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A quantitative method of structural system reliability was proposed to study the influence of random rock mechanical parameters
and loads on the stability of the coal seam floor above confined aquifers. To obtain the reliability probability of the floor, two modes
of water-resistant floor failure were suggested as follows: (1) mining completely removed the water-resistant key strata of the floor.
In this case, the failure modes were of three main types: mining failure, confined water intrusion, and combined mining failure and
intrusion. (2) Failure modes included shear and tensile failures when the thickness of the key strata was greater than 0. On the basis
of the elastic thin plate theory, the performance function that calculates the reliability probability of all modes could be obtained.
The failure modes were regarded as the series system. TheMonte Carlo method was employed to calculate the reliability probability
of each failure mode and series system. The results showed that the random rock mechanical parameters and loads of the key strata
significantly influence the antiwater inrush capacity of the floor. In addition, the water inrush coefficient and reliability probability
can be simultaneously used as the evaluation indexes of water inrush risk. Both these indexes could improve the assessment of the
reliability of the floor.

1. Introduction

Water inrush from mining floors above limestone aquifers,
which usually have a high water pressure, is a problematic
aspect of the hydrogeological and engineering geological
domain of Chinese coalfields, and it critically threatens the
production of coal mines. Therefore, water damage to the
mine floor should be studied and the occurrence of water
inrush accidents in coal mines, which is a difficult problem
to solve, should be effectively curbed [1–3]. Several studies
have attempted to investigate the problem of floor water
inrush and have proposed various approaches, such as the
water inrush coefficient [4–6], plate model [7–9], down three

zones [10–12], and key strata [13–17]. These studies revealed
the mechanism of water inrush considering various aspects
and provided positive guidance for mine safety production.
However, all of these studies only considered deterministic
methods that could not reflect the true degree of security.
The geological conditions of water-resistant floors are com-
plicated, leading to the rock mechanic parameters and loads
being uncertain, given that the safety in evaluating water-
resistant floors by using deterministic methods is uncertain.
In contrast, the reliability theory is more suitable for studying
the stability of water-resistant floor in mining.

Research on the results of using the structural reliability
method to analyze the stability of a water-resistant floor of
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a coal seam above a confined aquifer is lacking. The reliability
analysis model of the floor with the water inrush coefficient
as a performance index was established by Du et al. [18].
Lu et al. [19] and Lu and Yao [20] extended the model of
Du et al. [18] by employing a remaining complete rock layer
as a clamped beam. In their models, the limit water pressure
of the beam’s strength failure based on the theory of material
mechanics and elastic mechanics was used as a performance
function to calculate the reliability of the water-resistant floor
stability. However, as mentioned above, such studies only
focused on the water inrush caused by a single failure mode
and did not consider the possibility that multiple failure
modes could also cause water inrush. For example, tensile
or shear failure may occur in effective water-resistant floors
or mining failure type and progressive intrusion of confined
water may occur in an ineffective water-resistant layer. On
the other hand, the water inrush coefficient can only reflect
two factors, namely, the water pressure and thickness of the
water-resistant layer, when selecting a structure performance
function. Nevertheless, the clamped beam model derived
from the mechanics of materials has poor accuracy in the
analysis of deep beams with a relatively short length and
height. Although the accuracy of the elastic mechanics
clamped beam model is high, the stress distribution at the
end of the clamped beam cannot be precisely obtained, which
results in considerable errors in the solution of the limit water
pressure. The accuracy of the structural reliability analysis
results mainly depends on the selection of the performance
function. Thus, the results of the previous calculation are
not completely reliable.

To reasonably reflect the reliability of the water-resistant
floor’s stability, this study first applies the key strata theory to
consider the effect of geostress. The key strata of the floor are
regarded as a rectangular plate with four sides clamped, and
the elastic mechanics plate theory is used to derive the
mechanics criterion of key strata destruction, which is con-
sidered a function of structural reliability analysis. On this
basis, the failure modes of the water-resistant floor are ana-
lyzed, and the reliability probability of each failure mode is
calculated through a simulation employing the Monte Carlo
method. The failure modes are regarded as the series system,
and the reliability probability of the water-resistant floor’s
stability system is obtained. The mean and variance of ran-
dom variables, such as rock strength parameters and ground
stress, are discussed through a case, and the influence of the
position of the key strata on the reliability probability is ana-
lyzed. Finally, various failure modes and the system reliability
of the water-resistant floor of a certain coal mine are analyzed
and evaluated.

2. Methodology

2.1. Mechanics of Failure Forms of Key Strata. The vertical
distance of the coal seam to the roof of the confined aquifer
is called the water-resistant floor and has a thickness of h
(Figure 1(a)). Before coal seam mining, owing to the exis-
tence of natural cracks in the floor, the water rises along these
natural cracks to a certain height under the action of hydro-
static pressure, a rise that is called the original progressive

intrusion height of confined water. The height is generally
small, as shown in Figure 1(a).

After the working face is mined, the mined-out area is
formed and the weight of the overlying strata shifts to the
coal and rock mass around the mined-out area to form a sup-
porting pressure belt around the mined-out area. When the
supporting pressure reaches or exceeds the ultimate strength
limit of the rock floor, the rock mass in a certain range of the
working face’s floor is destroyed and the failure zone of the
floor mining is formed (Figure 1(b)). At the same time, under
the combined influence of mining and confined water, the
cracks of the original intrusion zone extend further upward
to form a progressive intrusion zone of confined water. The
sum of the original and progressive intrusion belts is called
the intrusion zone of confined water, and it has a maximum
height of hc. At present, the maximum value of this parame-
ter is relatively larger in the structural fracture zone and is
usually measured through actual measurements.

For the working face, as shown in Figure 1, the maximum
failure depth ha of floor mining during the initial stage can be
determined according to the fracture mechanics theory. The
stope is assumed to be a crack in the internal part of the infi-
nite rock. For the stope, the mining thickness is much smaller
than the mining width. Consequently, the calculation of
stress can be simplified as a plane problem, and the maxi-
mum failure depth ha in the floor of the stope can be calcu-
lated by (1) as follows [21]:

ha =
1 57γ′2H2a 1 − sin ϕ 2

16c2 cos2ϕ , 1

where γ′ is the average weight of the overlying coal seam
layer (kN/m3), H is the cover depth of the coal seam (m), c
and φ are the average cohesion (MPa) and internal friction
angle (°) of the floor rock, respectively, and a is the width of
the working face (m).

After solving the depth ha of the mining failure of the
floor, the thickness hb of the remaining intact rock stratum
can be obtained according to the instruction height hc of
the confined water (Figure 2). The water inrush from the
floor plate depends mainly on the antiwater pressure capacity
of the remaining intact rock stratum. The key strata theory
states that a certain rock mass with reasonable strength and
water resistance in the remaining complete rock belt, which
is called the key strata of the water-resistant floor, has a thick-
ness hk . The distance between the floor of the key strata and
the floor of the coal seam is h′ (Figure 1(b)). Whether the
confined water can break into the working face depends
mainly on the water-resistant performance of the key strata,
which are deformed similar to a plate under water pressure.
As shown in Figure 2, under normal mining conditions, for
the longwall mining face, the key strata of the floor consist
of a rectangular plate with four edges clamped when the coal
seam is near horizontal or gently inclined, and a flat plate
model is established.

The setting of the x-y coordinate surface coincides with
the middle plane of the plate, the origin of the coordinate lies
in the center of the plate, the oz axis is vertically downward
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toward the middle plane, and the thickness of the plate is the
same as that of the water-resistant key strata hk . The x-direc-
tion is the width of the working face with length a. The y-
direction is the advancing direction of the working face with
length b.

The average weight of the mining failure belt of the floor
is γa; the average weight of the remaining intact rock layer is
γb; the average weight of the key strata is γk ; and μk , Ek , φk ,
and ck denote Poisson’s ratio, the elastic modulus, the inter-
nal friction angle, and the cohesive strength, respectively.
The plate of the upper part is subjected to the self-weight γa
ha of the floor’s mining fracture belt and the self-weight γb

(h′ − ha − hk) of the rock layer, which is obtained from the
difference between the remaining intact rock belt of the floor
and the key strata. The lower part is subjected to uniform
water pressure p. The self-weight of the key strata is regarded
as the surface force γkhk on the plate. Therefore, the lower
part of the key strata is subjected to surface forces q = p + γb
ha – γbh′ – γkhk + γbhk . It is interesting to note that the upper
rock mass of the water-resisting zone is destroyed at this
point; we believe that it will not bear any additional stress
and will be in harmony with the key strata as it bends
upward. Therefore, it is feasible and controllable to con-
sider the dead weight of the upper rock mass of the key
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Figure 1: Schematic map of floor damage during first pressure in mining above the confined aquifer. (a) Original intrusion zone of confined
water before mining. (b) Intrusion zone of confined water, failure zone of the floor, and key strata.
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Figure 2: (a) Plan of plate model and (b) profile map of plate model.
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strata as the external load in this model. The horizontal
stress N acts around the plate. A uniform load is assumed
in the calculation. The expression is shown as (2).

N = k0γ′H, 2

where k0 is the lateral pressure coefficient, H is the cover
depth of the coal seam (m) considered in the paper, and
γ′ is the average weight of the overlying coal seam layer
(kN/m3).

Considering that the thick plate theory is not mature in
mechanics, the mechanical analysis of the key strata is con-
ducted by using the elastic thin plate theory. Given that the
key strata are not damaged by mining, they can still be
regarded as a continuous medium and assumed to be homo-
geneously isotropic. In China, the width of the longwall
working face is 150–240m, the first-time roof weighting step
of the working face is approximately 30–40m, and the water
inrush of the floor often occurs during the first-time roof
weighting step [8]. Meanwhile, the layer thickness of the
coal-bearing sedimentary rock mass is generally below
10m, and the plate model of the water-resistant key strata
during initial mining can satisfy the general conditions of
the thin plate (the ratio of thickness to width is not greater
than 1/5).

Under the combined effect of the longitudinal load N
and transverse load q at the lower part of the key strata, the
differential equation of thin plate bending can be expressed
as [22, 23]

D
∂4w
∂x4

+ 2 ∂4w
∂x2∂y2

+ ∂4w
∂y4

= q +Nhk
∂2w
∂x2

+ ∂2w
∂y2

3

In the equation, w is the deflection of the thin plate, and
D = Ekh

3
k/12 1 − μ2k is the bending stiffness of the thin plate.

The boundary conditions of the rectangular thin plate
with four sides clamped are

w x=‐a/2,a/2 = 0  ∂w
∂x x=‐a/2,a/2

= 0,

w y=−b/2,b/2 = 0  ∂w
∂y y=‐b/2,b/2

= 0
4

The above differential equations are difficult to solve
accurately and can be solved by the Ritz method. The

deflection function of the middle plane of the bending
plate is

w x, y =〠
m

〠
n

wmn

4 1 − −1 m cos 2mπx
a

1 − −1 n cos 2nπy
b

, m = n = 1, 3, 5…

5

where wmn is the undetermined coefficient of the deflec-
tion function.

Obviously, the deflection function w can satisfy the
boundary conditions of the clamped plate. Because the above
equation converges quickly, the equation can be replaced by
the first term and can satisfy the precision requirements of
mining engineering; that is,

w x, y = w11
4 1 + cos 2πx

a
1 + cos 2πy

b

=w11 cos2
πx
a

cos2 πy
b

6

According to the Ritz method, the coefficient of deflec-
tion function w11 of the key strata under the combined verti-
cal and horizontal loads can be obtained as follows:

w11 =
qa2b2π2

Dπ2 3a2/b2 + 3b2/a2 + 2 − 3/4Nhk a2 + b2

7

Thus, the deflection function, w x, y , of the key strata of
the mining floor is as follows:

w x, y = qa2b2π2 cos2 πx/a cos2 πy/a
Dπ2 3a2/b2 + 3b2/a2 + 2 − 3/4Nhk a2 + b2

8

Equation (8) shows that the deflection of the key
strata increases under the action of horizontal ground
stress. In light of the elastic thin plate theory, the stress
expression in the key strata of water resistance under
the vertical and horizontal loads can be obtained as fol-
lows (the compressive stress is positive and the tensile
stress is negative):

σx = A b2 cos2 πy
b

2 cos2 πx
b

− 1 + μa2 cos2 πx
b

2 cos2 πy
b

− 1 +N ,

σy = A a2 cos2 πx
a

2 cos2 πy
b

− 1 + μb2 cos2 πy
b

2 cos2 πx
a

− 1 +N ,

τxy = −2Aab 1 − μ cos πx
a

cos πy
b

sin πx
a

sin πy
b

9
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In the following formula,

A = 24Dqh3kz
π2D 3a2/b2 + 3b2/a2 + 2 − 3/4 Nhk a2 + b2

10

Equation (9) shows that the stress component of the key
strata is linearly distributed along the plate thickness under
longitudinal and lateral loads, and the maximum value is
located on the upper and lower surfaces of the plate
(z = −hk/2, hk/2). The stress distribution law of the key strata
is discussed below.

With the values of a = 120m, b = 30m, hk = 6m, q = 3
MPa, γk = 25 kN/m3, Ek = 5GPa, μk = 0 3, z = −hk/2, and N
= 5MPa, the distributions of σx, σy, and τxy under vertical
and horizontal loads in the key strata can be obtained by
using (9) and (10), as shown in Figure 3 (herein, only the
condition of the upper surface z = −hk/2 in the key strata is
analyzed, and the stress of the lower surface follows an oppo-
site distribution law).

From the analysis of Figure 3 and (8), the center point
(x = 0, y = 0, z = −hk/2) in the upper surface of the key
strata experiences tensile stress with maximum values of
σx = 5.08MPa and σy = 23.34MPa. The midpoint (0, ±15,
z =−hk/2) of the long edge in the key strata experiences
compressive stress with maximum values of σx = 13.34MPa
and σy = 32.81MPa. The distribution of shear stress τxy is
symmetrically opposite at the center of the key strata with a
value of zero at the center point, and the shear stress is the larg-
est at the center of the four small rectangles (Figure 3(c)), with
a maximum value of 2.43MPa. Similarly, the compressive
stress reaches amaximumvalue at the center point of the lower
surface of the water-resistant key strata with σx = 15.08MPa
and σy = 33.33MPa, which represent magnitudes larger than
those of the maximum compressive stress in the upper sur-
face. The compressive stress of the lower surface achieves
the maximum value at the center point of the long edge, with
σx = 3.34MPa and σy = 22.81MPa, which represent magni-
tudes smaller than those of the maximum tensile stress on
the surface. The shear stress at the same x and y coordinates
is the same as that at the upper and lower surfaces of the
plate, but in the opposite direction.

The abovementioned analytical results show that the
floor key strata produce an upward bending under the com-
bined action of the lower transverse load and longitudinal
horizontal geostress, resulting in the pulling of the middle
of the upper plate and the boundary region of the lower sur-
face, as well as the pressing of the boundary regions of the
upper surface and the central region of the lower plate.
According to the results of the elastic mechanics calculation
adopted in this paper, compared with the numerical values,
the maximum tensile stress is located at the center of the
upper surface of the key strata, and the maximum compres-
sive stress is located at the center point of the lower surface.
This result indicates that the center point of the key strata
is the weak area of water inrush from the floor and should

be given more attention. This result is different from the con-
clusions obtained using fixed beam analysis.

According to the stress distribution law of the key
strata and the failure characteristics of rock, two main fail-
ure forms occur in the floor key strata under vertical and
horizontal loads: (1) shear failure occurs in the compres-
sion part of the key strata and (2) tensile failure occurs
in the tensile parts. Different applications of force to the
key strata of the floor will change the water control strategy
of the floor. The expression of the key strata’s stress com-
ponent is deduced in the preceding section, and the corre-
sponding yield criterion can be used to obtain the
mechanical evaluation formula for the two failure forms
in the key strata.

The former analysis reveals that the maximum compres-
sive stress is at the center point (x=0, y=0, z= hk/2) of the
lower surface of the water-resistant key strata. The main
stress of this point can be obtained by (9).

σ1 = Bq a2 + μkb
2 +N ,

σ2 = Bq b2 + μka
2 +N ,

σ3 = 0

11

In the formula,

B = 24Eka
2b2

Ekh
3
kπ

2 a4 + b4 + 2/3 a2b2 − 3Nhka2b
2 1 − μ2k a2 + b2

12

The yield criterion of Mohr-Coulomb is adopted.

σ1 − σ3Nφk − 2ck Nφk = 0, 13

where Nϕk = 1 + sin ϕk/1 − sin ϕk
According to (11), (12), and (13), the critical water pres-

sure (without shear failure) that occurs at the key strata is

pss =
2ck Nφk −N

B a2 + μkb
2 + γkhk + γbh′ − γbha − γbhk 14

The maximum tensile stress is located in the center point
(x=0, y=0, z=−hk/2) of the top surface of the key floor.
According to (9), the maximum tensile stress at this point is

σ3 = −Bq a2 + μkb
2 +N 15

To prevent tensile failure in the key strata, the maximum
tensile stress (σ3) should be less than the allowed tensile
strength σkt of the rock, that is, −σ3 ≤ σt . The critical water
pressure (without tensile failure) that occurs in the key strata
is expressed as follows:

pts =
σkt +N

B a2 + μkb
2 + γkhk + γbh′ − γbha − γbhk 16
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2.2. Reliability Calculation of the Impervious Base Stability.
The reliability calculation of the stability system of the
water-resistant floor mainly comes down to two problems:
(1) to determine the main failure modes of the water-
resistant floor and (2) to calculate the reliability of the stabil-
ity system of the water-resistant floor.

Structural reliability refers to the probability that the
engineering structure will complete the scheduled function
within the given time and under the specified conditions
[24]. As mentioned above, the two main failure modes of
the water-resistant floor that lead to the floor losing its resist-
ing function are as follows:

(1) Under mining influence, the key strata are affected by
the mining failure depth of the floor and the intrusion
height of the confined water, resulting in the thick-
ness of key strata being zero, that is, the key strata
are water-resistant. The failure modes can be divided
into three subfailure modes in this case. The first is
when the mining failure depth of ha reaches the bot-
tom of the key strata, that is, ha ≥ h′; this is known as
the failure mode of the mining failure type. The sec-
ond is when the intrusion height hc of the confined
water reaches the top of the water-resistant key strata,
that is, hc ≥ h – hc + hk ; this is known as the failure
mode of the intrusion type. The third is when ha <
h′ and hc < h – hc + hk , and the mining failure belt
of the floor comes in contact with the intrusion zone
of the confined water, that is, ha + hc ≥ h; this is called
the failure mode of the combined type of mining fail-
ure and intrusion

(2) When the thickness of the floor key strata satisfies
hk > 0, the floor failure is mainly caused by the

insufficient strength of the key strata itself. The fail-
ure of the key strata can be divided into two
modes: shear and tensile failure types. Figure 4
summarizes the various failure modes of the water-
resistant floor

Let X = X1, X2, X3,… , Xn represent the basic random
variables of the number of factors n that affect the water-
resisting function of the floor, such as rock mass parame-
ters, failure depth of the floor (ha), intrusion height of the
confined water (hc), N , and lateral pressure coefficient k0.
When the general load-resistance (R–S) mode is used, the
performance function of each failure mode can be listed as
given below.

The performance functions of the failure mode of mining
failure and intrusion type are as follows:

Z11 = g X = h′ − 1 57γ′2H2a 1 − sin φ 2

16c2 cos2φ , 17

Z12 = g X = h − hc − h′ + hk 18

When Z11 > 0 and Z12 > 0, the floor is in a reliable state.
When Z11 < 0 and Z12 < 0, the water-resistant layer fails.
When Z11 = Z12 = 0, the resulting expression is called the
limit state equation of the floor structure. According to the
calculation method of reliability, the failure probability in
different failure modes can be obtained as follows:

P f11 = P Z11 ≤ 0 , 19

P f12 = P Z12 ≤ 0 20
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Figure 3: Stress distribution of water-resistant key strata. (a) Distribution diagram of σx. (b) Distribution diagram of σy . (c) Distribution
diagram of τxy .
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Then, the reliability probabilities of the failure modes are
as follows:

Pr11 = 1 − P f11, 21

Pr12 = 1 − P f12 22

Similarly, the performance function of the combined fail-
ure mode of mining failure and intrusion is

Z13 = g X = h −
1 57γ′2H2a 1 − sin φ 2

16c2 cos2φ ‐hc 23

The failure mode of the combined type of mining failure
and intrusion is likely to occur when both failure modes do
not occur. Therefore, failure probability can be calculated
under the conditions of Z11 > 0 and Z12 > 0, making it a con-
ditional probability. Hence, the failure probability of failure
modes, which is the combined type of mining failure and
intrusion, is as follows:

P f13 = P Z13 < 0 Z11 > 0, Z12 > 0 24

Similarly, the reliability probability of the floor is

Pr13 = 1 − P f13 25

When the thickness of the floor’s key strata is not zero,
the failure of the key strata is mainly caused by the lack of
strength in the key strata. The performance function of shear
failure is

Z2s =
2ck Nφk −N

B a2 + μkb
2 + γkhk + γbh′ − γbha − γbhk‐p 26

The function of tensile failure is

Z2t =
σkt +N

B a2 + μkb
2 + γkhk + γbh′ − γbha − γbhk − p 27

Similarly, the failure mode of shear or tensile failure in
the key strata is likely to occur in the case of hk ≠ 0, and the
failure probability of the failure mode is also a conditional
probability. The failure probability is shown below.

The failure mode of shear failure is

P f2s = P Z2s < 0 Z11 > 0, Z12 > 0, Z13 > 0 28

The failure mode of tensile failure is

P f2t = P Z2t < 0 Z11 > 0, Z12 > 0, Z13 > 0 29

Similarly, the reliability probability that prevents the
key strata from experiencing shear or tensile failure modes
is as follows:

For no occurrence of shear failure,

Pr2j = 1 − P f2s 30

For no occurrence of tensile failure,

Pr2t = 1 − P f2t 31

The methods for calculating reliability include analytical
and simulation methods. The first-order second-moment
method is widely used as an analytic method. The most
popular simulation method is the Monte Carlo method,
which is considered a relatively accurate current method
in the calculation of reliability. Considering the complex-
ity of the limit state equation of various failure modes in
the floor water inrush deduced in this study, calculating
the derivative is difficult when analytical methods are
used. Thus, the Monte Carlo method is adopted for reli-
ability calculation. The basic principle of this calculation
is as follows.

The density function of joint probability of basic ran-
dom variables X = X1, X2, X3,… , Xn is set as f X x =
f X x1, x2,… , xn , such that the failure probability of floor
structure is

P f = ⋯ Z≤0 f X x1,x2,…,xn dx1dx2⋯dxn

=
+∞

−∞
I gX x f X x dx=E I gX x ,

32

where I x is the indicating function of x. When x < 0,
I x = 1, and when x ≥ 0, I x = 0 [25].

Equation (32) shows that the failure probability is the
expected value of the indicating function. Different values
of I x are obtained using the Monte Carlo method to per-
form bulk sampling of random variables X1, X2, X3,… , Xn,
and the mean value is the estimated value of the floor fail-
ure probability. On the basis of the various performance

Failure mode of
water-resisting

floor

hk = 0

Tensile failure type of hk

Shear failure type of hk

Mining failure type 

Progressive intrusion type

Combined type of mining
failure and intrusion

hk > 0

Figure 4: Main failure mode of the water-resistant floor.
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functions of the floor failure, the failure probability and
reliability probability of each failure mode can be calculated
by using the Monte Carlo method.

The system reliability is a structural reliability problem
for multiple performance functions. A single structural fail-
ure is mostly caused by various failure modes. When any fail-
ure mode occurs, overall structural damage occurs, and the
structural system can be regarded as a series system com-
posed of various failure modes; when all failure modes occur
with structural damage, the structural system can be regarded
as a parallel system. Previous analysis has indicated that the
occurrence of any failure mode of the water-resistant floor
will lead to the occurrence of water inrush. Hence, the struc-
tural system is a series system.

The failure probability of a series system is the sum of
each failure mode. The performance function of the ith fail-
ure mode in a series system is set as Zi = gX i x , and the for-
mula of failure probability of a series system is

P f = P ∪
m

i=1
Zi ≤ 0 =

∪
m

i=1
Zi≤0

f X x dx

= ⋯
∪
m

i=1
Zi≤0

f X x1, x2,⋯, xn dx1dx2 ⋯ dxn

33

When the failure probability of the series system is
calculated by the Monte Carlo method using (33), accord-
ing to (32), the indicating function of the series system
becomes [25]

I gX x =
m

i=1
I gXi x = I min

1≤i≤m
gXi x 34

The reliability probability of the system with a stable
water-resistant floor is calculated by the method used to
calculate the reliability probability of the single failure
mode according to (34).

3. Results and Discussion

Given the width of the working face a = 120m, b is the ini-
tial roof weight step for the working face, which is 40m; the
cover depth of the coal seam is H=600m, the water pressure
of the confined aquifer is p=2.5MPa, the total thickness of
the water-resistant floor is h=45m, the thickness of the
key strata is hk = 8m, and the distance from its bottom to
the coal seam floor is 35m. The basic random variables are
listed in Table 1. Poisson’s ratio (μ) of the rock and soil mass
and the weight γ changed only slightly and they can thus be
regarded as constants, with the following values used for the
calculation: μk = 0 26, γ′ = 23 kN/m3, γa = γb = 26 kN/m3,
and γk = 28 5 kN/m3. All the random variables follow a nor-
mal distribution regardless of the correlation between the
parameters, and the number of samplings in the calculation
of reliability probability is 1 million times. In the program,
the values of ha and hc calculated from each sampling are

applied to the water-resistant key strata to determine if hk
needs to be changed.

3.1. Effects of Random Variables on Stable Reliability
Probability. The reliability probability of each failure mode
is studied by changing the mean value of a single random
variable. Figures 5 and 6, respectively, show the results when
the average cohesive force c of the floor and the coefficient of
horizontal pressure k0 are taken as example variables.

From the former analysis, the random variable c affects
the value of the mining failure depth ha of the floor and influ-
ences the actual thickness of the key strata through ha. The
reliability probability of the failure modes of floor mining
failure type, the combined intrusion and mining failure,
and the shear and tensile failure modes of key strata are all
affected by the change mean of c (Figure 5). However, when
c is higher than 6MPa, the elevated level of each failure mode
and the reliability probability of system delay obviously
increases with the increase in the mean of c. This phenome-
non shows that when the strength of the water-resistant floor
reaches a certain value, it cannot effectively improve the reli-
ability probability of the stability of the water-resistant floor
by continually improving the floor strength. The failure
mode of the intrusion type is not affected by the random var-
iable c, and the reliability probability is stable at approxi-
mately 0.99998 (Figure 5(a)).

In this study, the random variable k0 affects the occur-
rence probability of the failure mode of shear and tensile fail-
ure in the key strata and the system. Figure 6 shows that the
reliability probability of the shear failure mode of the key
strata decreases with the increase in the mean of k0, while
the reliability probability of tensile failure mode increases.
When the lateral pressure coefficient k0 is smaller, that is,
the horizontal stress is smaller, the tensile failure of the key
strata is more likely to occur than the shear failure. With
the increase in geostress, the tensile stress produced by the
transverse bending is offset, in part owing to the existence
of the horizontal compressive stress; therefore, the possibility
of tensile stress occurring at the key strata decreases, while
the possibility of shear failure increases. When the horizontal
stress increases to a certain extent (such as 1.5), the possibil-
ity of occurrence of shear failure exceeds that of the tensile
failure type. At this instant, the system reliability probability
reaches the maximum value of 0.96359. Later, with the
increase in the mean value of k0, the reliability probability
of the system decreases continuously.

In addition, the reliability probabilities of the above fail-
ure modes are basically stable at approximately 0.99818,
0.99998, and 0.99994, owing to the mining failure type of
the floor, and the intrusion type and the combined failure
mode of the two are independent of k0.

3.2. Effects of Variation Coefficients on Stable Reliability
Probability. Changing the variation coefficient value of the
single random variable enables the study of the reliability
probability of each failure mode. Figure 7 shows the results
when the average cohesive force c of the floor and the intru-
sion height of the confined water hc are taken as examples.
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Figure 7 shows that with the increase in the variation
coefficient c, the failure modes associated with c and the reli-
ability probability of the system decrease in varying degrees.
When the variation coefficient reaches 1.1, the reliability
probability of the system decreases significantly. When the
variation coefficient c reaches 2, the failure modes of the sys-
tem change from tensile failure type to mining failure. The
intrusion failure mode is not affected by random variable c,
and its reliability probability is basically stable at approxi-
mately 0.99998.

The value of random variable hc affects the actual thick-
ness value of the key strata, consequently changing the value
of variation coefficient hc and affecting the reliability proba-
bility of failure modes of the intrusion type, the combined
mining failure and intrusion types, and the shear and tensile
failure types in the key strata (Figure 8). Similarly, as the var-
iation coefficient hc increases, the relevance of each failure
mode and the reliability probability of the system are reduced
to different degrees. The reliability probability decreases in a
pronounced manner when the variation coefficient reaches
2.6. The tensile failure mode is always the main failure mode
of the water-resistant floor system, as shown by the analysis
of the reliability probability of the system. The mining failure
is not affected by random variable hc, and thus, its reliability
probability is basically stable at approximately 0.99818.

Table 1: Statistics of the random variables in the synthetic case.

Parameters σkt/MPa ck/MPa φk/(
°) c/MPa φ/(°) k0 Ek GPa hc (m)

uf 13.5 14 38 7.0 34 1.0 17 12

σf 0.9 1.5 3.5 0.9 2.9 0.5 1.0 1.5

δf 0.067 0.107 0.092 0.129 0.085 0.500 0.059 0.125
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Figure 5: Relationship between the mean value of c and the reliability probability. (a) Failure modes of intrusion type and the combined type
of mining failure and intrusion and (b) mode diagram of mining failure, 585 shear and tensile failure in key strata, and system failure.
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system.
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The above analysis shows that the variation coefficient of
random variables is inversely proportional to the stability
probability of the water-resistant floor. The reliability proba-
bility of various failure modes and the system reliability prob-
ability decrease with the increase in the variation coefficient.
The impact of the variation coefficient on the water-resistant
floor stability is significant.

In the first failure mode, K1 = h′/ha, K2 = h – h′ + hk /hc,
and K1 = h/ ha + hc are defined as the safety factors of the
failure modes of the mining failure type, the intrusion type,
and the combination of the two, respectively. Correspond-
ingly, in the second main failure mode, the safety factor is
defined by the ratio of the critical water pressure of (7) and
(9) to the actual water pressure under the shear and tensile
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Figure 7: Relationship between variation coefficient of random variables c and reliability probability. (a) Failure modes of intrusion type and
the combined type of mining failure and intrusion and (b) mode of mining failure, shear and tensile failure in key strata, and system failure.
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Figure 8: Relationship between variation coefficient of random variables hc and reliability probability. (a) Failure modes of mining failure,
intrusion, and the combination mining failure and intrusion and (b) modes of shear, tensile failure in key strata, and system failure.
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failures of the key strata. The safety factor is calculated using
the mean values of the random variables listed in Table 1,
that is, the median safety factor. The calculation results are
presented in Table 2.

Table 2 shows that when the safety factor is used to eval-
uate the stability of the water-resistant floor, the value is only
affected by the mean of the variables. The physical and
mechanical parameters of the rock mass and the randomness
of the load are not fully considered. Figures 7 and 8 show that
the coefficient of variation increases and the probability of
reliability decreases under the same safety factor. When the
safety factor is large, the reliability probability of the floor is
still relatively low. Therefore, the stability of the floor cannot
be guaranteed solely by the safety factor. The use of reliability
theory is more objective and reasonable for studying the sta-
bility of the water-resistant floor.

3.3. Effects of Key Strata Locations on Stability Reliability
Probability. To analyze the influence of the key strata posi-
tion on the stability and reliability probability of the floor,
the probability of each failure mode under different ratios
can be calculated by choosing different ratios of h′ to h. The
result is shown in Figure 9, which reveals that with the
increase in the ratio, that is, when the key strata are far from
the coal seam and the influence of mining is reduced, the reli-
ability probability of the failure mode of mining failure type
gradually increases. The reliability probability of the failure

mode of the intrusion type and the combined type gradually
decreases from a constant state, which indicates that the key
strata are gradually affected by the intrusion of confined
water. The shear and tensile failure modes of the key strata
and the reliability probability of the system first increase
and later decrease and reach the peak value when the ratio
of h′ to h is approximately 0.7. The above findings indicate
that the position of the key strata significantly influences
the stability and reliability probability of the water-resistant
floor; when the key strata are far from the influence range
of mining and the intrusion of confined water, the stability
and reliability probability of the water-resistant floor can
reach the maximum value.

4. Application

The research results are applied to the mining of a 10-coal
seam in the 103rd mining area of the Yangliu mine. The Yan-
gliu mine is located in Suzhou City, Anhui Province, China.
The 103rd mining area is located in the middle of the mine.
The cover depth of the 10-coal seam is 500–650m, and it is
a monoclinic structure that tilts to the east. The ground eleva-
tion is +25m, the distance from the top of the limestone aqui-
fer in Taiyuan formation is 45m (i.e., the total thickness of
the water-resistant floor is h=45m), and the lithology of
the stratum is dense with mainly mudstone, siltstone, and
fine sandstone (Figure 10). According to the results of the
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Figure 9: Relationship between the position of key strata and reliability probability. (a) Failure modes of intrusion type and the combined
type of mining failure and intrusion and (b) mining failure, shear and tensile failure of key strata, and failure mode of the system.

Table 2: Calculation results of the median safety factor of stability of the water-resistant floor.

Parameter
First type of failure mode Second type of failure mode

Mining failure Intrusion Combined mode involving mining and intrusion Tensile failure Shear failure

Median safety factor of K 2.705 1.750 1.925 1.744 2.645
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limestone pumping test in the Taiyuan formation in the min-
ing area, the cover depth of static water level of the limestone
aquifer is −38m, the unit water inflow is q=0.0855L/(s·m),
and the water richness is weak. However, the limestone frac-
ture develops heterogeneity and the local water-rich differ-
ences are large, which indicates a potential water risk to the
safe mining of the 10-coal seam. Mining began to drain the
limestone water in the mining area in 2014. The current
cover depth of limestone is 340m according to the latest
observation results after the dewatering test.

The lithological analysis of the floor water-resistant layer
shows that a fine sand layer 7.9m thick appears 24.6m
below the coal seam with a stable distribution. Hence, the
rock layer can be considered a water-resistant key stratum,
that is, hk = 7.9m. The mine pressure monitoring shows that
the roof weighting step of the working face in this mine is
40m.

The height of progressive intrusion in the floor confined
water is large in the structural fracture zone and small in
the weak area of fracture development. According to the
statistical detection data on the mining area for years, the

mean value of hc is 12m, the standard deviation is 2.1m,
and the coefficient of variation is larger at 0.18. The mean
value of the lateral pressure coefficient k0 is 1.2, the stan-
dard deviation is 0.08, and the variation coefficient is not
large at 0.07.

When calculating the depth of the floor mining failure,
the mean and standard deviations of the physical and
mechanical parameters of the floor rock mass are calculated
using (35).

uf =
∑n

i=1hiuf i
∑n

i=1hi
,

σf =
∑n

i=1hiσf i
∑n

i=1hi

35

In the formula, hi is the ith layered thickness of the floor,
uf i is the mean of the mechanical parameters of the ith layer,
and σf i is the standard deviation of the mechanical parame-
ters of the ith layer.
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Figure 10: Sketch map of the 10-coal seam profile and histogram of the water-resistant floor. (a) Sketch map of the 10-coal seam profile and
(b) histogram of the water-resistant floor.
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Table 3 lists the characteristic values of the random vari-
ables of rock parameters after the conversion of (35) accord-
ing to the test data of the physical and mechanical properties
of rock in the laboratory. Poisson’s ratio and the weight with
a subtle change are also considered as constants in the calcu-
lation by taking μk = 0 26, γ′ = 23 kN/m3, γa = γb = 26 kN/
m3, and γk = 28 5 kN/m3. The various random variables in
Table 3 are subjected to a normal distribution, without con-
sidering the correlation among the parameters in the calcula-
tion process.

According to the cover depth of the 10-coal seam floor,
the reliability probability is calculated from the depth of
500–630m, as given in Table 4. Table 4 shows that water
pressure increases with cover depth, while the safety factor
of the mean value and the reliability probability in various
failure modes of the floor decrease and the failure proba-
bility increases.

Field technicians and mine staff often use the water
inrush coefficient method. This method was defined by the
Coal Mine Water Prevention and Control Regulations
(2009) using the following mathematical expression:

T = p
M

, 36

where T is the water inrush coefficient, MPa/m; p is the water
pressure in the floor water-resistant layer, MPa; andM is the
total thickness of the floor water-resistant layer, m.

According to the water control requirements of coal
mines in China and combined with the actual geological
conditions of Huaibei mining area, the water inrush coeffi-
cient of the entire floor does not exceed 0.06MPa/m. Utiliz-
ing this method helps determine the maximum safe mining
depth of this mining area to be 610m. However, the calcu-
lation results (Table 4) show that the median safety factor
of various failure modes is larger when the mining depth
is 610m. Furthermore, the reliability probability of the floor
is only 84.5%, and the failure probability is as high as 15.5%.
The reliability probability is much lower than those reported
in previous research in the literature [26]; specifically, the
reliability probability of roadway construction should not
be less than 90%. The above calculation shows that if the
water inrush coefficient in the traditional fixed-value
method is adopted and the maximum mining depth of the
10-coal seam is determined by the safety coefficient, then
water inrush from the floor occurs easily under unfavorable
external factors. Therefore, it is not comprehensive and
unreliable to determine the risk of water inrush from the
floor using only the fixed-value method. The theory of

structural system reliability should be introduced in the risk
prediction of water inrush from the floor.

The application of the theory of structural system reli-
ability in the evaluation of the water inrush of the coal min-
ing floor above the confined aquifer is still at the trial stage
and needs to be tested further in practice. A reasonable distri-
bution model of uncertain factors, such as rock mass param-
eters, loads, and model sizes, should be established through
the accumulation of a large amount of data for more reliable
evaluation results.

5. Summary and Conclusions

(1) The change in the mean value of the random variable
has an important influence on the water pressure
resisting capability of the floor. A larger average value
of the floor cohesion force corresponds to a higher
probability of reliability. However, when the floor
cohesion force reaches a certain value, the stability
and reliability probability of the floor cannot be
improved effectively. A larger lateral pressure coeffi-
cient k0 indicates a higher horizontal compressive
stress. The reliability probability of the shear failure
type of the floor key strata decreases, the reliability
probability of the tensile failure type increases, and
the reliability probability of the series system initially
increases and later decreases. The reliability probabil-
ity of the system reaches the maximum value when
the reliability probability of the shear failure type
and the tensile failure mode is the same

(2) A larger variance coefficient of the random variable
corresponds to a smaller correlative failure mode
and the reliability probability of the system; however,
the median safety factor remains unchanged

(3) The position of the key strata has an important influ-
ence on the stability and reliability probability of the
water-resistant floor. When the key strata are far
away from the influence range of the mining and
confined water progressive intrusion, the stability
and reliability probability of the water-resistant floor
can reach the maximum value

(4) The application of the case shows that the safety coef-
ficient specified in the regulation and the system reli-
ability probability calculated by the model in this
study can be used as an evaluation index to obtain
the evaluation results of the risk of floor water inrush
more accurately and comprehensively

Table 3: Statistics of random variables in Yangliu mine.

Parameters σkt/MPa ck/MPa φk/(
°) c/MPa φ/(°) Ek GPa k0 hc (m)

uf 13.90 16.00 38.00 11.90 34.00 18.00 1.20 12.00

σf 0.80 1.50 3.50 2.20 3.70 1.10 0.08 2.10

δf 0.06 0.09 0.09 0.19 0.11 0.06 0.07 0.18
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Table 4: Calculation results of reliability probability of the water-resistant floor’s stability.

Cover
depth/m

Water
pressure/MPa

Coefficient of water
inrush/(MPa·m−1)

Parameter

First type of failure mode
Second type of
failure mode

Mining
failure

Intrusion
Combined mode
involving mining
and intrusion

Tensile
failure

Shear
failure

500 1.6 0.036

Median safety factor 9.64961 1.70000 2.92816 2.76584 4.75042

Reliability probability 0.99991 0.99995 0.99997 0.95363 0.98151

Reliability probability of the
system

0.95259

520 1.8 0.040

Median safety factor 8.92160 1.7000 2.87671 2.49447 4.17738

Reliability probability 0.99986 0.99995 0.99998 0.93592 0.97427

Reliability probability of the
system

0.93549

540 2.0 0.044

Median safety factor 8.27299 1.70000 2.82513 2.27722 3.71882

Reliability probability 0.99977 0.99995 0.99998 0.91824 0.96530

Reliability probability of the
system

0.91750

550 2.1 0.047

Median safety factor 7.97488 1.70000 2.79933 2.18406 3.52226

Reliability probability 0.99966 0.99996 0.99998 0.90659 0.95931

Reliability probability of the
system

0.90757

560 2.2 0.049

Median safety factor 7.69261 1.70000 2.77353 2.09933 3.34353

Reliability probability 0.99975 0.99996 0.99994 0.89746 0.95426

Reliability probability of the
system

0.89656

570 2.3 0.051

Median safety factor 7.42506 1.70000 2.74774 2.02193 3.18032

Reliability probability 0.99959 0.99997 0.99998 0.88736 0.94869

Reliability probability of the
system

0.88614

580 2.4 0.053

Median safety factor 7.17123 1.70000 2.72199 1.95095 3.03067

Reliability probability 0.99955 0.99998 0.99994 0.87791 0.94177

Reliability probability of the
system

0.87619

590 2.5 0.056

Median safety factor 6.93020 1.70000 2.696286 1.885618 2.8929881

Reliability probability 0.99954 0.99994 0.99994 0.86646 0.93508

Reliability probability of the
system

0.86549

600 2.6 0.058

Median safety factor 6.70112 1.70000 2.67061 1.82528 2.76586

Reliability probability 0.99941 0.99995 0.99989 0.85676 0.92849

Reliability probability of the
system

0.85634

610 2.7 0.060

Median safety factor 6.48322 1.70000 2.64501 1.76941 2.64812

Reliability probability 0.99952 0.99994 0.99992 0.84512 0.92143

Reliability probability of the
system

0.84503

620 2.8 0.062

Median safety factor 6.27582 1.70000 2.61951 1.71751 2.53882

Reliability probability 0.99932 0.99993 0.99992 0.83644 0.91408

Reliability probability of the
system

0.83609

630 2.9 0.064

Median safety factor 6.07823 1.70000 2.59411 1.66907 2.43691

Reliability probability 0.99919 0.99996 0.99989 0.82507 0.90543

Reliability probability of the
system

0.82411
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