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Abstract
The rock plate (RP) method can be used to identify the size and location of potentially dangerous bed separation space (BSS) 
in coal mines. The RP method is performed in three steps: (1) The rock strata above the coal seam is simplified as a com-
posite plate calculation model; (2) The deflection of rock strata is expressed as a double trigonometric series and obtained 
using the energy method; (3) The internal-forces and deformation of the RP are solved to determine the size and location 
of the BSS based on elasticity and a BSS identification process. This requires that the BSS be unbroken, and the BSS upper 
rock stratum be an aquifer. In this study, the Yuanzigou coal mine was taken as a study case and the RP method was used to 
determine the size and location of BSS water (BSS-W) above the coal goaf of working face 1,012,001. BSS usually occurs 
at the contact surface between hard and soft rock strata; at this mine, BSS-W exists between the Yijun conglomerate and the 
Anding mudstone formations. The results predicted that when the working face advanced 350 m, the third BSS will break, 
allowing BSS-W to flood into the goaf. These results were verified by borehole video observation. Therefore, two control 
methods were used: inclined drainage holes drilled from the roadway and spaced holes drilled from the surface in areas with 
abundant water. This paper thus provides a way to locate the BSS-W and prevent an inrush hazard.
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Introduction

Bed separation space (BSS) refers to a convex lenticular 
space formed by dissimilar deformation among the rock 
strata above the coal seam roof. As the BSS increases in 
size and accumulates water, the force of the upper hard rock 

strata and the hydrostatic head pressure can cause the lower 
BSS rock strata to break, leading to BSS water (BSS-W) 
flowing into the working face. As a result, a BSS-W inrush 
hazard (BSS-WIH) occurs, which is like a water inrush in 
old goaf (Fig. 1). Figure 1 also shows the distribution of 
coal mines with BSS-WIH in China. BSS-WIH is mainly an 
issue in coal mines located in southwest Shanxi province and 
southeast Gansu province. Since BSS-WIH can cause large 
casualties and property damage (Cao 2018; Gao and Sang 
2017; He 2018; Qiao et al. 2014), improving identification 
and management techniques is critical to ensure safe coal 
production.

The generation of BSS has received broad attention (Gui 
et al. 2018; Palchik 2003; Palchik 2005; Wang et al. 2017; 
Xu 2004; Yan et al. 2016). Qian et al. (2003) proposed that 
the overburden strata of coal goaf (CG) acted like a com-
posite girder and calculated the deformation of overburden 
strata based on girder theory; then the location of the key 
rock strata, which controls the deformation of overburden, 
was identified. The same approach can be used to accurately 
identify the location of BSS during mining and obtain the 
height of the fissure zone. BSS has also been studied by key 
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strata theory or expanded composition girder theory (Fan 
et al. 2019; Guo et al. 2016; Li 2011; Miao et al. 2011; Qiao 
et al. 2014; Xu et al. 2004; Xuan and Xu 2014). However, 
when the strata above the CG are similar to composite thin 
plates rather than composite girders, the size and shape of 
the BSS cannot be obtained in the same manner. Gui et al. 
(2018) developed the composite rock sheets supposition, 
an extension of the composite girder method, in which the 
plate’s force mechanism is ignored. He et al. (2018) devel-
oped a revised composition rock girder method to locate the 
BSS, in which the influence of any stratum on the overall 
deformation of overburden and the interaction between two 
adjacent strata were considered. However, the shape and size 
of the BSS could not be obtained, and the real coal mining 
conditions were rarely considered in the rock girder calcula-
tion model, compared with the rock plate calculation model.

Discrete element numerical simulation was also used to 
identify the BSS (Chen and Guo 2008; He 2018; Li 2011; 
Qiao et al. 2014; Su et al. 2003; Wu et al 2019). This method 
simulates the response of jointed rock systems or discontinu-
ous block systems under static or dynamic loads. However, 
the discrete element method has not been fully developed 
and lacks mathematical support; most discrete methods 
adopt an explicit algorithm, which leads to an error transfer 
problem, and there is no corresponding solution (Ma et al. 
2019, 2020a; Zhou et al. 2018).

A field simulation experiment is also a good way to 
study the development of BSS and the height of the fissure 
zone (He 2018; Li 2011; Qian et al. 2003). The laboratory 
model is designed using the principle of similarity; then 
mechanical parameters and distribution rules of the model 
are observed with the aid of testing instruments, allowing 
the possible mechanical behavior and rock stress distribution 
to be inferred in the prototype (Ma et al. 2021). However, 
plane simulation experiments are mainly performed without 
accounting for the horizontal size of the plane model. Also, 
because boundary conditions of the plane model are greatly 
simplified, the accuracy of simulation results is greatly 
reduced.

BSS-W is another necessary condition. BSS-W is derived 
from the upper rock strata, usually an aquifer with a large 
permeability coefficient (Cao 2018; He 2018; Qiao et al. 
2014). BSS-W accumulates in the BSS until the rock sup-
porting the BSS fractures (Ma et al. 2020b; Qiao et al. 2014). 
However, the volume of BSS-W and its relationship to water 
flow has rarely been investigated.

The development of a longitudinal fissure zone into the 
BSS is the immediate cause of a BSS-WIH. Xu et al. (2009) 
studied the impact of primary key stratum (PKS) location 
on the evolution of a water-flowing fracture by simulation 
experiments and engineering exploration. Lu et al. (2018) 
assessed the risk of BSS-W inrush using the analytic hier-
archy process method. Palchik (2003) considered that the 

Fig. 1   The distribution of BSS-W inrush hazards in China
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maximum height of an interconnected fracture zone may 
reach 19–41 times the thickness of the coal seam, and deter-
mined that horizontal fractures may extend 53–92 times the 
coal seam’s thickness. Borehole observation experiments 
above the CG is the most accurate way to determine the 
height of such fissure zones (He et al. 2018; Lin and Qiao 
2016). However, these methods are highly expensive. To 
effectively control BSS-W, Qiao et al. (2011, 2014) proposed 
controlling BSS-W by constructing a diversion hole and a 
straight ground diversion hole to promote the release of the 
BSS-W. However, the drilling capacity of the roadway was 
ignored. In addition, there is a large distance between the 
aquifer bottom and drive pipe bottom when constructing a 
straight diversion hole. This leads to water from the aquifer 
to constantly flow into the CG, leading to expensive pump-
ing requirements and a large waste of water resources. In 
summary, the above methods should be improved from the 
following aspects: a calculation model is required that is 
more consistent with the force conditions of the coal seam 
roof; the BSS identification theory needs to be more fully 
studied and verified, and; more control measures are needed 
to ensure safe production, reduce drainage costs, and protect 
water resources. To this end, the deformation and internal 
forces of a coal seam roof were studied using the rock plate 
(RP) method. In addition, a method to identify BSS-W was 
developed, and detailed control measures for BSS-W inrush 
hazards were proposed and successfully implemented.

The RP Method

To obtain the size and location of BSS, the deformation and 
equilibrium state of the rock strata above the CG should 
be accurately calculated. This can be done using the RP 
method, which is based on thin plate theory and elasticity. 
Generally, the shape of the working face is square or rectan-
gular. Based on the definition of the thin plate and the char-
acter of the rock, the strata above the CG can be taken as a 
composite thin plate to analyze the deformation and internal 
forces of rock strata as the working face gradually advances. 
Next, a yield criterion is proposed. The Drucker–Prager cri-
terion is used to assess RP instability. Finally, the state of the 
RP can be judged. The distribution and size of the BSS can 
be obtained by summarizing all of the separation results as 
the working face advances. More detailed information on the 
RP method can be accessed through the supplemental file.

The BSS‑W Inrush Identification Method

The BSS‑W Identification Criteria

The formation of BSSW requires unbroken BSS so that 
water can be stored in this space (Fig. 2). The upper RP 
of BSS, the source of the BSS-W, must be an aquifer with 
a sufficient permeability coefficient. As the BSS forms, 
the water flows from the aquifer into the BSS. As shown 
in Fig. 2, the red sandstone is an aquifer. In addition, the 
lower RP of the BSS must be an aquiclude with a small 
permeability coefficient, to prevent BSS-W loss. As shown 

Fig. 2   The formation conditions of BSS-W
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in Fig. 2, the mudstone is an aquiclude with a small perme-
ability coefficient.

BSS‑W Volume

Figure 2 shows the water flowing from the aquifer into the 
BSS, in accordance with the one-dimensional flow of Dar-
cy’s law. Therefore, water volume Q in BSS is solved by 
Darcy’s law and obtained by Eqs. (1–5). 

BSS‑W Inrush Criteria

Since the BSS is a confined space, water can continually 
accumulate there. The volume of the BSS and BSS-W 
increases with the excavation of the coal seam until the 
water-conducting fracture zone connects with the BSS, 
which triggers the BSS-W inrush. The height of the water-
conducting fracture zone is a key factor:

a.	 Hfrac = hBSS−1 . When the height of water-conducting 
fracture equals the location of BSS-1, all RPs under 
the BSS-1 fail and the first BSS-W inrush occurs in the 
working face.

b.	 Hfrac = hBSS−2 . When the height of water-conducting 
fracture equals the location of BSS-2, all RPs under 
the BSS-2 fail. The second BSS-W inrush occurs in the 
working face.

c.	 Hfrac = hBSS−i . When the height of water-conducting 
fracture equals the location of BSS-i, all RPs under the 
BSS-i fail. The i-th BSS-W inrush occurs in the working 
face.

Application and Verification

The RP method was applied and BSS-W was identified at the 
Yuanzigou coal mine, which serves as a case study.

(1)Q = qw ⋅ t0 = Ki ⋅ t0 ⋅ Ai

Δp

�i
,

(2)Q ≤ VBSS,

(3)Ai = ai × bi,

(4)Δp0 = p1 − p2,

(5)p1 = pa + �wghz, p2 = 0.

Project Background

The Yuanzigou coal mine, located in northwest Linyou 
county, Baoji city, Shanxi province, China, is part of the 
southern edge of the Longdong loess plateau (Fig. 1). The 
Guojiahe, Cuimu, and Xiaozhuang coal mines are all nearby 
and BSS-W inrush events have occurred in all of these coal 
mines. The stratigraphic sequence, from older to younger 
strata, follows: Triassic system Tongchuan formation(T2t); 
Jurassic system: Fuxian formation (J1f), Yanan formation 
(J2y), Hiluo formation (J2z), and Anding formation (J2a); 
Cretaceous system: Yijun formation (K1y), Luohe formation 
(K1l), Huachi formation (K1h), and Luohandong formation 
(K1lh); Cenozoic Neogene, and quaternary. The coal seam 
thickness averages 10 m. Fully mechanized sublevel caving 
mining has disturbed and fractured the roof overburden. The 
K1y conglomerate and the K1l sandstone are aquifers. The 
borehole pumping test in the J2z sandstone showed a unit 
inflow of 0.000046 ~ 0.0353 L/s·m of water; its permeability 
coefficient is 0.00038 ~ 0.0064 m/d.

Results and Discussions

The overburden of working face 1,012,001 was simplified 
as an RP model (Fig. 3) and divided into 24 RPs. The BSS 
distribution was calculated using the RP method after the 
working face had advanced by 200 m. Figure 4 shows how 
the rock mechanics parameters of the overburden were deter-
mined. Rock samples were taken from overburden cores and 
tested using a MTS 815.02 electro-hydraulic servo control 
rock mechanics testing system. Table 1 shows the mechani-
cal parameters.

The BSS was identified according to RP theory (Fig. 5). 
The left side of Fig. 5 represents the scale of the thickness of 
the RP. Figure 5 shows the f value of RP-1 ~ RP-16. Accord-
ing to the RP instability criteria, if f > 0, it indicates that 
the RP is broken. As the working face advanced by 200 m, 
the first 12 RPs broke without significant amounts of BSS 
forming. Part of RP-13 broke, but it is a mudstone, with poor 
water penetrability, making it a favorable aquiclude. RP-14 
is a sandstone, with f < 0, indicating that RP-14 is not bro-
ken. Therefore, the first BSS (BSS-1) formed between RP-13 
and RP-14. The size of BSS-1 was calculated, and its shape 
was drawn based on RP theory.

Figure 7c shows the convex shape of BSS-1 with the 
maximum deformation in the middle of the RP. According 
to RP theory, BSS-1 has the largest volume, 8.9513 e4 m3. 
Rock plates 15 through 23 were unbroken. As the working 
face advanced 200 m, the height of the fissure zone reached 
the location of RP-13, at 248 m. Since W15 > W14, there was 
no BSS between RP-14 and RP-15; Since W16 < W15, there 
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Fig. 3   RP model of the 1012001working face

Fig. 4   The process of determining rock mechanics parameters in the overburden of the coal seam
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was a second BSS (BSS-2) between RP-15 and RP-16, with 
a volume of 1.3466 e4 m3. RP-16 is a hard sandstone and 
RP-15 is a soft mudstone, fulfilling the geological require-
ments of BSS; hard rock overlying soft rock. Considering 
that W17 > W16, there was no BSS between RP-16 and RP-17. 
Since W18 < W17, there was a third BSS (BSS-3) between 
RP-17 and RP-18, with a volume of 5.6574 e3 m3. The upper 
RP of BSS is a conglomerate and the bottom RP of BSS is 
a mudstone. Considering that W19 > W18, there is no BSS 
between RP-19 and RP-18. However, W20 < W19, so there 
was a fourth BSS (BSS-4) between RP-20 and RP-19, with 
a volume of 638.0847 m3. W21 > W20, so there was no BSS 
between RP-21 and RP-20. Figure 6 shows the differences 
among W21, W22, and W23, but these differences were small, 
allowing the BSS to be ignored.

Figure 7 shows the results. As the working face advanced 
200 m, four BSSs were generated above the coal seam. 
BSS-1 was located at the contact surface between RP-14 
and RP-13, 268 m above the coal seam. Since the upper 
rock of this BSS is not an aquifer, BSS-W was not gen-
erated. BSS-2 is located at the contact surface between 

RP-16 (fine-grained sandstone) and RP-15 (mudstone) 
308 m above the coal seam. Again, since the upper rock of 
BSS-2 is not an aquifer, BSS-W was not generated. BSS-3 
is located between the coarse granulite (RP-18) and mud-
stone (RP-17), 364 m above the coal seam. Since the upper 
strata of the BSS is an aquifer and the lower strata of BSS 
is an aquiclude, BSS-W did accumulate in BSS-3. BSS-4 
was located between coarse granulite (RP-20) and mudstone 
(RP-19) 390 m above the coal seam. Again, since the upper 
strata, RP-20, is an aquifer, and RP-19 is an aquiclude, 
BSS-W accumulated in BSS-4.

Verification

The calculation results of the RP method were verified by 
borehole video observation. The field experiment mecha-
nism is shown in Fig. 8. First, a hole (Φ150 mm) was drilled 
into the ground above the coal goaf. Observation equipment 
was installed when the amount of water in the hole was 
extremely small. The observation experiment was performed 

Table 1   Physical and 
mechanical parameters of RPs

E elasticity modulus, Po Poisson ratio

Num Thickness (m) Rock category Density g/cm3 E (104 MPa) c (MPa) po φ (o)

24 14 Red sandstone 2.6 3.2 2.4 0.25 56
23 27 Fine-grained sandstones 2.5 3.8 2.1 0.24 50
22 8.5 Mudstone 2.0 2.1 0.21 0.45 28
21 8 Medium grain sandstone 2.6 3.4 1.7 0.21 58
20 19 Coarse granulite 2.1 2.6 1.5 0.4 34
19 14 Conglomerate 2.0 2.1 0.21 0.41 28
18 12 Sandy mudstone 2.1 2.6 1.5 0.35 34
17 20 Clayey sandstone 2.5 2.9 1.5 0.22 52
16 40 Kern sandstone 2.5 3.1 2.8 0.22 55
15 16 Sandy mudstone 2.1 2.4 1.7 0.3 40
14 20 Medium grain sandstone 2.6 3.5 2.4 0.24 56
13 20 Mudstone 2.1 2.6 1.5 0.36 34
12 30 Sandy mudstone 2.0 2.1 0.21 0.30 28
11 20 Sandstone 2.6 3.22 2.8 0.18 56
10 20 Mudstone 2.1 2.1 0.21 0.30 28
9 16 Sandstone 2.6 3.2 2.4 0.18 48
8 32 Sandstone 2.0 2.1 0.21 0.31 28
7 20 Mudstone 2.0 2.1 0.21 0.31 28
6 22 Sandstone 2.6 3.2 2.4 0.18 48
5 22 Mudstone 2.0 2.1 0.31 0.33 28
4 16 Sandstone 2.3 3.4 2.2 0.23 54
3 14 Sandstone 2.5 3.4 2.2 0.24 54
2 20 Mudstone 2.0 2.1 0.21 0.32 28
1 16 Sandy mudstone 2.1 1.2- 0.21 0.24 30
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with the camera moving at a very slow rate. Then, the results 
were analyzed in case it had to be redone.

The maximum height of the fissure zone and location of 
BSSs was determined by analyzing the distribution of the 

fractures and the BSS. Figure 9 shows the observed results. 
At a depth of 180 m below the ground, there was no fissure 
and the rock strata were unbroken. At a depth of 264 m, 
the stratum was fractured rock with Luohe formation water. 

Fig. 5   The overburden state of 
the coal seam
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Fig. 6   The deflection value of RP-21 RP-22, and RP-23

Fig. 7   The size of third BSS-W
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When the depth was 298 m (390 m above the coal seam), 
there was BSS between RP-20 and RP-19, and BSS-W in 
the BSS, which is consistent with the RP method result. At 
a depth of 324 m (364 m above the coal seam, there was 
also BSS-W, in the BSS between the RP-18 and RP-17. At 
420 m below ground, between RP-14 and RP-13, there was 
a BSS without BSS-W, which is also consistent with the RP 
results. When the depth was 452 m within RP-11, longitu-
dinal fissures began to appear. BSS without water was also 
observed at 470 m, between RP-11 and RP-10. At 558 m, 
between RP-8 and RP-7, there was a longitudinal fissure 
along with a BSS, which had broken. A BSS penetrated by 
a longitudinal fissure was also observed at a depth of 600 m, 
between RP-6 and RP-5. Figure 10 shows the calculated and 
observed results.

The results are quite impressive, with the only signifi-
cant exception being that no BSS was observed between 
RP-15 and RP-16. This could be due to the simplification 
of the computational model or because the characteristics 
of rock strata varied there. In future research, it is impor-
tant to consider the heterogeneity and anisotropic nature 
of rock strata in the composite RP.

Assessment of BSS‑W Inrush Disaster Risk

A small amount of BSS-W does not pose a threat to the 
personnel and equipment in the working face. However, 
as water accumulates in a BSS, a BSS-W inrush can occur 
in the working face very soon after a BSS fails, poten-
tially causing casualties and equipment losses. Accord-
ing to the calculated results and analysis, the first BSS-W 

Fig. 8   Field observation experiment of BSS
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was located between the conglomerate and mudstone in 
the Yijun formation and the second was between the con-
glomerate and medium-grained sandstone in the Luohe 
formation. The advance distance of the working face was 
calculated using the RP method, assuming that BSS-W-1 
was broken. When the working face had advanced by 
350 m, the RP-16 and RP-17 strata were in partial fail-
ure (Fig. 11a, b), but the integrity of BSS-W was still 
maintained. As shown in Fig. 11c, d, when the working 
face had advanced by 390 m, both RP-16 and RP-17 were 
broken, indicating that BSS-3 was broken, allowing BSS-
W-1 inrush in the working face. At this point in time, the 
volume of BSS-W-1 was 5.6017 e4 m3. Then, the vol-
ume of BSS-W was calculated, assuming a working face 
advance of 10 m/d; the volume of BSS-W-1 was calculated 
as 7.7619 e4 m3. Although BSS-W-1 has a larger volume 
than BSS-3, the volume of BSS-W-1 equals the volume of 
BSS-3. Therefore, BSS-3 fills with water before BSS-3 is 

broken. It is obvious that the volume of BSS-W is large 
and can cause a water inrush disaster. Therefore, some 
measures had to be taken to prevent the hazard.

Next, the state of BSS-W-2 was analyzed as the working 
face advanced. Figure 12 shows the state of RP-19 when the 
working face had advanced by 400, 800, 1000, and 1120 m, 
respectively. RP-19 is stable, indicating that the BSS-4 was 
unbroken, and that BSS-W-2 would not cause a water inrush 
disaster.

BSS‑W Inrush Prevention

Sufficient BSS and BSS-W are required for a BSS-W inrush 
disaster to occur. Therefore, certain measures should be 
taken to drain the BSS-W before the BSS fails. Here, we 
implemented two preventive measures: vertical drainage 
boreholes drilled from the ground above the working face 

Fig. 9   Borehole video observation



667Mine Water and the Environment (2021) 40:657–670	

1 3

and inclined drainage boreholes drilled from the roadway to 
discharge the BSS-W before an inrush could occur.

Inclined drainage holes in the roadway were used to drain 
and discharge water stored in the sandstone fissure and the 
BSS-W, so that the water could not continue to accumulate 
in the BSS. When designing the azimuth, inclination angle, 
number, and length of the drainage holes, the location of the 
aquifer and construction conditions had to be considered, 
including the power of the drilling rig and the experience 
of the workers. Figures 13 shows the design scheme, the 
discharge of the BSS-W and fissure water, and the drilling 
performed on site.

The maximum height of the inclined drainage pipe in 
the roadway was limited because of inadequate drilling rig 

power and complex construction conditions. When the loca-
tion of the BSS-W was beyond the maximum height of the 
inclined drainage pipe, the upper BSS-W that could not be 
discharged by the inclined drain in a timely manner. There-
fore, a vertical drainage hole was drilled from the surface 
to discharge the BSS-W in advance (Fig. 14). The required 
using RP theory to determine the height of the fracture zone 
and identify the location of the BSS-W.

To discharge the BSS-W in advance, the borehole should 
connect to the fracture zone and Hb should conform to 
Eq. (6). To reduce the drainage, a drive pipe was used to stop 
up the aquifer, to prevent the water from flowing into the 
working face through the drainage hole and fracture zone. 
Therefore, Hd should conform to Eq. (7).

After the drainage hole was drilled, we installed the drive 
pipe and monitored the water level in the borehole; pump-
ing was adjusted any time the water level suddenly dropped. 
Additional holes were drilled to drain areas with abundant 
water. The design and construction of a drainage hole are 
shown in Fig. 14.

Conclusions

In coal mining, BSS-W inrushes can cause casualties and 
economic losses. To avoid such a disaster, the RP method 
was used to determine the location and size of the BSS-W. 
This method was verified by borehole video observation. 
The RP method involves: treating the upper overburden of 
the coal seam as a combined rock plate based on rock strata 
classification; assuming that the shape of the RPs is the same 

(6)Hb ≥ Htot − Hfrac,

(7)Hd = hBSS - 3 + 2.

Fig. 10   Comparing and analyzing observations and calculations 
results

Fig. 11   The state of RP-16 and RP-17
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as that of the coal goaf, and where appropriate, rectangular; 
calculating an analytical solution of the RP through a dou-
ble trigonometric series of deflections of the w of RP. The 
deflection function w (x, y) is deduced by the reciprocal 
work theorem, which allows the internal forces of RP to be 
expressed by w (x, y). Then the internal forces and deforma-
tion of the RP plate are calculated based on the weight (x) 
and length (y) of coal goaf. Finally, the size and location of 
the BSS-W are determined using the proposed BSS identi-
fication method.

The RP method was verified in the Yuanzigou coal mine. 
The calculated results indicated that two BSS-W would form 
above the coal seam as the working face advanced 200 m. 
The first predicted BSS-W was located 364 m above the 
coal seam, between RP-18 and RP-17 and was 5.6017 e4 m3 
in size, which is dangerous. A second BSS-W was located 
between RP-20 and RP-19. Therefore, it was necessary 
to assess this risk and take measures to prevent a BSS-W 
inrush.

The height of the fissure zone and the location of the BSS 
was confirmed by borehole video observation. The observed 
results were virtually the same as the calculated results and 

Fig. 12   The state of RP-19 as the length of coal goaf extends 400, 800, 1000, and 1120 m

Fig. 13   Inclined drain hole design



669Mine Water and the Environment (2021) 40:657–670	

1 3

confirmed that large BSS usually occurs between hard and 
soft rock strata.

Then, two BSS-W inrush control methods were investi-
gated. The first involved constructing inclined drainage holes 
in the roadway to drain and discharge the water stored in 
the sandstone fissure and BSS-W. However, the length of 
inclined drainage holes in the roadway was limited because 
of construction conditions; only the lower BSS-W could 
be drained in advance in this manner. Therefore, holes 
were also drilled from the surface into areas with abundant 
water. This allowed BSS-W and water in the fissured zone 
to be discharged before the working face came too close 
to the hazards. This was successfully implemented, and no 

BSS-WIH happened in working face 1,012,001 in the Yuanzi 
Gou coal mine.

The RP method has certain limitations and disadvan-
tages: (1) there may be some errors in calculation, since 
thickness inconsistencies and complex geological condi-
tions, such as faults, synclines, and anticlines are ignored. 
(2) The calculated volume of BSS-W is actually larger 
than the real volume, since water seepage is assumed to 
conform to Darcy’s law, and A is always equal to a × b. 
(3) In practical geological conditions, the lateral stress 
coefficient is complex and influenced by many factors. 
Therefore, the value of the lateral stress coefficient in the 
paper is not precise.

Fig. 14   Vertical drain hole 
design drilled from above
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