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Abstract: During the development of coal resources in China, mine bed-separation water
damage has become a new type of disaster in recent years, bringing severe casualties
and economic losses to mining areas. This study aims to solve the limitations of the
existing bed-separation calculation methods. It proposes a new method of bed-separation
discrimination based on the bending deflection of rock strata and a spatial volumetric
calculation model that considers the development stage of bed separation. The improved
stepwise comparison combination method (ISCCM) was combined with the theory of thin
elastic plates to determine the developmental stage of the bed separation, which was able
to predict the location of the bed separation and its volume more accurately. An example
analysis of the 21301 working face in Cui mu Coal Mine, Shaanxi Province, shows that
the proposed method exhibits higher accuracy and reliability in predicting the location of
bed-separation development and the water inrush risk. The study shows that changes in
the morphology of bed-separation development significantly affect the amount of water
accumulation, and the traditional calculation method may produce a significant error after
long-distance coal mining. This research result helps to improve the early warning ability
and management effect of water damage in the mine bed separation. It provides technical
support for the safe and efficient production of the mine.

Keywords: bed separation; water inrush; ISCCM; coal mining

1. Introduction

In China, coal plays a dominant role in both energy production and consumption, and
excessive resource development has given rise to many types of mine disasters, among
which mine bed-separation water damage is a relatively new type of disaster in China in
the last decade [1]. Mining-induced stratum movement creates differential settlement, with
the deformation magnitude showing a negative correlation to both layer thickness and
compressive strength. Bed separation occurs when interfacial tensile stress exceeds the
weak-strong rock interface strength [2-6]. Bed separation is usually a storage space for
liquid and gas, which can cause serious harm to mining activities, such as the 5.21 water
inrush accident in the Ha zi Coal Mine of China in 2005, which caused five deaths [7].
Grouting of bed separation to reduce settlement effectively prevents water inrush acci-
dents [8,9]. Therefore, it is necessary to accurately identify and calculate the volume of the
storage space of bed-separation layers formed in the mining process.

Coal mining operations induce a water-conducting fracture zone (WCFZ) [10]. The
formation of bed separation within the scope of the water-conducting fissure zone poses
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a significant challenge in establishing a closed water-filled space, thereby mitigating the
risk of sudden water accidents. Conversely, when bed separation occurs above WCFZ, the
hanging wall zone of bed separation expands progressively in response to working face
advances (Figure 1). Under negative pressure and gravity, groundwater rushes in, filling
the bed-separation space. A sudden rupture of the protective layer may cause mine stratum
water damage, resulting in severe personnel and property losses [11-13].

Figure 1. The development profile of bed separation.

The predominant methodologies for calculating bed-separation volume currently
include the elastic thin-plate theory calculation method [14-19], the water volume seg-
mentation method [20], and the extensive well method [21]. However, these methods
neglect the effect of bed development on variations in bed-separation volume. During the
development of the bed, when the rock strata are bent to a certain degree, they will be
supported by the rock mass below. The development of the bed undergoes a transition
from vertical to horizontal expansion [22]. Existing calculation methods for the volume of
bed-separation water do not consider the effect of different development forms of the bed
at various stages.

In light of the inherent limitations of prevailing calculation methodologies, this study
proposes a bed-separation layer discrimination criterion predicated on rock stratum bend-
ing deflection and a bed-separation spatial volume calculation method for varying devel-
opment stages. The evolution of bed separation can be considered during coal extraction
processes. Empirical field data and numerical simulation techniques have substantiated
the research findings. The prevention and management of bed-separation water inrush can
be significantly improved by this study’s findings, enhancing mine operational safety.

2. The Method for Determining the Position of the Bed Separation Is
Based on the Flexible Thin-Plate Theory and SCCM

2.1. sCCM

After coal mining, the overburdened rock will lose its original state and begin to
deform and break, and the rock strata will deform under the load from above and their own
gravity [23,24]. Differential vertical deformation occurs in adjacent rock strata owing to their
distinct mechanical characteristics. When the upper strata exhibit greater deflection than
the underlying strata, it will settle with the lower rock strata as a rock form of synchronous
settlement with the lower rock formation. During this phase, the response of overlying
strata to mining-induced stresses is largely determined by the properties of the lower strata.
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Therefore, when analyzing the stress and deflection of the bed separation’s upper and lower
rock plates, it is necessary to consider the influence of the internal forces and displacement
changes in other rock plates on it, such as changes in load.

The traditional bed-separation identification method relies on composite beam theory,
where the bed-separation location is determined by comparing the load on the underlying
rock layer of a composite beam composed of 1 + 1 rock layers with that of a composite beam
made up of n rock layers undergoing synchronous deformation [25,26]. This approach
overlooks the interactions between rock strata. He [27] and others introduced the SCCM
based on composite beam theory. This method considers the overlying rock strata above a
coal seam as a composite beam and determines whether adjacent rock strata deform syn-
chronously by calculating the deflection of this beam. However, the deflections calculated
using SCCM do not accurately reflect the deformation characteristics of actual strata or
bed-separation development. This study combines the deflections calculated from elastic
thin-plate theory with SCCM to distinguish between bed-separation layers accurately.

The SCCM principle involves comparing the deflections of adjacent rock strata in
the same layer and grouping adjacent rock strata whose upper rock strata have a more
significant deflection than the lower rock strata into large rock stratum combinations. Each
overburden stratum is analyzed independently, with self-weight bending representing
the first deformation phase. A comparative analysis of inter-stratum deflections identifies
adjacent layer combinations with bigger displacements in upper strata, which are then
consolidated into a unified stratum combination. The bending state of each rock stratum
combination formed by the combinations in the first stage, under the action of its weight,
is the second stage. By comparing the deflections between the adjacent rock stratum
combinations in the second stage, we identify the upper rock stratum combination with a
more significant deflection than the adjoining rock stratum combination of the lower rock
stratum combination, and group them into a more significant rock stratum combination.
Each rock stratum combination formed by the combinations in Stage II bends under the
action of its weight only, and the same goes for Stage III, and so on. The combinations
are gradually performed in this way until no further combinations can be performed. It is
believed that bed separation occurs between the adjacent rock stratum combinations of the
subsequent stages, and that the curvature of the upper rock stratum combination is smaller
than that of the lower rock stratum combination.

2.2. Calculation of the Deflection of Rock Strata Based on the Theory of Elastic Thin Plates

During coal mining, the bending behavior of overburden rock exhibits a three-
dimensional stress state, with stratum thickness corresponding to thin-plate structural
classification (1/100~1/80 < h/a < 1/8~1/5 where h is the thickness of the rock strata
and a is the minimum characteristic dimension of the rock strata). Consequently, the
bending deformation of the rock strata can be simplified to a thin-plate bending model.
Furthermore, given that the bending deflection of the rock strata is considerably smaller
than their thickness, and the film stress generated on the plate surface is significantly less
than the bending stress of the rock strata, the thin-plate bending problem can be addressed
through the small deflection problem.

If there are m rock strata in the upper part of the goaf, these rock strata are considered
m-th elastic thin plates with uniform, continuous, isotropic, and linear elastic properties
(Figure 2). The thickness, gravitational density, elastic modulus, cross-sectional moment
of inertia, and the self-weight load of each layer are h;, v;, E;, I;, and o;, respectively. In
addition, these thin plates should also meet the following conditions:

(1) The boundary of the thin plate is fixed on all sides, and the bottom of the rock plate
within WCFZ is treated as an elastic foundation.
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(2) The equivalent thin-plate thickness is determined by averaging individual stratum

thicknesses across the rock layer sequence.

(3) The thin-plate deflection computation adheres to Kirchhoff’s assumptions: (1) normal
strain ¢, perpendicular to the midplane remains constant through the thickness, with

dw/dz = 0; (2 all mid-surface points of the thin plate remain stationary along the x

and y axes.
q
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Figure 2. Model of the rock strata covering the goaf.

The stress state of a rock microelement taken from the rock strata is shown in Figure 3.
According to the stress analysis of the microelement based on elasticity theory, the microele-
ment mechanical Equation (1), geometric Equations (2) and (3), and physical differential

Equation (4) of the rock microelement are as follows:
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Here, u, v, and w are the displacements in the x, y, and z directions, m; oy, 0y, and o are

the principal stresses in the x, y, and z directions, MPa; ¢y, ¢y, and ¢; are the strains in the x,

, and z directions; Ty, Ty, and T, are the shear stresses in the x, v, and z directions, MPa;
Y Y

Yxy, Yxz, and 7y, are the shear strains in the x, y, and z directions; y is Poisson’s ratio; and E

is the elastic modulus, MPa.

The bending behavior of thin plates subjected to normal surface loads is governed by

the following differential equation:

o*w o*w dw ¢

oxt +28x28y2 + ot D

EK3

B2 is the bending stiffness of a thin plate.

where D =

©)
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Figure 3. Thin-plate theory of mechanical model.

It is assumed that the inclined length of the working face is b; after a distance L from
the coal seam entry and that the boundary conditions of the upper and lower rock strata at
the bed separation are fixed on all sides (Figure 4). The length and width of each overlying
rock stratum are to be calculated according to the following formula:

— H

a_L_ztal’l9 (6)
— H

b=0b1— 24

where a is the length of the plate along the direction of the coal seam, and b is the length of
the plate along the dip of the coal seam.
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Figure 4. Mechanical state of bending thin plates.

Based on the minimum potential energy principle, the equation for the deflection w of
the thin plate at the first break can be obtained [28]:
qoa*b*

27x 2my
= 1—cos —)(1 —cos —= 7
Y= LD Gal + 30 1 2a2) L 0 g )1 meos =) @

3. Calculation of Bed-Separation Volume Based on Elastic Thin-Plate
Theory and Developmental Morphology of Bed Separation

Among multiple bed-separation spaces, structural instability first develops in the
vertically lowest bed-separation interface, and the “bed separation” studied next is the first
bed separation above the WCFZ. The developmental spatial volume of the bed separation
is expected to be critical for bed-separation grouting control and an early warning of
water inrush volumes. Chen [29] and Fan [30] obtained that the development process
of bed separation is divided into three stages through the on-site testing (Figure 5) of
Yingpanhao Coal Mine, which are the vertical development stage, horizontal development
stage, and the developmental closure stage. The bed separation’s expansion is mainly
vertical when the coal seam is mined early. After advancing a certain distance, the bending
deflection of lower strata attains the maximum allowable displacement within the WCFZ.
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The bed separation begins to expand horizontally. Therefore, the deflection of the rock
stratum group at the stage of the bed separation’s horizontal development is related to
the maximum free-moving space of the rock strata (Figure 6). The most commonly used
method for calculating the bed-separation space is to utilize elastic thin-plate theory for the
three-dimensional spatial integration of the upper and lower rock plates. The calculation
disregards the effect of bed separation’s developmental phase on its volume.
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Development height of bed separation(m)

1 I 1 I T
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Figure 5. The monitoring results of the settlement magnetic ring are based on the Yingpanhao Coal
Mine by Chen.
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Figure 6. Dynamic development model of bed separation.

4. The Dynamically Developed Volume of Bed Separation

As the coal seam is mined, the rock layers in the goaf are broken, compacted, and
settled; assuming that the number of rock strata in WCFZ is j, the free movement space can
be calculated using the following [24]:

i—1
hep=M~—) hifi—1) ®)
j=1

where hf is the free space, m; M is the thickness of the coal seam, m; f] is the expansion
coefficient of the jth strata; and ; is the thickness of the jth strata, m.
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As the lower rock strata deform and contact underlying layers, the bed-separation
space transitions from vertical to horizontal expansion until upper strata fracture, leading
to separation space closure failure. Therefore, the bed separation’s developmental phase
must be assessed to calculate its volumetric evolution during mining (Figure 7). If the thin
plate’s deflection is below h, the bed separation is in the vertical development Stage I. The
following formula can be used to calculate the volume of bed-separation space V;:

= ff wy — wedxdy 9)
o}

where wy, is the deflection of the lower strata, w; is the deflection of the upper rock strata,
and () is the area of the bed-separation region.

| | a

(PO TTTTIT1:
' Bend zone(B,)
Bend
b ?B?fl)e Support zone(S,)
coal AO ¥ i Bend zone(B,)

Figure 7. Mechanical model of dynamic development in the bed-separation space.

Horizontal expansion initiates when the lower strata’s ultimate deflection attains hy,
with WCFZ providing support to underlying rock groups. The rock strata inside WCFZ
can be regarded as a model of Winkle’s elastic foundation, and at this time, the equation of
deflection of the thin plate is as follows [31]:

(10)

atb* 27 27
Wi o Ty)

= 1—cos—)(1 —cos
474D (3a% + 3b* + 2a2b2) + Jkatb? ( )

where wy is the deflection of the rock strata below the bed separation in the support
region, and k is the Winkler elastic foundation coefficient, which can be determined by the

following formula method [32]:
1

k= (11)

Tt
| =

1 ]

where £; is the thickness of the jth rock strata, m, and E; is the modulus of elasticity of the
jth rock strata, MPa.
When the lower rock strata bottom out, the vertical bending deflection w; shall be the
sum of /iy and wy:
ws =wr+h f (12)

During horizontal expansion, the bed-separation volume equals the supported cen-
tral region’s cumulative volume in rock strata, S1, and the volumes of the surrounding
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overhanging rock strata, B; and B, (Figure 7), which can be calculated using the follow-
ing equation:
Vo = Vg1 + Vg, + Vs (13)

Vp, = 2 wy, — widxdy
By
Vg, = 2[[ wy, — wdxdy (14)
Vs = [[ wy — wedxdy
S

where Vg1, Vpy, and V; are the volumes of the corresponding regions in Figure 7, respectively.
In summary, Figure 8 shows the calculation process.
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Figure 8. The developmental morphology calculation process.

5. Water Inrush Case Validation
5.1. Overview of the Study Area

The study area is a 21301 working face in the 21 disk area of Cui mu Coal Mine,
Shaanxi Province, China. The geographic location of the study area is shown in Figure 9,
and the surface is mainly loess, beam loess, and gully area; Tables 1 and 2 present the
stratigraphic distribution and mechanical properties of the study area. The primary mined
coal seam is No. 3 coal in Jurassic Yanan Formation (Jzy), averaging 10 m in thickness.
The 21301 working face recorded twelve water inrushes during mining, and water inflow
surged abruptly to 60,059 m® at a 500 m advancement, posing severe threats to mine
safety (Figure 10). This study examines the water inrush incident at Cui mu Mine’s 21301
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working face as a representative case. The calculation of water inrush in bed separation is
carried out by using the bed-separation spatial calculation method based on developmental
morphology, and the result is compared with the actual water inrush in the 21301 working
face and the results of elastic thin-plate theory to validate the feasibility of this method.

as=
G.l 21301 mining face P
G3e ’ =N
21302 mining [face _
G2e _ -
I VA _I,I
21303 mining/face | /5
G4e Gse i -
.. / \\'// B
21304 mining/face ,” ¢ 5
=== —T
X305-1 Gé6e L/
°® 21305 mining face
21306 mining face/—i
Cuimu coal mine > ;;
p.
o ”'@‘Mm\“"u’i 7
f‘-_;-‘\LBaOJl prjvence; <\’“
Mol /.
legend:
—.—.— privence boundary roadway
————— county boundary © county
stopping line @ borehole
Figure 9. Location of the study area.
Table 1. Stratigraphy of the study area.
Stratigraphic . Thickness  Buried Depth
System Lithology (m) (m)
Quaternary (Q) Loess 17.90 17.90
Sandy mudstone 43.90 61.80
Pebbled sandstone 28.30 90.10
Conglomerate 114.47 204.57
Luohe Fm Medium sandstone 3.35 207.92
K (K1) Gritstone 37.00 244.92
Gritstone 31.20 276.12
Conglomerate 27.90 304.02
Medium sandstone 12.10 316.12

Yijun Fm (Kyy) Sandy mudstone 5.79 32191
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Table 1. Cont.
Stratigraphic . Thickness  Buried Depth
System Lithology (m) (m)
Conglomerate 2.20 324.11
Gritstone 5.79 329.90
Mudstone 11.70 341.60
Anding F
" (}Z‘g) m Gritstone 5.70 347.30
a
Mudstone 32.00 379.30
Gritstone 2.00 381.30
Sandy mudstone 21.00 402.30
] Zhiluo Fm (J,) Gritstone 4.26 406.56
Sandy mudstone 18.50 425.06
Gritstone 2.90 427.96
Sandy mudstone 6.32 434.28
Gritstone 5.54 439.82
Yanan Fm (Jz) Mudstone 11.30 451.12
Siltstone 2.60 453.72
Mudstone 9.21 462.93
Fine sandstone 3.56 466.49
Mudstone 22.70 489.19
Table 2. Physical and mechanical properties of the study area rock strata.
Sandy Mudstone Fine Medium .
Coal and Mudstone Sandstone Sandstone Gritstone  Conglomerate
Density 1.26-1.35 2.28-2.53 2.32-255 225257  217-2.68  2.36-2.78
(g/cm?)

Compre(sﬁ‘lgiftrength 9.10-11.20 2.08-54.40 3914580 3.12-39.90  0.61-238  241-99.27
ElaS“(CGI\I/,[;’)d“l“S 0.52-0.56 0.85-3.15 0.07-275  0018-2.31  0.031-24  0.082-4.56
Poisson’s Ratio 0.18-0.23 0.18-0.31 0.16-0.31 0.16-0.42 0.18-0.33 0.15-0.30

C?ﬁ?;‘;“ 0.54-0.62 0.56-4.73 052-5.10  0.42-4.89  0.08-566  1.21-9.49

The Angle of Internal ;5 54 70 28.3-40.60 284-39.45 247-4133 254-37.86  36.2-42.13

Friction (°)
Tensile Strength (MPa) 0.24-0.34 0.12-1.85 0.19-1.45 0.12-1.48 0.03-1.9 0.72—4.85

The Luohe Formation can be divided into upper and lower sections. The upper section

is dominated by feldspathic quartz sandstones, with medium and fine-grained structures

and strong water-rich and hydraulic connections; the lower section is conglomerate-bearing

sandstones, with local distribution, and is dominated by muddy cement, with more de-

veloped local fissures; and the Yijun Formation is exposed only in individual boreholes,

with a small thickness, and with the lithology of grayish-purple conglomerate. The Anding

Formation (J,) is located under the Yijun Formation, and its lithology is mainly gray-purple

and dark-purple mudstone, sandy mudstone, and siltstone.
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Figure 10. Water inrush curve in 21301 working face.

5.2. Height of WCFZ

Forming bed separation requires “closed bed-separation space” and “continuous
aquifer recharge”. Bed separations within the WCFZ rapidly lose integrity during min-
ing, preventing water accumulation. The saturated compressive strength of the rock is
4.00-23.9 MPa within a range of 50 m of the top plate of the coal bed. The inclination angle
of the coal bed is 3-6°, which belongs to the near horizontal coal bed, and the average
thickness of No. 3 coal mining is 10 m. Based on the WCFZ height empirical formula, its
maximum developmental height reaches 145.95 m.

100M

f = 33n+38

+5.1 (15)

5.3. Bed-Separation Layer Identification

Based on the stratigraphic properties of the study area, the stratum deflection at a

mining advance of 300 m was calculated using the elastic thin-plate theory, as shown in
Table 3.

Table 3. Bending deflection of strata in the study area.

Thig‘\‘)‘ess p (g/cmd) b (m) a (m) E (MPa) u q (KPa) Wo (mm)
17.90 1.31 214 300 500 0.24 233.60 0.1072
43.90 2.46 214 300 6554 0.24 1079.94 0.0776
28.30 2.51 214 300 6250 0.23 710.33 0.6900
114.47 2.57 214 300 7240 0.15 2941.88 0.6490
3.35 241 214 300 7540 0.23 80.74 699.9191
37.00 257 214 300 4078 0.31 950.90 19.2042
31.20 253 214 300 4580 0.24 787.80 37.6008
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Table 3. Cont.

Thi(clllir)less p (g/em®) b (m) a (m) E (MPa) 2 q (KPa) Wy (mm)
27.90 2.47 214 300 9340 0.15 689.13 32.8808
12.10 241 214 300 7540 0.23 291.61 235.0595
5.79 2.49 214 300 4654 0.26 144.17 2123.2943
2.20 2.67 214 300 7340 0.15 58.74 9124.5357
5.79 2.57 214 300 4078 0.31 148.80 22471875
11.70 2.49 214 300 2050 0.21 291.33 1269.3378
5.70 2.43
32.00 241
2.00 2.53
21.00 2.46
4.26 2.49
18.50 2.49
2.90 2.52 Flowing-water fracture zone
6.32 2.49
5.54 2.57
11.30 2.43
2.60 241
9.21 2.43
3.56 2.46
22.70 2.43

The identification process is detailed in Table 4.
Table 4. The bed-separation identification process of the 21301 working face.
No. gqo(KPa) wp(mm) Stage I q1 (KPa) wq (mm) Stage 11 q2 (KPa) w; (mm)  Stage III

1 233.60 0.11
) 1079.94 e 1313.54 0.09 1313.54 0.09
3 710.33 0.69
1 204188 0.65 Stagel 3652.21 0.81 _Stagell 3652.21 0.81 Stage Il

Layer! Layerl Layer!
5 8074 6992 |t 2
B 950.90 19.20 - 1031.64 20.83 Laper? 1031.64 20.83 royer:
7 787.80 37.60 — Lovers —
5 689 13 32,88 — 1476.93 70.47 L; - 1476.93 70.47 % L; "
9 9161 23506 === = 29161 23506 fm=—flwi 29161 23506 | T i
10 144.17 2123.29 144.17 2178.90
11 58.74 9124.54 713,44 2811.86
12 148.80 2247.19 498.87 2173.61
13 291.33 1269.34
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Stage I: The deflection wy of the rock strata above the WCFZ is calculated under its
weight go.

Stage II: Starting from the surface loess layer, rock strata with more significant deflec-
tions than their underlying layers are merged. For example, in Stage I, layer 1 and layer 2
deflections under their weights are 0.107 mm and 0.0776 mm, respectively. Since wj; > wyy,
layers 1 and 2 are combined into a single rock strata, which is designated as layer 1 in Stage
II. The load on this combined strata is the sum of the loads on layers 1 and 2 in Stage I. This
process continues, merging upper rock slabs with more significant deflections than those
below them, resulting in the first set of combined rock stratum deflections w,.

Stage III: The merging process continues for the rock stratum combinations identified
in Stage II until the deflections increase progressively from the surface to the top of the
WCFZ. Bed-separation cavities will develop between adjacent rock stratum combinations.

The identification results show that bed-separation cavities are likely to develop
between the following rock strata in the overlying formations of the 21301 working face:
layer 2 (43.9 m, sandy mudstone), layer 4 (114.47 m, thick coarse sandstone), layer 6
(37 m, coarse sandstone), layer 8 (27.90 m, conglomerate), layer 9 (12.1 m, medium-grained
sandstone), and their respective underlying rock stratum combinations. The bed separation
primarily occurs within the Cretaceous rock layers and between the Luohe Formation and
Anding Formation at the base of the Cretaceous system. These findings align with those of
Qiao et al. [33].

5.4. Bed-Separation Volume Calculation

The thin plate’s central point (a/2, b/2) is selected as the calculation point. The
maximum deflections of the bed separation are calculated during coal seam mining. The
free-space height, , is 1.82 m (Table 5). The bending deflections of rock strata during coal
mining are shown in Figure 11.

Table 5. Rock deformation parameters in the WCFZ.

No. Lithology h (m) p (cm/g?) fi E (MPa)
1 Gritstone 5.7 243 1.04 4580
2 Mudstone 32 241 1.05 2294
3 Gritstone 2 2.53 1.06 4580
4 Sandy mudstone 21 2.46 1.06 6554
5 Gritstone 4.26 2.49 1.05 4580
6 Sandy mudstone 18.5 2.49 1.05 6554
7 Gritstone 29 2.52 1.06 4580
8 Sandy mudstone 6.32 2.49 1.05 6554
9 Gritstone 5.54 2.57 1.06 4580
10 Mudstone 11.3 2.43 1.07 2294
11 Siltstone 2.6 241 1.04 4580
12 Mudstone 9.21 243 1.06 2294
13 Fine sandstone 3.56 2.46 1.06 4654
14 Mudstone 22.7 2.43 1.06 2294
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Figure 11. Deflection of the rock strata above and below the bed separation.

The bed separation remains unexpanded before the working face advances 100 m. With
advancing extraction, both overlying and underlying strata exhibit progressive deflection,
where lower strata deform faster than upper layers. During this stage, the bed separation
primarily expands vertically. At 225.42 m of mining progress, lower stratum deflection
coincides with the free displacement space height. At this point, the rocks within the WCFZ
support the lower rock strata, transitioning the bed separation into a lateral expansion
phase. Once the bed-separation cavity forms, the overlying aquifer’s water resources
rapidly accumulate into the cavity due to hydrostatic pressure and negative pressure
suction. The timing of bed-separation development and water accumulation is synchronous.
Therefore, the developed bed-separation volume can be equivalent to the water lost from
the Cretaceous aquifer.

Figure 12 compares calculated water inflow volumes in bed-separation voids at var-
ious mining stages with elastic thin-plate theory predictions. Compared to thin-plate
theory’s low predictions, the morphological analysis method demonstrates better accuracy
in matching actual inflow volumes. When the mining advance reaches 500 m, the calcu-
lated volume of the bed-separation cavity using the morphological development method is
50,586.6 m>, representing 84.23% of the actual water inrush volume recorded in the mine.
This value is less than the actual water inrush volume. An analysis suggests that the water
inrush lasted nearly 9 days, during which the bed-separation cavity continuously received
water from the overlying aquifer. Additionally, the actual water inrush volume includes
the expected roof water inflow of the mine (about 54 m?). Therefore, the bed-separation
volume (and associated water volume) calculated based on morphological development
is inherently smaller than the actual water inrush volume. In practical applications, it is
essential to consider the continuous replenishment from the overlying aquifer and the
mine’s expected water inflow when interpreting these calculation results.

To ensure model reliability, we performed Monte Carlo simulations combined with
field-measured data, generating random samples for key parameters (elastic modulus
E, Poisson’s ratio p, and stratum thickness h). Using 10,000 simulations, we statistically
analyzed the distribution characteristics of predicted bed separation. The calculated mean
separation volume of the model is 50,605.85 m3, with a coefficient of variation (CV) of
7%. The low CV value (7% < 15%) indicates that the model is stable and highly reliable.



Water 2025, 17, 1446

15 of 21

The influence of these three parameters on the volume of bed separation is negatively
correlated, and the influence of the three parameters on the results is E > h > p.

—k—actual water volume
—m—developmental morphology
—m—elastic thin-plate theory
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Figure 12. Water inflow volumes in bed-separation at various mining stages.

5.5. Numerical Simulation Verification

The CDEM (Continuum-Discontinuum Element Method) is an explicit dynamic nu-
merical analysis method that couples finite elements and discrete elements. The CDEM
numerical framework incorporates dual components: material blocks represented by finite
element assemblies capturing continuum behavior, and interfaces modeling discontinuities.
The real interface is used to represent the material’s interface, faults, and joints. The virtual
interface serves two purposes: one is to connect two blocks for mechanical information
transfer, and the other is to act as a potential path for explicit crack propagation, allowing
cracks to propagate along any virtual interface. Figure 13 presents the schematic diagram
of the numerical model using the CDEM, which includes eight blocks. Among them, two
are made up of multiple triangular elements, while the remaining six consist of a single
triangular element each. The real interface is marked by red lines, and black lines indicate
the virtual interface.

Figure 13. CDEM schematic model.

A numerical model was created based on the actual strata (Figure 14). The model
dimensions are 700 m x 400 m x 259 m and contain 316,800 hexahedral elements. Different
colors represent stratum of different lithologies. Without considering groundwater and
geological structure, the model is combined with rock strata and divided into structural
planes within the rock strata to form block units. The research focuses on the strata above
the roof of the WCFZ. To improve computational efficiency, the overlying strata are applied
as an equivalent uniform load on the model surface. Boundary conditions are set on the
sides and bottom, with horizontal displacement constrained at the side boundaries, and
the vertical and horizontal displacements of the bottom boundary are fixed. The Mohr-
Coulomb constitutive model is selected for the block of the model, and the Mohr-Coulomb
constitutive model of strain softening is selected for the contact surface. A 100 m protective
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coal pillar surrounds the working face to reduce boundary interference, adopting 10 m
excavation increments.

259m

Figure 14. Numerical calculation model for the 21301 working face.

Figure 15 shows the roof stratum deformation during the mining process. The exca-
vation of the coal seam disrupts the original stress balance, causing the immediate roof
of coarse sandstone to collapse. When the working face advances to 200 m, the working
face is in the square stage, and the roof rock stratum has obvious subsidence. There are
obvious mining cracks in the stratum, forming WCFZ. At the same time, the upper coarse
sandstone and the lower mudstone are pulled apart to form the separation space, the bed
separation is in the vertical expansion stage, and the maximum deflection difference is
about 1.92 m. When the working face advances to 300 m, it enters the horizontal expansion
stage, which aligns with the numerical model’s results. As the working face of mining
continues, the separation space further expands horizontally. The maximum volume of
the bed separation, calculated by integrating the vertical displacement difference between
the upper and lower rock layers, reaches 54,335.63 m> when the working face advances to
500 m, with a numerical calculation error of approximately 7.4%. Therefore, through the
verification of CDEM numerical simulation, ISCCM can accurately calculate the volume of
the separation space after mining the working face.

5.6. Limitations of Elastic Thin-Plate Theory for Water Inrush Prediction

Using composite beam principles, deflections of bed-separation bounding strata are
determined and integrated to derive separation void volumes. In contrast, the improved
SCCM identifies bed-separation locations by considering the strata as a combination of
rock strata that move in concert, aligning more closely with the actual movement patterns
observed in geological formations.

As shown in Figure 12, after a mining advance of over 200 m, the volume of bed-
separation cavities calculated using elastic thin-plate theory exhibits a linear trend. It is
significantly lower than the results obtained from morphological development calculations.
To investigate the reasons for this discrepancy, we plotted the deflection curves of the
underlying rock strata at different stages of mining advances, as shown in Figure 16. With
increasing mining advances, the bending deflection in the mined-out area initially increases
and then decreases. Moreover, the more significant the mining advance, the larger the
reduction in bending deflection. This pattern does not match the settlement behavior
typically observed in mined-out areas. Additionally, once a certain distance of coal seam
extraction has been reached, the maximum bending deflection of the rock strata changes
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only slightly, indicating a “saturation” effect in the central region’s maximum deflection
value according to thin-plate theory.

These factors lead to a notable underestimation of the bed-separation space when
applying elastic thin-plate theory, with the error increasing as the mining advance grows.
Consequently, using traditional elastic thin-plate theory to estimate the volume of bed-
separation cavities to predict water inrush can result in severe water hazard accidents due
to the significant underestimation of potential water volumes.

(a) Mining 100 m

o

(b) Mining 200 m

l : : '

Figure 15. Cont.
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(d) Mining 400 m

(e) Mining 500 m
Figure 15. The deformation of roof strata in the mining process of the 21301 working face.
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Figure 16. Deflection variation curve calculated by elastic thin-plate theory.

6. Conclusions

This study addresses the emerging issue of bed-separation water hazards in coal re-
source development in China, proposing a method for identifying bed-separation locations
based on rock stratum bending deflections and a spatial volume calculation model that
considers the stages of bed-separation development. Integrating improvements into the
SCCM with elastic thin-plate theory offers more accurate predictions of bed-separation
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positions and associated water accumulation volumes, thereby providing robust techni-
cal support for safe and efficient mining operations. Through case study analysis at the
21301 working face of Cui mu Coal Mine, our findings demonstrate that the proposed
methodology combining rock stratum bending deflection-based identification and spatial
volume calculations exhibits higher accuracy and reliability in predicting bed-separation
development and water inrush risks. Specifically, the following were found:

(1) Influence of bed-separation development morphology on water accumulation.
Research indicates that variations in bed-separation morphology significantly impact water
accumulation volumes. Traditional calculation methods may introduce substantial errors,
particularly after long-distance coal extraction. Therefore, accounting for the effects of
different developmental stages of bed separation is crucial for enhancing early warning
capabilities and improving control measures against bed-separation water hazards.

(2) Accuracy of bed-separation space volume calculation. The integrated approach,
incorporating elastic plate theory and separation morphology, accounts for deformation
behaviors of rock strata and the developmental phases of bed separation. This approach
enhances the accuracy of bed-separation space volume calculations, providing a more
realistic reflection of actual bed-separation development. Consequently, it can be effectively
applied to grouting prevention measures and water inrush volume warnings, offering
improved reliability.

(3) Effectiveness of field validation. A case study analysis of the 21301 working face at
Cui mu Coal Mine demonstrates the effectiveness of the proposed method in identifying
bed-separation locations. Utilizing the morphological development-based calculation
method, this approach accurately predicted the water inrush volumes from bed separation.
Compared to traditional elastic thin-plate theory calculations, the proposed method yields
predictions closer to actual water inrush volumes (calculating the maximum water inrush
accounts for 84.23% of the actual water inflow), especially in capturing the trend of sudden
increases in water inrush.

In summary, the method proposed in this study addresses the limitations of existing
approaches for calculating bed-separation cavities, offering a more scientifically robust and
practical means of predicting bed-separation development. This advancement enhances
early warning capabilities for the bed separation of water hazards and provides critical
technical support for ensuring safe and efficient mining operations. However, since the
model regards the formation as a uniform plate model, when the rock layer is not nearly
horizontal and is affected by faults, folds, and other structures, the accuracy of the model
calculation will be affected. In the future, the dynamic change law of the development
morphology and volume of the bed separation under the influence of different structural
planes, such as faults and folds, should be considered.
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