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Abstract 
The mining-induced failure of the coal seam floor is essential for water inrush. The mining disturbance to the floor, especially 
in the thick coal seam, is severe, and the water inrush risk is also higher than that in regular thick coal seam excavation. 
The superposition of many stresses, including in situ stress, mining-induced stress, and confined water pressure, must 
be considered in the prediction of the floor failure depth. This study adopted the elasticity analysis, FLAC3D numerical 
simulation, and on-site acoustic wave test comprehensively. The thick coal seam working face of the Zhong-Yu coal mine 
affected by confined water was selected as the engineering background to study the characteristics of the floor failure. Based 
on elastic foundation theory and the superposition principle, the mechanical model and the failure depth criterion of the floor 
were established, respectively. The distribution and evolution of mining-induced stress and the plastic zone in surrounding 
rock during the mining process are obtained by FLAC3D. In addition, the changes in the P-wave wave velocity in the floor 
before and after mining were compared and studied by the acoustic wave test method. The range of floor damage depth is 
determined on the basis of the above research.

Keywords  Thick coal seam mining · Confined water · Fully mechanized caving mining · Stress distribution · Floor failure 
depth

1 � Introduction 

Floor water inrush refers to a mine disaster in which 
the f loor is damaged by mining, and the confined 
water flows into the mining space through the cracks 
and large areas, thereby resulting in a sharp increase 
in water inrush [1]. Coal mines in central and eastern 
China are seriously threatened by confined karst aqui-
fers, especially the Ordovician limestone aquifers [2, 3]. 
The potential risk of water inrush from the floor has 

dramatically endangered miners’ lives and has become a 
danger in the development of coal mine projects.

Underground excavation causes pressure relief and redis-
tribution of stress and the failure in surrounding rock. It also 
generates a certain depth of damaged area in the floor, which 
is the direct reason for floor water inrush [4]. The floor water 
inrush is caused by the combined action of mining stress 
evolution, floor failure, and upward flow of confined water 
[5, 6]. Many factors, such as the in situ and mining-induced 
stresses, the water pressure and amount of the aquifer, the 
thickness of the water-resisting layer, the evolution of the 
mining-induced fracture in the floor, and the geological 
structure, affect the floor water inrush [6]. Analyzing the bal-
anced relationship among the influencing factors can predict 
the risk of floor water inrush. The water inrush coefficient 
theory is a widely used theory for evaluating the floor inrush 
risks [7–10]. In this theory, the stress–damage coupling anal-
ysis is often used. The initiation and development of fracture 
and damage are also introduced to determine floor perme-
ability and damage. The “three-zone theory of floor” corre-
sponds to another primary method for analyzing floor water 
inrush [11, 12]. According to this theory, the floor can be 
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divided into three areas in terms of damage status similar to 
the roof. From top to bottom in the vertical direction, these 
areas are failure zone, intact zone, and upward flow zone [7, 
13–15]. The failure zone is mainly caused by pressure relief, 
and the water pressure and mining-induced stress produce 
the upward flow zone. Water inrush occurs when the span 
of the upward flow zone and the failure zone overlap, or the 
water-resisting layer is wholly destroyed. Thus, the change 
in the floor failure depth and the extent of the upward flow 
zone during the mining process is the key to predicting the 
floor water inrush [16–20].

This study is based on the geological and mining 
conditions of the Zhong-Yu coal mine threatened by floor 
karst confined water. The combined theoretical modeling, 
numerical simulation, and sound wave field testing were 
used to study the distribution and evolution of the mining-
induced stress and damaged zone in the floor.

2 � Floor Stress Distribution Analysis Based 
on Elastic Foundation Theory

2.1 � Geological Conditions of Coal Mines

Zhong-Yu coal mine mainly excavates the #3 coal seam 
with a height of 4.67 m which is a thick coal seam. It 
is a general coal mine located in Shanxi Province in 
Central China. The stratigraphic column in the vicinity 
of the seam is shown in Table 1. The No. 2308 working 
face refers to a fully mechanized mining face in the #3 
coal seam with an average overburden depth of 438 m. 
The width and height of this mining face are 175 m and 
5 m, and the panel length is 1133 m. Below the #3 coal 
seam, in the limestone layer approximately 13 m away, 
some areas contain confined water, and the maximum 
water pressure is about 0.3 MPa.

2.2 � Establishment of Mechanics Model

According to the movement law of the overlying strata 
in underground mining [21], the roof behind the work-
ing face collapses after extracting the coal seam. The 
overburdened strata bend and compress the crumpled 
rock mass in the mined-out area with the advancing 
of the mining face. This process forms the compacted 
zone in the goaf (area A in Fig. 1). The stress in the 
floor between the working face and the compacted zone, 
which is the insufficiently compacted zone (area B), is 
released. The stress concentration in front of the work-
ing face (area C) is generated by the weight overlying 
the strata. The stress in the coal and rock mass beyond 
the mining influence is in situ stress (area D). With the 
continuous advancements of the working face, the floor 
experiences the effects of in  situ stress, the concen-
trated stress ahead of the working face, and the compac-
tion stress in the goaf successively.

Based on the theory of beams on the elastic foundation 
[22], the coal seam floor is regarded as a semi-infinite panel. 
The internal stress distribution of the floor is the same when 
subjected to uniform load, triangular load, and trapezoidal 
load with the same mean value, respectively. A mechanical 
model can be established in light of the general distribution 
of mining-induced stress (Fig. 2). Accordingly, the stress 
component at any depth below the floor can be obtained 
through subsequent analysis.

1.	 The range of the concentrated stress q
1
 in front of the 

working face is 0 to c, and the peak value is n�h . q
1
 

can be simplified into a uniform load, which can be 
calculated as follows:

q
1(x) =

(n + 1)�H

2

Table 1   The stratigraphic column near the coal seam at the Zhong-Yu coal mine

Lithology Lithology description Layer thickness

Mudstone Gray-black, massive, conchoidal fracture, soft 0.56 m
Sandy mudstone Gray-black, massive, soft, containing plant fossil fragments 5.22 m
# 3 coal seam Black, developed endogenous fissures, metallic luster 4.67 m
Mudstone Black, thin-layered, horizontal fissures are developed 1.00 m
Fine sandstone Gray, layered, mainly composed of quartz, filled with mud 1.15 m
Mudstone Gray-black, massive, flat fracture, soft 3.09 m
Fine sandstone Gray, layered, mainly composed of quartz, cemented clay 1.74 m
Sandy mudstone Gray, thin-layered, with broken core, sandwiched with 2 layers of siderite nodules with a thickness of 0.10 m 5.01 m
Limestone Gray, medium-thick layered, cryptocrystalline structure, hard, broken core, developed fissures, and calcite 

film on the crevices
3.14 m
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	   At point M in the floor, the stress components �1

x
 , �1

y
 , 

and �1
xy

 formed by q
1
 can be calculated by the following 

equations:

where (x, y) is the coordinate of M; γ is the average 
bulk density of the overlying strata, kN/m3; n is the 
stress concentration factor; H is the overburden depth, 
m; a, b, c, and d are the span of the compacted area in 
goaf, insufficient compacted area, stress concentrated 
area, and in situ stress area in front of working face, m, 
respectively.
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2.	 Based on the in situ stress, the stress in the floor can be 
calculated by the equation below:

	   The stress components �2

x
 , �2

y
 , and �2

xy
 formed at point 

M in situ stress by q
2
 can be calculated by the following 

equations:

3.	 In the compaction zone (-a-b < x < -b), the weight of the 
overlying rock layer acts on the goaf floor. The stress in 
this area is q

3(x) = �H . The stress components, namely, 
�3

x
 , �3

y
 , and �3

xy
 , formed by q

3
 at point M can be calculated 

by the following equations.
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Fig. 1   The sketch of the move-
ment of the overlying strata in 
underground mining
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Fig. 2   The mechanical model of stress distribution in the floor
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4.	 The water pressure q
4
 of the pressurized water exerts 

pressure on the floor and acts on the whole mining pro-
cess. The distribution of q4 in the floor is relatively uni-
form, which is q

4(x) = q(−a − b < x < c + d) . The stress 
components �4

x
 , �4

y
 , and �4

xy
 formed by q

4
 at point M can 

be calculated by the following equations:

According to the superposition principle of elasticity 
[23], the stress component generated by the external loads 
at point M in the floor can be obtained as follows:

The principal stress at this point can be obtained by 
substituting the stress components of point M into Eq. (13).
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2.3 � Analytical Distribution of Stress in the Floor

In terms of the working face’s mining and geologi-
cal conditions, each parameter’s values are n = 2.2, 
H = 400 m, a = 70 m, b = 1000 m, c = 30 m, d = 100 m, 
p = 0.3, and γ = 26.69 kN/m. The three-dimensional dis-
tribution of stresses in the floor can be obtained by cal-
culations (Figs. 3a and 4a). In addition, the stress distri-
bution below the working face (x = 0) can also be drawn 
(Figs. 3b and 4b).

The floor failure mainly occurs near the excavated area 
at a certain depth. The floor damage decreases with the 
added overburden depth, whereas the bearing capacity and 
stress concentration increase. Stress gradually reduces in 
surrounding rocks beyond the failure zone. Figures 3a and 
4a show that the stress in the floor near the working face 
changes dramatically. Due to pressure relief, the stress in 
the insufficient area near the working face is lower than 
those in other areas. The floor in front of the working face 
is subjected to the overlying strata weight load transmitted 
by the coal wall, and the stress concentration increases. 
When the distance to the working face extends, the shear 
and vertical stress changes tend to slow down at the same 
depth. On the contrary, the shear and vertical stresses slowly 
rise horizontally in the floor.

2.4 � Floor Failure Depth Criterion

Establishing the criterion to identify the failure depth 
of the floor is an essential basis for predicting the risk 
of confined water inrush. When it transitions from the 
elastic zone to the plastic area in the floor, the principal 
stress of the rock mass should meet the limit equilibrium 

Fig. 3   The distribution of shear 
stress in the floor. a Three-
dimensional distribution. b x = 0
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condition. Based on the Mohr–Coulomb failure criterion, 
Eq. (15), which is based on the maximum and minimum 
principal stresses, σ1 and σ3 can be used to calculate the 
failure depth of the floor.

According to the calculation model and criterion of the 
principal stress established by Eqs. (13–14), the theoretical 
value σ1t and the limit value σ1c distribution of σ1 at different 
depths of the floor can be calculated, respectively (Fig. 5). 
When σ1t > σ1c, σ1 in the surrounding rock of the floor is 
larger than the strength, thereby causing damage. When the 
depth below the floor is 9.2 m, the curves of σ1t and σ1c 
intersect. This finding indicates that the stress at this point 
is equal to its strength, which is a critical point of instability. 
When the floor depth is less than 5 m, σ1t is more significant 
than σ1c, and the surrounding rock of the floor is completely 
damaged. This area can be named a severely damaged area. 
When the depth is from 5 to 9.2 m, it corresponds to the 
less damaged zone. When the depth is greater than 9.2 m, 
the rock mass bearing capacity can withstand the maximum 
principal stress (σ1t < σ1c). The floor is in a complete state. 
Therefore, the damage depth of the floor of No. 2308 work-
ing face is 9.2 m.

3 � Distribution and Evolution of Mining 
Stress and Plastic Zone in the Floor

3.1 � Establishment of Numerical Model

This simulation focuses on the stress and damage 
changes in the floor. FLAC3D is used in this simulation. 

(15)
1 + sin𝜑

1 − sin𝜑
𝜎
3
+

2c cos𝜑

1 − sin𝜑
< 𝜎

1

The numerical model is established on the basis of the 
geological and mining conditions of No. 2308 working 
face. The thickness of the roof and floor of the coal seam 
are 68 m and 72 m, respectively. The model’s length, 
width, and height are 500, 300, and 170 m, respectively 
(Fig. 6). The overburden depth of the coal seam is 400 m. 
The weight of the overlying strata is replaced by apply-
ing boundary stress to reduce the number of zones in the 
model and shorten the calculation time. According to the 
average bulk density of the overlying strata and the over-
burden depth, the stress applied on the top of the model 
is 8.3 MPa. The bottom boundary of the model adopts the 
displacement constraint in the vertical direction, and the 
lateral boundary imposes the displacement constraint in 
the horizontal direction. In addition, zones with a width 
of 50 m are generated on the four sides of the mining 
panel to reduce the influence of boundary effects on the 

Fig. 4   The distribution of 
vertical stress in the floor. a 
Three-dimensional distribution. 
b x = 0
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stress distribution. The total advancing distance of the 
working face is 120 m.

The deformation and failure of the rock strata in the 
model follow the Mohr–Coulomb criterion. According to 
the mechanical test results [24], the mechanical parameter 
values of each lithology that appears in the model are shown 
in Table 2.

3.2 � Distribution of Plastic Zone

Figure 7 shows the horizontal section of the plastic zone 
at different overburden depths (h = 1 m, 2 m, 10.7 m, 

11.7 m) in the floor. The floor within 2 m is seriously 
damaged. In this area, the central part of the goaf is 
mainly a tensile failure, whereas the surrounding area 
is a predominantly tensile and shear mixed failure. For 
the floor 10.7 m away from the coal seam, only the rock 
mass at the four corners of the goaf exhibited shear fail-
ure, and the middle of the goaf is still in the elastic state. 
Therefore, the failure depth of the floor at the side of the 
excavated area is the largest, especially for the corners of 
the mining panel. Consequently, the probability of floor 
water inrush in these areas is high.

Fig. 6   The numerical model of 
No. 2308 working face

Table 2   The value of mechanical parameters of each lithology in the simulation

Lithology Cohesion
(MPa)

Friction angle
(°)

Shear modulus
(MPa)

Bulk modulus
(MPa)

Density
(kg/m.3)

Tensile strength
(MPa)

Mudstone 2.52 25 980 840 2560 1.93
Limestone 3.89 30 1411 1044 2300 2.76
Sandy mudstone 2.80 31 830 790 2100 2.20
Coal 1.75 20 673 530 1450 1.22
Fine sandstone 5.21 29 1783 1588 2210 3.47

Fig. 7   The distribution of the 
plastic zone in the floor. (1) 
1 m. (2) 2 m. (3) 10.7 m. (4) 
11.7 m

(1

(

) 1 m

(3) 1
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2 m
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3.3 � Stress Distribution

The high-stress concentration indicates that the floor has a 
strong bearing capacity and good integrity. Along the coal 
seam strike, the vertical stress distribution in the floor at the 
distances of 0, 10, 20, and 30 m away behind the working 
face can be extracted (Fig. 8). The stress of the shallow floor 
under the coal wall (x = 0) is higher, whereas the floor in the 
goaf behind the working face has low stress in the shallow 
part. Moreover, when x > 20 m, the pressure relief of the 
shallow floor is sufficient. When the burying exceeds 30 m, 
the stress in the floor gradually recovers to the in situ stress.

The stress distribution in the floor at different depths below 
the working face is shown in Fig. 9. When the depth is less 
than 27.6 m, the stress concentration of the floor is higher, 
and the damage is relatively lower than in other areas. The 
peak stress in front of the working face is approximately 10 m. 
Therefore, the plastic zone formed in the coal wall and floor 
ahead of the working face is 10 m. When the depth is larger 
than 27.6 m, the stress concentration in front of the working 
face decreases significantly, and the floor failure also declines.

4 � Acoustic Testing of the Floor Failure Depth

4.1 � Principle of Sonic Detection

The acoustic test method is used to test the floor failure depth 
of the No. 2308 working face in the Zhong-Yu coal mine to 
verify the theoretical and numerical results. The acoustic 
testing method detects the integrity of the surrounding rock 
by using the geometric and physical attenuations of the 
elastic wave when it propagates in the rock mass, and the 
propagation velocity has differences. Based on the boundary 
and initial conditions of a homogeneous and isotropic elastic 
half-space, the velocity of the longitudinal wave (P-wave) 
and shear wave (S-wave) can be solved by the following 
equations [25]:

where E, ρ, and υ correspond to the elastic modulus, 
density, and Poisson’s ratio of the material, respectively.

When the stress concentration is greater, the density of 
the rock mass is more significant, the damage is less, and 
the speed of the sound wave propagation is fast [26]. Hence, 
the range of the failure area can be obtained by measuring 
the P-wave velocity of the floor at different depths in the 
test borehole.

4.2 � Test Equipment and Method

The equipment used in the test is RSM-SY5 (n) Digital 
Ultrasonic Instrument. It includes one ultrasonic transmit-
ter and an analysis system (Fig. 10a), two receiving probes, 
one transmitting probe (Fig. 10b), and pushrods (Fig. 10c).
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Fig. 8   The stress distribution below the floor

Fig. 9   The stress distribution 
of the floor at different depths 
along the advancing direction of 
the working face

Mining, Metallurgy & Exploration (2022) 39:1553–1562 1559



1 3

The layout of the receiving and transmitting probes in the 
test hole is shown in Fig. 11 [27].

The distance between the transmitting probe F and the 
two receiving probes, S1 and S2, is L1 and L2, respectively. 
The propagation time of the P-wave is T1 and T2. Then, the 
velocity vp of P-wave in the rock mass can be calculated by 
the following formula:

The test is conducted in the track transportation roadway 
of the working face, and two test boreholes with ΔL = 8 m in 
the floor are set. The K1 borehole m in front of the working 
face is 150, and the K2 behind the working face is 80 m. The 
two boreholes are parallel to each other to reduce the meas-
urement error. The theoretical and numerical results of the 
failure depth of the floor are 9.2 m and 10.7 m, respectively. 

vp =
ΔL

ΔT
=

L
1
− L

2

T
1
− T

2

Therefore, the borehole length in the field test is taken as 
13 m. In addition, observation is carried out immediately 
after drilling construction to avoid hole collapse.

4.3 � Test Results

Through acoustic testing, the variation of the P-wave veloc-
ity in the floor at different depths is shown in Fig. 12. The 
heterogeneity of the rock mass is the main factor that influ-
ences the accuracy of the results. When the floor rock mass 
homogeneity is low, the volatility is more fluctuating. The 
variation range of vp is approximately 400 m/s.

Borehole K2 is not affected by mining, and the floor is 
still intact. The results indicate that as the depth deepens, 
vp increases slightly from 2500 m/s at a depth of 5.5 m to 
2900 m/s, which is 13 m deep in the floor. K2 is located 
behind the working face and has suffered mining influence. 
Within 9.5 m of the floor, vp is lower than the result of the 
same depth of borehole K1. The vp of the shallow rock 
mass in the K2 borehole is only 1700 m/s. When the depth 
exceeds 9.5 m, vp in K2 is close to the result of K1. There-
fore, the failure depth of the floor caused by mining is nearly 
9.5 m. When the depth exceeds 9.5 m, the floor is unbroken. 
The results of theoretical analysis and field measurement 
are close to each other, and the numerical result is larger. 
Therefore, when the above methods are used to determine 

Fig. 10   Components of RSM-
SY5(N) Digital Ultrasonic 
Instrument. a Ultrasonic trans-
mitter and analysis system. b 
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the failure depth of the floor, the number of sampling and 
drilling holes should be increased to improve the accuracy 
of the test.

5 � Conclusion

This study focuses on the floor damage depth of the fully 
mechanized working face of thick coal seams under the 
action of confined water. The No. 2308 working face of 
the Zhong-Yu coal mine is taken as the engineering object. 
Theoretical analysis, numerical simulation, and acoustic 
testing are used for comprehensive analysis. The mining-
induced stress distribution and failure in the floor are 
investigated. The main conclusions are drawn as follows:

1.	 A mechanical model of the f loor based on the 
superposition principle is established. In this model, 
the main loads applied on the floor are in situ stress, 
concentrated stress in front of working face, goaf 
compaction stress, and the water pressure generated by 
the confined water in the refined aquifer. Based on the 
elastic foundation theory, the distribution of principal 
stress in the floor is obtained, and the criterion of floor 
failure depth is established.

2.	 The numerical simulation shows that when the depth 
of the floor is less than 2 m, the surrounding rock is 
seriously damaged mainly by tensile failure. Tension-
shear mixed failure primarily occurs around the goaf. 
When the depth is 10.7 m, only the surrounding rock 
at the four corners of the goaf is damaged by shearing. 
The stress concentration is higher at the shallow depth of 
the floor below the coal wall. When the distance behind 
the working face is higher than 20 m, the pressure relief 
of the shallow floor is sufficient. When the overburden 
depth exceeds 30 m, the stress in the floor gradually 
recovers to the in situ stress.

3.	 The acoustic field test shows that the P-wave velocity 
increases from 2500 to 2900 m/s within the depth of 
5.5 to 10 m, but its value in the shallow floor is only 
1700 m/s because of mining, and the failure depth of the 
floor in this working face is about 9.5 m deep.
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