / fxuzds 9% / fyvlds / Fyoads (5)

in which fx, fy are the force components above the boundary; u;, u; and vy, v, are the
prescribed function which varies only with coordinates and are completely independent of
the variation in displacements. Their expressions are

X X
ulzz/uzzwiilvl:%/’()Z:wi;Z (6)

The boundary conditions of a coal pillar include

JTx|y=h = —qx, JTy|y=h =y

u1|y:h = 1’ uz‘y:h = %/ vl|y:h = 1’02|]/:h = %
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Ay =

By =

Then, the equations that determine A, Ay, By, By are

E{6whBy(—1+2p)+2w2[3Ap (—1+2p) +2A; (—3+6p)]}
24wh(T+p)(—1+2p) = —wqx

E{ —3wh(By+4B1pt) +8A0h* (—1+p) +2w BA; (- 14+21)+2A (= 14+21)]} _ wyy
24wh(14p) (—14+2p) -2

8
E[4w? (6B, +3B;) (—1+p)—12whAp] Y
24wh(1+p) (—1+2%) - Wy

E{4w? (3B1+2By) (—1+p1)+4Bow?(—1+42p) +3wh[— Ay +2A1 (—1+2p)]} — wyy
24wh(1+p)(—1+2u) -2

Thus, the equations determining A, A; and By, By are

=Bpuoh’qy (1= 2p0)° + 20 (—1 + u)” — 6w hpgy (1 — 3y +2p°) +
8htqy (—4 + 16p — 17p% + 20%) + dw?hPqx (=5 + 17 — 17p% + 5p1°)

E2w?(—1+u)+h2(—1+2p)] [2h2 (4—8u+p2) +w? (1-3u+2u?)]

2h(1+p)

12wh? gy (—1+2p) (1+p)
T ERI2(4—8u+p2)+w?(1-3u+2u2)] )
12wh3qy (4 — 8p + p?) + 2whqy (1 — 3p + 2p2) +
h(1+p)(—142p)
(8h*qy + 6wihgy) (1 — 3p + 2p%) + w?h?q, (17 — 36y + 20p?)
EQ2w2(—1+pu)+h2(—1+2u)][2h2 (4—8p+p2) +w2(1-3u+2u2)]

12wh? ugx (—142p) (14+-p)

E[2h?(—1+p)+w?(—1+2p)]

Taking the above parameters into u(x,y) and v(x,y), the expression of the displace-
ment field can be obtained.
The geometric and physical equations for plane problems in elasticity are as follows:

ou v Jv  du
= — = — = — - 1
Ex axrsy ay/ Txy ox + y (10)
1-,2
e = 19 0 )
)
by = 5 (0~ ) a
Txy = 2(1?)’%
Combining Equations (10) and (11) yields the expression for the stress field:
E -1)%9 1-1) 9
I = T2 (iz; o T ”ffzﬁ)ﬁ
_ _ E(Q-p)? Bou D (12)
% = T Tax + ay)

I-p
E o) 9
EIC TR

Tx Y

Substituting u(x,y) and v(x, y) into the above equation yields the expression for the
stress field in the coal pillar:

oo — —E__| (=12 Aoy | p(p) By
x (1—u2) | 12 wh 1-2u h

E(1—p)* 1 A B 13
0y = i (1 o + ) 13)

T — E (wAl +BZ]/)
XY T 2(1+p) hw
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2.4. Analysis of Factors Affecting Coal Pillar Stability

When considering the effects of factors such as pillar width, mining depth, and coal
seam dip angle on pillar stress and displacement, the effective area method may be used to
calculate the overburden pressure [28]:

q=(w+Db)yH/w (14)

Taking into account the effect of the coal seam dip angle, the overburden pressure
mentioned above is decomposed into vertical and horizontal loads acting on the horizontal
coal pillar surface, which are

qy = (w+b)yHcos6/w

gx = (w+b)yHsinb/w (15)

in which w and b are the coal pillar width and mining width, v is the average unit weight
of the overlying strata, H is the mining depth and 0 is the coal seam dip angle.

Taking the strip mining operation in a certain village as an example [26], within the
protected coal pillar area of that village, the thickness of the primary No. 2 coal seam
ranges from 3.5 m to 4.5 m, with an average dip angle of 28° and a depth of occurrence
between 230 m and 400 m. Based on the engineering geological conditions described above,
calculations were performed using the parameters shown in Table 1.

Table 1. The calculation parameters for coal pillar stability analysis.

Parameters  H/m b/m E/GPa 7 h/m 0/o Y/KN-m3
Value 400 25 3.5 0.27 4 28° 25

In the following, by setting the width of the coal pillar w = 15 m, 20 m, 25 m, 30 m,
35 m, and 40 m, the variation in vertical displacement and horizontal displacement in
the central core area of the coal pillar with coal pillar width is obtained by compiling the
corresponding Mathematica calculation program, as shown in Figures 4 and 5.

20

v/mm

() 1 1 1 1

15 20 25 30 35 40
wim

Figure 4. Variation law of vertical displacement in central core area of coal pillar with coal pillar width.
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30

25
20
u/mm

15

10 |

5 1 1 1 1
15 20 25 30 35 40
w/m

Figure 5. Variation in horizontal displacement in central core area of coal pillar with coal pillar width.

As can be seen from Figures 4 and 5, with the increase in coal pillar width, the
vertical displacement and horizontal displacement of the central core area of the coal pillar
show a downward trend. Under the influence of the coal seam dip angle, the horizontal
displacement of the central core area of the coal pillar is about 1.7 times that of the vertical
displacement at the same width of coal pillar. In addition, when the width of the coal pillar
is less than 30 m, the vertical and horizontal displacement of the central core area of the
coal pillar decreases rapidly; when the width of the coal pillar is greater than 30 m, the
vertical displacement and horizontal displacement in the central core area of the coal pillar
tend to slow down.

3. Numerical Analysis of Overburden-Coal Pillar Group Instability

The long-term stability of substantial coal pillars left behind in pillar mining methods
such as “three-down” strip mining is influenced by geological conditions (e.g., coal seam
dip angle, geological structures), mining conditions (e.g., mining width, pillar width,
mining depth, recovery rate), the coal pillar’'s own conditions (such as its mechanical
properties, the contact and adhesion between the coal seam and the roof, and the coal seam
dip angle), and time effects. Therefore, through considering the rheological properties of
coal-rock masses, this study employs the FLAC3P numerical simulation method to establish
a computational model including the interaction between roof, coal pillars, and floor. The
influence of time effect on the long-term stability of the coal pillar group is first investigated.
The impact of factors such as pillar width, mining depth, and coal seam dip angle on the
time-dependent load-deformation behavior of the pillar group is further studied. The
study can quantitatively evaluate the impact of these factors on the long-term stability of
pillar groups.

3.1. Establishment of the Numerical Calculation Model

Figure 6 shows the numerical calculation model for the instability mechanism of
overburden-residual coal pillar groups in inclined coal seams. Based on the spatial dis-
tribution characteristics of coal pillars reserved for mining in the lower seam of a certain
village [26], the geometric dimensions (length x width x height) of the computational
model established here are set to 320 m x 100 m x 278 m. The model is fixedly constrained
on all sides and at the bottom. A uniformly distributed load representing the effect of the
gravity of overburden is applied to the top boundary. Additionally, in order to eliminate
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the influence of boundary effects on numerical results, multiple calculations indicate that
setting a boundary coal pillar of 60 m along each lengthwise direction of the model and 35 m
along each widthwise direction can render the numerical calculation results unaffected by
boundary conditions while ensuring favorable computing speed and efficiency. Therefore,
boundary coal pillars of 60 m were set along each lengthwise direction of the model, and
boundary coal pillars of 35 m were set along each widthwise direction. In the model, coal
seams and overlying/underlying strata are treated with densification, while goaf areas are
simulated using Null elements.

To account for the rheological characteristics of coal-rock masses, the Burgers combined
creep viscoelastic-plastic constitutive model shown in Figure 7 is adopted for the coal-rock
masses. By combining the plastic elements conforming to the Mohr—Coulomb yield criterion
with the Burgers model in series, this model can effectively capture the viscoelastic stress—
strain behavior and elastoplastic volumetric change characteristics of coal-rock masses.
When the stress oy has not reached the yield stress o, of the M-C criterion, the model’s
plastic strain is zero. When stress is greater than or equal to the yield stress o, plastic
deformation follows the M-C plastic flow rule.

p

ERRREEEERENY

Coal seam

BE

A e B e S A Hr A

(a) Side view of the model () I-I horizontal cross-section

Figure 6. Numerical Computation model.

T
1 1

W Wh-TH T =
Lo T J\/\é\Aﬁ

Figure 7. The Burgers combination creep mechanical model.

Based on the geological characteristics of the coal-bearing strata mined in the lower
strip of this village [26], the overlying strata in this mining area are primarily composed
of siltstone and fine sandstone. The immediate roof consists of interbedded sandstone
and mudstone, the old roof comprises medium-fine feldspar sandstone, and the floor is
dominated by mudstone, sandy mudstone, and siltstone. The physical and mechanical
parameters of the coal-rock mass are calculated, which are shown in Table 2. These
parameters are determined based on the results of laboratory uniaxial compression tests on
the coal-rock mass. Meanwhile, the creep model parameters can be determined through
regression analysis of laboratory creep test results, supplemented by empirical analogy
methods. The specific process is as follows: Firstly, the constitutive equation of the Burgers
model is shown as

2 2
U+(’70+’7O+’71>d¢7+’70771df7 de . o de (16)

Eo ' Ey ' Ey)dt "EgE;dr  °dt " E, df
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Table 2. Physical and mechanical parameters of coal-rock mass.
Bulk Shear Cohesion Friction  Tensile

Lithology Thick/m Modulus = Modulus C/MPa Angle Strength

K/GPa G/GPa Ql° o/ MPa
Siltstone 58 5.6 2.8 3.4 35 3.6
The fine feldspathic sandstone 10 48 24 3.0 35 3.6
Medium-grained feldspar sandstone 10 50 35 34 33 35

(upper roof)

Sand-mud interbed (immediate roof) 6 3.3 2.0 2.6 27 2.8
Coal seam 4 2.6 1.4 22 20 2.6
Mudstone (direct bottom) 10 34 2.3 2.4 29 3.0
Sandy mudstone 10 42 21 2.8 30 3.4
Siltstone 20 5.6 2.8 3.4 35 3.6

Then, based on its constitutive equation and combined with the Laplace transform
technique, the creep equation for the Burgers model is given as follows:

E
e(t) = (T°+U°t+00(1—ev}t) (17)

in which op is the constant stress.

Finally, according to the derived creep equation, nonlinear regression calculation is
performed based on the least squares method, and the experimental data is fitted to obtain
the numerical values of creep parameters. The creep parameters of coal-rock mass are
shown in Table 3.

Table 3. Creep parameters of coal-rock mass.

Lithology Eo/GPa  E{/GPa #y/GPa-d #1/GPa-d
Siltstone 3.6 4.2 10.32 14.96
The fine feldspathic sandstone 3.2 3.6 9.28 12.36
Medium-grained feldspar sandstone 28 35 8.89 11.57
(upper roof)
Sand-mud interbed (immediate roof) 1.4 2.0 6.38 7.24
Coal seam 1.2 14 3.34 4.34
Mudstone (direct bottom) 1.8 2.3 4.58 6.08
Sandy mudstone 2.0 2.6 5.61 6.42
Siltstone 3.6 4.2 10.32 14.96

3.2. Numerical Calculation Scheme

Based on the actual conditions of longwall mining in this village, this study investigates
the effects of factors such as coal pillar width, mining depth, and coal seam dip angle on
the stress-deformation characteristics of coal pillar groups and the development of plastic
zones. Throughout the calculation process, the mining width was set to 25 m, and the
model was excavated five times sequentially from left to right. For the convenience of
research, the coal pillars were numbered from left to right as 1# to 4#. After excavation
completion, the impact of the aforementioned factors on the long-term stability of the pillar
group was analyzed.

4. Study on the Long-Term Stability of Coal Pillar Group

In the following, through investigating the distribution of plastic zones over time, the
impact of time effect on the long-term stability of the coal pillar group is studied. During
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the analysis process, the pillar width, mining depth and coal seam dip angle are set as
w=25m,h =400m, 8 = 15°.

Figure 8 shows the variation in the plastic zone of the coal pillar group with time. It
can be seen from the figure that at the initial time, due to the small creep deformation of the
coal pillar group, the development range of the plastic zone of each coal pillar is small, and
it is mainly distributed on both sides of the coal pillar. With the development of coal pillar
creep, the plastic zone of each coal pillar expands rapidly to the inside of the coal pillar,
and the range of the coal pillar elastic zone decreases. When the coal-rock masses enter the
deceleration creep stage, the development of the plastic zone of each coal pillar basically
stagnates, and then the coal pillar group tends to be stable.
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Figure 8. Variation in plasticity zone of coal pillar group with time.

For the convenience of research, here the coal pillar nuclear zone rate p is defined as
the ratio of the volume of the elastic zone within the coal pillar to the total volume of the
coal pillar. Figure 9 shows the variation in nuclear zone rate of coal pillar group with time.
It can be seen from the figure that with the increase in time, the nuclear zone rate of each
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coal pillar gradually decreases and tends to be stable. The time required for the nuclear
zone rate of each coal pillar to stabilize is also different. It takes more than 120 days for
the core area rate of the 1# coal pillar to stabilize, while the time required for 2# to 4# coal
pillars to stabilize is about 105 days, 90 days, and 75 days, respectively. This is because the
buried depth of 1# to 4# coal pillars gradually decreases and the pressure of the overlying
strata also decreases, so the time required for the coal pillar to reach stability decreases.
In the early stage of creep, the nuclear zone rate of 1# to 4# coal pillars is 73.86%, 77.27%,
80.68% and 84.09%, respectively. The difference in nuclear zone rate of each coal pillar is
small. With the development of coal and rock mass creep, the difference in nuclear zone
rate of each coal pillar also gradually increases, and the nuclear zone rate of 1# coal pillar
gradually decreases from 73.86% in the early stage of creep to 64.24% in about 120 days,
with a decrease of 9.62%; However, at 120 days of creep, the nuclear zone rate of 2# to 4#
coal pillar is 68.92%, 72.16% and 77.83%, respectively, and the decrease in core rate is 8.35%,
7.65% and 6.26%, respectively. The decreasing amplitude of the nuclear zone rate decreased

in turn.
90.0%
80.0%
p/% 70.0%
--e--2#
60.0%
——a—-3#
—-%--4#
50‘0% 1 1 1 1 1 1 1
0 15 30 45 60 75 90 105 120

t/d
Figure 9. Variation in nuclear zone rate of coal pillar group with time.

5. Influence of Coal Pillar Width on the Stability of Coal Pillar Groups

Theoretical research and practical experience demonstrate that the appropriate width
of coal pillar retention is crucial for ensuring the long-term stability of coal pillar groups.
Excessively wide coal pillar retention widths, whilst increasing the safety factor of pillar
groups, reduce coal recovery rates, resulting in substantial wastage of coal resources. Con-
versely, excessively narrow retention widths, although improving recovery rates, diminish
the effective support area of pillars, rendering pillar groups prone to instability and collapse.
This section employs finite difference numerical simulation methods to analyze indicators
such as the plastic zone, stress, and deformation of coal pillar groups. This analysis aims
to reveal the influence of coal pillar width on the stability of coal pillar groups, thereby
providing reference for coal pillar design. During the analysis process, the mining depth
and coal seam dip angle 6 are held constant, and their values are set at # = 400 m, 6 = 25°.
Only the coal pillar width w is varied at 15 m, 20 m, 25 m, 30 m, 35 m, and 40 m.
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5.1. Effect of Coal Pillar Width on the Distribution of Plastic Zones

Figure 10 shows the contour of the plastic zone of the coal pillar group with coal pillar
width at a creep time of t = 120 days. As can be seen from the figure, the plastic zone of
the coal pillar is primarily distributed along both sides of the coal pillar, while the core
region remains in an elastic state. Furthermore, as the width of the coal pillar increases, the
corresponding plastic zone gradually decreases in extent. Additionally, for pillars of the
same width, the extent of the plastic zone varies among the pillar group. Among these, the
plastic zone of 1# pillar is relatively large, while the plastic zones of 2#, 3#, and 4# pillars
decrease progressively in size.
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Figure 10. Contour of the plastic zone of coal pillar group with the coal pillar width.

Figure 11 shows the variation in nuclear zone rate of coal pillar group with pillar
width at t = 120 days. The figure indicates that with pillar width increasing, the nuclear
zone rate of each pillar exhibits an increasing trend. When the pillar width is less than 30 m,
the core zone rate of the same pillar increases rapidly; when the pillar width exceeds 30 m,
the growth rate of the core zone rate for the same pillar slows down. Additionally, as the
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coal pillar width increases, the disparity in core zone rates between pillars progressively
diminishes. When the coal pillar width w = 15 m, the difference between the core zone
rates of 1# and 4# pillars is 21.14%. When the width expanded to 40 m, the gap between 1#
and 4# pillars narrowed to 10.16%.

100.0%

90.0%
80.0%
70.0%

p/% 60.0%
50.0%

40.0%
—-a—-3¢

0, -
30.0% oo

20.0% : : : :
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Figure 11. Variation in nuclear zone rate of coal pillar group with pillar’s width.

5.2. Variation in Stress Distribution in Coal Pillar Groups with Pillar Width

Figure 12 shows the variation in peak vertical stress in coal pillar groups with pillar
width. As can be seen from the figure, as the coal pillar width increases, the peak vertical
stress values for each pillar gradually decrease. When the pillar width is less than 30 m,
the peak vertical stress values decline more rapidly with increasing width. When the pillar
width exceeds 30 m, the peak vertical stress values decrease more slowly as the width
grows. Additionally, the degree of stress concentration varies among the pillars. No. 1#
coal pillar exhibits the highest peak vertical stress, followed by 2#, 3#, and 4# coal pillars in
descending order. As pillar width increases, the differences in peak vertical stress among
pillars gradually diminish.

50
45
40
35

o./MPa
30

25

20

15 1 1 1 1
15 20 25 30 35 40

Figure 12. Variation in peak vertical stress in coal pillar group with pillar width.
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Figure 13 shows the variation in peak horizontal stress in coal pillar groups with pillar
width. As shown in Figure 8, the maximum shear stress of each coal pillar also exhibits a
decreasing trend with increasing pillar width. When the pillar width is less than 30 m, the
maximum shear stress decreases significantly with increasing width. However, when the
pillar width exceeds 30 m, the decrease in maximum shear stress becomes less pronounced
with increasing width. Additionally, the degree of stress concentration varies among the
pillars. The maximum shear stresses of 1#, 2#, 3#, and 4# coal pillars decrease sequentially,
and the difference in maximum shear stress between adjacent pillars gradually diminishes
as the pillar width increases. For instance, when the pillar width is 15 m, the difference in
maximum shear stress between 1# and 4# coal pillars is 2.85 Mpa. When the coal pillar
width increases to 40 m, the difference in maximum shear stress between 1# and 4# coal
pillars narrows to 0.77 Mpa. This indicates that as the coal pillar width increases, the
overlying rock pressure borne by each pillar gradually becomes more balanced, enhancing
the stability of the coal pillar group.

12

—e— I#

10 1 --o-- 2#
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e~
-
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Figure 13. Variation in maximum shear stress in coal pillar group with pillar width.

5.3. Variation in Displacement in Coal Pillar Groups with PILLAR Width

Figures 14 and 15 show the variation in vertical and horizontal displacements of coal
pillar groups with respect to pillar width, respectively. Comparing Figures 14 and 15 reveals
that both vertical and horizontal displacements gradually decrease as pillar width increases.
When the coal pillar width is less than 30 m, the vertical and horizontal displacements
decrease significantly with increasing width; when the width exceeds 30 m, the rate of de-
crease in vertical and horizontal displacements flattens as the width increases. Additionally,
under the influence of the overlying strata, the degree of deformation varies among the
coal pillars. No. 1# coal pillar exhibits the greatest vertical and horizontal displacements,
while 2#, 3#, and 4# coal pillars show progressively decreasing vertical and horizontal
displacements. As the width of the coal pillars increases, the differences in vertical and
horizontal displacement among the pillars gradually diminish. This further indicates that
with increasing pillar width, the deformation of each pillar becomes more stable, enhancing
the overall stability of the pillar group.
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Figure 14. Variation in vertical displacement of coal pillar group with pillar width.
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Figure 15. Variation in horizontal displacement of coal pillar group with pillar width.

6. Influence of Mining Depth on the Stability of Coal Pillar Groups

In underground coal mining, as mining depth increases, the stress on the surrounding
rock in the mining area gradually intensifies, and the load transmitted from the overlying
strata to the coal pillars also rises accordingly. Simultaneously, strata that exhibit hard rock
properties at shallow depths transition to distinct soft rock characteristics at greater depths,
causing the deformation of coal pillars to display pronounced rheological characteristics.
Therefore, investigating the influence of mining depth on the stress-deformation time-
dependent characteristics of coal pillar groups holds significant importance for the safe and
efficient operation of coal mines. In the following, the coal pillar width and coal seam dip
angle are held constant, and they are set as w = 25 m, § = 25°. The mining depth is set as
h = 100 m, 200 m, 300 m, 400 m, 500 m, and 600 m.

6.1. Effect of Mining Depth on the Distribution of Plastic Zones

Figure 16 illustrates the contour of the plastic zone of each coal pillar varying with
mining depth when the coal pillar width w is 25 m, the coal seam dip angle 6 is 25°, and
the creep time ¢ is 120 days. From the figure, it can be seen that the plastic zone of the coal

https://doi.org/10.3390/pr14152374


https://doi.org/10.3390/pr14152374

Processes 2026, 14, 2374

18 of 27

None

shear-p

shear-p tension-p
tension-p

None

shear-n shear-p
shear-p

shear-p tension-p
tension-p

None

shear-n shear-p
shear-p

shear-p tension-p
tension-p

pillar is mainly distributed on both sides of the coal pillar, and the core area of the coal
pillar remains in an elastic state. Moreover, as the mining depth increases, the plastic zone
of each coal pillar gradually develops towards the core area of the coal pillar, and the range
of the plastic zone of the coal pillar gradually increases.
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Figure 16. Variation in the plastic zone of coal pillar group with mining depth.

Figure 17 illustrates the variation in core zone rates of coal pillar groups with mining
depth. It clearly shows that as mining depth increases, the plastic zones of each coal pillar
gradually expand, leading to a progressive decrease in their core zone rates. When the
mining depth # is less than 400 m, the decrease in the core zone rates of each coal pillar is
relatively slow with increasing depth. When the mining depth / exceeds 400 m, the rate
of decrease in the core zone ratio of each coal pillar gradually increases. Additionally, the
core zone ratios vary among the pillars, with pillar 1# exhibiting the lowest core zone ratio,
followed by a sequential decrease in 2#, 3#, and 4# coal pillars. As mining depth increases,
the differences in core zone ratios among the pillars gradually widen. For example, at a
mining depth of 100 m, the difference between the core zone rates of 1# and 4# coal pillars
was only 3.55%. However, at a mining depth of 600 m, the difference between the core zone
rates of coal pillar 1# and 4# reached 11.36%.
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Figure 17. Variation in the core zone rate of coal pillars with mining depth.

6.2. Variation in Stress Distribution in Coal Pillar Groups with Mining Depth

Figures 18 and 19 show the variation in peak vertical stress and maximum shear stress
in coal pillars with mining depth, respectively. By comparing Figures 18 and 19, it can
be observed that as the mining depth increases, the peak values of vertical stress and
horizontal shear stress in each coal pillar gradually increase. When the mining depth is
less than 400 m, the peak values of vertical stress and horizontal shear stress in each coal
pillar increase relatively slowly with the growth in mining depth; when the mining depth is
greater than 400 m, the peak values of vertical stress and horizontal shear stress in each coal
pillar increase rapidly with the growth in mining depth. In addition, the degree of stress
concentration varies among the coal pillars, with the peak stress of 1# coal pillar being the
highest, and the peak stresses of 2#, 3#, and 4# coal pillars decreasing in turn. As the mining
depth increases, the differences in the peak values of vertical stress and horizontal shear
stress among the coal pillars tend to increase, with the peak values of vertical stress and
horizontal shear stress in 1# coal pillar increasing the most, and the peak stress increases in
2#, 3#, and 4# coal pillars decreasing in turn.
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Figure 18. Variation in peak vertical stress in coal pillars with mining depth.
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Figure 19. Variation in maximum shear stress in coal pillars with mining depth.

6.3. Variation in Displacement in Coal Pillar Groups with Mining Depth

Figures 20 and 21 illustrate the influence of mining depth on the vertical and horizontal
displacements of coal pillar groups, respectively. A comparison between Figures 20 and 21
reveals that as mining depth increases, the vertical and horizontal displacements of each
coal pillar gradually increase. When the mining depth is less than 400 m, the increase
in vertical and horizontal displacements of each coal pillar is relatively slow. However,
when the mining depth exceeds 400 m, the pressure on the overlying strata gradually
increases with the increase in mining depth, leading to a gradual increase in the vertical
and horizontal displacements of each coal pillar.

On the other hand, similar to Figures 18 and 19, coal pillar 1# experiences the greatest
vertical and horizontal displacement due to bearing the highest overburden pressure. The
displacement in 2#, 3#, and 4# coal pillars decreases progressively in that order. As mining
depth increases, the differences in vertical and horizontal displacement among the coal pil-
lars gradually widen. This indicates that with the increase in mining depth, the overburden
pressure progressively intensifies, leading to greater deformation of the coal pillar group
under stress and an elevated risk of pillar instability.
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Figure 20. Variation in vertical displacement of coal pillar group with mining depth.
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Figure 21. Variation in horizontal displacement of coal pillar group with mining depth.

7. Influence of Coal Seam Dip Angle on the Stability of Coal Pillar Groups

In mining methods that leave coal pillars, such as strip mining and room-and-pillar
mining, the stability of pillar groups is crucial for both safe production at the working face
and control of surface subsidence. Among the various factors affecting pillar stability, the
dip angle of the coal seam significantly impacts the stability of pillar groups. Changes in coal
seam dip angle directly affect the stress state and stress concentration within the coal pillar
group. Excessive dip angles may cause pillar slippage and instability, triggering a “domino
effect” of instability throughout the entire pillar group. Therefore, investigating the impact
of coal seam dip angle on pillar group stability holds significant engineering importance.

This section continues to employ the mechanical model depicted in Figure 6. By ana-
lyzing the variation in the plastic zone of the coal pillar group, vertical/horizontal stresses,
and vertical/horizontal displacements with respect to the coal seam dip angle, the influence
of coal seam dip angle on the long-term stability of the coal pillar group is investigated.
During the analysis, strip mining with retained coal pillars is most suitable for nearly hori-
zontal and gently inclined coal seams with dip angles ranging from 0° to 25°. Coal seams
with a dip angle greater than 25° are classified as inclined coal seams. When strip mining
is implemented in such seams, coal pillars are prone to sliding shear failure, imposing
stricter requirements on mining techniques. For coal seams with a dip angle exceeding 45°,
strip coal pillars face extremely high risks of sliding and collapse along the dip direction,
accompanied by highly uneven surrounding rock stress distribution. There are very few
engineering cases of strip mining carried out under such dip conditions. Accordingly, the
selection of coal seam dip angles here refers to existing engineering practices of mines
adopting strip mining with retained coal pillars [9,29], most of which have coal seam dip
angles below 30°. Therefore, the pillar width and mining depth are set as w = 25 m,
h = 400 m, the coal seam dip angle is set as 8 = 15°,20°, 25°, 30°.

7.1. Effect of Coal Seam Dip Angle on the Distribution of Plastic Zones

Figure 22 shows a contour of the plastic zone of coal pillar groups with coal seam dip
angle. As shown in Figure 22, the plastic zones of each coal pillar are primarily distributed
along the two sides of the pillar, while the core zone remains in an elastic state. The plastic
deformation of the pillars is dominated by shear failure. As the dip angle of the coal seam
increases, the plastic zones of each pillar gradually develop toward the core zone, and the
extent of the plastic zones progressively expands.
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Figure 22. Variation in the plastic zone of coal pillar group with coal seam dip angle.

Figure 23 shows the variation in the core zone rate of coal pillar groups with coal
seam dip angle. As shown more clearly in Figure 23, the core zone rate of each coal
pillar gradually decreases with increasing coal seam dip angle, and the rate of decrease
accelerates as the dip angle increases. The core zone rates also vary among pillars, with
1# pillar exhibiting the lowest rate, followed by 2#, 3#, and 4# pillars in ascending order.
Furthermore, as the coal seam dip angle increases, the differences between the core zone
rates of the coal pillars gradually widen. For example, when the coal seam dip angle is
15°, the difference between the core zone rates of 1# and 4# pillars is only 0.4%; when the
coal seam dip angle is 30°, the difference between the core zone rates of 1# and 4# pillars
reaches 1.86%.
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Figure 23. Variation in the core zone rate of coal pillars with coal seam dip angle.
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7.2. Variation in Stress Distribution in Coal Pillar Groups with Coal Seam Dip Angle

Figure 24 illustrates the effect of coal seam dip angle on the peak vertical stress
distribution within the coal pillar group. As shown in Figure 19, with increasing coal seam
dip angle, the peak vertical stresses in each pillar gradually decrease, and the reduction in
peak stress across pillars progressively increases with greater dip angles. At a dip angle
of 15°, the difference in peak stresses between pillars is relatively small. As the dip angle
increases, the disparity in peak stresses between pillars progressively widens.
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Figure 24. Variation in peak vertical stress in coal pillars with coal seam dip ang]le.

Figure 25 illustrates the effect of coal seam dip angle on the peak horizontal shear stress
of coal pillar groups. It demonstrates that the peak horizontal shear stress of each pillar
increases progressively with the coal seam dip angle, with the rate of increase becoming
progressively steeper as the dip angle rises. Furthermore, the degree of stress concentration
varies among the pillars, with 1# pillar exhibiting the highest peak stress, followed by 2#,
3#, and 4# pillars in descending order. As the coal seam dip increases, 1# pillar experiences
the greatest increase in horizontal shear stress, while the peak shear stresses of 2#, 3#, and
4# pillars decrease successively. Consequently, the difference in peak stresses between
pillars progressively widens.
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Figure 25. Variation in maximum shear stress in coal pillars with coal seam dip angle.
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7.3. Variation in Displacement in Coal Pillar Groups with Coal Seam Dip Angle

Figure 26 illustrates the influence of coal seam dip angle on the vertical deformation
behavior of coal pillar groups. As shown in Figure 26, under any coal seam dip angle,
1# pillar exhibits the greatest vertical displacement, with 2#, 3#, and 4# pillars showing
progressively decreasing vertical displacements. As the coal seam dip angle increases, the
reduction in vertical deformation for 1# pillar is the smallest, while the reduction for 2#,
3#, and 4# pillars grows successively. The difference in vertical deformation between the
pillars exhibits an increasing trend with the coal seam dip angle.
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Figure 26. Variation in vertical displacement of coal pillar group with coal seam dip angle.

Figure 27 illustrates the influence of coal seam dip angle on the horizontal deformation
behavior of coal pillar groups. As shown in Figure 27, unlike the influence of coal seam
dip angle on the vertical displacement of the coal pillar group, the horizontal displace-
ment of each pillar exhibits an increasing trend with rising dip angle. Among these, 1#
pillar demonstrates the greatest increase in horizontal displacement, while 2#, 3#, and
4# pillars show progressively smaller increases. Furthermore, the disparity in horizontal
displacement between pillars tends to widen as the coal seam dip angle increases.
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Figure 27. Variation in horizontal displacement of coal pillar group with coal seam dip angle.
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8. Conclusions

This paper employs analytical and numerical methods to analyze the instability mech-
anism of overlying strata and residual coal pillars in inclined coal seams. Analytical
expressions for the stress and displacement fields of the coal pillar are derived using the
Ritz method. On this basis, combined with the actual conditions of strip mining in a
certain village, the influence of time effect on the long-term stability of coal pillar group is
investigated. The impact of factors such as pillar width, mining depth, and coal seam dip
angle on the distribution of plastic zones within pillar groups and their load-deformation
characteristics are further studied. The following principal conclusions are drawn:

(1) Under the influence of long-term overburden pressure, the two sides of each coal
pillar first enter the plastic yield state, and due to the influence of coal seam dip angle,
the coal pillar presents the form of shear failure. With the development of coal and
rock creep, the plastic zone of each coal pillar expands to the inner core zone.

(2) As the width of the coal pillars increases, the extent of the plastic zones, stress levels,
and deformation within each pillar decrease to varying degrees. Among these, the
reduction in the plastic zone of the 1# pillar is most pronounced, while the decreases
in 2#, 3#, and 4# pillars progressively diminish. The disparity in plastic zone extent
across pillars gradually narrows with increasing pillar width. When the coal pillar
width is less than 30 m, the reduction in stress and deformation across pillars is notably
pronounced. When the width exceeds 30 m, the reduction in stress and deformation
gradually diminishes, and the differences in stress and deformation between pillars
progressively narrow.

(3) Increased mining depth leads to varying degrees of expansion in the plastic zones,
stresses, and deformations across coal pillars. Among these, the plastic zone of coal
pillar 1# exhibits the most significant increase, while the expansions for pillars 2#, 3#,
and 4# decrease successively. The disparity in plastic zone dimensions across pillars
tends to widen with greater mining depth. When mining depth is less than 400 m, the
increase in stress and deformation across coal pillars is relatively gradual. However,
when the mining depth exceeds 400 m, the growth in stress and deformation across
coal pillars accelerates, with the disparity in stress and deformation between pillars
progressively widening.

(4) As the coal seam dip angle increases, the extent of the plastic zones within each
coal pillar expands rapidly. Among these, pillar 1# exhibits the greatest increase,
while pillars 2#, 3#, and 4# show progressively smaller increases in plastic zone
extent. The disparity in plastic zone size between pillars gradually widens. The
pillar’s vertical stress and vertical deformation decreased to varying degrees across
the pillars, with pillar 1# exhibiting the smallest reduction and pillars 2#, 3#, and 4#
showing progressively greater decreases. Conversely, horizontal stress and horizontal
deformation increased to varying degrees, with pillar 1# experiencing the largest
increase and pillars 2#, 3#, and 4# showing progressively smaller increases. The
variation in stress and deformation between coal pillars showed a tendency to increase
with the coal seam dip angle.
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