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Introduction

The most serious environmental geological problems 
induced by human activities include depletion of water 
resources, groundwater contamination, and geological 
hazards (Abdelghani et al. 2015; Chaulya 2003; Wu et al. 
2011). China’s water resources are generally inadequate 
and inefficiently distributed. Most coal-producing regions 
in this country are in water-deficient areas. Over 6.1  bil-
lion m3 of coal mine drainage are discharged annually in 
China, which causes serious environmental pollution and 
represents a waste of available resources (Feng et al. 2014; 
James and Dave 2015). Enhanced water management and 
use of mine water (Wang et  al. 2015; Wu et  al. 2015), 
including groundwater resources, and preventing water 
inrush from mines (Wu et  al. 2014), can relieve China’s 
water shortage and promote environmental protection.

China is rich in coal resources, but the complexity of its 
hydrogeological conditions contribute to mine disasters. 
Increasing mining depth and intensity causes the water and 
ground pressure on the floor of the mines to increase as the 
geological structure becomes more complex, and serious 
water inrush commonly occurs (Han et al. 2009; Miao et al. 
2004; Wang and Park 2003; Wu et al. 2004; Zhang 2005). 
Floor water inrush has caused economic losses and casu-
alties, and serious pollution of groundwater resources and 
the environment. Therefore, strengthening water resources 

Abstract  A model of an inclined coal seam floor with 
linearly increasing water pressure was developed based 
on theories of ground pressure and key strata. The stabil-
ity metrics of the water-resistant key strata in the inclined 
coal seam was deduced using Mohr–Coulomb yield crite-
rion. Five principle factors were selected: the distance that 
the workface had advanced, the tilted length of workface, 
the thickness and pitch of the water- resistant key strata, 
and the elasticity modulus. A sensitivity analysis was then 
conducted using an orthogonal design. The thickness of 
the water-resistant key strata was the most important fac-
tor, with a 44.8% ranking, followed by the distance that 
the workface had advanced at 34.4%. The influence of the 
elasticity modulus, pitch, and tilted length of the workface, 
were 9.3, 5.8, and 5.7%, respectively. The maximum water 
pressure possibly tolerated by the inclined aquiclude were 
found to rise with the increasing load of the caved over-
burden, and decrease with the increasing workface initial 
or periodic weighting distance, workface length, and pitch 
of the water-resistant key strata. A parabolic relationship 
exists between the maximum allowable water pressure and 
thickness of the key aquiclude. Water-resistant key strata 
located in the lower part of the confining layer offers better 
protection from floor water inrush. These findings provide 
an important theoretical basis to determine the potential 
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management, promoting effective use of groundwater 
resources, and curbing the occurrence of mine water disas-
ters are major issues.

Substantial research has been conducted to investigate 
coal seam floor water inrush mechanisms to predict and 
prevent their occurrence (Li et al. 2015; Liang et al. 2015; 
Meng et al. 2012; Wu and Zhou 2008, 2013; Xu et al. 2012; 
Yang et al. 2016; Yin and Zhang 2005; Yu et al. 2016). Li 
(1999) divided the seam floor into three zones: the frac-
tured zone, the intact strata zone, and the zone in which 
water is rising from the confined aquifer; he concluded that 
the occurrence of floor water inrush events depends on the 
intact strata and its water-isolating capacity after mining.

Zhang (2005) suggested that the remaining intact rock 
layers can be simplified as a four-sided fixed isotropic plate 
model with a uniform distribution load, and addressed 
the shear and tensile strength of the remaining intact rock 
using the Tresca yield criterion and elastic plastic mechan-
ics theory; he also derived a formula for calculating the 
ultimate water pressure that the floor strata could tolerate. 
Qian et al. (2003) suggested that a hard rock stratum with a 
certain thickness and high strength in the remaining intact 
rock could be used as key floor strata, and studied the limit-
ing step of the strata using thin plate strength theory. Miao 
et al. (2007, 2008) simplified the water-resistant key strata 
into a fixed composite rock beam model with a uniform dis-
tribution load and analyzed the strength characteristics and 
its water-isolating capacity.

The hydrogeological conditions of coal mines are com-
plex and coal seams vary. Many inclined coal seams exist, 
in which a hydraulic gradient exists along the slope direc-
tion of the coal seam floor (Sun and Wang 2014; Sun et al. 

2011). Most research on water inrush through a mine floor 
is based on horizontal and near-horizontal coal seams, 
without considering the influence of the dip of the coal 
seam on rock strength, broken features, and seepage char-
acteristics of the floor strata (Miao et al. 2007, 2008; Qian 
et al. 2003; Zhang 2005). If research based on the horizon-
tal and near-horizontal seams are applied to predict water 
inrush from an inclined coal seam floor, serious errors can 
occur, resulting in safety hazards.

To predict water inrush through an inclined coal seam 
floor, the present study established a water-resistant key 
strata model with linearly increasing water pressure based 
on theories of ground pressure and key strata. Using the 
Mohr–Coulomb yield criterion, stability metrics for the key 
aquiclude were developed for the inclined coal seam floor. 
The factors influencing the caved overburden load, the 
weighting distance of stope, the size parameters of water-
resistant key strata and its pitch, thickness, location, elastic-
ity modulus, cohesive strength, and internal friction angle 
on the water-isolating capacity of the key aquiclude were 
analyzed.

Water‑Resistant Key Strata Model for an Inclined 
Coal Seam Floor

Model

Before mining, the top interface of a confined aquifer 
beneath a coal seam floor is relatively stable (Fig. 1a). As 
the workface advances, stress concentration and reduction 
zones occur, leading to the deformation and failure of the 

(a) (b)

Fig. 1   Zones of floor failure along the slope direction of a workface 
floor above a confined aquifer. Zone ① is the original zone of water 
rising from the confined aquifer, zone ② is the water-conducting frac-
tured zone, zone ③ is the zone of water rising from the confined aqui-

fer as mining progresses, and zone ④ is the confining layer or aqui-
tard, which is the location of the structural key strata that can serve as 
water-resistant key strata: a original water levels in a confined aqui-
fer; b water levels in a confined aquifer as mining progresses
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surrounding rock mass, including the formation of water-
conducting fractures in the coal seam floor. Simultaneously, 
the confined water in the aquifer can rise in the hydraulic 
fractures when the stress of the floor strata decreases due to 
the combined forces of mining and water pressure, which 
can create a zone of rising water in the aquifer (Fig.  1b). 
When the rising water in the confined aquifer reaches the 
water-conducting fractured zone, water inrush from the 
coal seam floor may occur. An intact aquitard within the 
floor strata may prevent a water inrush (Fig. 1b), but as the 
workface advances and the goaf expands, the condition of 
the mine floor strata can worsen. The forces of mining and 
water pressure can destroy the confining layer and induce 
or intensify an outburst of confined water. Given these fac-
tors, the occurrence of water inrush through the coal seam 
floor depends on the stability of the strata in the confining 
layer.

Based on the key strata theory (Qian et al. 2003), Miao 
et al. (2007, 2008) suggested that regardless of whether the 
confined aquifer is located above or below the structural 
key strata, the structural key strata can have a water-resist-
ant function as long as it remains intact. Any unfractured 
stratum in the confining layer below the inclined coal seam 
that has sufficient thickness and strength can be used as 
the structural key strata. If this structural key strata remain 
intact after mining, then it can serve as the water-resistant 
key strata and can prevent water inrush from a confined 
aquifer (Fan and Zhang 2015; Kong et  al. 2007). Thus, 
determining the existence of structural key strata in the 
confining layer, and their structural strength, stability, and 
seepage characteristics, is necessary to prevent and control 
water disasters in coal mines.

With multi-drilling geological data and rock mechan-
ics testing of an inclined coal seam floor, the thickness, 
strength, location of each of the coal seam floor strata, 
including the water pressure distribution of the confined 

aquifer(s) can be determined. Furthermore, the lithology, 
thickness, density, strength (compressive strength, ten-
sile strength, shear strength), and other parameters of the 
structural key strata of the floor can be determined under 
the site-specific geological conditions. The lithology, thick-
ness, density, strength, location, and other parameters of 
the structural key strata generally vary. They may be some 
type of sandstone, shale, or mudstone but must be hard, 
with a compressive strength generally higher than 20 MPa, 
though the specific situation is determined by the drilling 
data. In other words, if the structural key strata are thicker 
and more complete, the carrying capacity is greater, and 
the corresponding water-isolating capacity is stronger.

To analyze the stability and water-isolating capacity of 
the confining layer, as well as to predict water inrush from 
an inclined coal seam floor, the structural key strata in the 
confining layer can be extracted from Fig. 1. Furthermore, 
they can form a water-resistant key strata model, as shown 
in Fig.  2, where h0 is the height of the caved overburden 
and γ0 is its average bulk density; h1 is the depth of the 
water-conducting fractured zone in the inclined coal seam 
floor and γ1 is its average bulk density; h2 is the thickness 
of the confining layer, and γ2 is its average bulk density; 
h3 is the height of the zone in which water is rising from 
the confined aquifer as mining progresses, and γ3 is its bulk 
density; hk is the thickness of the water-resistant key strata 
and Ek is its average modulus of elasticity, and γk is its bulk 
density, µk is its Poisson’s ratio, and β is its dip angle; h21 
and h22 are the thickness of any part of the confining layer 
lying above and below key strata, respectively, that satisfies 
h21 + hk+h22 = h2, as shown in Fig. 1b.

Load Distribution

Based on the ground pressure and strata control theory 
(Qian and Shi 2003), inclined water-resistant key strata 

Fig. 2   The water-resistant key 
strata model (a) and its load 
distribution (b) for an inclined 
coal seam floor (after Sun and 
Wang 2014)

(a) (b)
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can be treated as a clamped inclined rectangular thick plate 
(Fig.  2a), where x is the workface’s advancing direction 
with the width of a; y is the tilted direction along the work-
face, with the length of b; and z is the downward direction 
perpendicular to the water-resistant key strata. The verti-
cal downward load acting on the surface of the key strata 
includes the caved overburden load q0 = γ0h0, the strata load 
γ1h1 of the water-conducting fractured zone, and the strata 
load γ2h21 of the confining layer lying above the key strata. 
The total vertical load is q = q0 + γ1h1 + γ2(h2 − hk − h22) = 
γ0h0 + γ1h1 + γ2h21, and the body force of the key strata is 
G = γkhk, as shown in Fig. 2b.

A hydraulic gradient exists along the slope of an inclined 
coal seam floor, but the water load acting perpendicular to 
the lower surface of the water-resistant strata cannot be eas-
ily seen as equally distributed water pressure. To simplify 
the problem, we assumed that the water load P acting on 
the lower surface of the water-resistant key strata increases 
linearly along the tilted direction of the coal seam floor 
(Fig. 2b), which is proportional to the vertical height of the 
workface and can be expressed as follows:

Stability Metrics for Inclined Water‑resistant Key 
Strata

Deflection Function

The load distribution characteristics of the water-resistant 
key strata indicate that the lateral loads acting on it are 
kept constant in the x direction and increase linearly in the 
y direction, which satisfies Eq.  (1). The deflection func-
tion that satisfies the boundary conditions of the four-sided 
clamped plate is:

where A is the coefficient of deflection function w. 
According to the principle of minimum potential energy 
(Timoshenko and Woinowsky-Krieger 1959; Xu 2006), 
the deflection function for the inclined water-resistant key 
strata can be determined by:
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where Po is the water pressure of the floor confined 
aquifer at the upper end of the workface, ΔH is the vertical 
height of the workface, ρ is the water density of the floor 
confined aquifer, and g is the gravity acceleration.

(1)P =
�gΔH

b
y + Po = �gy sin � + Po,

Criterion

The stresses for the water-resistant key strata can be obtained 
by the relationship between the stress and deflection func-
tions of an elastic rectangular thin plate (Timoshenko and 
Woinowsky-Krieger 1959; Xu 2006), as follows:
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where σx, σy, and τxy are stress components, and 0 ≤ x ≤ a, 
0 ≤ y ≤ b, −hk/2 ≤ z ≤ hk/2. The principal stress at any point 
on the inclined strata can be obtained from the relationship 
between stress components and principal stresses:

where:

Assuming that the failure of the water-resistant strata is 
caused by shear stress under the action of polyaxial stress 
and in accordance with the Mohr–Coulomb yield criterion, 
we have
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where φ is the internal angle of friction, Rc is the uni-
axial compressive strength of the water-resistant key strata, 
C is cohesion, and Rc= 2Ccosφ/(1 − sinφ), K = (1 + sinφ)/
(1 − sinφ) and:

We use the ratio of the function f(x, y) if some point 
yield failures in the inclined water-resistant strata can be 

determined and its stability can be predicted as well. Sub-
stituting Eq.  (5) into Eq.  (7), the function f(x, y) can be 
expressed as:
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Table 1   General range of 
parameters for geologic setting 
and mining operation

Parameters Symbol General range

Initial or 1–2 periodic weighting distance of stope a 30–60/m
Inclination length of workface b 80–200/m
Height of caved overburden h0 0–10/m
Depth of water-conducting fractured zone h1 5–25/m
Thickness of confining layer h2 0–30/m
Height of zone of water rising from the confined aquifer as mining 

progresses
h3 0–15/m

Thickness of water-resistant key strata hk 6–12/m
Thickness of confining layer above water-resistant key strata h21 0–20/m
Dip angle of water-resistant key strata β 0–45/°
Water pressure of floor confined aquifer Po 0–5/MPa
Bulk density of stope strata γ0, γ1, γ2, γk 5–35/kN·m−3

Uniaxial compressive strength of water-resistant key strata Rc 20–180/MPa
Uniaxial tensile strength of water-resistant key strata Rt 2–18/MPa
Elasticity modulus of water-resistant key strata Ek 10–40/GPa
Cohesive strength of water-resistant key strata C 5–45/MPa
Internal friction angle of water-resistant key strata φ 10–50/°
Poisson’s ratio of water-resistant key strata µk 0.1–0.3
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Before mining, the strata of the inclined coal seam floor 
is in equilibrium. However, the stress state of the floor 
strata changes during mining. When the water-resistant 
key strata in the inclined coal seam floor deform and bend 
upward due to the combined action of mining and water 
pressure, water inrush vents can occur. By drawing the 
isocline contour of function f(x, y), the position with the 
maximum ratio of (σ1  −  Kσ3)/Rc in the key strata can be 

determined, and the water-resistant key strata can fail most 
easily at this point.

At present, when the coal seam is 50° or less, the work-
face is frequently arranged with respect to the fully mecha-
nized longwall workface, and the roof of the stope is man-
aged by caving. Table 1 shows the parameter range for the 
geologic setting and mining operation, based on the site 
engineering data. Furthermore, experience in the mine 

Table 2   The maximum value 
and location of the isocline 
contour of function f(x, y) for 
different parameters

No. Parameter values of function f(x, 
y) obtained by L16(45) orthogonal 
design

Maximum value Position coordinates 
of maximum value/m

Normal-
ized position 
coordinates/m

a/m b/m hk/m β/ o Ek/GPa

1 30 80 6 0 10 1.870 (0, 46.9) (0, 1.84b/π)
(30, 46.9) (a, 1.84b/π)

2 30 120 8 15 20 1.202 (0, 70.3) (0, 1.84b/π)
(30, 70.3) (a, 1.84b/π)

3 30 160 10 30 30 0.879 (0, 93.7) (0, 1.84b/π)
(30, 93.7) (a, 1.84b/π)

4 30 200 12 45 40 0.709 (0, 117.2) (0, 1.84b/π)
(30, 117.2) (a, 1.84b/π)

5 40 80 8 30 40 1.838 (0, 46.9) (0, 1.84b/π)
(40, 46.9) (a, 1.84b/π)

6 40 120 6 45 30 4.382 (0, 70.3) (0, 1.84b/π)
(40, 70.3) (a, 1.84b/π)

7 40 160 12 0 20 0.841 (0, 93.7) (0, 1.84b/π)
(40, 93.7) (a, 1.84b/π)

8 40 200 10 15 10 1.427 (0, 117.2) (0, 1.84b/π)
(40, 117.2) (a, 1.84b/π)

9 50 80 10 45 20 1.652 (0, 46.9) (0, 1.84b/π)
(50, 46.9) (a, 1.84b/π)

10 50 120 12 30 10 1.401 (0, 70.3) (0, 1.84b/π)
(50, 70.3) (a, 1.84b/π)

11 50 160 6 15 40 5.972 (0, 93.7) (0, 1.84b/π)
(50, 93.7) (a, 1.84b/π)

12 50 200 8 0 30 3.091 (0, 117.2) (0, 1.84b/π)
(50, 117.2) (a, 1.84b/π)

13 60 80 12 15 30 1.110 (0, 46.9) (0, 1.84b/π)
(60, 46.9) (a, 1.84b/π)

14 60 120 10 0 40 2.279 (0, 70.3) (0, 1.84b/π)
(60, 70.3) (a, 1.84b/π)

15 60 160 8 45 10 5.579 (0, 93.7) (0, 1.84b/π)
(60, 93.7) (a, 1.84b/π)

16 60 200 6 30 20 9.924 (0, 117.2) (0, 1.84b/π)
(60, 117.2) (a, 1.84b/π)

Table 3   Other parameter values for calculation

h0 h1 h21 γ0 γ1 γ2 γk µk φ C ρ g

3 m 17 m 10 m 22 kN·m−3 23 kN·m−3 24 kN·m−3 28 kN·m−3 0.24 46° 15 MPa 103/kg·m−3 10/N·kg−1
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shows that a hard confining layer stratum over 12 m thick 
prevents water inrush through the floor. When no such 
strata exists or the thickness of the confining layer is less 
than 6 m, the water-isolating capacity of the confining layer 
is poor, and water inrush from floor may occur. Thus, the 
current study focuses on the stability and water-isolating 
capacity of the water-resistant key strata with a thickness 
of 6–12 m, and predicts water inrush from an inclined coal 
seam floor.

We selected five main influential factors from the param-
eter range of geologic setting and mining operation in 
Table 1: the workface advanced distance a, tilted length of 
workface b, thickness hk of water-resistant key strata, and 
its pitch β and elasticity modulus Ek. Then, we divided the 

at the midpoint of the long side of the inclined floor water-
resistant key strata was at its maximum (Table  2), which 
indicates where the key strata was most likely to fail because 
of shear failure. Notably, the long side of the water-resist-
ant key strata is the tilted direction along the workface at a 
length of b, whereas the short side is the workface advancing 
direction with a width of a (Fig. 2a). For the fully mecha-
nized longwall workface in China, the tilted length of work-
face b is generally greater than the workface advanced dis-
tance a (weighting step).

The position coordinates of points that are most likely 
to lead to failure were normalized to (0, 1.84b/π) and (a, 
1.84b/π), as shown in Table 2. We replaced these coordinates 
in Eq. (8), giving:

Equation (9) shows the stability mechanics criterion 
of the inclined floor water-resisting key strata. When f(x, 
y) < 1, the inclined water-resistant key strata remains sta-
ble; when f(x, y) = 1, these strata are in a critical state; 
and when f(x, y) > 1, the strata are in an unstable state. 
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Table 4   Water pressure 
Pm obtained using a L16(45) 
orthogonal design

No. Parameter values of Eq. (10) obtained
by L16(45) orthogonal design

Water pressure
Pm/MPa

a/m b/m hk/m β/ o Ek/GPa

1 30 80 6 0 10 2.274
2 30 120 8 15 20 3.031
3 30 160 10 30 30 3.927
4 30 200 12 45 40 4.964
5 40 80 8 30 40 2.165
6 40 120 6 45 30 0.900
7 40 160 12 0 20 3.966
8 40 200 10 15 10 2.647
9 50 80 10 45 20 2.265
10 50 120 12 30 10 2.657
11 50 160 6 15 40 1.086
12 50 200 8 0 30 1.755
13 60 80 12 15 30 3.240
14 60 120 10 0 40 2.083
15 60 160 8 45 10 0.636
16 60 200 6 30 20 0.517

parameter range of each factor into four levels. Using the 
L16(45) orthogonal design, we designed a 16-group scheme 
(Table 2), and drew the isocline contour of function f(x, y) 
using Eq.  (8), the other parameters shown in Table  3, and 
z = hk/2. Through the isocline contours of function f(x, y), we 
defined where the function f(x, y) at the downward position 



317Mine Water Environ (2017) 36:310–322	

1 3

Assuming that Eq. (9) f(x, y) = 1, we obtain the following 
equation:

In Eq. (10), Pm is the maximum water pressure that the 
inclined floor water-resistant key strata can take. Under 
the combined process of mining and water pressure, 
when the maximum allowable water pressure Pm exceeds 
the water pressure Po of the confined aquifer, the key 
strata is stable, and water inrush does not occur. When 
the maximum allowable water pressure Pm is equal to the 
water pressure Po of the confined aquifer, the inclined key 
strata are in a critical state and the likelihood of water 
inrush is high.
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Factors that Influence the Water‑Isolating 
Capacity

Analysis Based on the Multi‑factor Method

We divided the parameter range of each of the five most 
influential factors from Table  1 into four levels (Table  4) 
and obtained the maximum water pressure Pm that the 
water-resistant key strata can take by using Eq.  (10), as 
shown in Table  4, and the other parameters shown in 
Table 3. Table 4 shows that when the water pressure Po of 
the confined aquifer is 3.5 MPa, only the maximum allowa-
ble water pressure Pm calculated by the parameter values of 
schemes 3, 4, and 7 exceed 3.5 MPa, which indicates that 
the water-resistant key strata are stable, and water inrush 
should not occur.

Table  4 separately sums up the water pressure Pm of 
four levels of the five most influential factors. Furthermore, 
Table  5 provides the summed values ∑Li (i = 1, 2, 3, 4) 
and their corresponding average values 

∑
Li. In Table  5, 

R (R = max
∑

Li −min
∑

Li) is range, which reflects the 

change amplitude of the test results when a factor changes. 
From the range R in Table 5, the order of factors that influ-
ence the water-isolating capacity of the water-resistant key 
strata can be concluded. The thickness hk of the key strata 
was the most important factor, with a 44.8% ranking, fol-
lowed by the distance that the workface had advanced a, at 
34.4%. The influence of the elasticity modulus Ek, pitch β, 
and the tilted length of the workface b, were 9.3, 5.8, and 
5.7%, respectively. Thus, the maximum water pressure Pm 
that the strata can take is highly sensitive to the thickness hk 

Table 5   Analysis of maximum 
allowable water pressure Pm 
obtained by L16(45) orthogonal 
design

Orthogonal 
parameters

∑L1 ∑L2 ∑L3 ∑L4
∑

L
1

∑
L
2

∑
L
3

∑
L
4

R Influence 
degree 
(%)

a 14.196 9.678 7.763 6.475 3.549 2.420 1.941 1.619 1.930 34.4
b 9.944 8.671 9.615 9.884 2.486 2.168 2.404 2.471 0.318 5.7
hk 4.777 7.587 10.922 14.827 1.194 1.897 2.731 3.707 2.513 44.8
β 10.078 10.004 9.266 8.765 2.520 2.501 2.317 2.191 0.329 5.8
Ek 8.214 9.779 9.822 10.298 2.053 2.445 2.456 2.575 0.522 9.3

Σ

Fig. 3   Relationship among five factors and the average value of each 
for each level
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of the water-resistant key strata, and is relatively insensitive 
to the tilted length of workface b.

Figure 3 shows the relationship between the five fac-
tors (a, b, hk, β, and Ek) and the average values of 

∑
Li 

of the four levels. The average values of 
∑

Li decrease 
rapidly with increasing values of a, which means that 
when the workface advanced distance increases, the 
maximum water pressure Pm that the inclined strata can 
tolerate decreases. As b increases, the average values 
of 

∑
Li first decrease, and then slowly increase. This 

is because of the thickness of hk of the water-resistant 
key strata in the third and fourth levels of the influential 
factor b (Table 4), i.e. schemes 3, 4, and 7. The previ-
ous analysis showed that the maximum water pressure 
Pm that the inclined strata can withstand is highly sensi-
tive to the thickness of the key strata; thus, the average 
values of 

∑
Li slowly increase in the third and fourth 

levels of b. If we weaken the leading role of the thick-
ness of the key strata in the third and fourth levels, the 
maximum water pressure that the key strata can toler-
ate decreases with the increasing length of the work-
face for the same value of a. The average values of 

∑
Li 

increase quickly with the increased thickness of the 
water-resistant key strata; the greater the thickness, the 
better the water-isolating capacity. The average values ∑

Li decrease with the increasing pitch of the strata, 
which means that the maximum water pressure that the 
inclined floor water-resistant key strata can tolerate 
decreases as β increases; that is, the greater the pitch, 
the greater the risk. The average values of 

∑
Li increase 

as the value of Ek increases; the higher the elasticity 

modulus, the better the water-isolating capacity of the 
key strata.

Analysis Based on the Single‑factor Method

Load of Caved Overburden

Figure  4 shows that the maximum water pressure that 
the water-resistant key strata can tolerate increases as the 
load of caved overburden increases, indicating that the 

Fig. 4   Relationship between the maximum water pressure Pm that 
the inclined water-resistant key strata can tolerate and the caved over-
burden load q0 (where a = 40 m, b = 120 m, hk=12 m, β = 30°, Ek=32 
GPa; other parameters are shown in Table 3)

Fig. 5   Relationship between the maximum water pressure Pm that 
the inclined water-resistant key strata can tolerate and its size a and 
b (where hk=12 m, β = 30°, Ek=32 GPa; other parameters are shown 
in Table 3)

Fig. 6   Relationship between the maximum water pressure Pm that 
the water-resistant key strata can tolerate and its pitch β (where 
a = 40  m, b = 120  m, hk=12  m, Ek=32 GPa; other parameters are 
shown in Table 3)
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collapsed overburden offers some protection from floor 
water inrush.

Weighting Distance of Stope and Size of Water‑resistant 
Key Strata

Instability of water-resistant key strata, which induces water 
inrush through the coal seam floor, is closely related to the 
ground pressure of the stope (Zhang and Wang 1997). To 
study the relationship between the stability of the key strata 
and the initial or periodic weighting distance of the stope, 
the size of the goaf before the initial pressure was applied 

to be equivalent to the size of the key strata. The length of 
the inclined floor water-resistant key strata is the length of 
the tilted direction of the workface, and the width is the dis-
tance of the initial or 1–2 periodic weighting distance of 
the stope. As shown in Fig. 5, the maximum water pressure 
that the water-resistant key strata can tolerate decreases with 
increasing values of a for different values of b. This means 
that when the initial or periodic weighting distance becomes 
large, floor water inrush can more easily occur due to the 

Fig. 7   Relationship between the maximum water pressure Pm that 
the water-resistant key strata can tolerate and its thickness hk (where 
a = 40 m, b = 120 m, β = 30°, Ek=32 GPa; other parameters are shown 
in Table 3)

Fig. 8   Relationship between the maximum water pressure Pm that 
the water-resistant key strata can tolerate and the thickness h21 of 
the confining layer lying above the water-resistant key strata (where 
a = 40 m, b = 120 m, hk=12 m, β = 30°, Ek=32 GPa; other parameters 
are shown in Table 3)

Fig. 9   Relationship between the maximum water pressure Pm that 
the water-resistant key strata can tolerate and the elasticity modu-
lus Ek of the water-resistant key strata (where a = 40  m, b = 120  m, 
hk=12 m, β = 30°; other parameters are shown in Table 3)

ϕ

Fig. 10   Relationship between the maximum water pressure P m that 
the water-resistant key strata can tolerate and the cohesive strength C 
and internal friction angle φ of the water-resistant key strata (where 
a = 40 m, b = 120 m, h k=12 m, β = 30°, E k=32 GPa; other param-
eters are shown in Table 3)
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suspended main roof strata. Furthermore, the maximum 
allowable water pressure increases with decreasing lengths 
of b for the same workface advanced distance. Therefore, 
prevention of water inrush from the floor can be achieved 
through proper control of the weighting distance and the 
length of the workface.

Pitch of Water‑resistant Key Strata

As can be observed in Fig. 6, where the maximum allow-
able water pressure decreases with the increasing pitch of 
the water-resistant key strata. The reason is that the lat-
eral load qcosβ acting on the surface of the water-resistant 
key strata, part of vertical downward load q, decreases 
with the increase in dip angle, whereas the longitudinal 
load qsinβ acting on the side of the water-resistant key 
strata, increases, as shown in Fig. 2b. Simultaneously, the 
hydraulic gradient along the slope direction acting on the 
lower surface of the key strata increases slightly, and the 
water-isolating capacity of the key strata decreases. When 
the pitch β is less than 7.5°, the maximum allowable water 
pressure Pm is greater than 4.0 MPa; and when the pitch β 
is less than 36°, the Pm is greater than 3.5 MPa, as shown 
in Fig. 6. Therefore, the greater the pitch of floor strata, the 
greater the risk of floor water inrush.

Thickness and Location of Water‑resistant Key Strata

A parabolic relationship exists between the maximum 
allowable water pressure Pm and the thickness hk (Fig. 7). 
When hk is less than 6 m, Pm is less than 1.19 MPa, and 
when hk is over 12 m, Pm exceeds 3.66 MPa, which indi-
cates that the maximum allowable water pressure is sensi-
tive to the value of hk. Thus, the greater the thickness, the 
better the water-isolating capacity, which is consistent with 
the statistical results of water inrush from the floor.

As shown in Fig. 8, the greater the thickness of the con-
fining layer above the water-resistant key strata, the greater 
the maximum allowable water pressure. As h21 grows 
thicker, the downward load acting on the key strata grows 
stronger, increasing Pm. So, if the water-resistant key strata 
lies within the lower part of the confining layer, it offers 
improved protection from floor water inrush.

Strength of Water‑resistant Key Strata

The relationship between Pm and the elasticity modulus 
Ek of the water-resistant key strata in Fig.  9 shows that 
the maximum water pressure that can be tolerated by the 
inclined key strata increases as Ek increases. When Ek is 
30 GPa, the Pm is 3.5 Mpa. This is because the rock mass 
strengthens as its elastic modulus increases.

Figure  10 shows that the maximum allowable water 
pressure increases with its increasing cohesive strength, 
C. The rock mass strengthens as C increases, and so is 
less easily destroyed under pressure. However, as the 
internal friction angle, φ, grows, P m slightly decreases 
because the larger φ is, the more fragile the rock is. Thus, 
water-resistant key strata formed by a single hard rock 
layer can resist strong deformation, but can easily induce 
water inrush after breaking. Water-resistant key strata 
formed of both hard and soft rock have a higher deforma-
tion tendency, but is less susceptible to destruction, since 
the soft rock can seal the fractures generated in the hard 
rock, increasing its ability to prevent water inrush (Miao 
et al. 2007, 2008).

Engineering Application Method

To analyze the stability and water-isolating capacity of 
water-resistant key strata in an inclined coal seam floor, we 
must first determine the thickness, strength, and location of 
each layer, including the water pressure distribution of the 
confined aquifers, with multi-drilling geological data and 
rock mechanics testing to determine the values of h, h3, β, 
Po, γ0, γ1, γ2, ρ, and g. Then, using the identification method 
of structural key strata, we can judge the water-resistant key 
strata of the coal seam floor and determine the lithology, 
thickness, density, strength (compressive strength, tensile 
strength, and shear strength), as well as the other strata 
parameters to determine the values of hk, γk, Ek, Rc, Rt, C, 
φ, and µk. The lithology, thickness, density, strength, loca-
tion, and other parameters of structural key strata generally 
vary in different geological environments.

Third, considering the geologic setting and activities at 
the adjacent workface, we can determine the parameter val-
ues of a, h0, h1, h2, h21, and h22. Finally, using Eq. (10), we 
can determine the appropriate values of b using the orthog-
onal design and thereby ensure mine safety above the con-
fined aquifers. Using these parameter values, the proposed 
water-resistant key strata model and its stability criterion 
can be expanded for other regions with inclined coal seam 
floors.

Summary and Conclusions

Water inrush from the coal seam floor is a problem that 
seriously threatens safety mining in China. A model of an 
inclined coal seam floor with linearly increasing water pres-
sure was established based on theories of ground pressure 
and key strata, and stability metrics were developed for the 
water-resistant key strata. Five principle influential factors 
were selected for sensitivity analysis using the orthogonal 



321Mine Water Environ (2017) 36:310–322	

1 3

design: the thickness of the key strata was the most impor-
tant factor, with a 44.8% ranking, followed by the distance 
that the workface had advanced at 34.4%, and then the 
influence of the elasticity modulus, pitch, and tilted length 
of the workface, at 9.3, 5.8, and 5.7%, respectively.

Our results indicate that the maximum water pressure 
that the inclined floor water-resistant key strata can tolerate 
increases with additional caved overburden loading, and the 
caved overburden can provide improved protection from 
floor water inrush. The maximum allowable water pressure 
decreases with an increased initial or periodic weighting 
distance and the length of workface. Water inrush from the 
floor can be prevented by appropriate control of the weight-
ing distance and workface length. The maximum allow-
able water pressure decreases with the increasing pitch of 
the key strata; that is, the greater the pitch, the greater the 
risk. Otherwise, a parabolic relationship exists between the 
maximum allowable water pressure and the thickness of 
the water-resistant key strata; that is, the greater the thick-
ness, the better the water-isolating capacity. Water-resistant 
key strata located within the lower portion of the confining 
layer gives greater protection from floor water inrush events 
and the greater its strength, the higher the strength, the bet-
ter its water-isolating capacity. These findings can provide 
an important theoretical basis to determine water inrush 
from an inclined coal seam floor when mining is conducted 
above confined aquifers.

Notably, we only investigated the water-isolating capac-
ity of water-resistant key strata in an inclined coal seam 
floor and did not relate findings to the permeability char-
acteristics of the water-resistant key strata. If the water-
resistant key strata is fractured, it can form a seepage water 
inrush channel. When the seepage of the fracture and chan-
nel is stable, water-resistant key strata can still prevent 
water inrush from the floor, but when the seepage is unsta-
ble, water inrush may occur. Therefore, we recommend fur-
ther research on the permeability characteristics of water-
resistant key strata after it is fractured.
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