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Abstract

This study addresses the critical challenge of optimizing coal pillar width in burst-prone
mines with thick, hard roof strata, balancing resource recovery, roadway stability, and
coal burst mitigation. Through integrated analytical modeling and rigorously calibrated
numerical simulations, the research reveals the complex interplay between pillar width,
roof mechanics, and stress redistribution. Key findings demonstrate that pillar width
dictates roof failure mechanics and energy accumulation. The case study indicates that
increasing the coal pillar width from 6 m to 20 m shifts the tensile fracture location from
solid coal toward the pillar center, migrates shear failure zones closer to roadways, and
relocates elastic strain energy accumulation to the pillar area. This concentrates static and
dynamic loads directly onto wider pillars upon roof fracture, escalating instability risks.
A risky coal pillar width is identified as 10-20 m, where pillars develop severe lateral
abutment pressures perilously close to roadways, combining high elastic energy storage
with exposure to roof fracture dynamics. Conversely, narrow pillars exhibit low stress
concentrations and limited energy storage due to plastic deformation, reducing burst
potential despite requiring robust asymmetric support. Strategic selection of narrow or
wide pillars provides a safer pathway. The validated analytical-numerical framework
offers a scientifically grounded methodology for pillar design under hard roof conditions,
enhancing resource recovery while mitigating coal burst risks.

Keywords: coal pillar width; hard roof; ground control; abutment stress; numerical
simulation

MSC: 74-10

1. Introduction

The strategic implementation of narrow or even no-coal-pillar layouts has gained sig-
nificant traction in modern underground coal mining. This paradigm shift is fundamentally
driven by the imperative to maximize resource recovery rates, minimizing valuable coal
left trapped within inter-panel barriers. Furthermore, in burst-prone mining environments,
appropriately sized pillars can serve as critical energy absorbers and stress regulators, po-
tentially mitigating the catastrophic risk of coal burst events by preventing excessive stress
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concentration within the surrounding rock mass [1,2]. However, this drive towards reduced
pillar dimensions presents a profound and complex engineering challenge: excessively
narrow pillars inherently compromise their load-bearing capacity and stability [3]. Such
compromised pillars become vulnerable to excessive deformation, crushing, or catastrophic
failure, directly jeopardizing the integrity of adjacent roadways, increasing ground control
costs, and posing severe safety hazards to personnel and equipment. Despite decades of
research and practical application, the determination of a universally applicable or consis-
tently reliable coal pillar width, particularly under the demanding conditions of hard roof
strata and burst-prone seams, remains an elusive goal, lacking a definitive theoretical or
empirical foundation [4,5]. The selection process often involves navigating a precarious
balance between competing objectives of resource conservation, operational safety, and
economic viability.

Field observations and monitoring data consistently underscore that the stability and
performance of narrow coal pillars are not governed by width alone but are profoundly
sensitive to the intricate interplay of site-specific geological and operational factors. Cru-
cially, the nature of the immediate roof and floor strata exerts a dominant influence; the
presence of massive, competent, and hard roof formations significantly alters the over-
burden load transfer mechanics and the dynamic behavior of the strata surrounding the
pillar [6,7]. Under such conditions, hard roofs tend to form large, cantilevered structures
or voussoir beams, imposing substantial and often asymmetrical abutment pressures onto
the underlying pillars. Concurrently, the inherent mechanical properties of the coal seam
itself, such as the uniaxial compressive strength, modulus, brittleness, and presence of
natural discontinuities, dictate the pillar’s intrinsic resistance to deformation and failure [8].
Equally critical is the design and efficacy of the support system installed within the adjacent
roadway; inadequate or poorly configured support cannot compensate for an inherently
unstable pillar, while effective support can enhance pillar confinement and overall system
stability [9,10]. Consequently, there exists a compelling necessity for systematic, integrated
research focused explicitly on determining rational coal pillar dimensions within the high-
risk context of burst-prone coal mines characterized by thick, hard roof strata [11,12].
Understanding the unique mechanics of this geological setting is paramount for developing
safe and efficient pillar design methodologies.

Significant research efforts have been dedicated to developing analytical frameworks
and monitoring techniques for understanding coal pillar behavior and sizing. Conventional
deterministic approaches, often based on limit equilibrium theory and empirical strength
formulas, provide simplicity but struggle to account for inherent uncertainties in material
properties and complex loading scenarios arising from mining activities [13,14]. Proba-
bilistic methods, such as the First-Order Second Moment and Advanced Second Moment
techniques, have been employed to quantify the reliability and confidence intervals of pillar
stability, acknowledging the stochastic nature of input parameters like coal strength and
abutment pressure [5]. Studies applying these methods demonstrated confidence intervals
for pillar stability ranging from 84% to 88% under specific conditions, highlighting the in-
herent variability that deterministic methods overlook. Elastic and elastoplastic theoretical
models have been formulated to calculate stress distributions within pillars, identify the
extent of limit equilibrium zones prone to yielding, and determine the necessary width
for maintaining a stable elastic core [15-17]. Research indicates that the width of the limit
equilibrium zone is inversely related to the ultimate tensile strain and elastic modulus of
the coal-rock mass, while positively correlating with mining depth and pillar height [18].
Furthermore, advanced field monitoring techniques like active seismic tomography have
been successfully employed to image stress redistribution within yield pillars during long-
wall retreat [19]. The critical width required to develop a protective elastic core is influenced
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by factors like the friction angle at the coal/roof/floor interface and pillar geometry. These
analytical approaches provide essential fundamental insights into the stress state and
failure mechanics governing pillar stability.

Numerical modeling, encompassing techniques like Finite Difference Method (FLAC3D),
Finite Element Method (FEM), and Discrete Element Method (DEM), has become indis-
pensable for simulating the complex response of coal pillars and surrounding strata under
various widths and loading conditions [20]. These simulations effectively visualize stress
evolution, displacement patterns, and plastic zone development, providing a detailed
mechanistic understanding. Studies consistently reveal that pillar stress distribution and
the morphology of the failure zone are highly sensitive to pillar width [21]. Narrow pillars
often exhibit asymmetric deformation and stress concentrations, particularly near acute
corners in non-rectangular geometries, and may experience significant crushing or shear
failure, especially under dynamic loading or in the presence of geological discontinuities [4].
Field investigations employing techniques like borehole stress monitoring, convergence
measurement, and seismic tomography have validated model predictions, showing that
mining-induced stress can reach 2-3 times the in situ stress, with peak stresses often located
deep within the pillar [22]. Crucially, research has identified distinct failure modes: narrow
pillars often fail due to insufficient strength to resist high abutment pressures, experiencing
large, asymmetric deformations [23,24]. Wider pillars may avoid catastrophic failure but
can still develop large plastic zones, transferring high stresses into adjacent roadways
and virgin coal. Optimal widths, often identified in the range of 6-15 m depending on
seam thickness and depth, aim to position the roadway within a lower stress environment,
balance high- and low-strength-bearing zones within the pillar, and ensure a sufficiently
large, stable elastic core [24]. The detrimental effects of time-dependent pillar scaling, pro-
gressively reducing effective width and strength, have also been quantified, emphasizing
the need for designs incorporating long-term stability [2].

Research underscores that rational pillar design cannot be divorced from the specific
geological context and employed mining methodology. The thickness and inclination of
the coal seam fundamentally alter pillar behavior; thick seams necessitate taller pillars,
increasing the risk of buckling and reducing strength-to-weight ratios, while inclined seams
introduce complex shear components and asymmetric loading [25]. The presence of a hard,
thick main roof significantly increases the load transferred onto pillars and influences
fracture development and strata behavior above the goaf, often dictating larger pillar re-
quirements or specialized support [6]. Multi-seam mining scenarios, particularly where
lower seams are extracted beneath residual coal pillars from upper seams, create highly
irregular and elevated stress fields, demanding careful pillar placement and width selection
to avoid instability [7]. The chosen mining method directly impacts the magnitude and
distribution of abutment pressures acting on the pillars. Backfilling has been explored
as a method to enhance pillar confinement and potentially allow for narrower pillars by
providing lateral support and reducing load [11,26]. Complementing pillar width optimiza-
tion, tailored support strategies are paramount. Studies advocate for asymmetric support
systems in roadways adjacent to narrow pillars to counteract uneven loads, employing
techniques like roof bolting, cable bolting, mesh, and strategic grouting to reinforce the
pillar ribs, control fractured zones, and enhance the overall bearing capacity of the pillar—
roadway system. The concept of forming a “cooperative bearing system” between the
support and the surrounding rock, adapting to the specific stress environment induced by
the pillar width, is critical for successful ground control.

Despite progress in pillar design, a key gap remains in understanding how coal pil-
lar width interacts with stress evolution and hard roof mechanics in burst-prone mines.
Existing studies often examine pillar stress or roof behavior separately, lacking resolution
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to capture the mechanical behavior of hard roofs and coal pillars under high-stress condi-
tions. Specifically, failure mechanisms and stability thresholds for pillars under hard roofs
are quantified. This study bridges this gap by combining analytical modeling with PFC
(Particle Flow Code)-FLAC (Fast Lagrangian Analysis of Continua) coupled simulations.
It models pillar-roof interactions across varying widths, analyzing stress redistribution,
deformation, fracture development, and energy evolution. The primary objective is to
establish a methodology for determining rational coal pillar widths that simultaneously
ensure roadway stability, mitigate coal burst risks, and optimize resource recovery under
these geotechnically challenging conditions.

2. Mechanical Model of Coal Pillar

The deformation movement of the roof along the working face can be regarded as a
plane strain problem. Taking the coal rock layer per unit width of the working face as the
research object, the hard roof is simplified as a rock beam model for study. According to
the different foundation support conditions of the roof, it can be divided into 5 parts, as
shown in Figure 1.

» = %

Goaf Pillar Gateroad | Coal

Figure 1. Mechanical structure of the coal pillar and hard roof.

According to different loads on the roof and the supporting conditions of the founda-
tion, the mechanical models of rock beams I-V are shown in Figures 2—-6.
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Figure 2. Mechanical model of rock beam 1.
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Figure 3. Mechanical model of rock beam II.
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Figure 5. Mechanical model of rock beam IV.
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Figure 6. Mechanical model of rock beam V.

2.1. Mechanical Model of Rock Beam I

Rock beam I is a lateral suspended roof that has not been broken and spanned in the
goaf of the adjacent working face. It can be regarded as a cantilever beam structure here;
that is, the left end of rock beam I is the free end, and the right side is subjected to the
bending moment M; and shear force Q; at the I-II interface of the rock beam. The upper
part is loaded g(x), and its mechanical model is shown in Figure 2.

According to the mechanics of materials, the deflection y;(x), rotation angles 6;(x),
bending moment M;j(x) and shear force Qq(x) of rock beam I can be expressed as

yI(x) = —f QI(X)dX—F Cn
J Mi(x)dx

Or(x) = — +Cp

El -l (-h <x<-=hL) @
Mi(x) = M1+ Qi(x —1Is) — [y *gic(la +1)(x — I — t)dt
Qi(x) = —dAng(x)

In the equation, Cy; and Cy are integral constants, E is the plane strain modulus of the
rock beam, and I is the moment of inertia of the rock beam.

2.2. Mechanical Model of Rock Beam II

Rock beam II is located above the coal pillar. The left end of rock beam II is subjected
to bending moment M; and shear force Q, at the rock beam I-II interface, the right end
is subjected to bending moment M; and shear force Q, at the rock beam II-III interface,
the upper part is subjected to load g(x), and the lower part is subjected to the supporting
reaction force provided by the plastic coal pillar. Its mechanical model is shown in Figure 3.
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If rock beam II is regarded as a finite elastic foundation beam, the deflection yy;(x),
rotation angle 6y;(x), bending moment Mj;(x) and shear force Qp(x) of rock beam II can
be expressed as

1

yu(x) = yoFi1(Ax) + )1\905(/}9() - %ﬁMoFa(/\x)
—)(%S)oﬂ(/\x) + mfox 0, (1) Fa[A(x — t)]dt
O (x) = ~Ix (=L <x<0) (2)
My(x) = *EIdGLJ(Cx)
Qu(x) = ngl(xsi

In the formula, yg, 69, My, and Qg represent the deflection, rotation angle, bending mo-
ment and shear force at the left boundary of the coal pillar on the rigid roof. F;(Ax)-F4(Ax)
are intermediate variables given to simplify the expression

Fi(Ax) = cosh Ax cos Ax

F(Ax) = % (cosh Axsin Ax + sinhAx cos Ax) 3)
F3(Ax) = 4sinhAxsin Ax

Fy(Ax) = %(cosh Axsin Ax — sinhAx cos Ax)

In the formula, A = /k,(xn)/4EI ku(x) represent the stiffness of the coal seam.
Rock beam II is divided into segments, and the mechanical expression of the plastic coal
body is achieved by setting the corresponding equivalent plastic stiffness for each segment.

2.3. Mechanical Model of Rock Beam II1

Rock beam Il is located above the roadway. The left end of rock beam III is subjected
to the bending moment M, and shear force Q; at the interface of rock beam II-1II, and the
right end is subjected to the bending moment M3 and shear force Qs at the interface of rock
beam III-IV. The upper part is loaded and the lower part is not supported by foundation.
The mechanical model is shown in Figure 4.

According to material mechanics, the deflection yyy(x), rotation 6y (x), bending mo-
ment Myy(x) and shear force Qpr(x) of rock beam III can be expressed as follows:

ym(x) = — [ Om(x)dx 4+ Cip

d
6111(36):—%4-(31112 0<x<b) @
M (x) = My + Qox — [3 q(t)(x — t)dt B ’
Qm(x) = 7dM;71;(x)

In the formula, Cyj; and Cyypp are integral constants, E represents the plane strain
modulus of the rock beam, and I denotes the moment of inertia of the rock beam.

2.4. Mechanical Model of Rock Beam IV

Rock beam 1V is a finite-length beam supported by plastic coal in front of the working
face. The left end of rock beam IV is subjected to bending moment M3 and shear force Qs
at the interface between rock beams III and IV, while the right end is subjected to bending
moment My and shear force Q4 at the interface between rock beams IV and V. The upper
part is subjected to a non-uniformly distributed load g(x), and the lower part is subjected
to the supporting reaction force provided by the plastic coal; its mechanical model is shown
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in Figure 5. The mechanical model of beam IV is consistent with that of beam II, and is not
described in detail here.

2.5. Mechanical Model of Rock Beam V

Rock beam V is a semi-infinite beam supported by the elastic coal body from the
interior of the solid coal. The left end of rock beam V is subjected to bending moment
M, and shear force Q4 at the interface between rock beams IV and V. The upper part is
subjected to a non-uniformly distributed load g(x), while the lower part is subjected to the
supporting reaction force provided by the elastic coal body. Its mechanical model is shown
in Figure 6.

Considering rock beam V as a semi-infinite elastic foundation beam, the deflection
yv(x), rotation 6y (x), bending moment My (x), and shear force Qv (x) of rock beam V can
be expressed as follows:

yv(x) = yv prL(x) + yv em(x) +yv sk(x)
Ov(x) LZJSX)

My (x) = —Er#v)

Qu(x) =

(Is < x) 5)

In the formula, yyv pv(x) and yv pm(x) are the deflection of the beam caused by the
distributed load g(x), the end bending moment My and the end shear force Q4, respectively.
The specific solution process is more complicated due to the calculation process, which has
been discussed in detail in the relevant literature, and is not detailed here.

In terms of the strain energy density, it can be stored in hard roof strata through
bending moments and shear stresses. Given that bending-induced strain energy constitutes
the predominant component, it represents the primary focus of this investigation. The
density is determined by the following equation:

au 1

~M(x)de =

au M?(x)dx
dx 2

2EI ©

By utilizing the initial boundary conditions at the end face of the rock beam and the
continuity conditions at the interface, and combining the mechanical equations of rock
beam I and rock beam V, the mechanical model of the hard roof can be solved [16,17,27].
Using the constructed roof mechanical model, the stress state of the roof can be quantified,
thereby enabling analytical analysis of the coal pillar size and its control effect on the roof.

3. Case Study

Coal mine A is located in Shaanxi Province, China. Within a range of 100 m from the
roof of the 21,409 working face, there exists one or two continuously developed composite
thick and hard sandstone layers. These layers have a uniaxial compressive strength ranging
from 34.5 to 67.9 MPa, classifying them as medium- to high-strength sandstone. The
thickness of these layers is between 13 and 38 m, typical of thick and hard sandstone
formations, with a burial depth of 400-500 m. A 6 m small coal pillar is reserved to the west
of the 21,409 working face haulage roadway, adjacent to the goaf of the 21,408 working face.
The roof is composed of a sandstone layer with an average thickness of approximately 25 m.

Based on the mechanical parameters of coal and rock strata in the 21,409 working face
of coal mine A, this section will use the above mechanical model of working face tendency
to analyze the mechanical state of the hard roof in the 21,409 working face through specific
numerical examples, focusing on the distribution of tensile shear stress, elastic strain energy
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and advance abutment pressure along the hard roof. The specific parameters are shown in
Table 1.

Table 1. Parameters for calculating the mechanical state of the hard roof.

Model Parameter Numerical Value
Coal pillar width I, 6,10,20 m

Roof elastic modulus E 14.8 GPa
Thickness of roof h 25 m
Suspended roof distance in tendency direction I4 25m
Width of return airway Ij¢ 5m

Elastic modulus of coal seam E 3.95 GPa

Overburden load g 10 MPa

In this study, narrow pillars are classified as those with a width of <6 m, intermediate-
width pillars as 6 m < width < 20 m, and wide pillars as >20 m. Using the mechanical
model of the coal pillar-hard roof established in Section 2, the roof deflection, bending
moment, shear force and elastic strain energy density of the 21,409 working face are
obtained according to the parameters of the above table, as shown in Figure 7.
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Figure 7. Mechanical state of the hard roof under different coal pillar widths.
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Figure 7 reveals the deformation and stress characteristics of the roof under different
coal pillar widths. In order to facilitate the comparison of the calculation results under
different coal pillar widths, the boundary between the roadway and the coal pillar is set to
x=0.

Figure 7a is the calculation result of the deflection of the hard roof, which shows that
the deflection of the roof begins to sink from about x = 20 to 30 m inside the solid coal
on the right side of the roadway, and reaches the maximum in the goaf on the left side
of the coal pillar. As the width of the coal pillar increases from 6 m to 20 m, the overall
deflection of the roof is significantly controlled. In particular, the decrease in deflection near
the roadway means that the deformation of the roadway is reduced, which has a positive
effect on the roadway support for the deformation control of the surrounding rock.

Figure 7b is the calculation result of the bending moment of the hard roof. The bending
moment indicates the tensile stress state of the roof plate. It can be observed that with an
increase in the width of the coal pillar, the peak position and peak value of the bending
moment change significantly. When the width of the coal pillar is 6 m, the peak bending
moment is located above the solid coal on the right side of the roadway. When the width of
the coal pillar is 10 m, the peak bending moment is located above the interface between
the roadway and the coal pillar. When the width of the coal pillar increases to 20 m, the
peak bending moment is transferred to the top of the coal pillar. The peak bending moment
controls the fracture position of the roof, so the above results show that as the width of the
coal pillar increases, the laterally selected roof fracture point will be transferred from the
top of the solid coal to the top of the coal pillar. When the roof breaking point is located
above the coal pillar, additional disturbance will be applied to the coal pillar, and the load
of the coal pillar will increase significantly, which will significantly increase the risk of
impact instability of the coal pillar for the rock burst mine.

Figure 7c is the calculation result of the shear force of the hard roof, and the spatial
position that controls the shear fracture of the roof is established. Analysis of the data in
the figure reveals that there are two typical distribution areas for the shear stress extremum:
one is located at the left boundary of the coal pillar, and the other is distributed in the
solid coal area on the right side of the roadway. With an increase in coal pillar width, the
extreme value of shear stress on the solid coal side shows the law of migration from the
deep part of the coal body to the direction of the roadway. The specific performance is as
follows: when the width of the coal pillar is 6 m, the peak shear stress appears at about
25 m inside the coal body; when the width of the coal pillar increases to 20 m, the peak
position migrates to about 1 m inside the solid coal on the right side of the roadway. This
phenomenon reveals that an increase in coal pillar width causes the roof shear fracture
position to gradually approach the near-field area of the roadway. After the shear fracture
of the roof, the load will be significantly concentrated on the left coal pillar of the roadway
and the near-field surrounding rock around the roadway. For rock burst mines, this change
in load distribution characteristics will significantly increase the risk of rock burst instability
in coal pillars and surrounding rocks of near-field roadways.

Figure 7d shows the calculation results of the elastic strain energy density of the hard
roof. Due to the functional relationship between the elastic strain energy density and the
bending moment, the spatial distribution trend is consistent with the bending moment
calculation results, but there are differences in the physical meaning between the two: the
elastic strain energy density characterizes the characteristics of the elastic strain energy
stored in the hard roof, and the energy will be converted into the dynamic impact energy at
the moment of the roof breaking to propagate around the coal body. The analysis shows
that with an increase in coal pillar width, the maximum elastic strain energy accumulation
area of the roof presents the evolution law of the transfer from the solid coal on the right
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side of the roadway to the left coal pillar. When the elastic strain energy is released in the
coal pillar area, it will have a significant impact load effect on the coal pillar. For rock burst
mines, if the load position is close to the near-field area of the roadway;, the risk of impact
instability of the coal pillar will be significantly increased.

The above results reveal the complex influence of the increase in coal pillar width
on the rock burst mine by calculating and analyzing the deflection, bending moment,
shear force and elastic strain energy density of the hard roof. As the width of the coal
pillar increases from 6 m to 20 m, although the deflection of the roof near the roadway
is significantly reduced, which is conducive to roadway support and surrounding rock
deformation control, it also brings a higher risk of impact instability. From the perspective
of mechanical response, the peak position of bending moment increases with the width
of coal pillar, which is gradually transferred from the upper part of solid coal on the right
side of the roadway to the upper part of the coal pillar, resulting in a change in the tensile
fracture position of the roof and an increase in additional disturbance and load of the
coal pillar. The extreme value distribution of shear stress shows that the peak position
of the solid coal side migrates to the near-field of the roadway, prompting the roof shear
fracture position to approach the roadway, resulting in the load concentration on the left
coal pillar of the roadway and surrounding rock in the near-field after fracture. In addition,
the roof elastic strain energy gathering area is also transferred from the solid coal to the
coal pillar, and the dynamic impact energy released during the fracture directly acts on the
coal pillar. The comprehensive effect of the above mechanical response makes the load and
disturbance of the coal pillar increase significantly. In the rock burst mine, the risk of rock
burst instability of the coal pillar and the surrounding rock of the near-field roadway is
greatly improved.

Based on the analytical model, this section systematically analyzes the evolution law
of the mechanical characteristics of hard roofs under different coal pillar width conditions.
However, there are limitations in only studying the hard roof, and the distribution char-
acteristics of coal seam abutment pressure and the movement law of overlying strata in
the stope still need to be discussed in depth. Therefore, in the next section, numerical
simulation methods will be employed to systematically study the evolution laws of me-
chanical responses in the stope—coal body system under different coal pillar widths. The
comprehensive influence mechanism of coal pillar width on the movement of overlying
strata, distribution of abutment pressure, and mechanical state of coal will be analyzed and
revealed, providing a more comprehensive theoretical basis for the rational setting of coal
pillars in rock burst mines.

4. PFC-FLAC Coupled Simulation

The continuum simulation method, although widely applied in fields such as under-
ground engineering and capable of effectively simulating the stress distribution in mining
areas, cannot depict discontinuous failure behaviors such as roof fractures. The Discrete
Element Method can simulate material crack evolution and damage quantification from a
mesoscale perspective, but it is limited by particle contact calculations and has difficulty
directly obtaining the macroscopic stress field. Given the complementarity of the two in
continuous—discontinuous medium simulation, this project adopts the PFC-FLAC coupling
method. Through PFC, the process of overburden strata fracturing and caving is visually
reproduced. FLAC is utilized to impose stress boundary conditions and analyze the stress
distribution pattern in the stope. The surrounding boundaries and coal seams of the con-
structed numerical model will be simulated using the FLAC model, while the remaining
parts will be simulated using the PFC model. There are two commonly used PFC-FLAC
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coupling methods, namely Ball-Zone coupling and Wall-Zone coupling, and the latter is
adopted here.

4.1. Calibration of PFC Contact Parameters

The calibration of mesoscale parameters for discrete element materials is one of
the most fundamental and crucial issues in the field of discrete element research [28,29].
Through scientific calibration of mesoscale parameters for discrete element materials, the
macroscopic mechanical parameters of materials can be aligned with the mechanical test pa-
rameters in the laboratory, which is a necessary condition for accurate simulation research.
Ji and Karlovsek [28,30] used a differential evolution global optimization algorithm to
calibrate the material deformation and strength mechanical parameters to 1% relative error
in PFC2D. Compared with other calibration methods, the global optimization algorithm
shows excellent robustness and accuracy. Given that existing research has demonstrated
the excellent performance of the differential evolution algorithm in the application of
mesoscale parameter calibration for discrete element materials, this study also adopts this
method to carry out mesoscale parameter calibration for PFC materials. It is specifically
agreed that in the following text, the subscript “mi” represents the PFC contact parameters
(microparameters) of PFC materials, while the subscript “ma” represents the experimental
mechanical parameters (macroparameters) of the materials. The main issues involved in the
calibration process include PFC mechanical testing, construction of the objective function,
and determination of the range of PFC contact parameters.

4.1.1. PFC Mechanical Test

Similar to the measurement of rock mechanical parameters under laboratory condi-
tions, corresponding mechanical experiments need to be carried out in PFC to determine
the mechanical parameters of materials. For example, the uniaxial compressive strength,
elastic modulus and Poisson’s ratio of the specimen are measured by PFC uniaxial compres-
sion tests, and the uniaxial tensile strength of the specimen is measured by direct tensile
tests. It should be noted that it is difficult to carry out direct tensile tests under laboratory
conditions, so the Brazilian splitting test is often used to determine the tensile strength of
specimens. Compared with the Brazilian splitting test, the tensile strength measured by the
direct tensile test is more accurate. Therefore, the former is preferred in PFC to measure the
tensile strength of specimens.

Each set of mechanical tests in PFC includes three main steps: generating PFC rock
specimens, conducting uniaxial compression tests, and conducting direct tensile tests. In
uniaxial compression and direct tensile tests, the test loading rate is controlled by the strain
rate €. /4, e(with the subscript “c” denoting uniaxial compression tests and the subscript “t”
denoting direct tensile tests).

. 0

In the formula, v represents the relative movement speed of the upper and lower
loading walls in the uniaxial compression test, v; denotes the opposite movement speed of
the upper and lower loading particles in the direct tensile test, and H stands for the height
of the specimen.

In the uniaxial compression test, compression loading is simulated by setting up walls
that move towards each other at the top and bottom of the model. In the direct tensile test,
tensile loading is simulated by controlling the particles at the top and bottom edges of the
specimen to move in opposite directions within a certain range. The geometric shape of the
specimen is defined by its height H and width W. The geometric shape of the specimen is
defined by its height H and width W, with an aspect ratio H/W = 1, and about 25 particles
are distributed along its width, as shown in Figure 8.
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Figure 8. Mechanical tests for calibrating PFC contact parameters [30].

The total number of particles in the constructed test specimen is approximately 700,
ensuring that neither significant errors due to an insufficient number of particles nor
increased computation times due to an excessive number of particles occur. In terms of
material gradation, the ratio of the maximum radius of the particle to the minimum radius
Ymax/"min = 1.66, and the initial configuration gap of the contact model should usually be
less than the minimum particle radius, which is set to 0.4 7mn.

4.1.2. Construction of Objective Function

Calibrating PFC contact parameters using optimization algorithms is essentially a
process of continuously trying different PFC contact parameter values and gradually
approximating the target macroscopic mechanical parameters. Therefore, it is necessary to
construct an objective function to quantify the relative error between the current simulated
material’s macroscopic mechanical parameters and the target values. The tested PFC contact
parameters are the input variables, while the macroscopic mechanical parameters of the
specimen are the output variables. Then the calibration is to solve the optimization problem
of the minimum value of the above objective function f(pm;)-

f(pmi) = REsum = ZRE(pma_siml pma_tar) (8)

In the formula, REgum represents the sum of relative errors of various macroscopic
mechanical parameters. pm, sim = PFC(pmi) denotes the simulated measured macroscopic
mechanical parameters of the material, which are obtained through PFC mechanical test-
ing based on the given PFC contact parameters. pma_tar signifies the target macroscopic
mechanical parameter.

In the simulation analysis of rock-like materials, if the elastic mechanical behavior
of the material is mainly concerned, the focus of the calibration is the elastic modulus
and Poisson’s ratio of the material. By introducing the weight factor (w;) of macroscopic
mechanical parameters, the priority of different macroscopic mechanical parameters is set
in the calibration process.

REsym = f(pml) = Z(wz ' RE(PFC(Pi, mi)/ pi,ma_tar)) (Zwl = 1) (9)

In this report, both material deformation and strength need to be considered; the
uniaxial compressive strength, uniaxial tensile strength, elastic modulus, and Poisson’s
ratio are considered as the parameters requiring calibration. Each parameter is assigned an
equal weight factor of 0.25. Regarding calibration accuracy, relevant research has achieved
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a weighted relative error below 1% between the calibrated macroscopic mechanical pa-
rameters and the target values. This report adopts the same calibration accuracy standard,
REgum = 0.01, as the convergence criterion for the optimization algorithm. For Mohr-
Coulomb parameter calibration, the internal friction angle and cohesion can be analytically
derived from the uniaxial compressive strength and uniaxial tensile strength; therefore,
they are not listed as mechanical parameters requiring direct calibration.

4.1.3. PFC Contact Parameters

When calibrating PFC contact parameters using optimization algorithms, it is nec-
essary to search for optimal parameter values within predefined ranges. Establishing a
reasonable range for PFC contact parameters must satisfy two fundamental principles: the
range must encompass the optimal value to ensure the algorithm can find it, and it should
be as narrow as possible to expedite the search process. To maximize calibration success
probability, a relatively large parameter range is adopted here. The range is defined by
the parameter center value (pcen) and a boundary offset (pp;,). Thus, the lower bound is
Plow = Pcen X (1 — Ppia), and the upper bound is pjow = Peen X (1 — Ppia). The PFC contact
parameter search ranges are illustrated in Table 2.

Table 2. PFC contact parameters (flat-joint model) with calibration ranges.

PFC Contact Parameter (pp;) Center Value (pcen) Boundary Offset (pp;,)
Cohesion Target cohesion 0.9
Tensile strength Target tensile strength 0.9
Effective modulus Target Young’s modulus 0.9
Normal stiffness 3.0 0.9
Friction coefficient 0.5 0.9
Friction angle 40° 0.9

4.1.4. Calibration Results

For simplification, three material types will be used in the numerical simulation: coal,
hard roof sandstone, and the immediate roof layer mudstone. The mechanical parameters
of these coal-rock masses are shown in Table 3.

Table 3. Mechanical parameters of coal and rock masses for simulations.

Lithology Density UCS UTS h\/{[(())lcllrﬁuss Poisson’s Cohesion F:;:gll(:a n Simulation
(kg/m3)  (MPa) (MPa) Ratio (MPa) 3 Method
(GPa) ®)
Mudstone 2520 30.79 1.38 1.35 0.22 3.26 66.09 PFC + FLAC
Sandstone 2557 55.63 470 14.80 0.32 8.08 57.59 PFC + FLAC
Coal 1540 25.62 1.15 3.95 0.34 2.71 66.08 FLAC

Using the macroscopic mechanical parameters from Table 3 as calibration targets, the
global optimization algorithm described above was employed for parameter calibration,
with a convergence criterion of 1% relative error (REs,, = 0.01).

The stress—strain curves from the uniaxial compression and direct tensile tests for the
two calibrated rock types are shown in Figure 9. The elastic modulus and Poisson’s ratio
were calculated using the stress and corresponding strain at 50% of the peak stress, where
the rock mass is still predominantly in the linear elastic deformation stage.
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Figure 9. Stress—strain curves from PFC uniaxial compression tests.
The calibrated PFC contact parameters corresponding to the macroscopic parame-
ters in Table 3 are presented in Table 4. Other PFC contact parameter settings include

porosity = 10%, minimum particle radius = 0.3 m, maximum-to-minimum particle radius
ratio = 1.66, number of contact elements = 4, and initial surface gap = 0.12 m.

Table 4. Calibrated PFC contact parameters for rock specimens (flat-joint model).

Litholo Effective Stiffness Friction Tensile Strength Cohesion Friction
8Y  Modulus (GPa) Ratio Coefficient (MPa) (MPa) Angle (°)

Mudstone 1.17 1.74 0.55 1.70 1.01 47.82

Sandstone 14.25 2.71 0.58 5.78 22.92 18.29

It is important to note that the PFC contact parameters shown in Table 4 present
one set of optimal values for the corresponding macroscopic parameters. PFC contact
parameter calibration is closely tied to the discrete element material generation method.
This report references the PFC example “Rock testing” for material generation; therefore,
the obtained parameter values may not be directly applicable to other discrete element
generation methods. Technical details regarding the calibration of PFC contact parameters
and the sensitivity analysis have been extensively reported by Ji and Karlovsek [28] and
will not be discussed in this study.

Following the calibration of PFC contact parameters, numerical simulation will be
conducted using the 21,409 longwall panel as the background scenario to investigate the
characteristics of overburden movement and surrounding rock stress distribution under
different coal pillar widths. The simulation process includes geometric model construction,
application of boundary conditions and initialization, setup of monitoring schemes, and
excavation sequences.

4.2. Model Design

To fully simulate the influence of the adjacent working face goaf, the model dimen-
sions are 400 m in the horizontal direction and 85 m in the vertical direction. The model
stratigraphy consists of floor thickness = 10 m, coal seam thickness = 5 m, immediate
roof = hard sandstone (25 m thick), and an overlying immediate roof layer of mudstone
(3 m thick), as shown. Based on in situ stress measurements, a vertical stress of 9 MPa is
applied to the model top. The lateral pressure coefficient is set to 1.5. Normal displacement
constraints are applied to the left, right, and bottom boundaries. The adjacent goaf width is
set to 200 m. The roadway width is 5 m. The section coal pillar lies between the roadway
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and the goaf. The solid coal of the current working face is located to the right of the roadway
(as shown in Figure 10).

Stress

‘Weak roof

Stres

Hard roof |

Stres

Coal seam

Hard roof

FLAC Zone

Figure 10. Schematic of the PFC-FLAC coupled numerical model.

PFC Partical

Specific control parameters are listed in Table 5.

Table 5. Coal pillar width settings for abutment pressure analysis.

Control Factor Initial Value Test Values
Coal Pillar Width (m) 6 10, 20, 30, 40

After applying the boundary conditions, the model undergoes initialization calcula-
tions. Under the applied top stress, the model experiences initial settlement. The vertical
settlement is shown in Figure 11. By setting consistent scales for the PFC particle settlement
and FLAC mesh settlement contours, it can be observed that the particle settlement in
PFC is uniform and smooth, aligning well with the settlement trend of the FLAC mesh.
This indicates good consistency in the mechanical properties of the calibrated PFC mate-
rials and their FLAC counterparts. After calculating convergence, the particle and mesh
displacements are reset to zero, completing model initialization.

Displacement_y
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Figure 11. Initial vertical settlement of the model under in situ stress.

5. Results and Discussion

Following initial in situ stress equilibrium, model excavation is performed in two
stages. Stage 1 involves excavating the adjacent working face to replicate the lateral goaf
stress environment. Stage 2 involves roadway excavation after reserving a pillar of the
specified width, with calculation proceeding until model convergence. The analysis focuses
on the stress and deformation characteristics of the coal pillar, roadway, and near-field solid
coal, specifically investigating the distribution and evolution of abutment pressure above
the pillar and lateral abutment pressure within the coal mass.
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5.1. Strata Movement

Vertical displacement effectively characterizes the deformation of the pillar and road-
way surrounding rock. Given that the goaf roof has fully caved, the maximum displacement
in the stope occurs within the adjacent goaf to the left of the pillar. To highlight the vertical
deformation characteristics of the roadway surrounding rock and the influence of the adja-
cent lateral goaf on the current working face, the upper limit of the vertical displacement
contour display is set to 0.05 m. This accentuates the deformation features of the pillar and
roadway surrounding rock under different pillar widths (as shown in Figure 12).

(a) Pillar=5 m (b) Pillar=10 m

Deformation
b da

(c) Pillar=20 m (d) Pillar=30 m

Vertical displacement
0.0000E+00
-5.0000E-03
-1.0000E-02
-1.5000E-02
-2.0000E-02

I -2.5000E-02
-3.0000E-02
-3.5000E-02
~4.0000E-02

I -4.5000E-02

-5.0000E-02

(e) Pillar=40 m

Figure 12. Vertical displacement of overlying strata under different coal pillar widths.

Figure 12 shows that under all pillar widths, the immediate roof of the adjacent
working face has fully caved without forming a hanging roof. The vertical deformation of
the surrounding rock exhibits distinct zoning. The blue-to-red transition zone corresponds
to the stable area and the deformation gradient area, reflecting the influence range of the
adjacent goaf. Comparing the five pillar width scenarios reveals that the influence range of
the adjacent goaf on the current working face is consistently around 30 m. Deformation
intensity increases significantly closer to the goaf. For example, at a pillar width of 5 m,
the compressive deformation on the pillar’s left side is markedly higher than on the right
side. Concurrently, due to the high overall deformation of the pillar, the solid coal on the
roadway’s right side also exhibits considerable deformation. At a pillar width of 10 m,
significant compressive deformation persists on the pillar’s left side, but deformation on
both sides of the roadway is notably reduced. When the pillar width exceeds 30 m, the
correlation between goaf deformation and pillar/roadway deformation weakens. Roadway
surrounding rock deformation becomes uniform and low in magnitude, indicating the
roadway is largely isolated from the lateral load influence of the goaf. This signifies that
the pillar has become the primary load-bearing element for the lateral abutment pressure.

5.2. Stress Redistribution

To quantify stress transfer within the stope and the load-bearing characteristics of the
pillar, the evolution of force chains in the PFC model region and vertical stress in the FLAC
model region under different pillar widths is further analyzed (as shown in Figure 13).
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Figure 13. Force chains and vertical stress of overlying strata under different coal pillar widths.

Figure 13 clearly illustrates the evolution of stress concentration zones within the coal
mass. Bending subsidence of the lateral goaf causes the overburden to transfer stress via
force chains to the solid coal of the current working face. The contact points between force
chains in the PFC region and the coal seam correspond to the peak lateral pressure zones
within the coal. At a pillar width of 5 m, significant pillar deformation causes the lateral
stress transfer force chains to bypass the pillar and concentrate within the solid coal on
the roadway’s right side. No stress concentration occurs within the pillar itself; the entire
pillar is in a low-stress state. Nevertheless, the section pillar still provides some support
to the goaf-side roadway; despite exhibiting large deformation, the roadway remains
overall stable. At a pillar width of 10 m, force chains related to lateral stress transfer show
some increase above the pillar but remain primarily concentrated in the solid coal on the
roadway’s right side. At a pillar width of 20 m, significant stress concentration within
the near-field roadway surrounding rock disappears. Lateral stress transfer force chains
concentrate mainly within the pillar itself, indicating that the section pillar exhibits more
pronounced stress concentration compared to the solid coal side. This stress concentration
is located only 5-10 m from the roadway. Combined with roof fracturing and mining
disturbance, this scenario is prone to inducing coal bursts. As pillar width increases further,
the concentration point of the lateral stress transfer force chains remains relatively stable,
consistently located approximately 12-14 m from the pillar’s left boundary. Regarding the
peak lateral abutment pressure within the coal seam, it reaches its maximum value of about
131 MPa at a pillar width of 20 m. Under other pillar widths, the peak lateral abutment
pressure remains relatively stable, ranging between 100 and 106 MPa.

To further quantify stress distribution within the pillar and coal seam, a vertical
stress monitoring line was placed along the centerline of the coal seam FLAC model. The
monitoring results are shown in Figure 14.
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Figure 14. Lateral abutment stress distribution under different coal pillar widths.

Figure 14 indicates that changes in pillar width significantly affect the vertical stress in
both the solid coal rib of the goaf-side roadway ahead of the working face and the section
coal pillar. In terms of stress distribution profile shape, at a pillar width of 6 m, the peak
abutment pressure above the pillar is about 21 MPa, essentially equal to the in situ stress of
20 MPa. The peak abutment pressure on the solid coal side is 106 MPa. This demonstrates
that a 6 m pillar cannot effectively bear the lateral abutment pressure; consequently, the
pressure transfers deeper into the coal mass. The pillar undergoes substantial plastic failure,
preventing significant accumulation of elastic strain energy, which is beneficial for coal
burst prevention. When the pillar width is sufficiently large (>20 m), the lateral abutment
pressure on the section pillar increases rapidly from 51 MPa (at 10 m width) to 130 MPa.
Increasing the width further to 30 m causes the lateral abutment pressure to peak and then
decrease to 106 MPa. Subsequently, the peak pressure slowly decreases to around 101 MPa
with further width increases. This reveals that section pillars wider than 6 m consistently
exhibit a stress concentration exceeding in situ stress above them. For pillar widths between
10 and 20 m, the resulting peak abutment pressure occurs close to the roadway (<15 m) and
is high in magnitude (>100 MPa). This condition is highly susceptible to inducing severe
strata pressure dynamic manifestations. When pillar width increases beyond this range,
the peak abutment pressure stabilizes relative to the adjacent goaf position, gradually
moving farther away from the goaf-side roadway of the current working face, which is
advantageous for coal burst prevention.

The above analysis demonstrates that both narrow pillars and wide pillars can posi-
tively contribute to coal burst prevention. Pillars between 10 m and 20 m, however, generate
high lateral abutment pressures with peak values located dangerously close to the goaf-side
roadway, making them unfavorable for coal burst prevention.

5.3. Research Limitations

This study employed both analytical and numerical methods to examine the me-
chanical behavior of coal pillars and surrounding roof strata. However, the analytical
and numerical frameworks focus exclusively on static mechanical responses, omitting
time-dependent deformation mechanisms such as coal pillar creep, stress relaxation, and
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long-term strength degradation under sustained loading. Furthermore, the lack of field
monitoring data, such as stress measurements within coal pillars and the solid coal mass, or
roadway convergence records, limits empirical verification of the analytical and simulated
results. Moreover, the proposed analytical model does not account for dynamic stress
perturbations induced by mining-induced seismicity or roof fracturing events, which are
key triggers for instability in burst-prone environments. Finally, the geological generaliz-
ability is constrained by focusing on a single case study configuration, without examining
scenarios featuring thin/soft roofs, steeply inclined seams, or multi-seam interactions with
residual pillars.

To address these limitations, subsequent investigations should prioritize collecting
integrated field monitoring data, investigating long-term behavior, and developing dy-
namic modeling methods. Deployment of distributed fiber-optic sensing and stress sensors
within coal pillars would enable real-time validation of stress redistribution patterns while
capturing dynamic responses to roof fracturing. Concurrently, the PFC-FLAC modeling
should be enhanced through the implementation of viscoplastic constitutive laws to simu-
late time-dependent pillar deformation and coupled dynamic modules to quantify stress
wave propagation during seismic events. Case studies should expand geological scope by
systematically varying key properties of roof strata, such as uniaxial compressive strength,
thickness, and coal seam burial depth. Such efforts would establish width adjustment
coefficients for different geological settings. Additionally, research should evaluate how
support systems interact with time-dependent pillar behavior to develop integrated ground
control strategies.

6. Conclusions

This study has systematically investigated the critical relationship between coal pil-
lar width and geomechanical stability in burst-prone mines with thick, hard roof strata.
Through integrated analytical modeling and coupled numerical simulations of a longwall
panel case, the following conclusions are drawn:

(1) Pillar width dictates roof failure mechanics and stress redistribution. In the proposed
case study, increasing pillar width from narrow to intermediate ranges (10-20 m)
systematically shifts the locus of roof tensile fractures from solid coal toward the pillar
center and migrates failure zones toward the roadway. Concurrently, elastic strain
energy accumulation relocates from solid coal to the pillar area. This mechanistic shift
concentrates loads directly onto pillars upon roof fracture, escalating instability risks.

(2) Intermediate pillar widths create a risk instability zone. Pillars between 10 and 20
m exhibit the most hazardous mechanical response. The lateral abutment pressures
exceeding 130 MPa, positioned perilously close to the roadway. This combines with
substantial elastic energy storage capacity and direct exposure to roof fracture dynam-
ics, creating conditions highly conducive to coal burst. This width range should be
deliberately avoided in burst-prone environments with hard roofs.

(3) Narrow and wide pillars offer distinct stability advantages. Pillars of 6 m or less
undergo significant plastic deformation and exhibit low stress concentration, transfer-
ring loads deeper into the coal seam. Their limited capacity for elastic energy storage
inherently reduces burst potential despite requiring robust asymmetric roadway sup-
port. Conversely, pillars wider than 40 m effectively isolate the roadway from goaf
influences, stabilizing stress concentrations at lower magnitudes further from the
roadway, thereby mitigating near-field dynamic risks.

(4) Effective ground control demands integrated pillar-roof-support design. Pillar width
optimization is inseparable from roof behavior and tailored support strategies. The
presence of thick, hard roofs imposes high, often asymmetric loads on pillars. Sup-
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port systems must adapt to the specific stress environment induced by the chosen
pillar width, emphasizing asymmetric reinforcement for narrow pillars. Continuous
monitoring is essential to track stress evolution and time-dependent degradation.

(5) The validated methodology provides a practical design framework. The synergis-
tic approach combining an analytical roof—pillar interaction model with rigorously
calibrated simulations successfully captured the complex interplay of roof mechan-
ics, pillar stress evolution, and failure modes. This framework offers a scientifically
grounded basis for determining rational pillar widths that balance resource recov-
ery, roadway stability, and coal burst mitigation under challenging hard roof con-
ditions. Strategic selection toward either narrow or wide pillars emerges as the key
safety principle.

This research establishes that pillar width is a primary control mechanism of the
stability mechanics of coal mines operating under thick, hard roofs. Deliberate avoidance
of the hazardous intermediate-width range coupled with an integrated design focused on
the specific advantages of narrow or wide pillars provides a clear pathway toward safer
and more efficient underground longwall mining.
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