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Abstract
The failure and movement of overlying strata with a thick aquifer are closely related to the water-inrush pressure and the 
hydraulic coupling in coal mining faces. However, there is limited research on the large-scale failure mechanism and displace-
ment law of overlying strata by considering fluid–solid coupling. In this study, taking Daojiao coal mine as an engineering 
background, the failure mechanism and movement characteristics of overlying strata with a thick aquifer are comprehensively 
investigated after considering fluid–solid coupling by means of theoretical analysis, large-scale physical simulation, and 
numerical simulation. The results show that seepage and water pressure can significantly affect the overlying strata-movement 
parameters that the initial and periodic breaking distances of the aquifuge under the action of hydraulic coupling increase 
with the increase of the tensile strength of rock, and the decrease of hydrostatic head. In addition, the overlying strata of 
thick aquifer can be regarded as tensile failure based on the simulation results. The overlying strata above the goaf generally 
sinks downward with a funnel shape, and the main roof periodically appears to be a cantilever-beam structure. Moreover, the 
periodic breaking distance of the aquifuge is about half of the initial breaking distance, which is consistent with the results 
of theoretical analysis.

Highlights

• The expressions of the initial and periodic breaking distance of the aquifuge by considering hydraulic coupling are estab-
lished.

• A large-scale physical simulation test of fluid-solid coupling under the combined action of water pressure and karst water 
seepage is designed.

• The numerical model of aquifer waterless mining and fluid-solid coupling mining are constructed.
• The failure mechanism and movement characteristics of overlying strata with a thick aquifer are expounded.
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1 Introduction

The failure and movement of overlying strata under aqui-
fer mining can lead to environmental and disaster problems 
such as groundwater loss, ground subsidence, and roof 
water inrush (Zhang et al. 2010; Miao et al 2011; Huang 
et al 2018; Kong et al. 2021a, 2021b). Especially, mine-
water inrush, one of the five major disasters in coal mines, 
can submerge workfaces and roadways, seriously threatening 
the safe production of mining faces (Li et al. 2019, 2022; 
Wu et al. 2021). When coal mining was carried out under 
the condition of aquifer overburden, the aquiclude was eas-
ily destroyed under the combined action of mine pressure 
and pore-water pressure, which made the water-conducting 
fractures penetrate into the aquifer, resulting in the occur-
rence of mine-water-inrush disaster and the loss of water 
resources (Wang et al. 2021a, 2022). In addition, the thick 
aquifer can be further compressed and consolidated after 
water loss, accelerating the roof failure and surface subsid-
ence process. After the end of mining, it is necessary to 
consider the impact of water on the closed mine because the 

mining activities caused water-conducting fractures can con-
nect groundwater or the surface, and the water may seep into 
the closed mine. The coal mine may suffer from flooding 
and groundwater pollution after closure (Zhang et al. 2020; 
Manzano et al. 1999; Gee et al. 2020; Manhong et al.2021). 
Therefore, it is of great significance to master the failure 
mechanism and movement characteristics of overlying strata 
with a thick aquifer for preventing and controlling coal-mine 
water damage, surface subsidence and ecological damage. 
Meanwhile, it is also beneficial to improve the early-warning 
capability of potential coal mine-water disasters, and achieve 
more effective coal mine-water disaster management and 
emergency response.

In recent years, there were plenty of researches on the 
rock mechanics behavior and rock-stability control (Song 
et al. 2023; Feng et al. 2020; Kong et al.2021c; Shang et al. 
2022). Among them, based on the triaxial compression test 
of rough jointed rock, scholars have proposed a novel semi-
empirical mathematical model to evaluate the equivalent 
dynamic shear strength (EDSS) of rock joints and a semi-
empirical model to more rigorously quantify the critical 

Fig. 1  Comprehensive histogram of rock formation
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shear strain (ετcritical) of rock joints, which lays a foundation 
for the study of overlying strata failure characteristics and 
movement rules (Buddhima et al. 2021; Mairaj et al. 2022; 
Pathan et al. 2022), which lays a foundation for the study of 
overlying strata failure characteristics and movement rules. 
However, there are relatively few studies on the failure and 
movement of overlying strata under aquifers. For this reason, 
relevant scholars have gradually focused on the study of the 
failure and movement law of overlying strata under aquifer 
mining. Liu and Elsworth (1997) proposed a coupling model 
between strain and hydraulic conductivity to evaluate the 

increment of hydraulic conductivity and saturation of overly-
ing strata around the longwall face. Zhang and Shen (2003) 
summarized the current situation of coal mining under aqui-
fers in China, and evaluated the stress redistribution, strata 
failure and hydraulic conductivity enhancement of coal min-
ing under water-bearing alluvium by means of field inves-
tigation, physical simulation and numerical analysis. Yang 
et al. (2007) presented a fully coupled flow–stress–damage 
model to simulate the progressive development of fractures 
and the associated groundwater flow under incremental 
loading conditions resulting from mining processes. The 
model is based on classical theories of porous media flow 
and damage mechanics and importantly links changes in 
permeability with the accumulation of damage in following 
the complete stress–strain process. Zhang et al. (2010) dis-
cussed the mechanism and basic requirements of the aquifer 
protection in longwall mining and the relationship between 
the fall of the water table and the surface subsidence. Fan 
and Zhang (2015) illustrated that the key strata played a 
dominant role in the deformation and fracture develop-
ment of the overlying strata. In addition, the thickness of 
the interlayer affects the mining disturbance intensity of 
the aquifer, and it can be a protective layer to prevent water 
loss in the aquifer. Wang et al. (2015) studied the surface 
movement, failure characteristics of the overlying strata, 

Fig. 2  Schematic diagram of the deformation and destruction process of the overlying strata during the mining process

Fig. 3  Mechanical model analysis of clamped beam, where q is the 
load on the beam, kN/m; h is the thickness of the beam, m; l is the 
length from the midpoint to the endpoint of the beam, m
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and water percolation caused by coal mining under rivers 
by combining field monitoring, physical simulation and 
discrete element numerical simulation. Meng et al. (2012, 
2016) and Zhao et al. (2022) illustrated that aquifers’ imper-
meability and water pressure resistance varied with lithology 
and structural characteristics. Sun et al. (2017) analyzed the 
stress distribution, fracture characteristics, and water-inrush 
damaged area of water-resistant key strata using the elastic 
thin plate theory, which can further determine the maximum 
water pressure of bearing water-resistant key strata. Zhang 

(a) xx stress cloud diagram (b) xy stress cloud diagram

Fig. 4  Stress cloud diagram of σxx and σxy of fixed beam structure in the aquifuge. a σxx stress cloud diagram. b σxy stress cloud diagram

Fig. 5  Mechanical model of the cantilever beam

(a) xx stress cloud diagram (b) xy stress cloud diagram

Fig. 6  σxx and σxy stress distribution of aquifuge cantilever-beam structure. a σxx stress cloud diagram. b σxy stress cloud diagram
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et al. (2019) studied the behavior of movement of overly-
ing strata, water-level change, and groundwater inrush by 
An integrated method including borehole and working face 
observation, in-site water leakage, and real-time video imag-
ing. Chen et al. (2019) established a modified Winkler elas-
tic foundation beam model to calculate the height of water 
flowing fractured zone by considering the coupling effect 
of seawater pressure and backfill support. Many control 
measurements were proposed to protect the aquifer, such as 
the rapid advance of longwall face, reducing mining height, 
backfilling and grouting (Zhang and Shen 2003; Zhang and 
Peng 2005; Zhang et al. 2010). Moreover, the numerical 
simulation was commonly adopted to study the mechanism 
of mine-water inrush caused by mining activities (Rui et al. 
2018; Huang et al. 2021; Fan et al. 2021; Wang et al. 2022; 
Chen et al. 2022). For example, FLAC3D has been widely 
used to study the development characteristics of the frac-
ture zone above the goaf, the fracture characteristics of the 
overlying strata, the movement law of the overlying strata, 
and the surface subsidence. (Wang et al. 2021b; Sikora 
and Wesołowski 2021; Niu et al. 2022; Ding et al. 2022).

Throughout the literature review, several key issues in 
the mining process of coal seam under aquifer conditions, 
including stress distribution, protection mechanisms, devel-
opment of water-conducting fractures and the relationship 
between water-level decline and surface subsidence, were 
comprehensively studied through theoretical analysis, 
physical simulation, and numerical simulation. However, 
there are relatively few studies on the failure mechanism 
and movement characteristics of overlying strata under the 
hydro-mechanical coupling in thick aquifers. In addition, 
there are limited reports on the study of fracture-mechanics 

characteristics of aquicludes during karst water loss in thick 
aquifers under the influence of mining activities. Therefore, 
this paper will comprehensively consider the influences of 
mining, hydro-mechanical coupling, and water loss in thick 
aquifers, and deeply study the failure mechanism, movement 
characteristics, and fracture-mechanics characteristics of 
overlying strata under thick aquifers. The research results 
can provide a theoretical basis for the prevention and control 
of mine-water inrush, roof disasters, and surface ecological 
damage.

2  Engineering Background

The main coal seam of the Daojiao coal mine in Guizhou 
province is C3, with an average thickness of 2.02 m, a bur-
ied depth of 200–350 m, and an average dip angle of 7°. 
The overlying strata contain multiple aquifers with a specific 
hydraulic connection, and the average buried depth of static 
water level is 10 m. Moreover, it can be inferred that the 
distance of the bottom of the first thick fissure aquifer from 
the static water level is about 180 m. Taking 138 workface of 
the Daojiao coal mine as an engineering background, fully 
mechanized longwall coal-mining method was adopted. In 
the process of coal mining, the shearer continuously carried 
out cutting coal along the workface, and then the scraper 
conveyor transported the cut coal out of the workface. In 
addition, hydraulic supports were used to maintain the sta-
bility of the roof. Moreover, the treatment method of the 
goaf was the full caving. Meanwhile, the water generated 
during mining was mainly discharged from the workface 
through the drainage system, including drainage roadway, 

(a) Initial breaking distance (b) Periodic breaking distance

Fig. 7  Variation law of fracture distance of aquiclude with hydrostatic head and tensile strength of rock. a Initial breaking distance. b Periodic 
breaking distance
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drainage equipment, and drainage pipeline. The primary-
overlying strata can be divided into ten layers from top to 
bottom. Figure 1 illustrates the lithology and thickness of 
each layer.

3  Analysis of Failure Mechanism 
of Overlying Strata with a Thick Aquifer

Figure 2 illustrates the failure mechanism and movement 
laws of overburden under thick aquifer conditions. Under the 
influence of mining activities, the deformation and destruc-
tion of overburden rock extended gradually from the bottom 
to the top. The movement of different rock layers was not 

synchronous, coupled with the differences in the lithology 
of different rock layers, which resulted in the separation of 
the rock layers. Thus, it provided a large seperation space 
for groundwater, especially between the aquifer and the 
aquiclude. On the other hand, the hydrostatic pressure and 
head difference in the aquifer promoted the increase of the 
seperation space between the aquifer and the aquiclude, and 
a large amount of water in the aquifer can accumulate in the 
space while maintaining uniform stresses on the entire lower 
bedrock. In addition, the exposed length of the aquiclude and 
the hydrostatic pressure of overlying rock layers increased 
with the continuous advancing of the workface. Moreover, 
the stretching and bending damage in the overlying strata 
occurred when the load exceeded the self-generated strength, 

Table 1  Similar simulation parameters

Rock type Thickness of 
stratum (m)

Model thick-
ness (cm)

Total weight of 
material (kg)

Ratio (river 
sand:lime:gypsum)

River sand (kg) Lime (kg) Gypsum (kg)

Mudstone 10 8.33 63.28 14:1:1 55.37 3.96 3.96
Limestone 50 41.67 284.77 15:2:1 237.30 31.64 15.82
Sandy mudstone 24 20.00 126.56 40:3:2 112.50 8.44 5.63
Mudstone 4 3.33 23.91 14:1:1 20.92 1.49 1.49
Sandy mudstone 4.5 3.75 23.73 40:3:2 21.09 1.58 1.05
Carbon mudstone 2.5 2.08 14.36 55:4:3 12.73 0.93 0.93
C3 coal seam 2 1.67 6.89 60:3:2 6.36 0.32 0.21
Tonstein 10 8.33 52.73 17:1:3 42.69 2.51 7.53
C1 coal seam 1 0.83 3.45 60:3:2 3.18 0.16 0.11
Mudstone 12 10.00 71.72 14:1:1 62.75 4.48 4.48

Fig. 8  Experimental operation process
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leading to the upward development of cracks connecting the 
space of water accumulation with the water-bearing layer.

Due to the large thickness and high strength of the aqui-
clude, the mechanical analysis model of the fixed beam at 
both ends can be established when the aquiclude was used 
as the primary rock layer for calculation (Kang and Wang 
2002), as shown in Fig. 3.

According to the mechanical model before and after the 
initial breaking of the overlying strata, the stress of the fixed 
beam was obtained by employing elastic mechanics as fol-
lows (Shi and Han 1987) .

When the hydrostatic head above the aquifuge is h0, the 
hydrostatic pressure P on the aquifuge can be expressed as 
follows.

(1)
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where ρ is the density of water, 1000 kg/m3; g is the acceler-
ation of gravity, 9.81 m/s2; h0 is the height of water head, m.

When the buried depth of the aquiclude is H, the load q 
of the aquiclude is the sum of the hydrostatic pressure and 
the pressure of the overlying strata as follows.

where γ is the bulk density of the rock, kN/m3.
Combining Eqs. (1), (2), and (3), the stress components 

of the aquiclude beam structure are expressed as follows.

According to the actual geologic conditions of Daojiao 
coal mine, the thickness of aquiclude h is 24 m, the buried 
depth of aquiclude H is 190 m, and the height of the static 
water head is 180 m. To facilitate the analysis of the stress-
distribution characteristics of the rock-beam structure of the 
aquiclude, l is determined as 50 m. According to the stress-
component expression, the σxx and σxy stress-component 

(3)q = P + �H
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Fig. 9  Digital speckle monitoring acquisition system

Fig. 10  Model before excavation
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programs of the aquiclude rock-beam structure are drawn 
by MATLAB, as shown in Fig. 4.

By analyzing the stress function and Fig. 4, it can be seen 
that the shear stress at the x = 0 section in the middle of the 
rock beam is zero, and the tensile stress reaches the maxi-
mum at the point of (0, 0.5 h). The maximum tensile stress 
can be obtained as follows.

According to the first strength theory, the expression of 
the initial breaking distance of the aquifuge under the ulti-
mate tensile strength can be obtained as follows.

where [σ] is the tensile strength of aquiclude, MPa; n is the 
safety factor.

As shown in Fig. 5, the mechanical analysis model of the 
cantilever beam was established, and the stress-component 

(5)�tmax
= (�gh

0
+ �H)

(
1

5
+

l2

h2

)

(6)Ls = 2h

√
[�]

(�gh
0
+ �H)n

−
1

5

expression of periodic breaking of aquiclude can be obtained 
as follows (Kang and Wang 2002).

According to the expression of stress component, the 
cloud diagram of three stress components is drawn as 
shown in Fig. 6.

By analyzing the stress function and Fig. 6, it can be 
seen that the maximum tensile stress can be observed in 
the middle of the rock beam (0, −0.5 h), and the maximum 
principal stress is obtained as follows.

(7)
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(a) Workface advancing 24 m (b) Workface advancing 32 m

(c) Workface advancing 48 m (d) Workface advancing 64 m

Fig. 11  Distribution characteristics of overlying strata until advancing 64 m. a Workface advancing 24 m. b Workface advancing 32 m. c Work-
face advancing 48 m. d Workface advancing 64 m
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Similarly, according to the maximum tensile stress 
theory, the expression of the periodic breaking distance 
of the aquifuge can be obtained as follows.

According to the actual geologic conditions of Dao-
jiao coal mine, the tensile strength [σ] of aquiclude is 
3.31 MPa, and the safety factor n is 1.2. Substituting the 
relevant parameters into Eqs. (6) and (9), the initial and 
periodic breaking distances of the aquifuge are 31.63 and 
14.02 m, respectively.

Generally, the water head height of the aquifer is easily 
affected by the season, sometimes increasing or decreasing, 
which leads to a change of hydrostatic pressure. To illus-
trate the influence of the water head height of the aquifer on 
the breaking distance of the aquifuge, the water head h0 is 
selected as a variable. Combined with Eqs. (6) and (9), the 
variation law of the initial and periodic breaking distance of 
the aquifuge can be obtained as shown in Fig. 7. It can be 
seen that the initial and periodic breaking distances of the 
roof aquiclude linear increase with the increase of the tensile 
strength of the rock and linear decrease with the increase of 
the hydrostatic head height.

(9)Lp = h

√
5[�] + (�gh

0
+ �H)

15n(�gh
0
+ �H)

(a) Workface advancing 80 m (b) Workface advancing 96 m

(c) Workface advancing 112 m (d) Workface advancing 128 m

Fig. 12  Deformation characteristics of overlying strata. a Workface advancing 80 m. b Workface advancing 96 m. c Workface advancing 112 m. 
d Workface advancing 128 m

Fig. 13  Deformation characteristics of overlying strata when work-
face advancing to 144 m
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(a) Workface advancing 48 m (b) Workface advancing 64 m

(c) Workface advancing 96m (d) Workface advancing 112m

(e) Workface advancing 128m (f) Workface advancing 144m

Fig. 14  Displacement characteristics of overlying strata mining with multi-aquifer. a Workface advancing 48 m. b Workface advancing 64 m. c 
Workface advancing 96 m. d Workface advancing 112 m. e Workface advancing 128 m. f Workface advancing 144 m
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4  Physical Simulation Considering Solid–
Fluid Coupling

4.1  Material Selection

The s ize of  the exper imental  test  bench is 
1.5 m × 0.3 m × 1.2 m in the direction of length, width, and 
height, respectively. Moreover, in this study, the similarity 
ratio of geometric (al), gravity (ag), bulk density (aγ), and 
stress (aσ) is 120, 1, 1.6, and 192, respectively.

The deformation and movement characteristics of overly-
ing strata depend on the strength of rock mass along with dif-
ferent failure forms. This study selected ordinary river sand 
as aggregate with a particle size of <1.6 mm, while lime and 
gypsum were selected as cementing materials. Mica powder 
was used as stratification material to distinguish different 
lithologic strata. In addition, foam was used to distinguish 
the coal and rock boundary, which facilitated the subsequent 
mining work and reduced the influence of human factors on 
the damage of overlying strata. The amount of similar mate-
rials in each model layer is calculated as follows.

where G is the weight of each layer material, kg; L is the 
length of the model, m; B is the thickness of the model; h is 
the height of each layer; γm is the bulk density of each layer.

The material ratio is determined according to the tensile 
strength of overlying strata and the compressive strength of 
coal seam and floor strata. Table 1 illustrates the thickness 
and material ratio of each layer.

4.2  Experimental Process

Quantitative river sand, lime, gypsum, and water were uni-
formly mixed to construct each rock layer in the model from 
bottom to top. To simulate the water pressure in the thick 
aquifer approximately, it was necessary to make a unique 
treatment for the laying of water-bearing strata. As shown 
in Fig. 8, a pressure water bag was arranged between the 
bottom of the aquifer and the upper part of the aquiclude, 
which was connected to the pressure pipe matched with the 
pressure test pump. In the subsequent mining process, the 
manual pressure test pump injected water into the bag until 
the water pressure reached the preset value. Moreover, in 
order to approximately simulate the water-bearing state of 
the aquifer and the solid–fluid coupling characteristics dur-
ing the mining process, it was necessary to pre-bury the 
water-conducting pipe in the aquifer, and the appropriate 
water was slowly introduced until the aquifer was in a satu-
rated state.

Fixed constraints were set up in the bottom, left, and 
right sides of the model, while the upper boundary was 
loaded with equivalent rock weight using steel beam blocks. 
According to the geologic conditions of the coal mine, the 
average buried depth of the C3 coal seam was 225 m, and 
the distance between the upper parts of the rock layer and 
the ground in the simulation range was 130 m. Therefore, the 

(10)G = Lbh�m

Fig. 15  Vertical displacement curves of monitoring lines

Fig.16  Solid–liquid interaction. 
a Pressure effect. b Fluid flow. 
c Fracture mechanical effect. 
d Generation of fissure water 
pressure

(a) Pressure effect (b) Fluid flow

(c) Fracture mechanical effect (d) Generation of fissure water pressure
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required loading for the upper boundary of the model can be 
calculated as follows.

where g is the acceleration of gravity, 9.81 m/s2; h is the 
distance from the upper part of the rock layer to the ground 
in the simulation range, 130 m; γp is rock bulk density, tak-
ing the average value of 2.5 t/m3.

Two thick aquifers can be observed in the mining area, 
and there was a poor water resistance aquiclude layer (mud-
stone) with a thickness of 8–15 m between the two aquifers. 
Under the natural conditions, the average static water level 
of the mining area was 10 m, and two aquifers had a certain 
hydraulic connection. It can be inferred that the rock stra-
tum from the bottom of the first aquifer to the ground was 
immersed. Therefore, the bottom of the first aquifer in the 
prototype produced 1.8 MPa head pressure along the direc-
tion of gravity acting on the lower rock strata. According to 
the above similarity ratio of stress, the pressure water bag 
should reach 0.0094 MPa.

The mining height of the coal seam in the model was 
1.67 cm, which corresponded to the thickness of the coal 
seam as 2 m in practical conditions (according to the geo-
metric similarity ratio 120), and 15  cm coal pillars on 
both sides were retained to eliminate the influence of the 

(11)

P =
gh�P

ala�
=

9.81 × 130 × 2.5

120 × 1.6
= 16.6kN∕m2 = 0.0166MPa

boundary in the model. Meanwhile, the mining direction 
was from left to right with each excavation step of 6.7 cm 
(corresponding to 8 m in practical conditions), and the total 
advance distance of the workface was 120 cm (correspond-
ing to 144 m in practical conditions). In the following analy-
sis of the experimental results, the actual advancing distance 
of the workface in practical conditions was adopted.

As shown in Fig. 9, the three-dimensional displacement 
and strain visualization digital speckle monitoring technol-
ogy system was used to monitor and record the displacement 
of overlying strata and the dynamic evolution characteristics 
of overlying strata under different advancing distances. To 
meet the observation and recording of the monitoring equip-
ment, the lime slurry was used to paint the surface of the 
model. After drying, the surface was randomly spotted with 
ink to form random speckles as shown in Fig. 10.

4.3  Experimental Results

4.3.1  Analysis of Failure Characteristics and Movement 
Laws of Overlying Strata

As shown in Fig. 11, it can be illustrated that two sides of 
the immediate roof were cut along the coal wall when the 
coal mining face advanced to 24 m. The immediate roof col-
lapsed with the continuous advance of the workface. Mean-
while, the initial weighting of the main roof can be observed 

Table 2  Mechanical and hydraulic parameters of coal and rock mass

Rock type Density (kg/m3) Bulk modulus 
/(GPa)

Shear modulus 
/(GPa)

Friction 
angle/(°)

Cohesion /
(MPa)

Tensile 
strength/(MPa)

Compressive 
strength/(MPa)

Limestone 2430 11.1 8.3 35 2.4 4.4 43.52
Sandy mudstone 2250 10.2 6.1 30 1.8 3.6 31.6
Mudstone 2550 5.8 3.2 30 1.2 3.25 36.3
Carbon mudstone 2450 4.3 2.8 30 0.7 1.8 17.8
Coal seam 1470 1.19 0.82 25 1.3 1.79 18.4
Tonstein 2250 4.39 2.27 27 4.9 3.8 40.3
Water 1000 – – – – –

Table 3  Mechanical parameters of rock joint

Rock type Normal stiff-
ness/(GPa)

Tangential 
stiffness/
(GPa)

Internal fric-
tion angle/(°)

Cohe-
sion/
(MPa)

Tensile 
strength /
(MPa)

Permeability coef-
ficient/(pa−1  s−1)

Initial gap 
width/(mm)

Residual gap 
width/(mm)

Limestone 13.1 9.3 35 1.4 0.4 110 0.2 0.05
Sandy mudstone 12.2 7.4 28 0.9 0.2 83 0.01 0.005
Mudstone 7.8 6.2 29 0.5 0.35 83 0.01 0.005
Carbon mudstone 5.3 4.8 28 0.7 0.82 83 0.01 0.005
Coal seam 2.19 1.72 26 1.3 0.79 83 0.01 0.005
Tonstein 6.29 4.27 17 4.1 1.8 83 0.01 0.005
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at the advancing distance of 32 m. Under the support of the 
collapsed rock, a triangular arch equilibrium structure can 
be formed, and the breaking point was located in the middle 
of the goaf. When the advancing distance of the workface 
to 48 m, The main roof is broken again, that is, the peri-
odic weighting of the main roof. In addition, the exposed 
length of the aquifuge above the main roof is 31 m, and the 
initial breaking occurs, that is, the initial breaking distance 
of the aquifuge is 31 m. With the continuous advancement 
of the workface, the range of mining-induced failure areas 
increased, and the periodic pressure was more obvious. The 
previous cantilever beam completely collapsed, accompa-
nying with a few cracks extend to the above roof when the 
working face advanced to 64 m. Moreover, the exposed 
length of the aquifuge is 14 m, and it is broken again, that 
is, the periodic breaking distance of the aquifuge is 14 m.

As shown in Fig. 12, the cantilever-beam structure can 
be observed again on the side of the coal wall, along with a 
small number of cracks gradually expanding to the aquiclude 
when the workface advancing to 96 m. However, the crack-
propagation speed of overlying strata changed abruptly, 
accompanying with the significant subsidence of overlying 
strata and resulting in a large separation space at the bot-
tom of the aquifer when the workface advanced to 112 m. 
It can be explained that the aquiclude was regarded as the 
water-resisting key stratum with hard rock, and it had a 
strong bearing capacity to protect the overlying strata before 
reaching its limit span. With the continuous advancement 
of the workface, the hanging distance of the roof became 
prominent, and the load acting on the aquiclude gradually 
increased. After exceeding its bearing capacity, tensile fail-
ure can be occurred. In addition, due to the low strength of 
the upper rock stratum, it can bend and sink to cause a sud-
den change in the crack-propagation speed of the overlying 
strata and the subsidence speed of the roof. On the other 
hand, the water can penetrate the aquiclude through the min-
ing fissure channels to reduce its strength and aggravate its 
deformation and failure speed.

In the process of advancing distance from 96 to 112 m 
in the workface, the internal cracks of the rock layer were 

penetrated with the aquiclude, which destroied its integrity 
and makes it lose the water isolation effect. The strength 
of the aquiclude was greatly weakened after water infiltra-
tion. In addition, the roof hanging area increased with the 
advancement of the workface, and the tensile failure can be 
occurred in the roof under the weight of the applied load 
by the overlying strata exceeding the bearing capacity of 
the roof.

As shown in Fig. 13, the immediate roof collapsed con-
tinuously, and the main roof can form a cantilever beam 
continuously after the working face advancing to 144 m. The 
cantilever beam was broken and collapsed along the coal 
wall after reaching a certain length. In the whole process, 
The initial and periodic breaking distances of the aquiclude 
were 31 and 14 m, respectively, which were similar to the 
theoretical calculation results. In addition, the height of the 
caving zone remained almost constant at about 8 m, and 
the height of water-conducting fractured zone was stable at 
about 36 m to form the three-zone distribution areas.

When the mining height and burial depth of coal seam 
were <3 and 300 m, respectively, the height of caving zone 
and the height of water-conducting fractured zone can be 
calculated according to the empirical formulas (China 
National Bureau of Coal Industry, 2000).

where Hc is the HCZ, m; Hf is the HWCFZ, m; M is the min-
ing thickness of the coal seam, taking 2.02 m for M.

According to the above empirical formula, the height of 
caving zone in the 138 working face is 4.8–9.2 m, and the 
height of water-conducting fractured zone is 23.8–35.0 m. 
Compared with the results of the physical experiment, the 
height of caving zone is basically the same, while the height 
of water-conducting fractured zone is slightly lower. There-
fore, from the perspective of safety, the results of physical 

(12)Hc =
100

∑
M

4.7
∑

M + 19
± 2.2

(13)Hf =
100

∑
M

1.6
∑

M + 3.6
± 5.6

Fig. 17  Numerical model
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(a) Workface advancing 32m

(b) Workface advancing 40m

(c) Workface advancing 48m

(d) Workface advancing 80m
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experiments are conducive to the prevention and control of 
water inrush in coal seam mining.

4.3.2  Displacement Distribution Characteristics 
of Overlying Strata Based on Digital Speckle 
Technology

Before the excavation process, four displacement monitoring 
lines were arranged at 11, 35, 60, and 85 m from the coal 
seam, and 14 recording points were set up for each moni-
toring line to record the vertical displacement of overlying 
strata at different advance distances of the workface.

Figure 14 illustrates the vertical displacement cloud 
images of the whole model through a three-dimensional dis-
placement and strain visualization digital speckle monitoring 
system. It can be found that the deformation and failure of 
the roof near the excavation area were severe, and the col-
lapse of the surface in the model and the prominent sepa-
ration characteristics of each layer can be observed. Thus, 
the speckles were destructed, and the digital speckle algo-
rithm in the area with severe deformation cannot be identi-
fied. This area can be approximately regarded as a caving 
zone. With the continuous advancement of the workface, 
the displacement of overlying strata was more obviously 
affected by the mining activities, and the largest subsidence 
of overlying strata was near the excavation area. Moreover, 
the vertical displacement gradient of overlying strata gradu-
ally decreased from bottom to top. In addition, the height 
of the unidentified area near the excavation area gradually 
increased, indicating that the collapsed height and failure 
degree of overlying strata increased with the advancement 
of the workface. When the workface advancing to 112 m, the 
vertical displacement of overlying strata increased sharply, 
and the displacement gradient increased from bottom to top, 
corresponding to the sudden changing in the crack-propaga-
tion speed and the subsidence speed of overlying strata, as 
mentioned before. Meanwhile, the maximum vertical dis-
placement point of the overlying strata moved from the mid-
dle of the goaf to the left near, indicating that the overlying 
strata were still in a state of slow subsidence affected by min-
ing. On the other hand, the water-conducting fracture had 
expanded to the bottom of the aquifer, and water gradually 
diffused into the goaf, resulting in the soaked and weakened 
rock in the goaf. Therefore, the strength of the collapsed roof 
in the goaf reduced, and it can be easily compacted.

The overlying strata in the goaf sank with funnel type 
and the vertical displacement curves of different strata lay-
ers generally distributed symmetrically as shown in Fig. 15. 
Moreover, the vertical displacement of overlying strata in 

the goaf decreased with the increase of the distance from 
the coal seam, while the vertical displacement of overlying 
strata near the open-off cut and the coal wall increased with 
the increase of the distance from the coal seam although 
the increment value was not apparent. The maximum verti-
cal displacement of overlying strata away from coal seams 
11, 35, 60, and 85 m was 1990, 1850, 580, and 300 mm, 
respectively.

5  Numerical Simulation with Solid–Fluid 
Coupling

5.1  Fluid–Solid Coupling Principle

UDEC assumes that the block is impermeable and the fluid 
flow only occurs in the fracture. In the solid–liquid coupling 
analysis, the mechanical deformation of the block fracture 
affects the fracture penetration rate and the fracture pore-
water pressure, and vice versa. Figure 16 shows the basic 
principle of solid–liquid mechanical coupling in the UDEC-
simulation process. The expression for calculating the force 
of fluid acting on the rock block is obtained as follows.

where Fi is the force of the fluid acting on the rock, p is the 
fluid pressure, and L is the length between the two domains.

Moreover, the fluid flow rate can be determined as 
follows.

where q is the flow rate; kj is the fracture permeability coef-
ficient (the theoretical value is 1/12 μ); μ is the dynamic 
viscosity coefficient of the fluid; a is hydraulic gap width; 
Δp is the fluid pressure difference.

The change in fissure width can be expressed as follows.

where a is the crack width, a0 is the initial crack width, Δa 
is the change of crack width.

Therefore, the generation of water pressure at the fracture 
intersection can be calculated as follows.

where Kw is the bulk modulus of fluid; V is the average value 
before and after the change of fracture volume; ΣQ is the 
total flow of nodes; Δt is the time step difference of change; 
ΔV is the change of fracture volume.

(14)Fi = pniL

(15)q = −kja
3
Δp

L

(16)a = a
0
+ Δa

(17)Δp =
Kw

V

(∑
QΔt − ΔV

)

Fig. 18  Movement characteristics of overlying strata (left was CI, 
right was CII). a Workface advancing 32 m. b Workface advancing 
40 m. c Workface advancing 48 m. d Workface advancing 80 m

◂
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5.2  Numerical Model Without Water Pressure 
in Thick Aquifers (CI)

Taking the 138 workface of the Daojiao coal mine as an 
engineering background, the numerical model was estab-
lished with the length and height of 240 and 120 m, respec-
tively. The average buried depth of the coal seam was about 
225 m, and the upper boundary was loaded with an equiva-
lent rock mass weight of 3.2 MPa. According to the burial 
depth of the model and the pressure coefficient of 1.2, the 
vertical and horizontal initial stresses at the lower end of 
the model were 6.2 and 7.44 MPa, respectively. The stresses 
gradually decreased from bottom to top, and the vertical and 
horizontal stress gradients were −0.025 and −0.03 MPa/m, 
respectively. The boundary on both sides was a fixed con-
straint in horizontal directions, and the bottom of the model 
was a fixed constraint in vertical directions. In the excava-
tion process, 40 m coal pillars were set up on the left and 
right sides of the model to eliminate the boundary effect, 
and a total of 160 m in the strike direction were excavated. 
In addition, the yield failure criterion of the model adopted 
the Mohr–Coulomb criterion, and the Contact-Coulomb slip 
model was selected to solve the structural plane. Tables 2 
and 3 given the mechanical and joint parameters of each rock 
layer in the numerical model.

5.3  Numerical Simulation with Water Pressure 
in Thick Aquifers (CII)

Based on the numerical model without water, a solid–fluid 
coupling model was adopted to simulate the multi-aquifer 
with water. According to the hydrogeological data in Dao-
jiao coal mine, the water level of the mining area was buried 
at 10 m below the surface, and the two aquifers had a certain 
hydroalic connection. Thus, besides keeping the boundary 
conditions of the numerical model for acquifers with water 
consistent with the aquifers without water, a 1.8 MPa head 
pressure gradient along the vertical direction was applied at 

the bottom of the fist fissure aquifer in the model as the ini-
tial condition. The left- and right-lower boundaries were set 
at the impermeable boundaries, and the seepage calculation 
was carried out by setting flow steady. Other parameters and 
conditions were the same as the numerical model without 
water, and the numerical model is shown in Fig. 17.

5.4  Results of Numerical Simulation

5.4.1  Overlying Strata Failure Characteristics

The movement and failure characteristics of overlying strata 
are illustrated in Fig. 18, in which the left side is the results 
of CI condition and the right side is the results of CII condi-
tion. With the advance of the workface, the damage range 
of the overlying strata increased continuously, and a narrow 
triangular type can be formed in the area of the coal wall and 
open-off cut. Meanwhile, the overlying strata at the open-off 
cut in the goaf and the workface can form a cantilever-beam 
structure under the support of the coal wall.

When the workface of CI condition advancing to 32 m, 
the main roof was broken locally, and the fracture position 
was located in the middle of the goaf. With the workface 
advancing to 40 m, the main roof was broken along the mid-
dle of the goaf, and the pressure on the roof increased dra-
matically due to the occurrence of the first weighting stage. 
The whole failure process can be approximately regarded 
as tension-bending fractures. However, for the overlying 
strata containing water pressure in thick aquifers (CII), the 
main roof can be broken and the first weighting pressure 
was occurred when the workface advancing to 32 m (less 
8 m than CI), and the fracture position was also located in 
the middle of the goaf. When the workface advancing to 
48 m, it is observed that the aquifuge is first broken under 
the action of pore-water pressure, and the initial breaking 
distance is 32 m, accompanied by the formation of several 
separated spatial and transverse cracks. In comparison, the 
aquiclude in CI condition was still intact until the workface 

Fig. 19  Three-zone distribution of overlying strata at the end of mining (left was CI, right was CII)
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advances to 80 m. In addition, the caving angle of overly-
ing strata in CII condition was obviously larger than that of 
CI condition. When the workface advancing to 80 m in CII 
condition, the separation spaces and transverse cracks of the 
aquiclude above the middle of the goaf were obviously com-
pacted, while the aquifuge above the working face was bro-
ken again along with the breaking distance of 15 m, and the 
aquifer shown overall bending subsidence. For both CI and 
CII conditions, the shape of overlying strata after collapse 
and accumulation in the middle of the goaf experienced a 

process from a pyramid to a positive trapezoid. However, the 
evolution process of overlying strata in CII condition was 
faster than CI condition, and the bottom angle of the positive 
trapezoid in CII condition was also larger than CI condition.

Figure 19 illustrated the distribution charactristics of 
the three zones of the overlying strata in CI and CII con-
ditions at the end of workface mining. It shown that the 
height of the caving zone and fracture zone in CII condi-
tion were 8 and 35 m, respectively, which were higher 
than that of CI condition. It was close to the results of 

(a) Working face advancing 32m

(b) Working face advancing 48m

(c) Working face advancing 80m

(d) Working face advancing 160m

Fig. 20  Vertical displacement distribution (left was CI, right was CII). a Working face advancing 32  m. b Working face advancing 48  m. c 
Working face advancing 80 m. d Working face advancing 160 m
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large-scale physical simulation test, indicating that the 
influence of water pressure on the distribution of the three 
zones of overlying strata was greatly obvious.

Through comparative analysis, water seepage and water 
pressure have a considerable influence on the movement 
and failure characteristics of overlying strata, especially 
for the first weighting distance of the roof, the broken dis-
tance of aquiclude, the caving angle of overlying strata, 
and the subsidence of both sides of goaf. Under the influ-
ence of mining activities, the internal cracks of the rock 
stratum penetrated through the aquiclude, providing the 
mining fissure channels for the water diffusing into the 
rock mass, and resulting in the decrease of the internal 
friction angle and cohesion of rock mass. Coupled with 
the influence of water pressure, it can aggravate the degree 
of deformation and failure of overlying strata. Therefore, 
it can be further determined that the combined effect of 
water infiltration and water pressure were the main rea-
sons for the the sudden change of overburden fracture 
propagation speed and roof subsidence speed, which was 
consistant with the results of the large-scale physical simu-
lation test.

5.4.2  Subsidence of Overlying Strata

Figure 20 illustrates the displacement distribution charac-
teristics of overlying strata in CI and CII conditions (the 
left side was CI and the right was CII). It shown that the 
vertical displacement of the overlying strata increased with 
the advance of the workface, while the vertical displace-
ment of the floor strata increased first and then decreased. 
In addition, the displacement of overlying strata above the 
aquiclude was limited in CI condition because the aqui-
clude was still intact until the workface advancing to 48 m 
with producing large deformation and damage of overlying 
strata. However, the rock strata below the aquiclude sank 

considerably in CII condition. Meanwhile, the displacement 
difference between the upper and lower strata bounded by 
the aquiclude in CII condition is larger than that of CI condi-
tion at the workface advancing to 80 m. It can be explained 
that there was immense pore-water pressure between the 
aquiclude and the aquifer, which had a negative effect on the 
overlying strata below the aquiclude to accelerate its sink-
ing speed and amount. On the other hand, the water pres-
sure has a positive effect on the overlying strata above the 
aquiclude to hinder its settlement. With the advancement of 
the workface, the water-conducting fissure can be expanded 
to the overlying strata, causing continuous water loss and 
resulting in the decline of the water level and the decrease 
of water pressure.

Figure 21 illustrated the vertical displacement curves of 
different rock layers at various advancing distances of the 
working face in CI and CII conditions (the left side was CI, 
and the right was CII). It shown that the vertical displace-
ment of the overlying strata in different rock layers above 
the goaf increased with the continuous advance of the work-
face, and the vertical displacement of the overlying strata 
in the middle of the goaf was great larger than that of the 
overlying strata on both sides. Meanwhile, the maximum 
displacement point moved forward with the advance of the 
workface and constantly closed to the middle of the goaf. In 
addition, the vertical displacement of the overlying strata 
above the coal pillar at the same advancing distance of the 
workface increased with the increase of the distance from 
the workface, which was opposite to the vertical displace-
ment of the overlying strata above the goaf. Moreover, the 
vertical displacement of overlying strata at the same location 
above the coal pillar gradually increased with the advance 
of the workface.

As shown in Fig. 22, the change of the displacement 
of overlying strata curve before 11 m from the workface 
in CI condition was basically the same, and the vertical 

Fig. 21  Vertical displacement curves of different layers when the working face advanceing to 160 m
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displacement curve was firstly transformed from “V” to 
“funnel”. It can be explained that the vertical displacement 
of the roof in the middle of the goaf was much larger than 
that of the roof on both sides of the goaf before the first 

weighting pressure. Subsequently, the roof was broken peri-
odically, and the maximum displacement value was basically 
unchanged. When the workface advancing to 40 m, the verti-
cal displacement value had reached the peak value. However, 

(a) Away from the workface 2.5 m

(b) Away from the workface 11m

(c) Away from the workface 35 m

Fig. 22  Vertical displacement curves of different layers with the advancing of workface (left was CI, right was CII). a Away from the workface 
2.5 m. b Away from the workface 11 m. c Away from the workface 35 m. d Away from the workface 85 m
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the vertical displacement of overlying strata away from the 

workface 35 m increased with the advance of the workface, 
while the change rate was small and uniform.

When the workface advancing from 24 to 32 m, the verti-
cal displacement of the roof away from the workface 2.5 m 
increased sharply due to the occurrence of the initial weight-
ing pressure and the broken of the main roof. This process 
was 8 m smaller than the advancing distance in the aquifer 
without water. When the working face advances to 40 m, 
the vertical displacement value of the roof at 11 m from the 
working face increases slowly. When the workface advanc-
ing to 48 m, the vertical displacement of the roof increased 
sharply, indicating that the rock stratum below the aquiclude 
was broken resulting in a sudden change in displacement. 
The vertical displacement of overlying strata away from the 
workface 35 m increased uniformly with the continuous 
advancement of the workface.

Figure 23 illustrated the vertical displacement of the top 
of the aquiclude in CI and CII conditions when the workface 
advancing to 160 m. It shown that the maximum displace-
ment of both conditions was equal, and the point was located 
in the middle of the goaf. However, the subsidence of the top 
of the aquiclude in CII condition was more significant than 
that of CI conditions in the range of 50–90 and 130–180 m 
along the strike direction. When the working face advanced 
a certain distance, the upper rock strata in the middle of the 
goaf were basically stable with a compacted state, while 
the upper rock strata on the side of the open-off cut and the 
side of the workface were not fully collapsed with many 
separation spaces, as shown in Fig. 11d. Under the action 
of water seepage and water pressure, the separation space 
can be continuously compressed and closed. Therefore, 
within 50–90 and 130–180 m, the subsidence at the top of 
the water-bearing state was always larger than that of the 
non-water-bearing state.

6  Conclusion

In this paper, comprehensive analysis methods combin-
ing theoretical analysis, physical simulation and numerical 
simulation are used to comprehensively explain the failure 
mechanism and movement characteristics of overlying strata 
under the hydraulic coupling the thick aquifer. The expres-
sion of the initial and periodic breaking distance of aqui-
clude under hydraulic coupling is proposed. In addition, a 
physical similar simulation experiment under the combined 
action of pore-water pressure and water seepage is designed 
to explore the movement and deformation characteristics of 
overlying strata. Moreover, numerical simulation models 

(d) Away from the workface 85 m

Fig. 22  (continued)

Fig. 23  Vertical displacement curves of the top of aquiclude in CI 
and CII conditions
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are constructed to further explore the effect of fluid–solid 
coupling mining in a thick aquifer on the failure mechanism 
and movement characteristics of overlying strata. The main 
conclusions are drawn as follows.

1. The initial and periodic breaking distance of the aqui-
fuge increase with the increase of tensile strength of 
rock, and decrease with the increase of water head 
height, when mining activities under a thick aquifer 
condition,. In addition, the height of the water head is 
the main controlling factor for the breaking time and 
breaking position of the aquiclude.

2. The failure of overlying strata mining under thick aquifer 
is mainly characterized by tensile-bending breaking. The 
subsidence of overlying strata near the mining area is the 
largest, and the overlying strata above the goaf generally 
sink downward in a funnel shape. In addition, the com-
bined effect of water seepage and water pressure is the 
main reason for the sudden change of fracture propaga-
tion velocity and roof subsidence velocity.

3. The pore-water pressure and water seepage under the 
thick aquifer have a significant effect on the failure and 
movement of the overlying strata, especially on the ini-
tial weighting distance of the main roof, the breaking 
distance of the aquiclude, the caving angle of the over-
lying strata, the distribution of the three zones of the 
overlying strata, and the subsidence on both sides of the 
goaf. Under the action of water pressure in thick aqui-
fer, the initial weighting distance of the main roof and 
initial breaking distance of the aquifuge are significantly 
reduced.

4. The height of the caving zone and water-conducting 
fractured zone of the numerical simulation and the 
physical similarity simulation are basically the same, 
and the results of the two are slightly higher than the 
calculation results of the empirical formula, which is 
beneficial to the prevention of roof water inrush. In addi-
tion, the initial and periodic breaking distance of the 
aquifuge obtained by the two research methods are close 
to the calculation results of the theoretical model, and 
the periodic breaking distance of the aquifuge is about 
half of the initial breaking distance, which further veri-
fies the calculation results of the theoretical model.

The fracture of rock strata under hydraulic coupling is a 
very complex process. The theoretical analysis in this paper 
is a simplified model based on material mechanics. In fact, 
the real structure of rock strata is quite complex, such as 
the uncertainty and irregular distribution of faults, pores, 
and joints in rock strata. Therefore, it is of great significant 
to further study the distribution law of faults, pores, and 

joints under hydraulic coupling and the failure mechanism 
and characteristics of overlying strata under their irregular 
distribution. In addition, the mechanism and law of fracture 
propagation under hydraulic coupling will be also explored 
in future work. 
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