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Abstract

Particle Flow Code (PFC) numerical simulations were adopted to simulate the mining pro-
cess and the process of goaf collapse and to predict the residual subsidence of abandoned
goafs in steeply inclined multi-seam coal mines, taking the No. 101 Coal Mine in the Xis-
han Mining Area of Urumgi, China, as an example. Scaled physical simulations were also
employed to simulate the evolution of voids in the coal-rock mixture in the goaf. The
results show that after mining, the roof of shallow coal seams becomes unstable and col-
lapses in the anti-dip direction, causing the materials within the unconsolidated layer to
fall and backfill the goaf, which further leads to ground subsidence. The mining of deep
coal seams is also accompanied by the overall movement of overlying strata along the dip
direction of the coal seams and surface subsidence. The content of voids within the broken
coal-rock mass in the goaf tends to decrease with increasing pressure, showing a nega-
tive exponential correlation. Based on the observed relationship between displacement
and void content obtained from the simulation experiments, it is inferred that the residual
displacement under the current conditions of the study area accounts for approximately
10.5% of the total displacement. Combining the results of the PFC simulation and the
evolution law of void content, the residual subsidence of the goaf in the study area since
mine closure is predicted to range from 0 to 1 m, with a high-value zone distributed in the
northeastern part of the study area. Deep goafs within the By—B1;_1 and B14—B1g coal seam
groups mainly contribute to the residual subsidence. The distribution of goaf collapse pits,
as revealed by field investigation, also verifies the reliability of the prediction results.

Keywords: steeply inclined coal seam; goaf; residual subsidence; prediction; numerical
simulation; PFC; physical similarity simulation

1. Introduction

The problem of goaf stability is prevalent in many abandoned mining areas in China.
The overlying strata structures of goafs are diverse, which affects the distribution of resid-
ual cavities and voids [1]. In the absence of mining and monitoring data related to goafs,
substantial costs are incurred for monitoring to ensure the safety of land resource reuse in
these goaf areas [2,3].

In some complex tectonic regions in western and southern China, coal seams occur
in a steeply inclined (high-dip angle) manner, and the subsidence and failure characteris-
tics of overlying strata in their goafs differ significantly from those of gently dipping coal
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seams. Gangue in the goafs of steeply inclined coal seams slides downward along the dip
direction for filling, forming an inverted triangular free face in the upper-middle area of
the working face [4]. The surrounding rock movement in the goafs exhibits two modes,
namely, “extrusion-bend down” and “crush-dumping” [5]. As the overlying strata un-
dergo caving, rotation, sliding, and subsidence, the combination of key blocks can form
two distinct configurations —dip accumulation and anti-dip accumulation [6] —eventually
developing into a “J ”-shaped moving arch structure [7]. During mining of steeply in-
clined and closely spaced coal seams, the advance abutment pressure reaches a maximum
in the upper-middle part of the working face, and the rib spalling in thick coal seam faces
is dominated by shear failure [8,9]. The roof instability mode (under coal pillars and caved
deposits) is equivalent to the toppling-sliding composite failure of anti-dip slopes [10].
In addition, the stress environment of goafs in steeply inclined coal seams is more com-
plex, and the stress distribution, deformation, and failure of roadway surrounding rocks
exhibit asymmetric characteristics [11]. Discrete numerical simulation methods have aptly
demonstrated the movement and deformation characteristics of overlying strata in goafs
of steeply inclined coal seams [12,13]. The above is a summary of the overlying rock failure
mechanism in the goaf of steeply inclined coal seams.

Previous researchers have adopted various methods to investigate the surface subsi-
dence of goafs in steeply inclined coal seams. Some scholars established a roof fracture
mechanics model based on the small-deformation theory of elastic thin plates, deriving
the roof deformation equation and realizing the calculation of goaf width [14]. The tradi-
tional probability integral model is still applied. By introducing a variable mining influ-
ence propagation angle to characterize the movement of overlying strata in goafs, modi-
fied parameters are adopted to establish a surface subsidence prediction model [15]. Some
scholars have employed FLAC®P to simulate surface subsidence under different mining se-
quences, determining the optimal mining sequence [16]. Studies based on 3DEC (Discrete
Element Code for 3D) numerical simulations have shown that cavities in the overlying
strata of goafs in steeply inclined coal seams propagate upward along the dip direction fol-
lowing a parabolic trajectory, and the resulting surface subsidence exhibits an asymmetric
pattern [17]. Research on goafs in nearly vertical extra-thick coal seams using PFC (Parti-
cle Flow Code) discrete numerical simulation has indicated that with the progression of
slicing mining, the overlying strata collapse gradually, initially forming a “U”-shaped sub-
sidence zone and eventually evolving into a “V”-shaped collapse morphology [18]. PFC-
based studies on goafs in steeply inclined and multi-seam coal seams have revealed that
surface subsidence presents an asymmetric “W”-shape in the profile view and manifests
as an asymmetric subsidence basin with zonal distribution in the plan view [19]. When
predicting goaf surface deformation, analytical solutions can only estimate certain surface
subsidence parameters, but cannot predict the overall surface subsidence above the goaf.
In contrast, numerical simulation methods can obtain surface subsidence data above the
goaf through two- or three-dimensional mining simulations. However, in previous numer-
ical simulations, mining-induced subsidence was often assumed to occur instantaneously.
In reality, the caving and compaction of the goaf are long-term processes; thus, surface sub-
sidence will continue for a considerable period of time. Current simulation studies have
not adequately addressed this issue.

Among popular numerical simulation methods, both the Finite Element Method
(FEM) and the Finite Difference Method (FDM) are applicable to continuous media. In
these methods, it is assumed that the material is continuous, and they do not allow frac-
ture, separation, or large dislocations. Although FLAC (a type of FDM) has been applied
to mining simulations, most studies only determined stress and displacement fields under
the condition that the roadway remains undamaged [20]. In contrast, the Discrete Element
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Method (DEM) is suitable for discontinuous media, where the object is composed of in-
dependent elements that can separate, rotate, collide, and break. Therefore, the DEM is
more suitable for simulating coal seam mining processes. PFC can effectively simulate the
overburden caving and surface subsidence above the goaf through particle rolling and fill-
ing [18,19]. In addition, PFC is also flexible in constructing models with undulating ground
surfaces and bedrock surfaces.

Itis difficult to predict the surface residual subsidence in abandoned mining areas that
have been closed for many years due to the passage of time and lack of mining data. Based
on numerical simulation and physical simulation methods, combined with the geotechni-
cal engineering investigation results of the study area, we conducted a prediction study
on the surface residual subsidence of the No. 101 Coal Mine, Regiment 104 of Xinjiang
Production and Construction Corps, located in the Xishan Mining Area of Urumgqi, China.

2. Overview of the Study Area
2.1. Geological Background of the Study Area

The study area is located in the southwest of Urumgqi City, presenting a rectangu-
lar shape stretching in the NE-SW direction, with a length of approximately 1.20 km and
a width ranging from 0.42 km to 0.48 km. The landform of the study area consists of low
mountains and hills characterized by a north-high—-south-low topographic trend; the high-
est point in the north has an elevation of about 1050 m, while the southern surface is rela-

tively flat with an elevation of 920-940 m (Figure 1).
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Figure 1. Schematic map of topography and landforms in the study area.

The strata in the study area are part of the Xishanyao Formation of the Middle Jurassic
(J2x). According to geotechnical engineering investigation data, the strata in the study area
can be divided into 20 horizontal layers. Among them are the following:

Layers (D and (3 are dominated by siltstone;

Layers (3, (7), @ and @) are sandstone-mudstone interbeds;
Layer (8 consists of coarse-, medium- and fine-grained sandstone;
Layers (9, @), @, @ and @ are mudstone and sandy mudstone;

Layers @, ®, (®, @, @, @, @ and @ are coal seams.
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The ground surface is covered by Quaternary deposits. According to data from con-
tinuous water level monitoring in the shaft near the site, the groundwater level ranges from
894.33 m to 895.35 m throughout the year (Figure 2).
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Figure 2. Geological exploration profile 4-4' of study area.

2.2. Overview of Coal Mining

From the early to mid-20th century, the Bg, B, Bg, Bg, B11_12, and Byg coal seams were
mined by small coal pits. Due to the limitations of early mining technology, the mining
depth was mostly within 60 m.

The No. 101 Coal Mine was built in 1982, mainly mining the B¢, By, Bg, Bg, B11-12, B14,
Bis, and Byg coal seams. The coal seam thickness varied slightly within the mine field; the
mining details for each coal seam are listed in Table 1.

Prior to 2009, the shrinkage stoping method was adopted, with a coal recovery rate
of approximately 50%. After the technical renovation in 2009, the mining method was
changed to pseudo-inclined fully mechanized mining with flexible metal support, with a
recovery rate of about 75%. The mine was closed in 2014.

According to the investigation, during the mining period in the study area, with the
development of ground subsidence in the goaf, the subsided areas were continuously filled
with construction waste and other materials. During geotechnical engineering investiga-
tion, the ground subsidence status of the goaf was evaluated based on multi-year satellite
image data, but relevant ground observation data were lacking.
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Table 1. Average thickness and mining status of each coal seam.

Layer No. Coal Seam No. Average Thickness (m) Mining Status of Coal Seam
It was generally mined down to 880 m,
Bg 23.31 extending to 858-844 m in the eastern part
of the minefield.
By 13.07 It was mined throughout down to 793 m.
Most were mined down to 689 m, with
), 2, Bg, Bg and B11_12 2.03, 3.82, and 6.47 only local areas in the western part of the
minefield mined down to 793 m.
Most were mined down to 689 m, while
®,®, 2 B14, B1s5 and Bqg 1.25,0.96, and 1.24 local areas in both the eastern and western

parts extended to 793 m.

3. Research Methods

Since no ground subsidence monitoring was conducted during the mining period in
the study area, relevant monitoring data are lacking. Moreover, the subsided areas have
been continuously backfilled, the mine has been closed for more than 10 years to date, and
mining-related data are also difficult to collect. Therefore, it is challenging to conduct an
accurate assessment of the current status of ground subsidence and residual subsidence
issues in the study area. With urban development, the study area has been incorporated
into construction planning, and it is urgent to carry out research on related issues. Based
on the investigation results of goaf subsidence in the study area, it is a feasible scientific
method to simulate the mining and ground subsidence processes via numerical simulation
and analyze the residual subsidence by integrating the results of physical simulation.

The coal seams in the study area are steeply inclined (high dip), and adjacent mining
is conducted on multiple coal seams. The goaf formed by steeply inclined coal seams is
significantly different from that of the commonly encountered gently inclined coal seams,
and the formation and subsidence mechanisms of such goafs possess unique character-
istics. This has particularly manifested in the large-distance caving and compaction of
the roof strata. Therefore, the DEM based on the theory of discontinuous mechanics is
more suitable.

3.1. Design of the PEC?P Model
3.1.1. Modeling Assumptions of PFC?P

PEC is based on the principles of discontinuum mechanics, with its research objects
being granular assemblies of loose and bonded materials. Through the coupling of the
macroscopic and mesoscopic mechanical properties of materials, it enables the analysis of
the deformation, failure, and flow processes of discrete materials. Generally, the following
main assumptions are included in model [21]:

(1) Particles are uniform rigid bodies that do not deform, break, or compress. All defor-
mation and failure processes are borne by contact and bonding. Particles are simpli-
fied as circles, and shape effects such as angularity and interlocking are compensated
for through the calibration of mesoscopic parameters.

(2) The linear parallel bond model is the most commonly used contact model for simu-
lating brittle materials such as rock in PFC. This model describes the behavior of two
interfaces: an infinitesimal, linear elastic (no-tension), and frictional interface that car-
ries a force, and a finite-size, linear elastic, and bonded interface that carries a force
and moment (Figure 3). When the tensile stress reaches the normal strength of the
parallel bond (i.e., tensile strength), the bond fails in tension (Equation (1)):
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where 7 is the tensile stress; 0. is the normal strength of the parallel bond.

Dashpot force (F%), not shown. bonded
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Figure 3. Behavior and rheological components of the linear parallel bond model with inactive dash-
pots (According to Reference [21]).

If the bond is not subject to tensile failure but reaches the parallel bond tangential
strength (i.e., shear strength), then the bond undergoes shear failure (Equation (2)):

T=C—0otan¢ > T, ()

where T is the shear stress; T is the tangential strength of the parallel bond; ¢ is the bond
cohesion; ¢ is the bond internal friction angle.

(3) The wall does not deform or get damaged, has no displacement error, and is regarded
as arigid and smooth boundary. Only the effect of gravity is considered in this study,
with no other loads applied.

3.1.2. Establishment of a PFC?P Geological Model

Itasca PFC has been developed with two simulation platforms, namely 2D and 3D.
Given the lack of original mine excavation data in the study area, six two-dimensional ge-
ological profile models were established based on the geotechnical investigation results
of the study area and the 1-1’ to 6-6’ profiles (Figure 4). Since the constructed models
were based on the assumed pre-mining geological conditions, whereas the geological ex-
ploration profiles were obtained from post-mining investigations—and local bedrock sur-
faces have already subsided under current conditions—local restoration was carried out
according to the natural slope of the bedrock surface during the modeling process to better
align with the actual situation (Figure 5).

Given the complex geological conditions, the following value-taking principles were
adopted during the modeling process:

1. The models were established in accordance with the actual conditions of location,
strike, length, and depth of profiles 1-1" to 66" (Figures 1 and 2);

2. The dip angles of rock strata in the profiles were also assigned based on the geotech-
nical investigation results, generally ranging from 73° to 75°;

3. Multiple coal seams were mined in the study area, and the thickness of coal seams
varied slightly. Therefore, the models were constructed using the average thickness
of the coal seams;
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4. Atotal of 20 coal (rock) strata were divided according to the stratigraphic and geologi-
cal conditions, and the spacing between them was determined based on the geological

exploration profile results;

5. According to the survey and investigation findings, four mining levels at elevations
of 880 m, 844 m, 793 m, and 689 m were set, and their respective mining periods were

determined based on the survey data (Figure 4).
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Figure 4. Study area PFC?P modeling diagram (using the 4-4' profile as an example).
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Figure 5. Restoration of unconsolidated layers and bedrock surfaces in modeling (using the 5-5'
profile as an example). (a) Existing profile as determined by geological exploration; (b) restored

original profile.
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3.2. Calibration of Particle Physico-Mechanical Parameters
3.2.1. Calibration of Mechanical Property Parameters

In PFC simulations, it is first necessary to determine the similarity of mechanical
properties between the microscopic granular assemblies and the macroscopic rock—soil
mass to ensure the reliability of the former in representing the latter. The parallel bond
model in PFC is generally adopted to carry out numerical servo experiments for cal-
ibrating relevant parameters. Many scholars have conducted specialized research on
this aspect, such as the trial-and-error method under certain control conditions [22-24],
the Plackett-Burman design experiment method [25,26], the stepwise rapid calibration
method [27], and the analysis of variance method [28]. Based on the correlation analysis
between the results of macroscopic rock mechanics experiments and PFC numerical exper-
iments, Wang et al. [29] proposed conversion formulas for macroscopic and mesoscopic
parameters (Equations (3)—(6)), which have been frequently cited [18,19,30,31]:

E/EC :a—i-bln(k“/kn) 3)
V= cln<kn/ks) +d 4)
_ 2 _ —
_ a<f/g> +b(f/g>, 0<T/z<1 5
c, T/E>1
o 2 . _
_ d(T/‘f> +e<T/‘f>’ VAES ©)
t T /e>1

QAR

SIS

where:

E—Macroscopic elastic modulus/GPa;
E.—Particle contact modulus/GPa;
kn/ks—Normal-to-tangential stiffness ratio;
v—Poisson’s ratio;

o.— Uniaxial compressive strength/MPa;
o—Tensile strength/MPa;

0. —Parallel bond normal strength/MPa;
Tc—Parallel bond tangential strength/MPa;

In Equations (3) and (4), a=1.652, b= —0.395, c=0.209, and d = 0.111;

In Equations (5) and (6), a = —0.965, b = 2.292, ¢ = 1.327, d = —0.174, e = 0.463,
and f=0.289.

The lithology of strata in the study area is mainly divided into five types: sandstone,
siltstone, mudstone, coal, and unconsolidated layers. Drawing on previous research, nu-
merical servo experiments were carried out on four types of rocks in the study area, namely,
sandstone, siltstone, mudstone, and coal. Based on the results of physico-mechanical tests
on the rock in the study area, the mesoscopic parameters were determined using the cal-
culation methods presented in Equations (3)—(6). For parameters that cannot be directly
calculated via formulas, values were assigned within the range recommended in Ref. [28].
For unconsolidated layers, parameters were directly determined based on empirical
values (Table 2).
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Table 2. Calibration of mesoscopic parameters for mechanical properties of various rock types.

Parameter Name/Unit Symbol VIa{l‘illei::riEg!e Sandstone Siltstone Mudstone Coal Uncog:;)’lirdated
Particle Contact Modulus/GPa E. 10~70 4.22 1.25 1.00 0.70 0.04
Particle Stiffness Ratio kn/ks 1~4 2.24 2.24 2.35 247 3.14
Friction Coefficient U 0.2~0.8 0.8 0.8 0.8 0.8 0.8
Parallel Bond Modulus/GPa E. Same as E. 422 1.25 1.00 0.70 0.04
Parallel Bond Stiffness Ratio kn/ks Same as kp/ks 2.24 2.24 2.35 2.47 3.14
Mean Psatrraelrllfgltﬁj’l\r}[‘f);lormal A 180 10.0 3.88 277 0.8
Mean Pa;fﬁ;ﬁ?ﬁgjnge“ﬁal T 10~100 9.0 5.0 1.94 138 0.04
Parallel Bond Strength Ratio T/ 0c 0.5~2.0 2 2 2 2 2
Bond Internal Friction Angle/° ¢ 0~60 30 30 30 30 25

In the numerical tests, confining pressures of 0.5, 2.0, 4.0, and 8.0 MPa were set, re-
spectively, and the tests were completed through processes including sample preparation,
prepressing, cementation, and loading. After the tests, stress—strain curves and stress Mohr
circles under different confining pressures were plotted, and the macroscopic mechanical
parameters of the rock, namely, elastic modulus, Poisson’s ratio, cohesion, and internal
friction angle, were obtained. The peak strength under low confining pressure (0.5 MPa)
was taken as the uniaxial compressive strength (UCS) value (Figure 6).
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Figure 6. Numerical servo test curves under different confining pressure conditions (using sandstone
as an example). (a) Confining pressure is 0.5 MPa; (b) confining pressure is 2.0 MPa; (c) confining
pressure is 4.0 MPa; (d) confining pressure is 8.0 MPa.

After trial calculation and minor adjustments to individual parameters, the calibrated
results were compared with the statistical values obtained from laboratory rock mechanics
tests in the geological survey report. Although the results were not completely identical,
all indices were similar to the laboratory test statistics, with average deviations all less
than 10%, except for the cohesion of sandstone. As for the cohesion index of sandstone,
it exhibited relatively large dispersion because the sandstone in the study area includes

https://doi.org/10.3390/app16052328
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coarse- to medium-grained sandstone, fine-grained sandstone, and siltstone, which were
not subdivided in the survey report. In addition, supplementary sampling was conducted
on siltstone from field outcrops in this study. Siltstone was separated from sandstone and
subjected to UCS tests. However, due to the limited number of samples, other test in-
dices were unavailable; thus, only the UCS values were compared (Table 3). Despite the
relatively large deviation in sandstone cohesion, the thickness of sandstone layers is small.
Taking profile 4-4" as an example, the thickness of sandstone layers accounts for only about
6% of the profile width. Therefore, the local deviation does not affect the overall trend. In
summary, the results of the numerical servo experiments are generally satisfactory and
acceptable as simulation conditions.

Table 3. Comparison of calibration results for rock deformation and strength parameters.

Rock Type Clj);rgzii:zln UCS/MPa Moill?lsltsi/cGPa Poisson’s Ratio Cohesion/MPa Inte?ﬁlgg/if tion
Laboratory Test Value 34.5 5.37 0.28 6.57 38
Sandstone Calibrated Value 314 5.90 0.30 8.30 34
Deviation 9.0% 9.9% 71% 26.3% 10.5%
Laboratory Test Value 16.7
Siltstone Calibrated Value 18.9 2.10 0.22 5.00 33
Deviation 13.2%
Laboratory Test Value 8.8 1.82 0.28 2.15 37
Mudstone Calibrated Value 9.4 1.90 0.25 1.91 39
Deviation 6.8% 4.4% 10.7% 11.2% 5.4%
Laboratory Test Value 5.8 1.37 0.30 0.97 39
Coal Calibrated Value 6.4 1.20 0.28 1.09 37
Deviation 10.3% 12.4% 6.7% 12.4% 5.1%
Average Deviation of Single Indicator 9.8% 8.9% 8.2% 16.6% 7.0%

3.2.2. Calibration of Physical Property Parameters

The geometric model of particle flow requires a sufficient number of particles to obtain
smooth curves in numerical tests, avoid significant fluctuations and excessive jaggedness,
and ensure the reliability of calculation results. However, an excessively large number of
particles will lead to lengthy computation time, excessive time consumption to achieve the
required calculation accuracy, and may even cause the server to malfunction.

The samples used in numerical servo experiments are small-scale, while geological
profile models are large-scale. The two differ in terms of particle size and porosity settings:

1. For the experimental samples, the particle radius and porosity should not be exces-
sively large. An overly large particle radius will result in an insufficient number of
particles, and an excessively high porosity will lead to non-contact (i.e., suspended
state) between too many particles, thus rendering the calculation unfeasible.

2. For the geological profile, the particles should not be overly small. Unduly small
particles will lead to an excessive quantity, which impairs computational efficiency;
meanwhile, the porosity should not be too low either, as an extremely low porosity
will cause the particles to bounce and scatter.

Based on the above analysis, two scales of “samples” were established: the sam-
ple applicable to numerical servo experiments was designed with a height x width of
20 x 10 m, while the sample for the geological profile model had dimensions of 40 x 20 m
(i.e., scaled up by a factor of two). To reasonably calibrate the porosity of particles at these
two scales, a series of simulation tests were conducted to measure the ratio of suspended
particles under different porosity conditions.
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According to the simulation results of large- and small-scale samples with varying
porosity values, it can be observed that the proportion of suspended particles exhibits
a sharp jump when the porosity exceeds a certain threshold (Figure 7). An excessively
high proportion of suspended particles not only deviates from the actual characteristics of
rock materials but also impairs the accuracy of calculations. Therefore, by means of com-
parative analysis, an appropriate porosity value was selected near the threshold prior to
the abrupt rise in the suspended particle ratio. This approach can effectively control the
quantity of suspended particles while ensuring that the selected value is consistent with
practical conditions. Taking sandstone as an example, the porosity was set to 0.18 for small-
scale samples in servo experiments, and 0.22 for large-scale geological profile simulations.
Meanwhile, the particle radius for large-scale models was determined to be twice that of
small-scale samples (Figure 7, Table 4).

=27 (a) m— Sandstone S (b)

i\i sl <14 4 Suspended

< iltstone 2 particles r

£ = Mudstone £ "

s —m— Coal 212 . /

S 64 2

£ [ £ /

g 10 /

2 3 Threshold for sharp/

E] p- £ rise in porosity

§ 4 Susp.ende(l S 8 ;

(/=) : % particles . % ’/’, //' v -
Distribution of suspended - o 51 Distribution of suspended "4
p;rtlc].ets in f)a;lgstone Threshold for sharp partlc!es 'm sandstone e ) L

5| (Porosityis 0.18) / rise in porosity 44 (Porosityis 0.22) . - m— Sandstone
- S . = - g Siltstone
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L] a— vk
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Figure 7. Control of suspended particles and determination of porosity (using sandstone as an
example). (a) Porosity curve of small-sized sample (20 x 10 m) for numerical servo experiments;
(b) porosity curve of large-sized sample (40 x 20 m) for geological profile model.

Table 4. Calibration of microscopic parameters for physical properties of various rock types.

Parameter Name/Unit Symbol Sandstone Siltstone Mudstone Coal Unconsolidated Layer
Sample particle radius (min-max)/m Rmin~Rmax 0.30~0.50 0.20~0.40 0.15~0.25 0.15~0.20
Profile particle radius (min—max)/m Rmin~Rmax 0.60~1.00 0.40~0.80 0.30~0.50 0.20~0.40 0.30~0.80
Sample porosity n 0.18 0.14 0.14 0.14
Profile model porosity n 0.22 0.21 0.20 0.20 0.30
Particle density/kgm_3 4 2560 2550 2520 1240 1800

3.3. Physical Simulation Experiment on Void Content of Goaf

The caving and compaction of overlying strata in goaf is a long-term process, and the
caving and compaction process laws vary with the different geological conditions of the
goaf. The void content change in the goaf of gently inclined coal seams can be derived
based on the mathematical model of the continuous subsidence surface [32], or studied
through physical experiment simulation using scaled-down coal and rock blocks or similar
materials [33,34]. This study adopts physical experiments with solid materials to simulate
the compaction process of the goaf in the study area.

3.3.1. Similarity Criteria and Similarity Ratio Design

This is a common simulation in rock mechanics and engineering; thus, the 7t theorem
is adopted to derive the similarity criteria. Since the compaction of the goaf is a uniaxial
compression of rock mass under a gravitational field, and natural coal and rock materials
are directly used, the physical quantities involved are stress o, density p, length L, and
gravitational acceleration g. Only the Froude similarity criterion (Equation (7)) needs to
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be satisfied. According to dimensional analysis, the relationship of similarity ratios can be

determined (Equation (8)).
o

= —
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@)

where C; is the stress similarity ratio; C, is the density similarity ratio; C, is the gravita-
tional acceleration similarity ratio; and Cy, is the geometric similarity ratio.

There are multiple coal seams in the study area with large variations in thickness.
Taking a median value of 2-3 m and including the caving zone, the goaf caving space is
assumed to be 4 m. Combined with the conditions of the test bench and maximum load,
the geometric similarity ratio is determined to be 1:10, i.e., C;, = 0.1. As can be seen from
the above conditions, C, = C¢ = 1. According to Equation (8), C, = 0.1. The overlying rock
density of the goaf is estimated to be 2550 kg/m?, and the maximum mining depth is 200 m,
indicating that the maximum overlying rock pressure of the goaf is approximately 5.1 MPa.
Converted by the stress similarity ratio C, = 0.1, the corresponding maximum simulated
pressure is 0.51 MPa.

3.3.2. Container and Experimental Materials

According to the design with a geometric similarity ratio C, = 0.1, a steel container
with a height x diameter of 400 x 400 mm was constructed, featuring an open top
equipped with a piston, a water inlet at the bottom, and an overflow hole on the piston
pressure plate to simulate groundwater immersion conditions (Figure 8a).

orce-transfer rod

\ T

Container
Overflow hole
=

7—Piston

Water inlet

(b)

Figure 8. Goaf compaction simulation test system and samples: (a) void content physical simula-
tion container; (b) rock samples for physical simulation; (c) composition of the physical simulation
system. (D Container; ) water inlet; 3 overflow hole; @ force-transfer rod; & hydraulic pipe;
(® pressure-applying shaft; (7) displacement scale; (8 displacement gauge; (9) pressure gauge.

Based on the lithology of the roof and floor of the coal seam in the study area, three
types of material samples (coal, sandstone, and mudstone) were selected (Figure 8b). Af-
ter crushing, the samples were graded into particle-size fractions of 0-5, 5-10, 10-15, and
15-20 cm, with the maximum particle size matching the size of the initially collapsed rock
mass in the goaf at a similarity ratio of approximately 1:10. No restrictions were imposed

https://doi.org/10.3390/app16052328


https://doi.org/10.3390/app16052328

Appl. Sci. 2026, 16, 2328

13 of 28

on the gradation of different particle sizes; instead, the samples were mixed and filled ac-
cording to their natural particle size fractions after crushing.

Considering the low recovery rate of shrinkage stoping (estimated at 50%), the mixing
ratio of coal and rock mass in the goaf was set at 1:1. The roof and floor of the coal seam
are mainly composed of sandstone or mudstone with variable combinations. Therefore,
the mass ratios of coal, sandstone, and mudstone were specified as 2:1:1, 3:1:2, and 3:2:1,
representing the proportions of different coal and rock components.

3.3.3. Experimental System Design and Experiments

The experimental system consists of a container, a press, a displacement meter, a pres-
sure gauge, and auxiliary equipment (Figure 8c). The maximum pressure of the laboratory
press is 150 kN (equivalent to approximately 1.2 MPa), which meets the pressure require-
ments of the simulation experiment.

During the experiment, the pressure was applied in 7 graded loading steps. At each
step, the pressure was maintained until the displacement stabilized, after which the next
level of load was applied. After loading up to the maximum load and maintaining it until
stabilization, the load was removed. The samples were then soaked in water for 24 h,
followed by another round of graded loading until the maximum load was reached again.
The displacement values at the stabilization stage of each load level were recorded, and the
void content was calculated based on the measured density values of the samples (Table 5).

Table 5. Graded compaction test data for samples with different mix proportions.

P AN Coal/Sandstone/Mudstone = 2:1:1 Coal/Sandstone/Mudstone = 3:1:2 Coal/Sandstone/Mudstone = 3:2:1
ressure

Disp/mm V/%  Disp/mm V/% Disp/mm V/%  Disp/mm V/%  Disp/mm V/% Disp/mm  Vy/%
4.7 4.1 48.79 0.4 15.77 11.9 46.68 0.2 16.16 13.1 48.45 0.1 23.81
9.4 24.9 44.92 0.7 15.63 16.7 45.78 0.5 16.02 22.9 46.63 0.2 23.77
18.8 34.4 42.95 1.2 15.39 314 42.81 1.2 15.70 34 44.40 0.7 23.57
37.6 59 37.12 2.2 14.91 57.2 36.74 2.3 15.18 61.2 38.07 1.6 23.21
75.0 92.8 26.86 6.9 12.61 88.7 27.31 5 13.90 83.7 31.63 34 22.49
125.0 114.5 18.31 14.9 8.38 108.1 19.96 13.1 9.80 99.9 26.09 8.4 20.40
150.0 119.7 15.95 16.7 7.37 116.6 16.25 18.6 6.79 105.8 23.85 119 18.87

Note: Disp—displacement; V—void content under natural conditions; V. —void content under water
immersion conditions.

The void content can be calculated by the following formulas:

Vi — S - L/1000
N= "2 2R
7 ©)
3
Vi=Vo— ) (10)
i=1 Pi

where

N —Void content/%;

V,, —Initial void volume/m?;

S—Cross-sectional area inside the container/m?2;

L—Displacement/m;

Vi—Dynamic volume of the container (the actual volume of the container at a certain pres-
sure stage)/m3 ;

Vo —Initial total volume of the container/m?5;

m;—The quality of a certain type of sample (i = 1, 2, 3, representing coal, sandstone, and
mudstone respectively)/kg;

pi—The density of a certain type of sample (i = 1, 2, 3, representing coal, sandstone, and
mudstone respectively)/kg-m 3.
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4. Results and Discussion

4.1. PFC Simulation Results and Discussion
4.1.1. Simulation of the Mining Process

According to the coal mining survey results described earlier, the mining process was
simulated in five stages according to the elevation interval: shallower than 880 m (with
the Bg coal seam calculated based on its actual mining elevation), 844-880 m, 793-828 m,
744-779 m, and 689-724 m (Figure 2). During the simulation, the preset mining sections in
the profile were “excavated” step by step, followed by calculation until the model reached
a stable state. Then, the mining section at the next elevation interval was continuously
“excavated” and the calculation was performed until stability was achieved. This cycle was
repeated until the excavation of the 689-724 m mining section was completed. Protective
coal pillars were reserved between adjacent mining sections. After the excavation of the
lower mining section, the overlying coal pillars gradually underwent damage, collapse,
and compaction.

The PFC numerical simulation shows that during the mining process of steeply in-
clined, multi-seam, and multi-level coal seams, and after the mining of shallow coal seams,
the coal seam roof becomes unstable and collapses in the anti-dip direction. The uncon-
solidated layer materials also fall and backfill, resulting in ground subsidence (Figure 9).
After the mining of deep coal seams, in addition to the collapse of the coal seam roof in the
anti-dip direction and the instability and collapse of the upper coal pillars, the overlying
strata move along the dip direction of the coal seam and overall surface subsidence occurs
(Figures 10 and 11). The protective coal pillars have a certain self-stabilization capacity.
The PFC numerical simulation indicates that under the unsupported bare rock condition,
the instability of protective coal pillars lags behind that of the coal seam roof during the
mining period (Figure 10b).

Early mining level

B = R [0
Sandstone  Mudstone Interbedding of Unconsolidat- Mini g level Mining level Mining level
sandstone and  ed layer before 2009  before 2014 and elevation
mudstone value

Legend

S

ne

Figure 9. Simulation results of mining and ground subsidence as of 1990 (based on the 44’ profile).
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Protective coal pillar (a)
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a Sandstone Mudstone Interbedding of Unconsolidated Mining level Mining level

2 sandstone and  layer before 2014  and elevation
Siltstone  Coal mudstone value

Figure 10. Simulation results of mining and ground subsidence as of 2009 (based on the 44’ profile).
(a) Overall model; (b) instability during mining of B;—B11_1» coal seam group.

Lidated

Sandstone  Siltstone lnterbeddinf dst: U

Mining level and
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elevation value

Legend

Mudstone  Coal

Figure 11. Simulation results of mining and ground subsidence as of 2014 (based on the 44’ profile).

During program execution, the coal seams within the mining sections were com-
pletely removed to represent the “excavation” operation. Although the relevant literature
indicates that the recovery rate of shrinkage stoping is relatively low, the analysis suggests
that in the shrinkage stoping process, since no artificial support is installed and the roof
rocks are allowed to collapse and form natural support, a large number of broken rock
blocks are inevitably carried out during mining. From the perspective of underground
space, the total volume of coal and rock excavated should be roughly equivalent to the
volume of coal in the mining sections. Therefore, this treatment method adopted by the
program is acceptable.
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4.1.2. Simulation Results and Discussion

A comprehensive analysis of the historical development process of China’s coal min-
ing industry reveals that the period before 1950 was characterized as a stage of unregulated
small-scale coal mining, and the period from 1950 to 1990 consisted of small-scale mining.
These two stages were characterized by relatively shallow mining depths and outdated
technologies, thus being combined into the first stage (covering the elevation ranges of
shallower than 880 m and 844-880 m). With the reform and opening of mines in the 1990s,
the demand for means of production increased substantially and the scale of organized
mining expanded gradually, though mining technology remained underdeveloped; this
period was defined as the second stage (corresponding to the mining level at an eleva-
tion of 793-828 m). In 2009, technical renovations were implemented, which promoted the
upgrading of coal mining technologies and further expanded the production scale. This
development phase lasted until the closure of the coal mine in 2014 and was designated
as the third stage (encompassing mining levels at elevations of 744-779 m and 689-724 m).
Therefore, all of the calculated results were sorted and categorized into three phases for
analysis: data up to 1990, data up to 2009, and data up to 2014 (Figure 4).

Taking profile 4-4" as an example, by 1990, most coal seams above an elevation of
844 m had been mined. Significant ground subsidence with distinct gullies occurred in
the By coal seam (with a large thickness) and the By—B11_1» coal seam group (with small
interlayer spacing) (Figure 9). By 2009, with mining at a deeper level of 793-828 m, the
overall ground subsidence further increased; however, the deep gullies above the Bg coal
seam were backfilled with collapsed materials, and the height difference between the gully
bottoms and the ground surface slightly decreased instead (Figure 10). By 2014, as the
deep coal seams were mined, the overall ground subsidence continued to rise, while the
amplitude of surface undulation kept decreasing (Figure 11).

Based on the ground subsidence survey of goafs prior to 2006 provided in the geolog-
ical investigation report, it can be observed that the initial goaf subsidence pits (grooves)
had great depths and steep pit walls. With the collapse and backfilling of the pit walls, these
formations evolved into shallow “V”-shaped depressions when reaching a stable state in
the later stage (Figure 12). The simulation results are consistent with the actual conditions.

(b)
Figure 12. Ground subsidence pit (trough) morphology prior to 2006 (based on data source (Detailed

Investigation Report on Comprehensive Management of Coal Mining Subsidence Area and Human
Settlement Construction Project in Xishan New District (Section II), Tiandi Science and Technology
Co., Ltd., June 2023.)). (a) Initial state of ground collapse in the goaf area; (b) stable state of the
ground collapse pit in the goaf area.
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4.1.3. Reliability Analysis of the PFC?P Model

Comparative Calculation of the Maximum Subsidence Value

To verify the reliability of the PFC?P model in mining subsidence calculation, the
method proposed in Reference [15] is adopted. Steeply inclined thick coal seams are re-
garded as being mined by stratified horizontal working faces, and the mining influence
propagation angle is introduced to calculate the subsidence value (Equations (11)—(13)).

X o X o
0o (e, x) =601 + 7 (602 = 001) =90 — [ka + (k2 —k1)](90° —«a) (11)
where 6 is the mining influence propagation angle (°); 891 and 6y, are the mining influ-

ence propagation angles of the roof and floor, respectively (°); and 6p; = 90" — k1(90° — «),
0 =90° — k2(90" — &), Kk and k, are

the mining
coefficients, respectively.

influence propagation

2
W(x,2) = - exp(— = ESH AL 12

where W,(x,z) is the subsidence value of point (x, z) caused by unit mining; and r, is the
main influence radius of the subsidence basin where the depth of the overlying rock from
the working face is z. For the whole unit thickness seam mining, the subsidence value
W,(s) of surface point A with horizontal coordinate s, is the sum of the subsidence values
caused by each unit mining in the range of 0 to L. In this case, z=h and r, = 1.

Wa(s) = /OL %exp{—n[x —s— hcotQO(x)]z}dx

- (13)

Figure 13 shows the area enclosed by box A intercepted from Figure 2. The B¢ coal
seam within this mining range meets the mining conditions of extra-thick steeply inclined

coal seams. In practice, the By coal seam above the elevation of approximately 873.7 was
mined by stratified horizontal mining (Figure 13).
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Figure 13. Surface subsidence of unit extra thick steeply inclined horizontal slice coal seam mining.

According to the principles of Equations (11)—(13), the B¢ coal seam is regarded as be-
ing mined horizontally from its full thickness up to the surface. Using the mining influence
propagation angle from the probability integral method, the maximum surface subsidence
value at point A is calculated and compared with the numerical simulation results. The
results indicate that the relative deviation between them is very small (Table 6).
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Table 6. Calculation table of maximum surface subsidence value for extra-thick steeply inclined

coal seam.
Parameter Name Symbol/Unit Calculated Description
Value
Dip angle of the coal seam of° 75 Actual measurement.
The length of horizontal working face L/m 22.4 Actual measurement.
Coefficients of the‘ mining influence ki, k> 0.5,0.6 Values are taken according to Reference [35].
propagation angle
Tangent of the major influence angle tan B 2.0 Values are taken according to Reference [35].
The process of stripping the unconsolidated layer
Thickness of the unconsolidated layer ho/m 23.3 is regarded as mining starting from the
ground surface.
. . Sum of the unconsolidated layer thickness and
The depth of full coal thickness mining h 58.2 the vertical thickness of the B¢ coal seam.
Horizontal coordinate value of point A on the s/m 191 As shown in Figure 13.
ground surface
The main influence radius of the ground surface r/m 29.1 Calculated accordm_g to the definition
tan = h/r.
The number of units divided by the working face n 100 To approximately solve the definite integral.
Maximum surface subsidence at Point A We1/m 21.7 Approximate sc?luilo‘n OfIPI:Obablht%, integral
(Calculated result) Wea/m 229 Numerical simulation result
AW/[Wep 5.2% Deviation between the two algorithms

Note: Since it is difficult to obtain the analytical solution of the definite integral, the integral term is approximately
converted into a constant term, and the integration operation is replaced by element accumulation. The formula

is: We(s) = fi- Cdx = Y. C x .
i=1

According to the probability integral method, the mining subsidence coefficient g is

calculated as follows:
Wmax

- M - cos s (14)

q

where W,y is the maximum subsidence value (m); M is the mining thickness (m); & is the
dip angle of the slice mining face, and &’ = 0 for horizontal slicing.

As can be seen from Figure 13, during horizontal slicing mining, the mining thickness
of the B¢ coal seam can be taken as M =h — hy = 34.9 m, and the maximum subsidence value
from numerical simulation is Wmax = 22.9 m. Here, cos’ = 1, so the subsidence coefficient
g =0.66 is obtained according to Equation (14).

Reference [35] provides recommended values for the subsidence coefficient, suggest-
ing a range of 0.55-0.84 for Mesozoic medium-hard strata, which is applicable to the study
area. The subsidence coefficient q = 0.66 calculated from the maximum subsidence ob-
tained by numerical simulation lies exactly within this range. This further demonstrates
the reliability of the numerical simulation results.

Through the above comparison with the probability integral method and the national
standards, it can be concluded that the accuracy of the PFC numerical simulation is reliable.

Sensitivity Analysis of PFC?P Model Parameters

The calibration results of the PFC model in this study are generally satisfactory. How-
ever, the cohesion of sandstone exhibits a relatively large deviation from the laboratory
test values, reaching 26.3% (Table 3). Despite the limited distribution of sandstone only
in Layer (8), it remains unclear whether this deviation affects the simulation results and to
what extent.

To evaluate the model sensitivity to this parameter deviation, a verification region
B was extracted from Figure 2, and a small-scale numerical model was reconstructed ac-
cordingly. Within this small-scale model, the Layer (8) sandstone constitutes the overlying
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strata for the By, Bg, By, and Bqj_j» coal seams, whose mechanical properties govern the
mining-induced subsidence of these coal seams. As this is a validation test, the bottom
boundary of the small model was set at an elevation of 828 m, and only coal seams above
the 844 level were considered in the calculation.

In this model, the mesoscale parameters corresponding to the macroscopic rock cohe-
sion are mainly the parallel bond normal strength (0) and parallel bond shear strength (Tc).
In general, rock cohesion and elastic modulus exhibit a nonlinear but positive correlation.
The mesoscale parameter corresponding to the macroscopic elastic modulus is the particle
contact modulus (E).

Small-scale numerical simulations for parameter sensitivity verification were per-
formed under the following three scenarios:

e  Recalculation with original parameters. The small-scale model was recalculated using
the original parameters: 0. = 18.0 MPa, T = 9.0 MPa, and E. = 4.22 GPa.

e  Parameter strengthening. The cohesion-related parameters were increased by 25%,
and the particle contact modulus was adjusted accordingly: o. = 22.5 MPa,
Tc = 11.25 MPa, and E. = 5.22 GPa. Since the quantitative relationship between par-
ticle contact modulus and bond cohesion is not explicitly defined, the particle contact
modulus was increased by 1 GPa based on their positive correlation.

e  Parameter weakening. The cohesion-related parameters were reduced by 25%, and
the particle contact modulus was decreased accordingly: 0. =13.5 MPa, T = 6.75 MPa,
and E. = 3.22 GPa. The particle contact modulus was reduced by 1 GPa for the
same reason.

Following the simulation of the small-scale model with the original parameters, the
deformed configuration shows a large collapse pit above the By, Bg, Bg, and By;_1 coal
seams, with a maximum surface subsidence of approximately 14.2 m near Point A.

Based on the numerical results under parameter strengthening and parameter weak-
ening, the corresponding surface subsidence curves are superimposed on the profile from
the recalculation with original parameters. It can be seen that the overall surface deforma-
tion is minimal, with only slight differences within the large collapse pit and almost no
visible variation at other locations (Figure 14a).

Upon close examination of the large collapse pit, subtle differences can be identified:
to the left of Point A, the subsidence curve under parameter weakening is slightly higher
than that under parameter strengthening, while the opposite trend is observed to the right
of Point A (Figure 14b).

The Layer (8) sandstone stratum acts as a “beam”. Under parameter weakening, the
supporting effect of the beam is diminished, making it more susceptible to toppling to-
ward the anti-dip direction. This behavior pushes the overlying unconsolidated layer and
induces a certain extent of uplift. Nevertheless, above the goaf of the By coal seam, the
collapse effect outweighs the pushing effect because of the greater thickness of the By coal
seam and the more intense goaf collapse, leading to larger subsidence.

Under parameter strengthening, the beam-like supporting effect of the Layer (8) sand-
stone is more pronounced, and the goafs associated with the B;—Bj;_1» coal seam group
are dominated by collapse.

Although subsidence differences exist between the parameter-strengthened and
parameter-weakened cases, the actual magnitude of discrepancy remains minor: about
0.65 m to the left of Point A and 0.45 m to the right. These values correspond to only
3.2-4.6% of the maximum subsidence (14.2 m) in the large collapse pit. Relative to the
results of recalculation with original parameters, the deviations are even smaller.

These results demonstrate that even if some deviation exists in the cohesion of the
Layer (8) sandstone during the modeling process, its impact on subsidence is small and
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localized. Consequently, this deviation can be neglected for the global model, confirming
that the numerical simulation results are credible and robust.

Subsidence curve with 25% Observation point
higher bond strength
Subsidence curve with 25%

lower bond strength

Ground surface before mining

Interbedding of sandstone
and mudstone

Mudstone

Siltstone

Unconsolidated layer

Figure 14. Local model calculation results and comparison for parameter sensitivity tests of Sand-
stone Layer (®). (a) Overall deformation before and after model mining; (b) local enlarged view of
deformation at the large collapse pit.

4.2. Simulation Results and Discussion on Goaf Compaction
4.2.1. Simulation Results of Goaf Compaction

Referring to the recovery rate of shrinkage stoping, the initial void content was set
at 50%. The pressure-void content variation curve of the coal-rock mixture was derived
from the physical simulation experimental data. It can be observed that under different
coal-rock proportion conditions, the pressure-void content curves of the samples in the
natural state are relatively close. However, after 24 h of water immersion, the void content
under the condition of coal/sandstone/mudstone = 3:2:1 is relatively high, which should
be attributed to the poor softening properties of sandstone (Figure 15a). According to
the geological survey data, the maximum mining depth of the coal mine is approximately
200 m. After conversion based on the overlying rock density and similarity ratio, this
depth is roughly equivalent to a load level of 75 kN (0.597 MPa) in the physical simu-
lation experiment of void content. The corresponding natural void content of the goaf
is about 28.60%, and the void content under water-immersed conditions is about 16.33%
(Table 7, Figure 15b).

Table 7. Calculated parameter values corresponding to the graded loads in the simulation experiment.

Experimental Load/kN 4.7 9.4 18.8 37.6 75 125 150
Piston pressure/MPa 0.037 0.075 0.150 0.299 0.597 0.995 1.194

Mining depth converted by similarity ratio/m 14.7 29.3 58.7 117.3 234.1 390.1 468.1
Average void content (Natural)/% 47.97 45.78 43.39 37.31 28.60 21.45 18.68
Average void content (Water immersion)/% 18.58 18.47 18.22 17.77 16.33 12.86 11.01

Note: The pressure is converted according to the cross-sectional area inside the container of 0.1257 m?; the mining
depth is converted based on the average formation density of 2550 kg/m® and the similarity ratio Cy = 0.1; the
average void content is calculated from Table 4 (with the ratios of coal/sandstone/mudstone being 2:1:1, 3:1:2, and
3:2:1, respectively).
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Figure 15. Pressure-void content relationship curve. (a) Measured pressure-void content relation-
ship curve; (b) pressure-average void content relationship curve.

Whether the samples are in a natural state or a water-immersed state, the relationship
between the average void content and pressure shows a negative exponential correlation.
Through curve fitting, the relational expressions between void content and pressure for
natural samples and water-immersed samples can be obtained, respectively:

No = 48.483¢~ 0517 (R2= 0.9967 (15)

N; = 19.588¢ 043" (R? = 0.9472) (16)

where

No—Void content of natural samples/%;
Ns—Void content of water-immersed samples/%;
P—Vertical pressure of the container/MPa.

4.2.2. Relationship Between Displacement and Void Content and Discussion

As mentioned above, the experimental pressure equivalent to the maximum mining
depth is 75 kN. From the scatter plot of void content and displacement, it can be seen
that there is a very high linear correlation between displacement and void content. The
correlation coefficients of the linear fitting are 0.9887 (coal: sandstone: mudstone = 2:1:1),
0.9931 (coal: sandstone: mudstone = 3:1:2), and 0.9947 (coal: sandstone: mudstone = 3:2:1),
respectively (Figure 16a).

It can be seen from Equations (9) and (10) that there are only two variables in the for-
mulas: displacement (L) and void content (N). Therefore, there must be a linear correlation
between them. The void content can be calculated from the change in displacement, and
conversely, the displacement can also be calculated back from the void content. Following
this line of thinking, the remaining subsidence of the goaf can be inferred based on the
void content.

Based on the survey data of the study area, the average void content of the rock mass
in the caving zone of the goaf under current conditions is 30%. According to the results
of the simulation experiment, the final void content of the goaf could reach 16.33% un-
der the conditions of groundwater level recovery. On this basis, the corresponding dis-
placement value can be calculated from the “displacement-average void content” curve:
the total displacement corresponding to a void content of 16.33% is 93.50 mm (AC), and
the displacement under the current conditions corresponding to a void content of 30%
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is 83.70 mm (AB). Therefore, BC represents the residual displacement. After calcula-
tion, BC/AC ~ 0.105. It can thus be concluded that the residual displacement under
the current conditions in the study area accounts for approximately 10.5% of the total
displacement (Figure 16b).
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Figure 16. Void content-displacement relationship curve. (a) The relationship curves for different
sample ratios; (b) the averaged relationship curve for different sample ratios.

5. Prediction of Ground Residual Subsidence in Goafs
5.1. Prediction Result

The mining depth corresponding to the elevation of 844 m is about 80 m (equivalent
to the mining level up to 1990). Given that this mining level is relatively shallow and
has a mining history of more than 30 years, the ground subsidence of the goaf above this
mining level is considered to have stabilized. Therefore, the residual subsidence of the goaf
shallower than the elevation of 844 m is not taken into account, and only the subsidence of
the goaf deeper than the elevation of 844 m is evaluated.

By measuring the subsidence values of subsidence curves at various stages on the
profile map and determining the coordinates of the measurement points, contour lines
and subsidence isolines can be plotted on the plane map. Taking the elevation of 689 m as
the final mining level, the final ground elevation of the study area after the stabilization
of subsidence can be obtained according to the simulation results. If the ground surface
is not subsequently filled and leveled, the final ground elevation of the study area will
range from 890 m to 980 m. The terrain along the outcrop lines of the B6 coal seam and
the By—B1;-12 coal seam group presents as a zonal low-lying area, while the terrain on the
northwest side of the study area is relatively higher (Figure 17).

Since the analysis indicates that the ground subsidence of the goaf in the first stage (up
to 1990) has stabilized, the ground elevation after the completion of mining at the elevation
of 844 m is taken as the baseline to calculate the cumulative subsidence for the second
and third stages, namely, the newly increased ground subsidence during the two periods
1990-2009 and 2009-2014 (mine closure). Thus, the isolines of newly increased ground
subsidence in the study area after 1990 can be obtained (Figure 18).

Since the early-stage subsidence has been completed, the newly increased subsidence
in the later stage is mainly contributed to by the deep goafs of the B;—B11_1, coal seam group
and the B14-Bjg coal seam group. The dip direction of the steeply inclined coal seams is
northwest (left-hand side in the profile view), and the ground subsidence also deviates
toward the dip direction of the coal seams (NW direction). If the inclined coal seam is
regarded as a slope, this phenomenon can be attributed to the toppling-sliding composite
failure of the anti-dip slope [10]. Therefore, the actual ground subsidence occurs in the
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area north of the Byj_1» coal seam and along the outcrop line of the B14—B1g coal seams
(Figure 18). In addition, since the mining depth along the 1-1" and 2-2' profiles (Figure 1)
only reaches the elevation of 793 m (with no mining conducted in the third stage), the
newly increased subsidence in the northwest corner area where boreholes ZK02 and ZK04
are located in the study area is also relatively small (Figure 18).
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Figure 17. Predicted final ground elevation after subsidence stabilization in the study area (the mark-
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——950

§ Q o
Iy ~
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ings in this figure have the same meaning as those in Figure 1).

Figure 18. Newly increased ground subsidence caused by mining activities during the period from
1990 to 2014 (the markings in this figure have the same meaning as those in Figure 1).

Based on the results of the physical simulation experiment on the void content of
goafs, the ratio of residual subsidence to newly increased subsidence in the study area is
10.5%. Therefore, on the basis of the newly increased subsidence, the ground residual sub-
sidence of the study area is calculated, and the isolines of ground residual subsidence in the
study area are plotted. The residual subsidence ranges from 0 to 1 m, and its distribution
trend is roughly consistent with that of the newly increased subsidence (Figure 19).
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Figure 19. Prediction of residual ground subsidence in the study area (the markings in this figure
have the same meaning as those in Figure 1).

During the 2023 field investigation of the study area, Survey Report (Achievement
Report on Comprehensive Management of Coal Mining Subsidence Area and Human
Settlement Construction Project in Xishan New District (Detailed Investigation, Bid Sec-
tion I), Shanxi Metallurgical Geotechnical Engineering Investigation Co., Ltd., May 2023),
pre-2023 and newly discovered collapse pits were identified using satellite imagery from
2005, 2010, 2015, 2020, and 2023. While these features do not capture all surface collapses,
they adequately characterize the overall pattern of surface subsidence in the study area
(Figure 20a). Most collapse pits are concentrated within the high-subsidence regions (yel-
low to brownish-red zones) illustrated in Figures 18 and 19, which supports the reliability
of the predictions derived from physical and numerical simulations.

Legend

=)

] Collapse pits
= discovered before
8l the 2023 survey

(=]

4 Collapse pits
discovered during
the 2023 survey

Figure 20. Distribution of collapse pits in the study area before and in 2023 (according to (Achieve-
ment Report on Comprehensive Management of Coal Mining Subsidence Area and Human Settle-
ment Construction Project in Xishan New District (Detailed Investigation, Bid Section I), Shanxi
Metallurgical Geotechnical Engineering Investigation Co., Ltd., May 2023)). (a) Collapse depictions
based on satellite photographs; (b) new collapse pits were discovered during the field investigation.
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The existence of newly formed collapse pits was confirmed by the author during a
2024 field investigation. They lie east of Shaft 2 (Figure 20a,b), a zone of high predicted
residual subsidence.

5.2. Research Limitations and Prospects

Mining of steeply inclined coal seams is easy at shallow depths but more difficult
at greater depths. Usually, multiple mining stages and methods are used in such mines,
including unregulated small coal mine exploitation, outdated shrinkage stoping, and im-
proved modern mining techniques. Moreover, these mining areas are often characterized
by long-term closure, incomplete mining records, and artificial surface backfilling. All
these factors bring substantial difficulties to predicting current residual surface subsidence
above goafs. In this study, using limited geotechnical investigation data, residual subsi-
dence for such goafs is predicted by employing PFC numerical simulation integrated with
goaf compaction simulations. The proposed method can thus provide a useful reference
for goaf sites under similar geological and mining conditions.

The residual subsidence ratio was determined as 10.5%. Although this value is ob-
tained from physical simulation tests, the coal seams in the study area were formed in the
Middle Jurassic of the Mesozoic Era (approximately 175-161 Ma). Compared with Pale-
ozoic coal measures (around 254 Ma or earlier), the rock cementation degree is relatively
weak. Coal seams from different regions have different formation ages, lithological assem-
blages of the roof overburden, and possible mining methods. Accordingly, the compaction
mechanisms of goafs will also vary. Therefore, the residual subsidence ratio obtained in
this case is not universally applicable.

The research methodology adopted in this study still has certain imperfections that
warrant further exploration and improvement:

(1) A PFC?P simulation was employed in this research, primarily due to the lack of crit-
ical data such as underground working face extensions and roadway layout details.
The mining process could only be reconstructed based on the exploration profiles pro-
vided by the investigation report and field surveys of mining conditions. Although
the 2D model may introduce certain deviations in reflecting the subsidence character-
istics of overlying strata and the ground surface, it is not expected to affect the overall
evolutionary trend of subsidence.

Additionally, computational processes indicated that PFC simulations impose high
demands on computer hardware resources. A complete calculation of the 2D model in this
study typically took more than 10 h (processor: Intel(R) Core(TM) i9-14900K (3.20 GHz);
RAM: 64.0 GB). In Reference [18], the authors established a 3D model with dimensions of
320 x 300 x 200 m and particle diameters ranging from 1.8 to 3.0 m. For the case study in
this paper, constructing a 3D model with dimensions of 1200 x 400 x 280 m and particle
diameters of 0.2-1.0 m would result in an extremely large computational load. Thus, the
computational capacity of computer hardware is also a key factor that must be considered
during model establishment.

(2) Although the goaf compaction simulation experiments comply with the similarity
theory, size effects may potentially exist. To date, no relevant studies have reported
on size effects in goaf compaction simulations, which merits in-depth investigation
in future research.

(3) Inthe numerical simulation, stratigraphic division was relatively coarse, constrained
by the insufficiency of available data. If more detailed stratigraphic division and more
comprehensive data can be obtained, the accuracy of the numerical simulation will
undoubtedly be further improved.
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6. Conclusions

@

)

®)

4)

The Particle Flow Code (PFC?P) numerical simulation method was employed to sim-
ulate the mining process of steeply inclined, multi-seam, and multi-level coal seams
in the study area. After the mining of shallow coal seams, the roof of the coal seams
becomes unstable and collapses in the anti-dip direction, causing materials from the
unconsolidated layer to fall and backfill the goaf, which further leads to ground sub-
sidence. After the mining of deep coal seams, this is also accompanied by the overall
movement of overlying strata along the dip direction of the coal seams and the overall
surface subsidence.

The results of the goaf compaction simulation experiment show that the void con-
tent of the broken coal and rock mass in the goaf tends to decrease with the increase
in pressure. Whether in the natural state or water-immersed state, the relationship
between the void content and pressure generally presents a negative exponential cor-
relation. Under water immersion conditions, the void content of the coal and rock
mass in the goaf is further reduced. The range of goaf void content variation with
pressure is also related to the lithological composition of the coal and rock mass in
the goaf; when the proportion of sandstone in the mixed coal and rock mass is rela-
tively high, the void content of the goaf will increase to a certain extent. Based on the
results of the relationship between displacement and void content obtained from the
simulation experiment, it is inferred that the residual displacement under the current
conditions of the study area accounts for approximately 10.5% of the total displace-
ment. However, this value may vary for coal seams in different geological regions
and of different geological ages, requiring specific analysis of the actual conditions.
Combining the results of PFC numerical simulation and physical simulation of goaf
void content evolution, the residual subsidence of the goaf in the study area since
the mine closure was predicted. The residual subsidence ranges from 0 to 1 m, and
its high-value zone is distributed in the northeastern part of the study area (i.e., the
north side of sections 3-3' to 6-6'). The residual subsidence is mainly contributed to
by the deep goafs of the B;—B11-12 and B14—B1g coal seam groups. The reliability of
the predicted results is verified by the distribution of mining collapse pits obtained
from satellite image monitoring and field investigation.

Generally, multi-stage and diverse mining methods are used in coal mining areas
with steeply inclined and multi-seam coal seams, and are often accompanied by prob-
lems such as having been closed for a long time, a lack of mining data, and artificial
backfilling of the surface. By using limited geotechnical engineering investigation
data and adopting a method combining PFC numerical simulation and goaf com-
paction simulation, the residual subsidence of the goaf can be effectively predicted.
This is a new method worthy of application for predicting the subsidence of goafs
under similar conditions.
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