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It is very extraordinary for the success of coal mine roadway grouting with the following factors of high early strength, good fluidity,
and convenient pumping, but the existing grouting materials make it difficult to achieve the above characteristics at the same time.
Therefore, a modified grouting material is developed, which is composed of two kinds of dry materials A and B, which are mixed
with water and in equal amounts. The physical and mechanical properties of modified grouting materials under different ratios
were tested by laboratory orthogonal test, and the optimal ratio of grouting materials and additives was obtained: (1) the water-
cement ratio is 0.8 : 1; (2) base material: the mass ratio of cement, fly ash, bentonite, and water is 1 : 0.3 : 0.1 : 1.44; (3) admixture:
the mass ratio of water reducer C, accelerator D, and retarder E is 1.5% : 0.05% : 0.3%. The basic properties of the modified
grouting materials were studied from the aspects of slurry flow state, diffusion range, and grouting parameters by using the
numerical simulation method, and the reinforcement mechanism of slurry to the broken surrounding rock properties of the
roadway was revealed: (1) the grouting pressure is the main factor affecting the slurry diffusion radius; (2) the mechanical
properties of the roadway surrounding rock are improved, the plastic zone and deformation of surrounding rock are reduced,
and the active support function of the anchor and cable is enhanced through grouting reinforcement; (3) the control effect of
the roadway is improved, and the balanced bearing with anchorage structure of the roadway surrounding rock is realized
through grouting reinforcement. On this basis, the modified grouting material is applied to roadway repair and reinforcement
engineering practice. The field monitoring data show that the production practices were guided by roadway repair and
reinforcement technology with the modified grouting material, as the core of the roadway surrounding rock control effect is
good, and the modified grouting material has a wide range of application prospects.

1. Introduction

Coal is the main energy and important industrial raw
material in China. With the increase of coal mining depth
and intensity, there are a large number of complex and
difficult roadways in the mine, including soft rock road-
way, high stress roadway, strong dynamic pressure road-
way, and broken surrounding rock roadway. Among
them, the control of broken surrounding rock roadway
has been one of the major problems perplexing coal mine
safety production [1–6]. Under the influence of tectonic

stress, mining stress, folding fault zone, and other factors,
the surrounding rock of the roadway is seriously broken,
the deformation is large, the failure rate of the support
structure is high, and the control is difficult. According
to statistics, 60%-80% of broken surrounding rock road-
ways need to be repaired many times to maintain their
normal use, which leads to heavy maintenance workload,
high cost, and poor safety [7–15].

In recent years, various grouting materials are used to
reinforce the surrounding rock of roadway, fill cracks,
cement broken surrounding rock, increase the integrity and
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strength of surrounding rock, improve the self-supporting
capacity of broken surrounding rock, improve the anchoring
performance of supporting components, control the defor-
mation of surrounding rock, and enhance the stability of
roadway. The support and nursing concept and method are
gradually applied to mine roadway repair engineering [16–
20]. As the key and core factor, the comprehensive perfor-
mance of grouting material will significantly affect the flow
and diffusion range of slurry and ultimately determine the
grouting reinforcement effect of the roadway. At present,
many scholars have carried out effective research on grouting
materials and developed grouting materials with different
types and properties [21–34]. It can be divided into inorganic
cement slurry and organic chemical slurry: (1) Inorganic
cement slurry has the advantages of wide source, high
strength of stone body, good impermeability, low price, con-
venient preparation, simple operation, nontoxic, and harm-
less. It is the most widely used and the largest amount of
grouting material. However, it also has the disadvantages of
large size, poor injectivity, long solidification time, and diffi-
culty to control. In grouting engineering, cement admixture
is usually added to the cement slurry to improve the water
conductivity, stability, fluidity, and solidification properties
of slurry, so that the slurry performance can meet the needs
of field work. At present, cement slurry is developed in the
direction of ultrafine cement, high water quick setting mate-
rial, silica fume cement slurry material, and nanocement
material. (2) Organic chemical grout has the advantages of
low viscosity, good injectivity, strong impermeability, good
solidification time control, good stability, small grouting
pressure, and large slurry diffusion radius, but it also has
the characteristics of high price, toxicity, fever, consolidation,
low strength, strict construction technology requirements,
and other defects and can easily cause coal washing difficul-
ties, pollution of groundwater, and harm to human health,
so its application scope is greatly limited.

At present, engineering materials research is focused on a
wide range of sources, local conditions, environmental friend-
liness, and low price. In view of this, according to the charac-
teristics of grouting reinforcement in broken surrounding
rock stratum of roadway, a modified grouting material is
developed by the author’s team. Based on the different mineral
composition and hydration mechanism of Portland cement
and sulphoaluminate cement, full use was made of industrial
solid waste fly ash to turn waste into treasure and reduce the
cost of the modified grouting material, which not only has
the advantages of adjustable solidification time and high
strength, but also overcomes the shortcomings, such as easy
pulverization, unstable chemical structure, and ease of corro-
sion by water. Through the experimental study, the best ratio
of grouting materials under specific conditions is determined,
and the flow diffusion laws and grouting reinforcement are
revealed by numerical simulation. On this basis, the developed
modified grouting material is applied to the repair project of
broken surrounding rock roadway, which achieves the pur-
pose of fast and stable solidification of broken coal and rock
stratum and good control effect of roadway surrounding rock
and effectively ensures the safe and efficient mining of coal
resources.

2. Preparation of Modified Grouting Material

2.1. Determination of Composition

2.1.1. Grouting Mode. At present, the grouting mode is
mainly divided into single liquid and double liquid. The sin-
gle liquid is composed of one kind of slurry, the most com-
mon being cement slurry; the double liquid consists of two
kinds of slurry, which are prepared and stored indepen-
dently, and then injected into the matrix rapidly after the
two are fully mixed. From the characteristics of mine road-
way repair engineering, it is necessary to adjust the gelation
time and early strength according to the broken degree of
surrounding rock. Therefore, the modified grouting material
adopts double liquid grouting mode.

2.1.2. Composition. The selection of grouting material com-
position is based on the wide sources of materials, low cost,
strong comprehensive performance, and environmental
friendliness. The grouting material is composed of two
groups of dry materials A and B, which are mixed with water
and in equal amounts. Material A is made of Portland
cement, and material B is made of sulphoaluminate cement.
Two kinds of dry materials with highly complementary
chemical properties are composed of fly ash, bentonite, and
additives. Before grouting, A material and B material are
added into water, to make slurry. Both of them can maintain
good fluidity within 2 hours. When grouting, the two slurries
are fully mixed. By adjusting the proportion of the two mate-
rials, the condensation time can be achieved from a few
minutes to several hours, and strength is produced by rapid
hardening after condensation.

(1) Cementitious materials. The cementitious material of
material A is Portland cement, which has the charac-
teristics of stable strength development, high long-
term strength, and large hydration heat due to its
high content of silicate minerals. The cementing
material of material B is sulphoaluminate cement,
which has the characteristics of early strength, high
strength, impermeability, and corrosion resistance.
When the two kinds of cement are mixed in the
proper proportion, the effect of quick setting and
early strength can be achieved.

(2) Active materials. Fly ash is a kind of pozzolanic mate-
rial with certain activity. It has fine particles, many
spherical vitreous bodies, and smooth surface. It is
distributed between cement particles and increases
the compactness of the grouting body. Adding fly
ash into cementitious materials can not only increase
the fluidity of the paste but also recover industrial
waste residue, reduce the amount of cement, and
reduce the cost.

(3) Bentonite. Bentonite is a kind of clay mineral with
montmorillonite as the main component. It has
strong water absorption and is in suspension and
gel state in aqueous solution. Using bentonite as the
suspending agent can improve the dispersion and
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suspension of solid particles of materials A and B in
the slurry, avoid the phenomenon of sedimentation
and bleeding, and make the material uniformly and
stably hydrated to form a homogeneous hydration
hardening body.

(4) Admixtures. It includes accelerator, water reducer in
material A, and retarder and water reducer in mate-
rial B. The main function of the admixture is to
improve the pumping performance of material A
and material B.

2.1.3. Mechanism of Hydration Reaction. The strength of dou-
ble liquid grouting materials can be rapidly solidified, which is
mainly due to the accelerated hydration reaction of Portland
cement and sulphoaluminate cement. With Portland cement
as the matrix and adding a certain amount of sulphoaluminate
cement, the hydration of cement is promoted, the amount of
ettringite in the hydration product increases, the setting time
of composite cement is shortened, the early strength is
increased, and themicroexpansion is also observed.When sul-
phoaluminate cement is used as the matrix and a certain
amount of Portland cement is added, the 24-hour strength
of the composite system cement is increased, and the dry
shrinkage rate of the cement is reduced. At the same time,
the production cost of cement can be reduced without reduc-
ing the strength. Therefore, the addition of a small amount of
other cement clinker has a great influence on the early hydra-
tion rate of the matrix cement, which is the same as the hydra-
tion mechanism of the matrix cement in the later stage, but it
changes the relative proportion and microstructure of the
hydration products of the system, thus improving its compre-
hensive performance.

2.2. The Optimum Ratio Test of Modified Grouting Material

2.2.1. Orthogonal Experimental Design. There are two charac-
teristics of orthogonal experimental design method: balanced
dispersion and uniformity. Compared with the uniform test
method, the number of tests can be reduced regularly and
only representative tests can be done. The correct estimation
of test error and intuitive results can be obtained by range
analysis. The orthogonal experiment design includes three
aspects: (1) select factors and levels according to the experi-
mental requirements, (2) select the orthogonal test table
and develop a test plan according to the number of factors
and levels, and (3) carry out experiments and analyze the test
results.

In the design of slurry proportioning, the additive con-
tent is not considered at first, which involves three factors:
water cement ratio, fly ash content, and bentonite content.
The water cement ratio is the total mass ratio of water to
cement, fly ash, and bentonite. The number of levels is deter-
mined according to the influence degree of each factor.

(1) Influence of Water-Cement Ratio on Compressive Strength
of Slurry Stone. According to the previous test results [35–
38], the setting time of Portland cement and sulphoaluminate
cement is the shortest after mixing with the same amount. To
make the slurry achieve the performance of rapid setting and

early strength, the two are mixed according to the volume
ratio of 1 : 1. The uniaxial compressive strength of mixed
slurry stone under five different water-cement ratios is shown
in Figure 1.

It can be seen from Figure 1 that with the increase of the
water-cement ratio, the compressive strength of the slurry
stone specimen gradually decreases, and the reduction range
is obvious. When the water-cement ratio is 0.5 : 1, the com-
pressive strength of the specimen is the highest, which
reaches 5.6MPa in 2h and 22.8MPa in 28d; when the
water-cement ratio is 1.5 : 1, the 28 d compressive strength
of the specimen is 10.4MPa, which is 12.4MPa lower than
that of the water cement ratio of 0.5 : 1; when the water
cement ratio is 2.0 : 1, its compressive strength is the lowest,
which is only 3.4MPa at 28 d, which is 19.4MPa lower than
that of the 0.5 : 1 water cement ratio. Therefore, when the
water-cement ratio is greater than 1.5 : 1, the strength of the
slurry stone decreases significantly, which cannot meet the
requirements of roadway engineering. Therefore, the water-
cement ratio should not be greater than 1.5 : 1.

(2) Influence of Fly Ash on Compressive Strength of Slurry
Stone. When the water-cement ratio is 1.0 : 1, the compres-
sive strength of the slurry stone with different fly ash content
is shown in Figure 2. It can be seen from Figure 2 that the
cement concentration in the solution decreases because of
addition of fly ash, the effective water-cement ratio for con-
trolling the hydration rate of cement increases, and the cal-
cium ion concentration decreases, which weakens the
connection between particles and reduces the early compres-
sive strength of the slurry stone.

With the increase of fly ash content, the latter strength of
the slurry stone increases first and then decreases. When the
content of fly ash is 20%, the compressive strength reaches
the maximum, and the 28 d strength reaches 17.68MPa,
which is 16.32% higher than that of the specimen without
fly ash. It is mainly due to the remarkable pozzolanic prop-
erty of fly ash in the later hardening stage. When the content
of fly ash is more than 30%, the strength at 2 h is 0MPa and
the strength at 28 d is only 14.8MPa, which is lower than that
of the specimen without fly ash. Therefore, the content of fly
ash must be controlled in a certain range, preferably not
more than 30%.

(3) Influence of Bentonite on Compressive Strength of Slurry
Stone. When materials A and B are mixed with water to form
slurry, the phenomenon of water separation will occur, which
will affect the performance of the slurry. The addition of ben-
tonite can improve the performance of slurry. When the ben-
tonite is added into the slurry, the smaller montmorillonite
particles will be attached to the surface of the larger cement
particles due to the larger cement particles and the positive
charge on the surface of the cement particles. Due to the good
water retention, lubrication, and fluidity of the bentonite
slurry, the cement particles will be suspended in the farther
and finer rock cracks, thus preventing the cement slurry from
solidification due to premature water loss. When the water-
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cement ratio is 1.0 : 1, the water separation rate of single
slurry A and B under different bentonite contents is shown
in Figure 3(a). It can be seen from Figure 3(a) that with the
increase of bentonite content, the slurry water separation rate
gradually decreases. When the bentonite content exceeds
10%, the slurry suspension effect is better, and the water sep-
aration rate meets the general requirements. When the ben-
tonite content is 20%, the slurry suspension effect is the
best, the water separation rate of liquid A is 4.1%, and that
of liquid B is 0%. Therefore, the bentonite content should
be more than 10%.

When the water-cement ratio is 1.0 : 1, the compressive
strength of bentonite slurry stone with different content is
shown in Figure 3(b). It can be seen from Figure 3(b) that

with the increase of bentonite content, the compressive
strength of slurry stone gradually decreases, which is due to
the fact that bentonite has almost no cementitious property.
When the bentonite content is less than 15%, with the
increase of bentonite content, the slurry stone strength
decreases slightly, but the strength increases in 2 h. This is
because a small amount of bentonite provides an alkaline
environment, which speeds up the reaction time and
shortens the condensation time.

In conclusion, three factors were selected in the orthogo-
nal test, and three levels were selected for each factor. The
levels and factors of orthogonal test are shown in Table 1.
Using the L9 (34) orthogonal test table, only 9 tests are
needed.

The materials A and B are prepared into slurry. Firstly,
Portland cement, sulphoaluminate cement, and fly ash are
ground, and the fineness is controlled at the specific surface
area of 400m3/kg. Then, the ground materials are mixed with
water for 10min according to the scheme. Finally, A and B
solutions are mixed according to the volume ratio of 1 : 1.
The ratio of the orthogonal test is shown in Table 2.

2.2.2. Comprehensive Performance Test Results and Mix
Proportion Optimization

(1) Analysis of Physical Property Test Results. The test results
of physical properties of A and B slurry are shown in Table 3.

According to the above test results, the range analysis
method is used to determine the primary and secondary fac-
tors and determine the optimal level and combination. The
range analysis method is simple and intuitive. The range
analysis results of slurry viscosity, water separation rate,
and condensation time are shown in Table 4.

According to the analysis results of slurry viscosity range,
the water-cement ratio is the most important factor affecting
the slurry viscosity, followed by the bentonite content, and
finally the fly ash content. The optimal combination is
A3C1B1. The slurry viscosity decreases with the increase of
water-cement ratio and increases with the increase of ben-
tonite and fly ash content.

According to the range of analysis results of slurry water
separation rate, the water-cement ratio is the most important
factor affecting the water separation rate of single slurry A
and B, followed by the content of bentonite, and finally the
content of fly ash. The optimal combination is A1C3B1. The
increase of fly ash content will lead to the increase of water
separation rate, while the increase of bentonite content will
lead to smaller water separation rate and better slurry
stability.

According to the range of analysis results of condensa-
tion time of slurry, the degree of importance of the impact
on the condensation time, from large to small, is the water-
cement ratio, bentonite content, and fly ash content. For
comprehensive initial condensation and final condensation
time, the optimal combination is A1B1C1. The condensation
time of slurry increases with the increase of the water-
cement ratio, fly ash, and bentonite content, which is due to
the decrease of cement relative concentration in slurry,
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resulting in slower hydration rate and longer condensation
time.

It can be seen that the water-cement ratio is the most
important factor affecting the physical properties of the
slurry. When the water-cement ratio is 0.8 : 1, the physical
properties of the slurry are the best. Under the condition of
this ratio, the stability and fluidity of the slurry are good,
the stone rate is 100%, and the condensation time is moder-
ate; the slurry with the water-cement ratio of 1.0 : 1 has a

slightly poor stability and a slightly longer condensation
time. Although the slurry with the water-cement ratio of
0.5 : 1 has good stability, it has a high viscosity and can only
be used in special projects.

(2) Analysis of Mechanical Property Test Results. The test
results of mechanical properties of slurry stone are shown
in Table 5.

It can be seen from Table 5 that when the water-cement
ratio is 0.5 : 1, the compressive strength of the slurry stone
specimen is the highest, among which the mechanical prop-
erties of the first group of specimens are the best, the 2 h com-
pressive strength is 5.09MPa, and the 28 d compressive
strength is 19.95MPa; when the water cement ratio is
0.8 : 1, the mechanical properties of the sixth group of speci-
mens are better, and the 28 d compressive strength is
15.48MPa; when the water cement ratio is 1.0 : 1, the
mechanical properties of the eighth group of specimens are
better, and the 28 d compressive strength reaches 11.43MPa.

According to the above test results, the range analysis
method is used to determine the primary and secondary fac-
tors and determine the optimal level and combination. The
range analysis method is simple and intuitive, and the range
analysis results of compressive strength of slurry stone at dif-
ferent curing time are shown in Table 6.

The range analysis results show that the water-cement
ratio has the greatest influence on the strength of the slurry
stone, followed by the content of bentonite and fly ash.
According to the requirements of general roadway grouting
engineering, the early and late compressive strengths of
materials are mainly investigated. The optimal combination
of 2 h compressive strength is A1B1C1, and that of 28 d com-
pressive strength is A1C1B3.

To sum up, when the water-cement ratio is 0.8 : 1, the
physical properties of the slurry are the best, and when the
water-cement solid ratio is 0.5 : 1, the mechanical properties
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Figure 3: Influence of bentonite on compressive strength of slurry.

Table 1: Factor level table of orthogonal test.

Level
Water cement

ratio
Mass percentage of

fly ash
Mass percent of

bentonite
A B C

1 0.5 : 1 10% 10%

2 0.8 : 1 20% 15%

3 1.0 : 1 30% 20%

Table 2: Orthogonal test group distribution ratio table.

Test serial
number

Water cement
ratio

Mass ratio of various
materials

Cement
Fly
ash

Bentonite

1 0.5 : 1 1 0.10 0.10

2 0.5 : 1 1 0.20 0.15

3 0.5 : 1 1 0.30 0.20

4 0.8 : 1 1 0.10 0.15

5 0.8 : 1 1 0.20 0.20

6 0.8 : 1 1 0.30 0.10

7 1.0 : 1 1 0.10 0.20

8 1.0 : 1 1 0.20 0.10

9 1.0 : 1 1 0.30 0.15
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of the slurry stone are the best, but the slurry viscosity under
this ratio is large, the flow performance is poor, and it is dif-
ficult to pump. When the water-cement ratio is 0.8 : 1, the
mechanical properties of the slurry stone can meet the engi-
neering requirements. Therefore, considering that increasing
the content of fly ash can effectively reduce the cost of slurry,
the sixth group, namely, the mass ratio of cement, fly ash,
bentonite, and water, is 1 : 0.3 : 0.1 : 1.44 as the optimal pro-
portion of slurry.

2.3. Experimental Study on Slurry Admixture Ratio. The
main performance requirements of modified grouting mate-

rials in mine roadway engineering include high early
strength, good fluidity, and convenient pumping. The spe-
cific performance indexes of the modified grouting material
are as follows.

(1) The condensation speed is fast and the early strength
is high. The compressive strength is more than
2.0MPa and not less than 15.0MPa after 28 days

(2) The initial viscosity of the slurry is low, the fluidity is
good, the slurry does not solidify within 2 hours, and
the water separation rate is less than 5%

Table 3: Physical property test results.

Test serial number Viscosity (s)
Water separation rate (%) Coagulation (min)

Material A Material B Primary solidification Final solidification

1 70.2 1.5 0.2 10 16

2 77.8 2.0 1.4 15 20

3 85.4 2.3 1.8 18 24

4 34.6 7.5 5.8 24 30

5 38.9 4.3 2.4 28 45

6 36.4 8.4 7.5 26 40

7 24.6 12.8 9.6 51 80

8 21.9 15.6 12.6 44 65

9 25.6 12.1 8.3 60 92

Table 4: Range analysis table of slurry physical performance.

Test items
Mean and range

Primary and secondary factors Optimal combination
A B C

Viscosity

K1 77.8 43.133 42.833

ACB A3C1B1
K2 36.633 46.2 46.267

K3 24.033 49.133 47.3

R 53.767 6 6.8

Water separation rate of material A

K1 1.933 7.267 8.5

ACB A1C3B1
K2 6.733 7.3 7.2

K3 13.5 7.6 6.467

R 11.567 0.333 2.033

Water separation rate of material B

K1 1.133 5.2 6.767

ACB A1C3B1
K2 5.233 5.467 5.167

K3 10.167 5.867 4.6

R 9.034 0.667 2.167

Primary solidification time

K1 14.333 28.333 26.667

ABC A1B1C1

K2 26 29 33

K3 51.667 34.667 32.33

R 37.334 6.334 6.333

Final solidification time

K1 20 42 40.333

ABC A1B1C1

K2 38.333 43.333 47.333

K3 79 52 49.667

R 59 10 9.334
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(3) The gel time can be adjusted from a few seconds to a
few minutes

However, reasonable admixtures should be added in
practical application to make its strength performance and
working performance meet the engineering requirements.
In this experiment, the sixth group of slurry with a water-
cement ratio of 0.8 : 1 was selected. The orthogonal test
design method was used to study the influence of the content
of water reducer C, accelerator D, and retarder E on the com-
pressive strength of slurry stone. The content of admixture
was comprehensively determined bymeasuring the compres-
sive strength of slurry stone at 2 h, 24 h, 2 d, and 7d. The test
process and method are similar to the above optimized pro-
portion of the slurry, so we will not repeat it. We only state
the test results: the content of water reducer C and accelera-
tor D has the greatest impact on the 2 d and 7d compressive
strength of the slurry, and the content of retarder E has a
greater impact on the 2 h compressive strength of the slurry.
From the point of view of improving the compressive
strength of the slurry stone, the optimal ratio of the admix-
ture content is finally selected. The mass ratio of water
reducer C : accelerator D : retarder E is 1.5% : 0.05% : 0.3%.

3. The Action Mechanism of Slurry on Broken
Rock Mass

3.1. Numerical Simulation Model. The process of grouting
reinforcement of roadway surrounding rock involves two
physical field coupling problems: stress field and seepage
field. Therefore, the fluid analysis module in UDEC numeri-
cal simulation software is selected to establish fluid-solid cou-
pling model by setting Bingham fluid model to simulate of
slurry flow along surrounding rock fracture of roadway. Tak-
ing the belt transportation roadway of Qipanjing coal mine in
Inner Mongolia of China as the research background, a
numerical calculation model is established. Considering the
boundary conditions of roadway and grouting, leakage, and
other factors, the size of the model is length × height = 100
m × 83:2m. The upper boundary of the model is a stress
boundary. The vertical load is about 11.3MPa calculated by
the buried depth of 450m. The length×height of the road-
way is 5:2m × 3:6m. The grouting slurry is designed as

cement slurry with the following main parameters: density
1500 kg/m3, viscosity 25Pa·s, and yield strength 5.0MPa.
The grouting hole is located at the end of the bolt. The
designed grouting depth is 3.0m, and the sealing length is
1.0m. The grouting reinforcement is carried out after the
roadway excavation and the implementation of bolt support.
The constitutive model is the Mohr-Coulomb model. The
mechanical parameters of the rock stratum and structural
plane are shown in Tables 7 and 8.

3.2. Influence of Grouting Parameters on Grout Diffusion
Range. By changing the two key parameters of grouting pres-
sure and water-cement ratio, the variation law of slurry diffu-
sion range is studied. The statistical results are shown in
Figure 4. It can be seen from Figure 4 that when the distribu-
tion of surrounding rock fissures is fixed, the grouting pressure
has a greater influence on the slurry diffusion range, while the
water-cement ratio has a small impact. However, with the
increase of grouting pressure, the influence of grouting pressure
on the diffusion range of slurry decreases, and the influence of
the water-cement ratio gradually increases. Therefore, the
grouting pressure should not exceed 2.0MPa, the water cement
ratio is about 0.8 : 1, and the slurry diffusion range can meet the
requirements of general roadway engineering.

3.3. Distribution of Grouting Pressure in Surrounding Rock.
When the water-cement ratio of slurry is 0.6 and 0.8, respec-
tively, the distribution curve of slurry pressure along the axial
direction of grouting hole is shown in Figure 5 under differ-
ent grouting pressure conditions. It can be seen from
Figure 5 that the slurry pressure reaches the peak value about
1.2m away from the roadway surface, the slurry pressure dif-
fuses to the roadway surface for a short distance, the pressure
attenuation is fast, and the attenuation is 0MPa when reach-
ing the roadway surface; the slurry pressure diffuses to the
deep part of the surrounding rock of the roadway, the atten-
uation speed is slow, and there is still a certain residual pres-
sure after attenuation of 3.0m. Therefore, while increasing
the grouting pressure to increase the spreading range of the
grout, it is necessary to seal the surface of the roadway. In
addition, the grouting pressure distribution curve is similar
under different grouting pressure conditions. With the
decrease of water-cement ratio, the grouting pressure
decreases continuously.

3.4. Influence of Grouting on Plastic Zone of Surrounding
Rock of Roadway. Two kinds of working conditions of repair-
ing and strengthening the deformed and damaged roadway
are simulated, respectively: (1) bolt and cable support alone
and (2) grouting in the roadway first and then supporting
with bolt and cable. The distribution characteristics of the
plastic zone of surrounding rock under two working condi-
tions are shown in Figure 6. It can be seen from Figure 6 that
the plastic zone of the roadway with bolt and cable support
based on grouting is smaller than that of simple bolt and
cable support, especially on the two sides of roadway with
an average reduction of more than 40%. It shows that grout-
ing reinforcement technology in broken surrounding rock
can improve the mechanical properties of surrounding rock,

Table 5: Mechanical property test results.

Test serial number
Compressive strength (MPa)

2 h 24 h 3 d 28 d

1 5.09 10.03 14.11 19.95

2 3.11 6.94 11.32 18.77

3 1.66 5.02 8.28 17.25

4 1.31 4.01 6.05 13.01

5 0.82 2.99 5.10 11.09

6 1.05 3.43 5.88 15.48

7 0.49 2.41 4.12 9.51

8 0.59 3.01 5.03 11.43

9 0.3 1.88 3.92 10.98

7Geofluids



Table 6: Range analysis table of mechanical properties of slurry stone.

Test items
Mean and range

Primary and secondary factors Optimal combination
A B C

Compressive strength of 1 h

K1 3.287 2.297 2.243

ABC A1B1C1

K2 1.060 1.507 1.573

K3 0.460 1.003 0.990

R 2.827 1.294 1.253

Compressive strength of 24 h

K1 7.330 5.483 5.490

ABC A1B1C1

K2 3.477 4.313 4.277

K3 2.433 3.443 3.473

R 4.897 2.040 2.017

Compressive strength of 3 d

K1 11.237 8.093 8.340

ACB A1C1B1
K2 5.677 7.150 7.097

K3 4.357 6.027 5.833

R 6.880 2.066 2.507

Compressive strength of 28 d

K1 18.675 14.157 15.620

ACB A1C1B3
K2 13.193 13.763 14.253

K3 10.640 14.570 12.617

R 8.017 0.807 3.003

Table 7: Rock mechanics parameters.

Rock stratum Bulk modulus (GPa) Shear modulus (GPa) Internal friction angle (°) Cohesion (MPa) Tensile strength (MPa)

Overlying strata 9.80 8.00 34 5.50 2.10

Main roof 6.40 5.30 28 3.30 1.90

Immediate roof 4.50 4.90 27 3.10 1.70

9# coal seam 2.60 2.50 20 1.20 1.30

Immediate floor 4.80 4.80 28 2.90 1.68

Main floor 5.40 5.30 28 3.35 1.89

Underlying strata 9.70 8.32 33 5.40 2.06

Table 8: Mechanical parameters of contact surface.

Rock stratum Normal stiffness (GPa) Tangential stiffness (GPa) Internal friction angle (°)
Cohesion
(MPa)

Tensile strength (MPa)

Overlying strata 4.90 0.45 30 0.27 0.11

Main roof 3.20 0.26 24 0.16 0.08

Immediate roof 2.92 0.18 19 0.11 0.05

9# coal seam 1.11 0.10 16 0.06 0.03

Immediate floor 2.82 0.16 18 0.12 0.06

Main floor 3.31 0.24 23 0.15 0.09

Underlying
strata

4.86 0.46 32 0.26 0.12
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increase the stability of the structure, enhance the active sup-
port effect of anchor cable, and improve the control effect of
surrounding rock.

3.5. Influence of Grouting on Surrounding Rock Displacement
of Roadway. After roadway deformation and failure, the
deformation of roadway under two different working condi-
tions is shown in Figure 7. After bolt and cable support, the
roadway roof subsidence is 260mm, the displacement of two
sides is 675mm, and the floor heave is 208mm; after bolt
and cable support based on grouting, the roadway roof subsi-
dence is 165mm, the displacement of two sides is 432mm,
and the floor heave is 138mm. The decline rates were 36.5%,
36%, and 33.7%, respectively. It can be seen from Figure 7 that
under the two different working conditions, the deformation
of roadway is relatively large, but after grouting reinforcement,
the bearing capacity of surrounding rock of the roadway has
limited improvement. The deformation of the roadway can
be effectively controlled by implementing the reasonable sup-
port mode and parameters of bolt and cable.

3.6. The Influence of Grouting on the Supporting Structure.
After the deformation and failure of the roadway, two differ-
ent working conditions are used to repair and reinforce the
roadway, and the stress situation of the roadway support
structure is shown in Figure 8. It can be seen from Figure 8
that the loose range of the roadway is effectively controlled
by grouting reinforcement of the broken roadway, and the
cracks of loose circle are filled with slurry, so that the original

broken surrounding rock is rereinforced, the shallow sur-
rounding rock becomes relatively homogeneous, and the
anchoring effect is improved. Compared with the simple bolt
and cable support, the bolting structure with bolt and cable
support based on grouting has better anchoring performance
and more uniform stress. The anchorage structure of the
roadway realizes balanced bearing, avoids the damage of sup-
port structure caused by local stress concentration, and
increases the overall stability of the roadway.

4. Industrial Test

4.1. Engineering Background. The Qipanjing coal mine is
located in Inner Mongolia, China, with a design production
capacity of 0.3Mt/a, a field area of 19.59 km2, and a service
life of 34.3 a. It adopts inclined shaft development, single
level, and panel mining, and the main roadways are arranged
along the 9# coal seam. The coal seam has a buried depth of
450m, an average thickness of 2.91m, and a complex struc-
ture with five layers of mudstone and gangue. The immediate
roof is sandy mudstone (2.6m), the main roof is coarse and
fine sandstone (8.25m), the immediate floor is sandy
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mudstone (1.5m), and the main floor is siltstone and sandy
mudstone (5.05m). Auxiliary transportation, belt transpor-
tation, and return air roadways (hereinafter referred to as
roadway group) are arranged along the 9# coal seam roof.
Due to the influence of mining on the two wings of the
020906 and 020907 working faces, the overall deformation
is large and the damage occurs in different degrees. Among
them, the auxiliary transportation roadway is the most seri-
ous, as shown in Figure 9.

4.2. Roadway Repair Principle. The roadway group has been
disturbed by mining stress for many times. The loose circle
of surrounding rock is large, the structure is loose and bro-
ken, the deformation of surrounding rock is large, and the
local position is damaged and unstable. It is difficult to ensure

the stability of the roadway with original bolt shotcrete sup-
port. Therefore, in order to ensure the normal operation of
the mine, it is necessary to repair and reinforce the roadway
group, restore the original design section, reshape the struc-
ture of the surrounding rock, improve the mechanical prop-
erties of the surrounding rock, and form a long-term effective
support structure.

The grouting technology can fill the surrounding rock
cracks, block the water passage, reduce the weathering and
hydration of the surrounding rock, consolidate the surround-
ing rock into a whole, reduce the stress concentration coeffi-
cient of the surrounding rock, and provide a reliable
anchoring foundation for the bolt and cable support. Mean-
while, the bolt and cable support system can form a certain
supporting pressure on the surrounding rock after grouting
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and improve the stress environment of the roadway. There-
fore, the combination of the bolt, cable support, and grouting
can help to form the reinforcement layer and reshape the
structure of the surrounding rock.

4.3. Roadway Surrounding Rock Control Parameters

4.3.1. Grouting Parameters. The industrial test was carried
out in the auxiliary transportation roadway. The grouting
parameters of the roadway are shown in Table 9. The row
spacing between grouting holes is mainly determined by the
slurry diffusion radius, and the row spacing of the grouting
holes is 0.6-0.8, twice the diffusion radius. Grouting is
divided into two times: the first grouting hole is drilled
according to the row spacing of 3.2m, and the hole depth is

3.0m; the second grouting hole is arranged in the middle of
the first two rows of grouting holes, and the final row spacing
is 1.6m, as shown in Figure 10.

4.3.2. Bolt and Cable Support Parameters. According to the
dynamic system design method, the roadway support param-
eters are obtained. Bolt parameters: HRB500, 20mm in
diameter, 2400mm in length, and 80mm in yield distance
are used in the roof and sides, with the spacing of 800mm
× 800mm; the 10# wire mesh is laid and the diameter of
14mm steel ladder beam is connected. Cable parameters:
the roof is supported by high-strength prestressed yield cable
with a diameter of 21.6mm, length of 8300mm, and yield
distance of 120mm, with spacing of 2000mm × 2400mm;
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Figure 8: Stress state of roadway support structure.
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Table 9: The grouting parameters.

Serial number Project Parameters

1 Grouting materials Modified grouting material

2 Water cement ratio 1.5 : 1

3 Lag grouting time 3-5 days after shotcreting

4 Grouting pipe R25N self-drilling grouting anchor with length of 2.5m and yield strength of 150 kN

5 Grouting pressure 2.0-3.0MPa

6 Grouting quantity
Stop grouting when the design grouting pressure is reached or a

large amount of grout leakage occurs

7 Slurry diffusion radius About 2.5m

8 Depth of grouting hole 3.0m
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M-shaped steel strip with thickness of 3.5mm is connected,
as shown in Figure 10.

4.4. Mine Pressure Monitoring and Analysis. After the rein-
forcement and repair of auxiliary transportation roadway,
two stations were set up at an interval of 20m to monitor
the grouting effect and surface displacement.

4.4.1. Borehole Peeping. YTJ20 rock detector is used to carry
out borehole detection, as shown in Figure 11. Before grout-
ing, the shallow part of the roof is completely broken, there
are a lot of cracks, and the integrity is poor; after grouting,
the broken coal and rock mass is fully cemented and evenly
distributed, and the surrounding rock strength is strength-
ened. The grouting effect of the two sides is similar.

4.4.2. Surface Displacement. After the roadway is repaired
and reinforced, the stability period of the surrounding
rock is about 25 days. Due to grouting and high-strength
yielding bolt and cable reinforcement support from the
reinforcement layer, the bearing capacity of surrounding
rock is significantly improved, the surrounding rock defor-
mation is uniform, and the overall deformation is small,
and the section meets the production requirements, as
shown in Figure 12.

5. Conclusions

(1) Based on the defects of existing grouting materials
and the characteristics of a coal mine roadway, a
modified grouting material was developed by using
the double liquid grouting mode. The material is
composed of two groups of dry materials A and B,
which are mixed with water and in equal amounts.
The material A is made of Portland cement and
material B is made of sulphoaluminate cement.

The influence of component content on the physical
and mechanical properties of grouting materials was
studied by orthogonal test, and the optimal ratio
was obtained, in which the water-cement ratio was
0.8 : 1 and the mass ratio of cement, fly ash, benton-
ite, and water was 1 : 0.3 : 0.1 : 1.44. Considering
from the perspective of improving the compressive
strength of the slurry stone, the optimized ratio of
admixture content is selected, and the mass ratio
of water reducing agent C : accelerator D : retarder
E is 1.5% : 0.05% : 0.3%

(2) By means of numerical simulation, the influence of
grouting parameters and grouting pressure of modi-
fied grouting material on grouting flow properties is
simulated. The reinforcement effect of modified
grouting material on surrounding rock properties of
the roadway is mainly studied, and the rules of mod-
ified grouting material on surrounding rock proper-
ties of roadway are revealed: grouting makes the
surrounding rock stress transfer from deep to shal-
low, and the surrounding rock stress distribution is
more uniform. Broken surrounding rock grouting
can improve the mechanical properties of roadway
surrounding rock, enhance the stability of roadway
surrounding rock, control the deformation of road-
way surrounding rock, and realize the balanced bear-
ing of roadway surrounding rock anchorage
structure. The feasibility of the application of modi-
fied grouting material in tunnel grouting engineering
is verified

(3) The results obtained by theoretical analysis, labora-
tory test, and numerical simulation are applied to
the practice of roadway repair and reinforcement of
the north roadway group in the Qipanjing coal mine.
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The field monitoring data show that the production
practice was well guided with the repair and rein-
forcement technology with high-strength yielding
bolt and shallow grouting reinforcement as the core,
and the modified grouting material has good effect
on grouting reinforcement of roadway surrounding
rock
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Disturbances owing to coal mining result in the movement and failure of floor strata. Mining-induced fractures within the floor
may propagate to the confined aquifer, thereby causing water inrush disasters. In this study, we propose using strip mining and
backfill replacement mining above the confined aquifer to investigate the failure depth of the floor. The problem is simplified as
a distributed force model on a half-plane body. First, the stress disturbance of the floor during strip mining is calculated and the
results are combined with the von Mises yield criterion. Then, the destruction of the floor after replacing the remaining coal
pillars is explored. The results show that the widths of the strip mining face and coal pillars play an important role in affecting
the failure depth of the floor: the greater the width, the larger the failure depth. Based on the parametric study results, the
mining face and retention coal pillar width of 20m is sufficient to prevent the occurrence of water inrush accidents. After the
replacement of the remaining coal pillars, the failure area of the floor rock mass increases, but the maximum failure depth
remains unchanged. Finally, we employed field measurement techniques at the Bucun coal mine to monitor the shear and
vertical strains of the floor. The data collected was compared with the predicted results obtained from the proposed theoretical
model. Good agreement was found between the monitoring and calculation results, which demonstrate the effectiveness of the
proposed method.

1. Introduction

During the mining of a coal seam above a confined aquifer,
there are many incidents of water inrush from the floor
resulting in huge casualties and economic loss [1–3]. Excava-
tion activities cause floor damage, and the formation of water
channels is the main cause of water inrush [4]. To ensure
safety during mining, the widely adopted method called strip
mining is used [5]. Strip mining can effectively reduce the
failure depth of floor strata and avoid the occurrence of such
accidents. Given that strip mining needs a certain width of
coal pillar to maintain the stability of mining space, the
recovery rate of coal resources is lower than the traditional
caving method. After strip mining, backfilling with high
water content material helps to reduce the loss of coal
resources and ensure the safety of the process [6].

In general, coal mining activities change the stress distri-
bution characteristics of surrounding rock [7–9]. When the

stress of the floor strata exceeds the ultimate strength, cracks
appear in its interior part [10, 11]. As the excavation intensity
increases, the cracks develop gradually and eventually pene-
trate the strata between the working face and the confined
aquifer [12–14]. Strip mining can effectively reduce the dis-
turbance to the surrounding rock and the failure depth of
the floor [15]. Previous studies have suggested the technology
of grouting reinforcement of the floor, which can improve
the strength of the floor rock mass and avoid the generation
of permeable passages [16, 17].

After strip mining, the sustained strength of the stope
surrounding rock decreases as time increases [6, 18, 19]. As
the rock failure develops, it is possible to form a new perme-
able passage. Then, backfilling the goaf in time to improve
the stress environment of surrounding rock can eliminate
the continuous development of floor failure zone [20–22].
According to experiments and field observations, the stress
concentration at the surrounding rock of the goaf decreases
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after backfilling [23, 24]. Simultaneously, the failure of the
floor rock mass is under control and the floor accident can
be effectively prevented [25–27]. Moreover, the deformation
and settlement of overlying strata decreased [28, 29].

Previous studies focused on the problem of water inrush
and subsidence caused by coal mining. Additionally, signifi-
cant research has been done on strip mining and goaf backfill
to prevent water inrush. However, the recovery of the
abandoned coal pillar and floor failure after the backfill
replacement mining has not been considered. When backfill-
ing material is used to recover the abandoned coal pillar, the
coal seam floor will be affected by mining, and new deforma-
tions and destruction will occur at the floor strata. In partic-
ular, in the case of the coal seam above a confined aquifer, the
floor is easy to form a water diversion channel under the
influence of multiple mining, resulting in the problem of
water inrush.

This study examines the stress distribution on the floor
boundary during strip and backfill replacement mining
above a confined aquifer. The two types of mining are
simplified as mechanical problems under different boundary
conditions. Using the elastic mechanics method, the stress
distribution and floor failure evolution in the process of strip
mining and backfill replacement mining are studied, respec-
tively. As a result, the study provides theoretical guidance for
safe mining of coal seams above a confined aquifer at the
Bucun coal mine as well as overcoming shortcomings of the
low extraction rate of strip mining and reducing the wastage
of coal resources.

2. Backfill Replacement Mining Technology

2.1. Background. To begin with, the Bucun coal mine belongs
to the Zibo Mining Group, located in the Jinan Shandong
Province as presented in Figure 1. Its industrial square is in
the town of Bucun, which is distributed in four townships:
Bucun, Wenzu, Shengjing, and Xusheng. More than 80% of
the mine resources are No. 9 and No. 10 coal seams, which
are mostly under buildings and threatened by water inrush

from the floor. Therefore, the way to mine those coal seams
safely and effectively is a major technical problem for Bucun
coal mine.

From 2005 to 2009, strip mining was used to mine under-
ground coal under confined water pressure in the 911 district
of Bucun coal mine. The width of the excavated coal pillar
was between 6 and 20m, the width of the retained coal pillar
was 10 to 25m, and the recovery rate was only 34.2%. During
the period of 2010–2011, 921 district used inclined strip min-
ing to extract the coal above confined aquifer. The widths of
the excavated and the retained pillars were 20m and 25m,
respectively, and the recovery rate was 44.4%. The average
recovery rate of the two mining areas was 39.3%, while many
coal resources remained underground.

2.2. FloorWater Inrush. Since the 1970s, the Bucun coal mine
has been mining No. 9-2 coal seam threatened by a confined
aquifer. The mining area of these coal seams was approx-
imately 5.42 km2, and the lower level of mining was
-372.8m. Moreover, there have been two instances of floor
water inrush reaching a maximum amount of 60m3/h.

Further, the 9110 working face had been mined since July
15, 2004, and strip mining had been adopted (Figure 2). Ini-
tially, the designed mining width was 40m. On July 31st, after
mining 33m in the 9110 working face, water inrush occurred
at the back of the working face. The initial water volume was
150m3/h, while the maximum reached 334.8m3/h. After this
incident, grouting was used to treat the water inrush, and the
production was resumed in August 2005.

After this incident, the distribution of the aquifer on the
floor of the area was investigated in detail. According to the
geological exploration data, it consisted of, mainly, the
Xushang sandstone, Xujiazhuang limestone, and Ordovician
limestone aquifers. The thickness of the Xushang sandstone
aquifer was 0 to 14.07m, the distance from the coal seam
was 43.54 to 63.77m, and the average distance was 54.40m.
It was, generally, attached to Xujiazhuang limestone and
had a thickness of approximately 0 to 1.29m shale or clay
shale with a maximum water pressure of 3MPa. In addition,
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Figure 1: Bucun coal mine geographic information map: (a) location of Bucun coal mine; (b) location of the down hole working face and
surface buildings.
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the thickness of Xujiazhuang limestone aquifer was 8.45 to
12.19m, with an average of 10.47m. The distance from No.
9-1 coal seam was 52.17 to 71.50m, and the average distance
was 61.59m. The distance from the lower part of the
Ordovician limestone aquifer was 9.79 to 12.45m, with
an average of 10.81m. This type of limestone was gener-
ally rich in water and had a certain regionalization. It
was mainly recharged by the Ordovician limestone aquifer
while recharging upwards the Xushang sandstone aquifer.
The maximum water inrush coefficient and maximum water
pressure were 0.132MPa/m and 0.132MPa/m, respectively,
and the maximum water pressure was 6.3MPa.

Moreover, the main aquifer in the coal seam floor was the
Ordovician limestone, which was rich in water and had good
recharge conditions that made it the main water supply
source of every aquifer in the lower part of the coal seam.
The average distance from the No. 9-1 coal seam was
82.87m, and the average distance from the Xujiazhuang
limestone was 10.81m. The maximum water inrush coeffi-
cient of the Ordovician limestone was 0.082MPa/m, and
the maximum water pressure of the Ordovician limestone
aquifer was 6.52MPa.

Based on the characteristics of mining above the confined
aquifer and under the buildings in the Bucun coal mine, strip
mining method was adopted. The reason is that the width of
the working face in strip mining is narrow, causing smaller
damage to the floor, which can achieve safe mining above
the confined aquifer [30]. Additionally, strip mining can
effectively control surface subsidence, with a reduction rate
between 80% and 90% [31].

2.3. Backfill Replacement Mining. Due to the low recovery
ratio of strip mining, many pillars remain underground. To
further improve the recovery rate of coal resources, high
water content material is used to fill the goaf and replace
the retained coal pillar [6, 31]. The mining plan is divided
into three main steps, and Figure 3 illustrates the mining
and backfilling process.

At first, the strip mining method is used to recover the
coal seam (Figure 3(a)). The coal seam is mined according
to the design plan, and the goaf and coal pillars are distrib-
uted at intervals after mining. In the second step, the goaf is
filled with high water content material (Figure 3(b)). The fill-

ing body and the coal pillar form an integral unit to support
the roof. After the filling body acquires certain strength, the
remaining coal pillars are mined at intervals (Figure 3(c)).
Then, in the third part, after the mining of the coal pillar,
the newly formed goaf is filled. After the filling body has cer-
tain strength, all the remaining coal pillars are recovered
individually (Figure 3(d)).

Throughout the process of replacing the remaining coal
pillar with filling material, the floor is affected by multiple
mining, which can easily lead to the increase of the floor frac-
ture zone to form a new permeable passage. As shown in
Figure 3, the shallow area of the floor affected by coal seam
mining is damaged. Since the deep part of the floor is less
affected by mining, the rock mass still maintains a good elas-
tic state, which can block the inrush of confined water. Under
the influence of multiple mining, the failure area of the floor
and the risk of water inrush accidents in the working face will
increase. To avoid that, the law of floor fracture, in the
process of filling and replacement of coal pillars, must be
examined.

3. Mechanical Model

3.1. Stress Analysis of Floor Rock Mass. Through the use of
strip mining, the weight of the overburden is transferred to
both sides of the coal pillars and the load on each pillar is
elevated. At this point, the load is given by the following
equation:

q = l +m
l

〠
n

i=0
γihi, ð1Þ

where q is the load on the pillar (in MPa), l and m are the
widths of the pillar and the mining width (in meters), respec-
tively, γi is the bulk density of layer i′, and hi is the thickness
of layer i (in meters).

Due to the impact of coal seam excavation, the stress over
the floor changes. The overburden stress passes through the
coal pillars, which in turn causes redistribution of the stress
on the floor of the coal bed. Many researchers use the half-
plane body model to study the stress disturbance of the floor
[7, 32]. According to these studies, the influence of the strip
coal pillars on the floor is simplified as shown in Figure 4.

The stress concentration occurs beneath the coal pillar,
and when the rock mass stress exceeds the strength limit,
the rock mass enters the plastic state and it can be destroyed.

According to Saint Venant’s principle, the surface force
acting on the boundary will change significantly near the sys-
tem of force while the influence at a distance can be ignored.
Therefore, the force acting on any area on the floor boundary
only affects the shallow area of the floor rock mass. The influ-
ence decreases significantly at a considerable distance from
this area. Within the scope of influence, the risk of rock mass
failure is higher. In particular, when the aquifer is signifi-
cantly affected by mining, water inrush is very likely to occur.

3.2. Mechanical Model. As shown in Figure 5, strip mining is
simplified to a model of distributed force on the semiplanar
body boundary. The force on the floor boundary is mainly

Working face 9110

1# core wall

2# core wall

3# core wall

150-334.8 (m3/h)
2004.7.31

4# probe hole

Grouting hole

Figure 2: Water inrush position of 9110 working face.
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transmitted by the overlying strata through the coal pillar.
The floor is regarded as a half-plane body, and the load dis-
tributed on it is regarded as a force on the half-plane body.

First, the impact of one coal pillar on floor rock mass is
calculated. According to elasticity theory, the stress caused
by the uniformly distributed force on the boundary of the
half plane at any point in the region is estimated using the
following equations:

σx = −
2
π

ðb
a

qx3dξ

x2 + y − ξð Þ2
h i2 ,

σy = −
2
π

ðb
a

qx y − ξð Þ2dξ
x2 + y − ξð Þ2
h i2 ,

τxy = −
2
π

ðb
a

qx2 y − ξð Þdξ
x2 + y − ξð Þ2
h i2 ,

ð2Þ

where a and b are the lower and upper limits of the interval
where the coal pillar is located.

For strip mining, the influence of other coal pillars should
be considered when calculating the stress of any point on the
floor. According to the principle of superposition, the effect
of different loads on a body is equal to the accumulated influ-
ence of each group of loads alone. Therefore, the stress
caused by every coal pillar in the mining area at point M
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Intrusion zone of confined water

Water-resisting zone

Mining failure zone

Pillar Goaf

(a)

Pillar Back fill
body 1st

Confined aquifer

Intrusion zone of confined water
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Mining failure zone

(b)

Pillar Back fill
body 1st

Goaf
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Water-resisting zone
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(c)

Back fill
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Goaf Back fill
body 2nd

Confined aquifer

Intrusion zone of confined water

Water-resisting zone

Mining failure zone

(d)

Figure 3: Schematic diagram of the backfill replacement mining above a confined aquifer: (a) strip mining, (b) goaf filling, (c) the first backfill
replacement mining, and (d) the second backfill replacement mining.
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Figure 4: Simplified model diagram of the stress redistribution after
strip mining.
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Figure 5: A model of half-plane body subjected to distributed force
on the boundary.
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can be superimposed, and the calculation formula is as
follows.

σx = −〠
n

i=0
−
2
π

ðbi
ai

qx3dξ

x2 + y − ξð Þ2
h i2

0
B@

1
CA,

σy = 〠
n

i=0
−
2
π

ðbi
ai

qx y − ξð Þ2dξ
x2 + y − ξð Þ2
h i2

0
B@

1
CA,

τxy = 〠
n

i=0
−
2
π

ðbi
ai

qx2 y − ξð Þdξ
x2 + y − ξð Þ2
h i2

0
B@

1
CA,

9>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>;

ð3Þ

where ai and bi are the lower and upper limits of the interval
where a coal pillar is located. The expansion form of equation
(3) is presented in

σx = 〠
n

i=0
−

q
π

−
x ai − yð Þ

x2 + ai − yð Þ2 − arctan ai − y
x

h i

+ x bi − yð Þ
x2 + bi − yð Þ2 + arctan bi − y

x

� �
0
BBB@

1
CCCA,

σy = 〠
n

i=0
−

q
π

x ai − yð Þ
x2 + ai − yð Þ2 − arctan ai − y

x

h i

+ x y − bið Þ
x2 + bi − yð Þ2 + arctan bi − y

x

� �
2
6664

3
7775,

τxy = 〠
n

i=0
−
q
π

−
x2

ai − yð Þ2 + x2
+ x2

bi − yð Þ2 + x2

 !
:

9>>>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>>>;

ð4Þ

For the convenience of the calculations, the coal pillars
are distributed symmetrically on the x-axis (Figure 6) so the
action interval of a coal pillar is equal to

ai, bi½ � = m
2 ± m + lð Þ, m

2 + l
� �

± m + lð Þ
h i

, ð5Þ

where i = 0, 1, 2, 3⋯ .
The x-axis interval of the study area is ðx ∈ ½−100,100�,

y ∈ ½0, 50�Þ, and the rock mass is studied within a 50m
depth. To ensure the boundaries of the study area are
consistent with the stress and failure laws in the middle,
the calculation interval should be much larger than the
study interval. According to the experiment, when the inter-
val of the calculation area is ðx ∈ ½−300,300�, y ∈ ½0, 50�Þ, the
stress distribution law of the floor does not change.

Python is used to visualize the stress distribution of the
floor. A script calculates the stress at each position and then
employs Matplotlib to display the calculation results and
generate contour and line maps. The calculations shown in
this paper are all performed using Python 3.0. The stress
values are generated in a 1 cm grid in the X and Y directions
to ensure sufficient accuracy and resolution.

3.3. Maximum Shear Stress. After the coal seam is mined, the
stress is redistributed on the floor. The maximum shear stress
has a significant effect on the deformation and failure of the
rock mass and can also characterize the shear failure of the
rock body to a certain extent. The distribution characteristics
are typical when analyzing the deformation and failure of the
floor. At the plastic stage, the plastic flow slip line failure is
also related to maximum shear stress. Therefore, the maxi-
mum shear stress at different positions of the bottom plate
is analyzed. Subsequently, this determines the disturbance
range of the strip coal pillar to the floor stress.

The maximum and minimum principal stresses of rock
mass at any point on the floor are given by

σ1

σ3

)
=
σx + σy

2 ±
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σx + σy

2

� �2
+ τ2xy

s
: ð6Þ

After the simplification to a plane problem and without
considering the effect of intermediate stress σ2, the
maximum shear stress is equal to

τmax =
σ1 − σ3

2 = 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σx − σy

	 
2 + 4τ2xy
q

: ð7Þ

Through combining equations (4)–(6), the formula for
calculating the maximum shear stress is

τmax = 〠
n

i=0

qx
π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ai − bið Þ + 4x2

ai − yð Þ2 + x2
� �

bi − yð Þ2 + x2
� �

 !vuut : ð8Þ

3.4. Floor Yield Stress. Under the effect of the overburden
load, in which the floor rock mass stress reaches the limit,
the rock mass enters the plastic state. For rock materials, this
means that cracks are generated inside. As the plastic failure
continues to develop, the crack penetrates and eventually
produces a slip failure surface.

According to plastic mechanics, an indication of plastic
failure is the fact that the material enters the yield state. For
the destruction of rock materials, the von Mises yield
criterion is typically used to determine the state of the floor
rock mass. Under certain deformation conditions, when the
equivalent von Mises stress of a point in the loaded body
reaches the yield stress, it is considered that the point has

PillarGoaf

Research area

Computing interval

y

x

Figure 6: Calculation and study intervals.
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plastic failure. The calculation formula for the equivalent von
Mises stress is described using

σ1 − σ2ð Þ2 + σ2 − σ3ð Þ2 + σ3 − σ1ð Þ2 = 2σ2s : ð9Þ

The model was considered as a two-dimensional plane,
and equation (9) was converted for the calculation of a two-
dimensional problem, without considering the effect of inter-
mediate stress σ2. The von Mises stresses were calculated
using the following equation:

σ21 + σ23 − σ1σ3 = σ2s : ð10Þ
With the combination of equations (4), (5), and (10), the

von Mises stresses can be calculated as follows:

3.5. Calculation Schemes.Under different widths of excavated
and retained coal pillars, the floor is disturbed to different
degrees. To determine the optimal mining plan based on
the various widths of excavated and retained coal pillars, four
schemes were designed for this study. By comparing and
analyzing the stress and failure characteristics of the floor
under different conditions, the optimal mining plan is deter-
mined. The parameters of each scheme are listed in Table 1.

According to the geological data of the Bucun coal mine
[30], most parts of the floor are composed of sandstone and
sandpaper shale. The physical properties of rocks are similar,
and therefore, the floor rock is simplified to the same type
of rock.

4. The Effect of Strip Mining

4.1. Shear Stress Effect. Figure 7 shows the contour of shear
stress of floor rock mass under different schemes.

Figure 7 shows the shear stress contours of the floor
under different mining schemes. As seen in the figure, the
contours of the maximum shear stress regions appear in the
shallow area of the floor in the shape of a bubble, which
gradually transforms into a wave as the depth increases.
When the shear stress is greater than 3.6MPa, the shear stress
isoline forms a more obvious bubble shape; when the shear
stress is less than 3.6MPa, the shear stress isoline forms a
wave shape.

As the shear stress decreases, the disturbance to the
bottom plate gradually decreases. By comparing the contour
shapes under different conditions, the following can be
concluded. When scheme 1 is adopted, the floor suffers the
least disturbance, i.e., the disturbance range is mainly within
the depth of 0 to 10m; the area with a depth of more than
10m is less affected by mining. In scheme 2, the disturbance
range of the floor is further expanded, and the maximum
shear stress is in the range 0–30m while the maximum shear
stress is less affected in the range 30–50m. For schemes 3 and

4, the maximum shear stress changes significantly within the
range 0–50m.

Additionally, it can be found that the central axis of the
bubble is located below the edge of each coal pillar in the
shallow area; the maximum likewise appears in this area.
The bubble contour is pointed upward in the direction of
the coal pillar, and this characteristic becomes more obvious
as the mining width increases. Below the central area of the
retained coal pillar and the middle of the goaf, the maximum
shear stress of the floor rock mass is small.

4.2. Influence Range of Shear Stress. To obtain the variation
law of shear stress at different depths, the shear stresses were
calculated at depths of 10, 20, 30, 40, and 50m. The distribu-
tion curves of shear stress are presented in Figure 8.

As the depth increases, the maximum shear stress of floor
rock mass decreases until it stabilizes at approximately
0.5MPa. Therefore, the average value of 0.5MPa is consid-
ered as the boundary of mining influence. The influence
depths of the shear stress in scheme 1 and scheme 2 are
20m and 30m, respectively. In scheme 1, the shear stress at
20m is 0.253MPa, which is less than 0.5MPa. For scheme
2, the shear stress at 30m is less than 0.5MPa.When schemes
3 and 5 are adopted, the average shear stress values at 50m
are 0.634MPa and 0.787MPa, respectively, and the influence
range of shear stress is more than 50m.

Furthermore, the excavation and retention widths of a
strip coal pillar are the main factors affecting the shear stress
of floor rock mass. As they increase, the shear stress increases
as well. Taking the shear stress at a depth of 20m as an exam-
ple, the average value in scheme 1 is 0.253MPa, and the
maximum values in schemes 2, 3, and 4 are 1.250MPa,
2.418MPa, and 3.014MPa, respectively.

4.3. Von Mises Stress Distribution Law. Under the impact of
coal pillars, the floor rock mass will gradually enter the yield
state. The von Mises yield criterion is used to assess whether

Table 1: Parameters of each scheme.

Plan number
Width of excavated

coal pillar (m)
Width of retained
coal pillar (m)

1 10 10

2 20 20

3 30 30

4 40 40

σs = 〠
n

i=0

q
π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3x2 ai − bið Þ + 4x2½ �

ai − yð Þ2 + x2
� �

bi − yð Þ2 + x2
� � + arctan ai − y

x

� �
− arctan bi − y

x

� �� �2s
: ð11Þ
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the floor rock mass has entered the plastic state, and the
equivalent stress value can be calculated using equation (6).
Figure 9 is a contour of the von Mises equivalent stress
distributions of the floor rock mass.

As shown in Figure 9, the von Mises stress at the lower
part of the pillar is significantly higher than that at the lower
part of the goaf. When x equals 0, the stress value at the lower
part of the coal pillar is the highest, i.e., 15MPa, while at the
lower part of the goaf, it is the lowest, i.e., 0MPa. As the depth
increases, the von Mises stress in the pillar and the lower part
of the goaf gradually decreases or increases and finally
approaches the value of 6MPa.

Below the coal pillar, the isoline of von Mises stress is
uniformly distributed in the shape of a spindle. With the
increase of the width of the coal pillar and goaf, the
spindle-like area gradually increases. For scheme 1, the
maximum depth of the spindle region is 10.8m, while
for schemes 2 and 3 they are 20.95m and 31.4m, respec-
tively. When scheme 4 is adopted, the maximum depth is
41.8m.

4.4. Depth of Floor Failure. To ensure that there is no water
inrush in the mining process of the working face, it is neces-
sary to ensure that the floor has a certain thickness of water-
proof layer. If the average yield stress of the floor rock mass is
σs = 9:5MPa, the shape and depth of the floor failure area are
shown in Figure 10.

As seen in Figure 10, the maximum failure depths of
schemes 1, 2, 3, and 4 are 6.88m, 13.72m, 20.58m, and
27.44m, respectively.

According to the original data of Bucun coal mine, the
height of the permeable passage is 10m, and the minimum
depth of the confined aquifer on the floor of the 911 working
face is 42.5m. The thickness of the isolation rock strata of
schemes 1, 2, 3, and 4 is 25.62m, 18.78m, 11.92m, and
5.06m, respectively.

In scheme 4, the failure depth of the floor is large and the
thickness of the isolated rock layer is small; therefore, it is dif-
ficult to meet the safety requirements. Although the failure
depth of scheme 3 is relatively smaller, it is still significantly
affected by shear stress at a depth of 20m. To ensure mining
safety, scheme 1 and scheme 2 should be selected.

After mining a face, it is necessary to move the mining
equipment to the next face. When scheme 1 is adopted, the
working face width is 10m, and when scheme 2 is adopted,
the working face width is 20m. Scheme 2 has fewer working
surfaces than scheme 1, which can effectively reduce the
number of equipment moves. Therefore, from a financial
point of view, it is more efficient to mine with scheme 2. In
combination with the west wing of the 911 mining area, there
are four tendencies in the lower working face of 9115 and the
upper working face of 9115. When the width of the mining
strip reaches 20 to 23m, there is no water inrush. Thus, the
recommended mining plan is scheme 2.
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Figure 7: Cloud maps of maximum shear stress distributions when the width of the excavated coal pillar is (a) 10m, (b) 20m, (c) 30m, and
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5. Influence of Backfill Replacement Mining

First, the scheme of excavating 20m and reserving 20m was
adopted in Bucun coal mine, and there was no water inrush
in the process of mining. After strip mining, high water con-
tent material was backfilled to replace the coal pillar in this
area. To avoid water inrush from the floor in the process of
replacement mining, the failure depth of the floor, after
replacement mining, must be studied.

As shown in Figures 3(c) and 3(d), the roof is supported
by coal pillars and filling body together, and the load of coal
pillar changes after backfill replacement mining. Therefore,
goaf backfill and coal pillar mining are simulated through
changing the range of load. Moreover, the load on the bound-
ary is changed according to the width of the supporting
material.

5.1. Influence of Multiple Mining on Shear Stress.Due to mul-
tiple mining, the maximum shear stress of the floor rock
mass changed. Additionally, the maximum shear stresses of
the floor during strip mining, first backfill replacement min-
ing, and second backfill replacement mining were compared.

Figure 11 shows the distribution curves of shear stress at
different depths.

The effect of the two backfill replacement mining pro-
cesses on floor stress is the same. The maximum shear stress
distribution curve is the same, but the position of the peak
and valley changes. When the depth is 10m, 20m, 30m,
and 40m, the average maximum shear stress is 1.173MPa,
1.186MPa, 0.911MPa, and 0.858MPa, respectively.

Moreover, the comparison with the shear stress of the
floor after strip mining shows that the maximum shear stress
in the shallow part of the floor decreases after backfill
replacement mining and gradually approaches to the maxi-
mum shear stress in the deep part. When the depth is 10m,
the average maximum shear stress decreases by 1.902MPa
after backfill replacement mining, and when the depth is
20m, 30m, and 40m, the von Mises stress values decrease
to 0.194MPa, 0.061MPa, and 0.185MPa, respectively. These
results suggest that the degree of disturbance in the deep part
does not obviously change after backfill replacement mining.

5.2. Effect of Replacement Mining on Floor Fracture. Accord-
ing to the previous analysis, the yield stress σs of the floor
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Figure 8: Shear stress distributions at various depths: (a) width of excavated coal pillar is 10m, (b) width of excavated coal pillar is 20m,
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rock mass is 9.5MPa, and the plastic zone formed is shown in
Figures 12(a) and 12(b).

Figure 12(a) shows the shape of the plastic zone of the
floor rock mass after the first replacement mining. After that,
a new plastic zone is formed on the basis of the original
plastic zone. The new zone appears in the lower part of the
original goaf, but the maximum failure depth of the newly
formed zone is 4.41m, which does not exceed the depth of
the original one.

Additionally, Figure 12(b) shows the plastic zone of the
floor formed after the second backfill replacement mining,
which is similar to the plastic zone formed in the first one,
while a new plastic zone is formed in the lower part of the
replacement material. Under the influence of multiple
mining, the rock mass is destroyed in the range of 4.41m
floor depth.

6. Field Measurements

6.1. Monitoring Program. To further study the mechanical
behavior of floor rock mass under the influence of mining,
measuring stations were set up in the 9113 and 9111 working
faces. The layout of the measuring station and working face is
shown in Figure 13.

The measuring station 1# was set up at the 9113 working
face, which mainly monitored the deformation and failure of
the floor in the process of strip mining. The 9113 working

face was in the west wing of the 911 district, and the measur-
ing station was located at the upper exit of the working face.
Five angle transducers were arranged to monitor the inclina-
tion of the borehole to the 9113 working face, and they were
installed at depths of 5m, 12m, 19m, 25m, and 30m.

Furthermore, the measuring station arranged in the 9111
working face mainly monitored the floor deformation and
failure before and after the replacement mining of coal pillar.
This measuring station was located at the exit of the 9111
working face, and the strain sensor was embedded before
the high water content material filled the original strip falling
area. Five measuring points were arranged, and the vertical
depths (vertical floor depths) were 7m, 9m, 11m, 13m,
and 15m, respectively.

6.2. Prediction of Rock Mass Mechanical Behavior. According
to the previous analysis, the stress values of different posi-
tions of floor rock mass are calculated. When these are com-
bined with the physical equation, the strain of rock mass can
be calculated at any point and its mechanical behavior can be
predicted. According to the rock mechanics parameter of the
floor, the elastic modulus is 2.5GPa, and Poisson’s ratio is
μ = 0:15.

In addition, measuring station 1# used angle transducers
for monitoring, which could monitor the shear strain of rock
floor mass. Equation (8) gives the calculation method of the
maximum shear stress at any point on the floor. The shear
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strain of floor rock mass is calculated according to the
physical equation of the plane strain problem given in

γmax =
2 1 + μð Þ

E
τmax

= 〠
n

i=0

2 1 + μð Þqx
Eπ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ai − bið Þ2 + 4x2

ai − yð Þ2 + x2
� �

bi − yð Þ2 + x2
� �

s
:

ð12Þ

The strain value at any point on the floor can be calcu-
lated using equation (12). The angular displacement of the
point can be obtained by transforming the angle from radians
to degrees.

Moreover, measuring station 2# used strain transducers
for monitoring, which could monitor the strain of the floor
rock mass. Equation (4) gives the calculation method of
vertical stress at any point at the bottom of the station. As
previously, the shear strain of floor rock mass is calculated
according to the physical equation of the plane strain prob-
lem as follows:

εx = 〠
n

i=0

q 1 + μð Þ
Eπ

1 + 2μð Þ arctan ai − y
x

� �
− arctan bi − y

x

� �� ��

+ x
a2i y − bið Þ + b2i ai − yð Þ + ai − bið Þ x2 − y2

	 

ai − yð Þ2 + x2

� �
bi − yð Þ2x2� �

!
:

ð13Þ

6.3. Observation Results. To prevent the deformation law of
the floor being affected by mining, the research data after
the mining in the area around each station were collected.
The monitoring results and theoretical settlement results of
floor deformation after mining are shown in Figure 14. Here,
Figure 14(a) shows the theoretical calculation results and
monitoring angle of the angle transducers. Figure 14(b)
shows the strain value of the rock as measured by the strain
sensor.

Figure 14(a) shows the results of field observation. When
the depth is 5m, the shear deformation of the floor rock mass
reaches its maximum. The shear deformation decreases with
the increase of depth and becomes stable when the depth is
greater than 19m. This result is in good agreement with the
theoretical calculation. According to that, the shear deforma-
tion of the floor rock mass also reaches its maximum value at
approximately 5m, which will gradually decrease with the
increase of the depth, while the depth of the significant
influence area is 19m.

Based on Figure 14(b), the vertical deformation of the
floor rock mass reaches its maximum at around 5m. The ver-
tical strain decreases when the depth is greater than 5m. The
general tendency is a decreasing one, and when the depth is
less than 9m, the effect is more significant. From the theoret-
ical calculation, the deformation of floor rock mass decreases
with the increase of depth, which is consistent with the
results of field monitoring.

According to the field monitoring results, the mechanical
behavior of rock mass changes with the increase of depth. In
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Figure 10: Floor failure area distribution patterns: (a) width of excavated coal pillar is 10m, (b) width of excavated coal pillar is 20m,
(c) width of excavated coal pillar is 30m, and (d) width of excavated coal pillar is 40m.
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Figure 14(a), it can be seen that the deformation of the floor
rock mass is relatively continuous and tends to be stable
when the depth is greater than 19m. However, in
Figure 14(b), it can be seen that a deformation discontinuity
occurs at a depth of 9m. The results show that when the
depth is 9m, the floor rock mass enters the plastic state, the
rock mass is discontinuous, and the integrity is destroyed.

7. Discussion

In this study, we found that the widths of excavated and
retained coal pillars are the key factors affecting the develop-
ment of floor fracture. By adjusting the width of retained pil-
lar and excavation width, the failure depth and mechanical
behavior of floor rocks can be changed. When the coal seam
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Figure 12: Plastic zone distributions of replacement mining floor: (a) first backfill replacement mining; (b) second backfill
replacement mining.
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Figure 11: Characteristics of shear stress distribution at various depths: (a) depth of 10m, (b) depth of 20m, (c) depth of 30m, and (d) depth
of 40m.
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is not excavated, the force on the floor is uniformly dis-
tributed, and with the increase of the width of strip min-
ing, the stress is concentrated leading to an increasing
failure depth of the floor. According to the resistivity of
strip coal pillar floor by Yu et al. [30], the failure depth
is 50.7m when the width of the strip coal pillar is 15m,
and the failure depth increases gradually with the increase
of mining width. According to previous research by Zha
et al. [33], when the longwall face is used for normal min-
ing, the maximum floor failure depth is 76.18m. There-
fore, the use of strip coal pillar and the reduction of the
excavation width are beneficial to reduce the failure depth
of floor rock mass.

Additionally, a strong relationship between cracks and
yield state of rock mass has been reported in the literature.
The characteristics and density of microcracks can be ana-

lyzed by the yield state of the floor rock mass. The von Mises
yield criterion reflects the spatial shape and the threatening
degree of rock mass failure. With the increase of von Mises
stress, the fracture density of rock mass increases and the
failure direction is related to the specific stress state. With
the depth increase of the floor rock mass, the crack density
decreases gradually, and the possibility of forming a perme-
able passage decreases as well. At the plastic state, the direc-
tion of plastic flow is related to the maximum shear stress.
In this study, we found that shear stress is concentrated at
the lower part of the boundary on both sides of the coal pillar
while it is small in the middle area of the bottom of the coal
pillar. Based on these data, we can infer that there is a rock
mass failure surface below the edge of the coal pillar. As a
result, these findings can help us predict the location of
water inrush.
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In order to prevent the accident of water inrush in con-
fined water and improve the safety of coal mining on it,
attention should be paid into the following aspects: (a) an
exhaustive exploration should be carried out for the floor
aquifer to determine the distribution of confined water and
the value of water pressure; (b) strip mining can effectively
reduce the floor failure depth, and in combination with high
water content material backfilling replacement, it does not
only reduce the disturbance to the floor rock mass but also
improves the coal resource recovery rate; and (c) reducing
the size of strip mining can effectively reduce the degree of
disturbance of the floor and reduce the failure depth of the
floor by increasing the strength of the floor rock mass.

8. Conclusions

This study examines the safe mining of coal resources on a
confined water aquifer. The influence of stress disturbance
on rock mass at different depths is analyzed using a mechan-
ical model, and the failure depth of floor before and after coal
seam mining is determined.

Based on the elastic mechanics theory, a mechanical
model of strip mining and filling material replacement of
the remaining coal pillars is constructed, the expression of
the floor stress distribution is given, and its evolution law is
revealed. Results show that the mining and coal pillar widths
are the main influencing factors of floor stress distribution.
With an increase of their values (the widths of working faces
and coal pillars), the floor stress influence area gradually
increases as well.

Then, according to the von Mises yield criterion, the fail-
ure depth of the floor rock mass is studied, and the equivalent
expressions of the stress at different depths are given. Under
the influence of coal seam mining, the rock mass of the floor
has a certain depth of damage, and its range gradually
decreases as the depth increases. From the calculation results,
the maximum depth of floor rock failure before and after
replacement is 13.72m, which can meet the requirements
for water isolation.

Finally, the field measurement results indicate that as the
depth increases, the deformation of the floor rock mass grad-
ually decreases, and its mechanical behavior is consistent
with the theoretical calculation results. The use of strip min-
ing significantly affects the depth of the area to 19m, and the
use of filling materials to replace the coal pillars had a signif-
icant influence depth of 9m.
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The development of water-conducting fractures from underground coal mining is a geological cause of groundwater loss. Sealing
mining-induced rock fracture channels through borehole grouting is an effective way to protect groundwater resources. A ground-
based engineering test was conducted at the Gaojiabao coal mine that utilized horizontal directional drilling (HDD) to grout and
seal water-conducting overburden fractures. This study carried out a theoretical and experimental exploration using HDD to
evaluate the development characteristics and grout hydraulic conductivity of these mining-induced fractures. The results showed
that, as a result of varying fracture morphologies in different zones of the mining overburden, multiple fracture types were
sequentially exposed as the HDD borehole advanced from the original rock mass outside the mining area towards the mining-
induced fractured rock mass. The fracture types were exposed in the following order: compressive shear fractures, tensile failure
fractures, and bed separation fractures. Moreover, the void characteristics of the exposed fractures in the borehole were
significantly different at different drilling horizons, which affected the flow behavior and sealing performance of the injected
grout. Lastly, three typical orders in which the different types of fractures were sequentially exposed by the borehole were
summarized, and further analysis of the orders led to a scheme for determining drilling horizons favorable for efficient fracture
sealing. The results of this study will enable efficient grout sealing of the fractures caused by mining and reduce groundwater loss.

1. Introduction

Underground coal mining produces movement and destruc-
tion of the overburden in the form of mining-induced
fractures. Mining-induced fractures not only provide a path-
way for groundwater loss but also constitute a geological
source of the degradation of ground-surface ecosystems [1,
2]. Therefore, reasonable control of the water seepage
capacity of fracture channels is crucial to the protection of
groundwater in coal mining areas [3, 4]. Grout sealing is a
well-developed water control method currently used in sub-
surface engineering applications [5–7]. Grout sealing works

by constructing grout holes in a fractured rock mass and
injecting those holes with sealing materials, such as cement
and clay, such that the fracture voids are effectively filled,
and channel isolation and water blocking are achieved.

The Gaojiabao coal mine is located in the Binchang min-
ing area in Shaanxi, China. As the mine’s coal seam roof con-
tains a very thick, water-rich aquifer (i.e., the Luohe aquifer),
it has been subject to the risk of an influx of water from the
roof for a long time. To reduce the underground drainage
burden and maximize the conservation of groundwater
resources, an engineering test was carried out to evaluate
the practicability of using HDD to seal mining-induced
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water-conducting fractures in the overburden [8]. It has been
observed in practice that, although various sealing materials
such as fly ash, cement, water glass, clay, walnut shells, and
cottonseed hulls have been implemented on site, none have
exhibited satisfactory water blocking performance. Owing
to the diverse development patterns of mining-induced
water-conducting fractures, strong fracture conductivity,
and the varying flow behavior of grout in different fractures,
one or more of the following phenomena was often observed
to take place during grouting: (1) fractures could not be effec-
tively sealed (i.e., the grouting materials leaked into the
underground goaf), (2) grouting materials clogged the bore-
holes earlier than expected, and (3) additional water leakage
was observed when drilling continued after successful seal-
ing. Each of these phenomena greatly compromised the seal-
ing performance of the mining-induced fracture channels. It
was obvious that these phenomena were closely related to the
development characteristics (e.g., fracture aperture) and
grout hydraulic conductivity of the borehole-exposed
water-conducting fractures. Accurate determination of a rea-
sonable drilling trajectory based on the flow behavior of seal-
ing grout in water-conducting fractures is the key to ensuring
effective fracture sealing.

In coal mining, the theory and practice of grout sealing
has focused on reinforcing the surrounding rock mass, water
blocking in shaft and roadway construction [7, 9–14], and
preventing water inrush when mining below a confined aqui-
fer [15–17]. Relevant research has centered on the selection
of water blocking materials, law of grout diffusion, optimiza-
tion of the grouting procedure, and evaluation of the fracture
sealing performance, which has laid an important foundation
for the practice of grout sealing in mining-induced overbur-
den fractures. However, the fractures to be sealed in the rocks
surrounding roadways or coal seam floor rocks are signifi-
cantly different from the mining-induced overburden frac-
tures in terms of their development morphologies, as well
as their abilities to conduct and confine grout (Figure 1).
Therefore, it is difficult to directly apply the existing research
results for the former fracture types to engineering practice
with the latter types, leading to the aforementioned dilemma
in the grout sealing of water-conducting fractures in the coal
seam roof of the Gaojiabao coal mine. The fractures in the
rocks surrounding the roadway or in coal seam floor rocks
are mostly compressive shear fractures generated by the con-
centrated stress that results frommining disturbances or pre-
existing fractures generated by the diagenetic process. These
fractures are distributed in a relatively enclosed space and
sufficiently confine the grout (except for the fractures at the
grouting end, fractures in a rock mass are not connected to
other free spaces), thereby enabling good sealing perfor-
mance. In contrast, mining-induced overburden fractures
tend to be tensile fractures generated during the breaking
and rotation of strata, and the channel sizes of these fractures
are obviously larger than the previously mentioned fractures
[18]. As mining-induced overburden fractures have good
connectivity to the underground mining space, the grout
often gushes into the goaf under the action of gravity in a
phenomenon known as grout escape. This results in signifi-
cantly higher difficulty in grout sealing these fractures.

Therefore, the development of a grouting procedure or
method favorable for efficient fracture sealing based on full
consideration of the special development morphology and
grout hydraulic conductivity of mining-induced overburden
fractures is essential. Accordingly, this study carried out a
theoretical and experimental exploration using HDD to eval-
uate the development morphology and grout hydraulic con-
ductivity of fractures in light of the engineering test
performed in the Gaojiabao coal mine, which utilized HDD
borehole grouting to seal water-conducting overburden frac-
tures and aimed to provide a basis and support for improving
the sealing efficacy of mining-induced overburden fractures.

2. Case Study

2.1. Engineering Background. The Gaojiabao coal mine is
located in Xianyang City, Shaanxi Province. The mine field
is approximately 25.7 km long in the east-west direction,
16.6 km wide in the north-south direction, and has an area
of approximately 219.1681 km2. The designed production
capacity of the mine is 5 million t/a, and it has a service life
of 62.5 years. The No. 4 coal seam is currently the primary
working coal seam of the mine. It has an average thickness
of 9.8m and is subjected to fully mechanized top coal cave
mining. Owing to the special hydrogeological conditions in
this region, an exceedingly thick, water-rich aquifer (i.e., the
Luohe aquifer) stretches across much of the coal measure
strata. The aquifer is 400–440m thick and has a permeability
coefficient of 0.05471–1.08265m/d. The aquifer is located 30-
110m above the No. 4 coal seam and poses a serious water
hazard to the on-going coal extraction at the underground
working face. The mining-induced water-conducting frac-
tures in the overburden directly connect to the aquifer, which
has resulted in a large amount of water gushing into the
underground goaf. In the No. 1 panel, for example, longwall
faces 101, 102, and 103 still face a continuous increase in
water inflow under limited-height mining (i.e., within a min-
ing height of 5m), and the maximum water inflow on one
side has reached 720m3/h, with a total of water inflow of
800m3/h even after mining of the three faces was complete.
This poses a significant threat to safe and efficient mine pro-
duction and mine drainage. To reduce the underground
drainage burden, reduce the roof water hazard, and protect
groundwater resources as much as possible, a ground-based
engineering test was carried out that evaluated the use of
HDD to grout and seal the water-conducting overburden
fractures (Figure 2). However, owing to an incomplete
understanding of the development characteristics and grout
hydraulic conductivity of the water-conducting overburden
fractures exposed by the HDD, the grout sealing was difficult
to implement, and no obvious sealing effectiveness was ulti-
mately observed. Consequently, the test was suspended.

2.2. Overview of Grouting and Water Blocking. The HDD
boreholes were designed to consist of identical vertical and
build-up sections. After reaching the target horizons, the
boreholes were advanced separately at each horizon in a
“coordinated drilling-sealing” manner. That is, when the
drilling fluid failed to return to the ground as the borehole
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Figure 1: Schematic diagram of grouting in the surrounding rock fractures of a roadway and the mining-induced roof and floor fractures of a
coal seam.
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advanced (indicating that the borehole had exposed mining-
induced fractures), drilling was immediately stopped, and
grouting was implemented to seal the fractures. When the
sealing proved effective, drilling was resumed. As mentioned
in Introduction, when a borehole entered the predicted range
of the water-conducting fracture zone (WCFZ) (Figure 2),
drilling fluid was frequently lost, and grout sealing was
required every 1.4–5.2m of drilling distance. Various grout-
ing materials were tested; however, the sealing performance
was not satisfactory, and frequent leakage of those materials
into the underground goaf or plugging of the borehole was
observed. In particular, when cement, fly ash, clay, or other
fine-grained materials were used for grouting, the grout did
not remain in the fractures and directly leaked into the goaf.
When using coarse-grained materials, such as walnut shells
and cotton seeds, the boreholes were immediately plugged,
and the grout was unable to be pumped into the fractures.
As a result, the drilling horizons were adjusted on-site, and
a total of four horizons were explored with two boreholes
(Figure 2). For borehole 1, the vertical section was 630m
deep, and three horizontal sections, referred to as horizontal
sections 1-1, 1-2, and 1-3, were explored. Horizontal section
1-1 was approximately 8m above the bottom boundary of the
Luohe Formation and 107m above the top of the coal seam;
horizontal section 1-2 was approximately 25m above the
bottom boundary of the Luohe Formation and 125m above
the top of the coal seam, and the highest point of horizontal
section 1-3 was approximately 63m above the bottom
boundary of the Luohe Formation and 161.0m above the
top of the coal seam. Borehole 2 was a redrilled hole, spaced

6m from borehole 1, that consisted of a 580m deep vertical
section and a horizontal section. The horizontal section was
approximately 203m above the top of the coal seam and
105m above the bottom boundary of the Luohe Formation.
An on-site test indicated that, although the intervals of grout
sealing increased significantly after the adjustment of the dril-
ling horizons (grout sealing was performed for every 7.9–44m
of drilling distance in borehole 2), it was still difficult to
achieve sufficient fracture sealing, and there was no significant
reduction in the inflow of water to the underground goaf.

As shown by the positions of the four horizontal sections
relative to the range of the WCFZ in the overburden, grout
sealing of the fractures tend to be difficult if the horizontal
drilling was performed within the WCFZ or the curved sub-
sidence zone above the WCFZ (i.e., the bed separation frac-
ture distribution zone). It was evident that this difficulty
was closely related to the development characteristics and
grout hydraulic conductivity of the mining-induced overbur-
den fractures exposed by the boreholes. Under current engi-
neering conditions and with the given types of grouting
materials, developing a method by which to determine a dril-
ling trajectory and horizon favorable for the retention of
grouting materials in mining-induced fractures is the key to
solve this difficulty. To this end, the remainder of this study
is focused on evaluating the grout hydraulic conductivity of
the various types of water-conducting fractures exposed by
HDD and exploring reasonable drilling horizons to provide
a theoretical basis for improving the practical efficacy of
using HDD borehole grouting to seal water-conducting over-
burden fractures.
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Figure 2: Trajectory of the HDD borehole in the Gaojiabao coal mine.
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3. Development Features of Mining-Induced
Overburden Fractures Exposed by HDD

3.1. Types of Mining-Induced Overburden Fractures. The for-
mation of mining-induced overburden fractures is accompa-
nied by the failure and movement of strata and the
redistribution of stress in the rock mass. The strata in differ-
ent regions may be subject to various stress conditions with
different free space configurations, which can lead to differ-
ent morphologies and development degrees (or apertures)
in the fractures that ultimately affect the fracture conductiv-
ity. As shown in Figures 1 and 3, mining-induced fractures
can be classified into three main types according to how they
are formed. Type 1 fractures are tensile-shear fractures (i.e.,
break failure fractures) that are generated during the periodic
break and rotation of strata. They exhibit a relatively uniform
distribution in the overburden, with the horizontal spacing of
such fractures in the same stratum being approximately
equal to the broken step of the stratum. Type 2 fractures
are shear fractures that are generated by the advanced abut-
ment pressure in the coal-rock masses outside the mining
boundaries. They are distributed in a disorderly manner
and typically have a higher density than Type 1 fractures.
Type 3 fractures are bed separation fractures that are gener-
ated during the uncoordinated movement of adjacent strata.

Type 1 fractures are also classified into three subtypes
according to the location of the failed stratum in the overbur-
den (Figure 3):

(a) V-shaped tensile fractures near the mining bound-
aries, which are generated when the stratum
undergoes a single rotation with a clearly visible rota-
tion angle

(b) Jigsaw-fit fractures in the central compacted zone of
the mining area, which are generated when broken
blocks of the strata undergo two rotations, each in
an opposite direction (so there is no clearly visible
rotation angle), and the fracture surfaces of adjacent
broken blocks are pressed against each other.
Although the fractures appear closed, the fracture
surfaces cannot be fully fitted to each other owing
to the differences in surface morphology and rough-
ness. That is, the fractures still have a certain degree
of aperture and flow conductivity

(c) Inverted V-shaped tensile fractures between the min-
ing boundaries and central compacted zone, which
are generated by two adjacent broken blocks with dif-
ferent rotation angles

Type 3 fractures have a similar distribution pattern to
Type 1. That is, bed separation fractures are open near the
mining boundaries where the fracture void volume is rela-
tively large and are closed in the central compacted zone.

As shown above, fractures in different areas of the over-
burden will have different morphologies and development
degrees (or apertures) when the overlying strata are in vari-
ous stress states with different movement characteristics.
When HDD is directed from the original rock mass outside

the mining area towards the fractured rock mass in the
mining-affected area, the various fracture types will be suc-
cessively exposed at different positions. Moreover, the distri-
bution pattern of the exposed fractures will vary at different
drilling horizons. All these factors will ultimately affect the
diffusion and flow behavior of the grout and the sealing
results of the fractures.

3.2. Simulation Experiment of HDD to Expose Mining-
Induced Overburden Fractures

3.2.1. Experimental Scheme. A simplified experimental set-up
was constructed using the 2.5m long physical model frame
shown in Figure 4(a) with consideration for the strata condi-
tions of the No. 1 panel of the Gaojiabao coal mine. To sim-
ulate HDD and demonstrate the morphology of the
borehole-exposed fractures in a straightforward manner,
the model was installed in one half of the model frame, while
the drilling process was simulated in the other half. A bore-
hole observation instrument was deployed onsite to photo-
graph the exposed fractures inside the borehole. The
physical model had dimensions of 1:2m ðlengthÞ × 1m ð
heightÞ × 0:2m ðwidthÞ. The geometric similarity ratio of
the set-up was 1 : 100, the stress similarity ratio was 1 : 125,
and the density similarity ratio was 1 : 1.25. The similar mate-
rial proportions of the physical model for each stratum are
listed in Table 1. Coal seam excavation advanced from the left
side of the model towards the right side, and 5 cm wide pro-
tective coal pillars were reserved at each of the two mining
boundaries of the model.

3.2.2. Experimental Results. As shown by the sketch in
Figure 5 of the overburden failure and fracture development
after the coal seam was completely excavated, a water-
conducting fracture propagated to the bottom boundary of
the third overlying stratum, which was a key stratum (KS).
The corresponding WCFZ had a height of 43m. An electric
drill was used to simulate HDD from the left side of the
model towards the mining-induced fracture area, while a drill
TV was used to photograph the morphologies of the different
types of fractures exposed by the borehole, as shown in
Figure 3. As the physical model was unable to simulate com-
pressive shear fractures outside the mining boundary, no cor-
responding photos were taken during the drilling simulation.
The results showed that, when exposed by the borehole, the
fractures manifested as voids of different scales as a result
of their varying apertures. The aperture differences of the
exposed fractures varied with the drilling horizons. These
characteristics directly affected the flow behavior and sealing
performance of the injected grout. Therefore, the types and
apertures (or void size) of the borehole-exposed fractures at
the different drilling horizons were statistically analyzed. A
total of six survey lines were set as shown in Figure 5. In par-
ticular, survey lines L1 and L2 were outside the WCFZ but
inside KS 3, while the other survey lines were all within the
WCFZ and ran through different strata, resulting in a
“multi-stratum run-through” phenomenon.

Figure 6 shows the distribution of the fracture types and
apertures exposed at the different horizons. To facilitate
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calibration and distinction, the different types of fractures in
the stratum where a survey line was made, as well as in the
adjacent (upper and lower) strata, were numbered. “A” rep-
resented the failure fractures in a given stratum and was
divided into three subtypes: A-1, representing V-shaped ten-
sile fractures in the stratum; A-2, representing inverted V-
shaped tensile fractures in the stratum; and A-3, representing
jigsaw-fit fractures in the stratum. “B” and “C” represented
failure fractures in the adjacent strata above and below,
respectively, and were each divided into three subtypes
(namely, B-1, B-2, and B-3 and C-1, C-2, and C-3) to repre-
sent V-shaped tensile fractures, inverted V-shaped tensile
fractures, and jigsaw-fit fractures, respectively. “D” repre-
sented the bed separation fractures between adjacent strata.

The six survey lines revealed that, as the drilling horizon
was lowered, the number of exposed mining-induced frac-
tures increased, and their apertures widened. Survey lines
L1 and L2 were outside the WCFZ and only revealed three
break failure fractures with small apertures in KS 3. In con-
trast, the other four survey lines below KS 3 ran through dif-
ferent strata, and each revealed bed separation fractures with
unusually large fracture apertures (or void sizes) when in
proximity to the bottom boundary of the KS. On survey line
L3, for example, which was 3 cm below the bottom boundary
of the KS, the voids in the bed separation fractures had a total
length of 180.72mm. Considering the geometric similarity
ratio of the simulation model, this data suggested that, when
drilling in this stratum, the borehole would advance 18m
into the delamination space before it entered the rock mass.
In other words, such a void would need to be grouted and
sealed to avoid the loss of drilling fluid and indicates a signif-
icant increase in the difficulty of using borehole grouting to
seal fractures. Similarly, survey lines near the mining bound-
aries revealed significantly large voids in the V-shaped tensile

fractures or inverted V-shaped tensile fractures. For example,
survey line L5 near the right mining boundary revealed that
the aperture of the V-shaped tensile fractures was as wide
as 6mm, equating to an exposed void width of 0.6m in prac-
tical drilling operations. A similar observation was made for
survey line L6, which was about 50 cm from the left mining
boundary and revealed an aperture of approximately
3.5mm in the inverted V-shaped tensile fractures.

These observations explain the extreme difficulty associ-
ated with using HDD borehole grouting to seal water-
conducting fractures that was experienced in the engineering
test in the Gaojiabao coal mine. Essentially, owing to the large
voids in the break tensile fractures and bed separation frac-
tures that were frequently exposed by the boreholes, it was
difficult to retain the injected grout, which was the main
cause of the difficulty associated with grout sealing the frac-
tures. Setting a proper drilling horizon and trajectory accord-
ing to the grout hydraulic conductivity of the various types of
fractures is the key to overcome this difficulty.

4. Types of Fractures Exposed by the HDD
Boreholes and Their Grout
Hydraulic Conductivity

4.1. Grout Hydraulic Conductivity. As indicated by the
observed distribution pattern of the fracture apertures on
the different survey lines in the simulation experiment, when
HDD was performed from outside the mining area into the
mining overburden, the different types of fractures were
exposed in one of the following orders depending on the dril-
ling horizon.

4.1.1. Order I. The borehole advanced in a single stratum
within the WCFZ (Figure 7(a)). During drilling, the fractures

HDD borehole

Compression shear fracture

V-shaped
 tensile fracture

Bed separation fracture

Inverted V-shaped tensile fracture

Jigsaw-fit fracture

Figure 3: Types of mining-induced fractures exposed by HDD. Note: the photos are of the fractures exposed by the simulated borehole
created in the physical simulation discussed in Section 3.2.
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Figure 4: Physical simulation model.

Table 1: Similar material proportion for each stratum.

Strata Thickness/cm Sand/kg Calcium carbonate/kg Gypsum/kg

Soft strata 24 69.2 12.10 5.20

Primary key stratum (PKS) 8 21.6 2.16 5.04

Soft strata 12 34.6 6.05 2.60

KS 3 8 23.04 1.73 4.03

Soft strata 12 34.6 2.60 6.05

KS 2 8 23.04 1.73 4.03

Soft strata 10 28.8 5.04 2.16

KS 1 5 14.4 1.08 2.52

Soft strata 8 23.04 4.02 1.73

Coal seam 5 15.8 1.58 0.675
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were exposed in the following order: compressive shear frac-
tures→V-shaped tensile fractures→ inverted V-shaped ten-
sile fractures → jigsaw-fit fractures. Then, as the borehole
continued to advance toward another mining boundary, the
fractures were exposed in the opposite order. This exposure
order is often observed when drilling through a thick stra-
tum, and the drilling distance between two consecutive
rounds of drilling fluid loss and grout sealing was close to
the broken step of the stratum.

When compressive shear fractures were exposed by the
borehole, it was easy to conduct grout sealing with a low risk
of grout escape owing to the small fracture apertures and
poor fracture connectivity [19, 20]. In this scenario, fine-
grained grouting materials, such as fly ash, cement, and water
glass, are preferred. When V-shaped tensile fractures were
exposed in a stratum, owing to their numerous voids and
the fact that the fractures were often connected to other V-
shaped tensile fractures in the lower adjacent stratum, it
was advisable to first inject a coarse-grained grout until the
channel connecting the lower V-shaped tensile fractures
was sealed. Then, a large volume of fine-grained grout could
be injected. The grout in an exposed fracture void will grad-
ually accumulate upward only after it has flowed to its diffu-
sion radius in the void, and the accumulation will continue
until the grout reaches the drilling horizon and seals the frac-
ture openings on the borehole wall [21]. Only after sealing is
complete can drilling be resumed and continued smoothly
(Figure 8). Therefore, horizontal drilling at various distances
from the bottom boundary of a stratum leads to significantly
different grouting volumes. The closer the drilling horizon is
to the bottom boundary of the stratum, the smaller the
exposed fracture opening and the lower the required volume
of grout for sealing. Drilling is then resumed and continued
until inverted V-shaped fractures are exposed. Inverted V-
shaped fractures are connected to bed separation fractures
and, thus, have a larger void volume which requires more
grout than V-shaped fractures. Consequently, drilling can

only resume once the grout flows to its diffusion radius in
the bed separation fractures and gradually accumulates at
the drilling horizon. As the borehole advances, it will expose
jigsaw-fit fractures. Although the exposed jigsaw-fit fractures
are often connected to lower bed separation fractures or
jigsaw-fit fractures in the adjacent stratum, they have small
apertures and are easy to seal. This allows for the use of an
easily solidifiable fine-grained grout to seal the fractures,
which enables quick resumption of drilling. It should be
noted that the size (i.e., diameter) of the borehole is signifi-
cantly smaller than that of the V-shaped tensile apertures
or delamination apertures, and coarse-sized grout is prone
to plugging the boreholes. This results in a dilemma where
although the grouting pressure is high, the fractures are not
actually sealed. Therefore, when grouting and sealing frac-
tures with large apertures or voids, it is necessary to increase
the diameter of the borehole or reduce the grout injection
flow rate to reduce the risk of borehole plugging.

4.1.2. Order II.Horizontal drilling proceeds through different
strata within the WCFZ (Figure 7(b)) and exposes fractures
in the following order: compressive shear fractures → V-
shaped tensile fractures (in the same stratum)→ bed separa-
tion fractures → inverted V-shaped tensile fractures (in the
upper adjacent stratum) → jigsaw-fit fractures (in the upper
adjacent stratum). The exposure order is reversed as the
borehole continues to advance toward the other mining
boundary. Drilling proceeded through different strata in
Order II to allow the exposure of additional bed separation
fractures near the mining boundaries, thereby making the
drilling distance between two consecutive rounds of drilling
fluid loss and grout sealing shorter than in the case of Order
I. Due to the breaking and rotation of the strata, in practical
drilling operations, HDD in the mining overburden inevita-
bly leads to the “multi-stratum run-through” phenomenon.
As a result, Order II is the most commonly adopted method
in practice.

L1

L3

L5

L6

L2

L4

KS 1

KS 2

KS 3

PKS

Figure 5: Sketched simulation results of the overburden failure.
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As the HDD borehole advances to expose bed separation
fractures, the size of the voids in the drilling direction
increases sharply. Thus, it is appropriate to use coarse-
grained materials for grout sealing in this situation. More-
over, it is necessary to continuously grout the fractures while
the grout flows to its horizontal diffusion radius and accumu-
lates upward. When the grout reaches the drilling horizon,
grouting could be stopped, and drilling could be resumed.
As bed separation fractures are often connected to inverted
V-shaped tensile fractures in the upper adjacent stratum
(Figure 7(b)), the degree of grout sealing in the bed separa-
tion fractures (namely, the diffusion range and accumulation
height of the grout) will affect the difficulty of sealing the
inverted V-shaped tensile fractures next exposed by the dril-
ling. The higher the degree of sealing in the bed separation
fractures and the greater the diffusion range of the grout,

the smaller the required grouting volume will be to seal the
inverted V-shaped fractures. As bed separation fractures are
caused by the uncoordinated movement of two vertically
adjacent strata, it is evident that bed separation fractures in
the presence of a thicker and harder upper stratum (such as
the KS) will exhibit a significantly higher void volume than
those in the presence of a thinner and softer upper stratum.
In addition, with a decrease in the rotation angles of the bro-
ken strata, the drilling distance in the delamination space will
increase, leading to a larger grouting volume and higher seal-
ing difficulty. Therefore, it is necessary to consider the condi-
tions of the drilled strata in practical drilling operations in
order to select proper grouting materials and volumes.

4.1.3. Order III. Drilling is performed in the curved subsi-
dence zone outside theWCFZ (Figure 7(c)), and the borehole
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Figure 6: Distribution of the types and apertures of the mining-induced fractures at different horizons.
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advances through different strata to expose bed separation
fractures.

In contrast to the borehole-exposed bed separation frac-
tures in the WCFZ in Order II, the bed separation fractures
in the curved subsidence zone in Order III have a relatively
closed space. Thus, they are suitable for grouting with a large
volume of fine-grained materials and have a low risk of grout
escape. As the rotation angles of the strata in the curved sub-
sidence zone are relatively small, the borehole needs to
advance a significant distance in the delamination fracture
before entering the upper adjacent stratum. This results in
high grouting volume and frequency in practice. Once the
borehole enters the upper adjacent stratum, it needs to
advance a significant distance before exposing another

delamination fracture where frequent grout sealing will again
be required. Therefore, the frequency of grout sealing will
alternate between high and low as the borehole advances,
such as the case with the drilling of borehole 2 in the Gaojia-
bao coal mine. However, it should be noted that only the bed
separation fractures in the curved subsidence zone are
grouted and sealed in such a case, and it is impossible to
achieve water blocking in practice. Ultimately, the bed sepa-
ration fractures in the curved subsidence zone do not consti-
tute a channel that leads to groundwater loss. This is in line
with the observation that the influx of underground water
into the Gaojiabao coal mine did not significantly decrease
after the large-scale grouting of borehole 2 in the water block-
ing test.

Compression shear fracture

HDD borehole

V-shaped tensile fracture
Inverted V-shaped tensile fracture Jigsaw-fit fracture

Bed separation fracture

(a) Order I

V-shaped tensile fracture

Bed separation fracture

Compression shear fracture

HDD borehole

Inverted V-shaped tensile fracture Jigsaw-fit fracture

(b) Order II

Bed separation fractureHDD borehole

(c) Order III

Figure 7: Types of fractures exposed by the HDD boreholes at different horizons.

Level 1

Level 2

Flow path

Figure 8: Schematic diagram of grouting the V-shaped tensile fractures exposed by HDD.
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4.2. Determination of Reasonable Drilling Horizons for
Efficient Fracture Sealing. As previously shown, when using
HDD borehole grouting to seal water-conducting overbur-
den fractures while minimizing the grouting volume, it is
exceedingly important to determine the reasonable drilling
horizon in a scientific manner. Selection of the HDD hori-
zons should be based on the following three principles.

(1) Borehole grouting is intended to seal the water-
conducting channels that lead to groundwater loss.
Therefore, it is necessary to ensure that the drilling
horizon is within the WCFZ of the mining
overburden

(2) The fractures exposed at the drilling horizon should
have good capacity to retain the grout. In other
words, the injected grout should remain within the
fracture voids to seal the fractures without the risk
of grout escape. Therefore, it is best to drill at hori-
zons where the fracture apertures are small. It is also
necessary to ensure that the vertical connectivity
between the exposed fractures and the fractures in
the lower stratum is as small as possible in order to
avoid grout leakage to the underground goaf. In the
meantime, it is necessary to increase the grout diffu-
sion in the plane to increase the range of the grout
sealing within a single borehole. Generally, the higher
the borehole horizon, the smaller the aperture of the
exposed mining-induced fractures. However, drilling
may be performed under but near the bottom bound-
ary of a thick, hard stratum (such as the KS) to expose
large voids in the bed separation fractures, such as the
voids shown on survey line L3 in Figures 5 and 6. On
the one hand, proper selection of the drilling hori-
zons would improve the planar diffusion range of
the grout. On the other hand, since bed separation
fractures are typically connected to multiple tensile
fractures in the lower stratum, such selection would
increase the risk of grout loss in the vertical direction.
Therefore, full consideration should be given to the
planar distribution characteristics of mining-
induced fractures in order to comprehensively evalu-
ate the planar diffusion of the grout in the fractures.
This should then be compared to the risk of grout loss
in the vertical direction in order to determine the
most suitable horizon

(3) The drilling horizon should be favorable for main-
taining the stability of the drilled rock mass. An
HDD borehole mainly consists of a vertical section,
build-up section, and horizontal section. Both the
vertical and build-up sections are lined and protected
by a casing, while the horizontal section is unlined. If
the horizontal section is drilled in a stratum with rel-
atively weak lithology, there is a high risk of hole col-
lapse due to mining-induced fractures. These types of
accidents will affect the grouting procedure and water
blocking performance. Therefore, it is necessary to
set the drilling horizon in a stratum (e.g., sandstone)
with stable lithology and high mechanical strength

according to the stratigraphic column of the
overburden

According to these principles, it is possible to determine a
reasonable borehole horizon for the HDD in the overburden
with consideration for the overburden conditions presented
by the physical simulation results and distribution of the
water-conducting fractures (Figure 5). As the WCFZ
extended vertically up to the bottom boundary of KS 3, the
drilling horizon should be set below this stratum. Survey lines
L3–L6 were all within the WCFZ; however, as shown in
Figure 6, the fracture aperture on survey line L4 was the min-
imum (although survey line L3 was at a higher horizon, it ran
through bed separation fractures; thus, revealing larger void
volumes). Therefore, if a stable sandstone stratum was pres-
ent near L4, it would serve as a suitable drilling horizon.

5. Conclusions

(1) A ground-based engineering test was conducted in
the Gaojiabao coal mine to evaluate the use of HDD
to grout and seal water-conducting fractures; how-
ever, the water blocking performance was not satis-
factory. The present study utilized HDD boreholes
to expose the development characteristics and grout
hydraulic conductivity of water-conducting fractures
and determined reasonable drilling trajectories or
horizons favorable for grout sealing of the fracture
channels, which are the keys to solving these
problems

(2) As a horizontal directional borehole advances from
the original rock mass outside the mining boundary
towards the mining-induced fractured rock mass,
the borehole will successively expose fractures with
different development morphologies. The order of
exposure was found to be dependent on the drilling
horizon and whether the borehole runs through dif-
ferent strata. A simulation experiment was conducted
and revealed three orders in which the various types
of mining-induced fractures could be exposed by an
HDD borehole. When using HDD boreholes to
expose different types of mining-induced fractures
and seal them with grout, each type of fracture will
exhibit different grout hydraulic conductivity as a
result of their varying void volumes and scales, which
explains why the frequent grout sealing conducted in
the engineering test resulted in such poor sealing
performance

(3) The capacity of the mining-induced fractures to
retain grout was investigated, and further analysis of
the results led to a scheme for determining reason-
able horizons for HDD to facilitate efficient fracture
sealing. The drilling horizon should be selected in
such a way that the apertures of the borehole-
exposed fractures are as small as possible, and the
vertical connectivity of the borehole-exposed frac-
tures to fractures in the lower stratum should also
be as small as possible. This would reduce the risk
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of grout escape in the vertical direction while enhanc-
ing the planar hydraulic conductivity of the grout.
This scheme is intended to ultimately determine the
achievable range of grout sealing for a single borehole
while attaining the grout sealing of as many fractures
as possible with as small a grouting volume as
possible

(4) Except for the fracture morphologies, the high flow-
rate of water is also an important factor that pre-
vented the grout from accumulating in and filling
up the fractures, especially, for the readily hardenable
grout such as cement. In addition, when sealing with
different grout types, the influence degree of hydro-
dynamic erosion on the sealing effect may be differ-
ent. Owing to limited space, the abovementioned
factor was not discussed in the paper, and further
research will be carried out in the future
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Excavation disturbance on the dynamic variation of the three-dimensional stress field is the main cause for the dynamic disasters of
the surrounding rock mass of the roof. The stress condition in the surrounding rock mass of the roof during entry excavation and its
impact on entry stability are systemically studied in this study. It is found that the surrounding rock mass of the roof is mainly
influenced by the combined effect of the stress unloading and stress transference induced by entry excavation. A servo-
controlled true triaxial material testing system is used to conduct the true triaxial loading and unloading experiments of rocks
under different stress paths. The influence of different stress paths, especially the variation of the principal stress direction, on
the mechanical characteristics and fracture characteristics of rocks is investigated. The results indicate that the variation of the
principal stress direction has a significant impact on the macroscopic fracture characteristics of the rock. The main macroscopic
fracture plane of the rock highly depends on the intermediate principal stress. The fracture evolution of the roof rock mass
during entry excavation is analyzed. The results show that the change of the three-dimensional stress field induces the formation
of complex fracture networks in the surrounding rock mass of the roof. The roof is likely to dislocate horizontally and collapse.
The corners of the entry are seriously damaged. Based on the above findings, a support scheme is proposed to maintain the
stability of a gob-side entry. The field experience suggests that the support scheme can achieve good results.

1. Introduction

Dynamic disasters, such as the serious deformation and
collapse of the entry roof, have always been major issues
restricting the safe, effective mining of coal resources in
China [1, 2]. The entry roof tends to fail and become
more instable with the increase in mining intensity and
mining depths [3]. The failure and instability of the roof
result from the formation of the fracture zone in the sur-
rounding rock mass of the entry [4, 5]. It is of great signif-
icance in the aspects of theoretical analysis and field
applications to understand the fracture pattern and its
evolution in the surrounding rock mass of the roof in
order to maintain the stability of the roof and prevent
dynamic disasters [6].

The excavation of mining entries disturbs the in situ
stress balance [7] and induces the dramatic change [8] and
dynamic adjustment of the stress filed in the roof [9]. This
normally leads to the serious deformation and failure of the
roof. The mechanical behaviour of the entry roof is closely
related to the disturbance caused by entry excavation [10].
Therefore, it is necessary to consider the influence of the
stress change in the surrounding rock mass of the entry roof
and systematically study the stress disturbance process
caused by entry excavation and the mechanical response of
the rock mass [11]. Previous studies mainly consider the
effect of the change of the vertical stress (i.e., the abutment
stress) on the stability of the roof and simply assume that
the deformation and failure of the roof result from the one-
dimensional loading. Based on field measurement and
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numerical modelling results, [12, 13] found that the obvious
dynamic adjustment of the three-dimensional stress state in
the surrounding rock mass occurs in the driving process of
the entry. The individual or the simultaneous variation of
each stress component in the three-dimensional stress state
is likely to cause the deformation and fracture of the sur-
rounding rock mass.

Many researchers have carried out triaxial compression
tests to reveal the mechanical behaviour and the failure pro-
cess of the surrounding rock mass of the entry under the
influence of the complicated three-dimensional stress evolu-
tion caused by the disturbance of excavation [14]. These
studies mainly focused on the effects of the loading and
unloading process in the conventional triaxial compression
tests on the strength [15], deformation [16], and failure
modes [17] of rocks. Nevertheless, due to the inherent short-
coming of the conventional triaxial compression test that
ignores the influence of the intermediate principal stress
[18], only the axial stress that differs from the lateral stress
can be applied to the cylindrical rock specimen in the labora-
tory test [19]. Hence, only the strength and deformation
characteristics of the rock under the axisymmetric stress con-
dition can be reflected. This is unrepresentative of the stress
condition that the rock normally encounters in the realistic
situation (σ1 ≠ σ2 ≠ σ3) and differs from the stress evolution
characteristics of the entry rock mass induced by excavation
disturbance [20, 21]. Based on the three-dimensional stress
evolution in the entry roof at the mine site, experimental
studies on rocks under true triaxial stress paths can more
accurately simulate the failure evolution process of the roof
disturbed by gob-side entry driving and disclose the failure
mechanism [22]. This is significant for the stability control
of the entry roof.

In addition, the traditional theories always considered
that the maximum principal stress in the roof strata induced
by excavation disturbance has the vertical orientation [23].
Only the stress concentration factor of the abutment stress
in the vertical direction was involved in the analysis of the
stress state in the surrounding rock mass of the entry influ-
enced by mining excavation [24, 25]. In fact, besides the
change of the magnitudes of the principal stresses, the change
of the orientations of the principal stresses also occurs during
the excavation and construction of underground spaces (e.g.,
entries) [26, 27]. However, the rotation of the principal
stresses in the roof strata is normally ignored in previous
studies [28, 29]. Many experimental results in civil engineer-
ing indicated that the rotation of the principal stress orienta-
tions (assuming that the magnitudes of the principal stresses
remain constant) leads to the obvious plastic deformation of
the soil [30]. Hence, the complicated evolution of the stress
path and the stress orientation induced by entry excavation
results in the damage and degradation of the mechanical
parameters of the roof. Besides, the dynamic damage evolu-
tion process is the fundamental cause for the deformation
and fracture of the roof rock mass of the entry.

In view of this, the gob-side entry driving activity at the
Dongtan Coal Mine (owned by Yankuang Group) is taken
as the engineering background to systematically study the
influence of entry excavation on the principal stress path

and the stress principal orientation in the roof rock mass.
The mechanism of the dynamic disaster of the roof induced
by gob-side entry driving is revealed. The related control
technology of the roof rock mass is proposed based on the
results. The engineering experience at the Dongtan Coal
Mine also offers a reference to the support design of the
entries with similar conditions.

2. Engineering Background and
Numerical Model

The Dongtan Coal Mine is located in Shandong Province,
China (Figure 1(a)). The mining entry in the 3# coal seam
at the Dongtan Coal Mine is excavated by gob-side entry
driving. The coal pillar between the gob-side entry and the
previous panel has a width of 3m. The dip angle of the
1306 working face in the 3# coal seam ranges from 0° to 12°

with an average of 6° (Figure 1(b)). The coal seam has an
average thickness of 8.8m. The 1306 tail entry is located at
the -660m level and is close to the goaf of the 1305 work-
ing face (which is at the south of the 1306 tail entry). The
entry has a trapezoidal cross section (4.8m wide at the
roof and 5.0m wide at the floor) with a height of 4m.
In situ stress monitoring was performed in the head entry
by the stress relief method. The maximum horizontal in
situ stress (σH), the minimum horizontal stress (σh), and
the vertical in situ stress (σV) are 19.15MPa, 10.02MPa,
and 14.64MPa, respectively.

To study the influence of gob-side entry excavation on
the principal stress change and the damage of the roof, the
numerical modelling software ABAQUS (based on the finite
element method) is used to establish the numerical model in
this study (Figure 2(a)). The locations of the mining entries
in the 1306 working face in the numerical model are given
in Figure 2(b). Both the 1305 head entry and the 1306 tail
entry have dimensions of 5m ðin widthÞ × 4m ðin heightÞ.
The width of the coal pillar is 3m. The vertical displacement
at the bottom boundary of the model is fixed. A uniform
stress of 15MPa is applied to the top boundary of the model
to simulate the overburden stress (the thickness of the over-
burden rock layers in the numerical model is 660m). The
maximum horizontal in situ stress is 19.5MPa, which is par-
allel to the entry axis. The minimum horizontal in situ stress
is 10.5MPa, which is perpendicular to the entry axis. The
strain softening model based on the Mohr-Coulomb crite-
rion is used in the numerical simulation. The mechanical
parameters of the coal seam and the roof and floor strata in
the numerical model are listed in Table 1. Compared with
the field measurement results, the numerical simulation can
provide good results (Figure 3), which shows the reliability
of the numerical model.

Three monitoring points are arranged in the roof rock
mass, which are 0m, 4m, and 8m above the roof, respec-
tively (Figure 4). The change of the principal stresses in the
roof rock mass is provided in Figure 5. When the working
face is 20m in front of the monitoring section, the rock mass
close to the roof suffers from the influence of entry excava-
tion. When the working face is 5m to the monitoring section,
the excavation disturbance becomes quite obvious. Clear
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unloading processes of the three principal stresses occur in
the elements at the roof surface. The magnitudes of σ1 and
σ3 increase first and then decrease, while the σ2 magnitude
is continuous. The change of the principal stresses at the
monitoring points 4m and 8m above the roof is similar to
that at the roof surface. The excavation disturbance becomes

weaker at the rock mass away from the entry roof. When the
working face is 10m behind the monitoring section, the three
principal stresses in the roof elements gradually stabilize.
This suggests that the influence of the entry excavation on
the monitoring section terminates and the stress condition
in the roof rock mass redistributes to the equilibrium state.
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Figure 1: (a) Location of the Dongtan Coal Mine, Shandong, China. (b) Plane view of working face arrangement.
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Figure 2: (a) Numerical model. (b) Schematic of the mining entries in the 1306 working face.
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According to elastic mechanics, when the tangential
stress at a surface of an arbitrary point in a three-
dimensional space equals to zero, the normal stress at this
surface is considered one of the principal stresses at this point
and the normal direction of this surface is also the direction
of the principal stress. The direction of the principal stress
can be calculated by [31]

σx − σð Þl + τxym + τyzn = 0,

τxyl + σy − σ
� �

m + τyzn = 0,
τxzl + τyzm + σz − σð Þn = 0,

8>><
>>:

ð1Þ

l2 +m2 + n2 = 1, ð2Þ
where σx is the stress component in the x-axis, σy is the stress
component in the y-axis, σz is the stress component in the z
-axis, τxy is the shear stress at the x-y surface, τxz is the shear
stress at the x-z surface, τyz is the shear stress at the y-z sur-
face, l is the cosine of the angle between the normal line of the
surface and the x-axis, m is the cosine of the angle between
the normal line of the surface and the y-axis, n is the cosine
of the angle between the normal line of the surface and the
z-axis, and σ is the principal stress tensor. According to the
elastic mechanics theory, the parallel Equations (1) and (2)
can be used to obtain the cosines l1, m1, and n1 of the corre-
sponding directions of the principal stress σ1. The corre-
sponding direction cosine of the principal stresses σ2 and
σ3 can also be obtained.

The change of the principal stress directions in the roof
rock mass at different stages during entry excavation is given
in Figure 6. The entry axis is perpendicular to the paper as
shown in Figure 6. The change of the angle between the prin-
cipal stress at the top surface of the monitoring element and
the vertical direction is provided in Figure 7. When the work-
ing face moves from the location 5m in front of the monitor-
ing surface to the location 5m behind the monitoring
surface, the principal stress direction in the entry roof rock
mass shows dramatic variation. The principal stress direction
at the roof surface exhibits obvious rotation, and the change
of the principal stress directions at the monitoring elements
4m and 8m above the roof becomes minor. Nevertheless,
the reverse of the principal stress direction is observed at all
the three monitoring points. The principal stresses at the

monitoring point 8m above the roof change earlier than
those at the monitoring point 4m above the roof. This indi-
cates that the entry excavation leads to the transference of
the principal stress from the rock mass away from the roof
to the rock mass close to the roof.

3. Fracture Characteristics of Rocks under
Different Stress Paths

3.1. Stress Path Design. The numerical simulation results in
Section 2 show that the roof rock mass sustains complicated
stress paths due to the disturbance of the entry excavation.
The mechanical characteristics of rocks are closely related
to the stress paths they undergo. The fracture characteristics
and the fracture mechanism of rocks under complex stress
paths can be more accurately described by laboratory exper-
iments on rock specimens under different stress paths. The
results can provide a theoretical basis for the entry support
at the mine site. To study the fracture characteristics of the
roof rock and analyze its fracture mechanism, the following
three typical triaxial stress paths are proposed in this section
based on the stress paths in the roof rock mass (Table 2).

The underground rock mass is under the in situ stress
condition when the entry is unexcavated. With the advance
of the working face, the principal stresses in the rock masses
with various distances to the entry surface exhibit a certain
difference. The maximum principal stress shows variation
during the entry excavation and is hence assumed to be con-
stant in this study. The unloading of the intermediate princi-
pal stress and the minimum principal stress could occur due
to different geotechnical conditions and the variation of the
stress conditions. Note that the results in Figures 6 and 7
suggest that entry excavation results in the obvious change
of the stress condition in the roof rock mass, especially the
exchange of the intermediate principal stress and the mini-
mum principal stress. This is found at all the three monitor-
ing points in the roof rock mass when the working face
moves towards the monitoring section (from the location
5m in front of the monitoring section). This section is aimed
at investigating the influence of this stress condition varia-
tion on the mechanical characteristics and the fracture char-
acteristics of the rock.

3.2. Specimen Selection and Experimental Schemes. The red
sandstone is selected for the experimental study, which

Table 1: Mechanical parameters of coal seam and rock strata.

Stratum Lithology
Thickness

(m)

Elastic
modulus
(GPa)

Poisson
ratio

Density
(kg/m3)

Internal
friction
angle (°)

Initial
cohesion
(MPa)

Residual
cohesion
(MPa)

Roof

Sandstone 110 15 0.3 2560 25 3 2

Mudstone 2 8 0.35 2480 18 1.2 1

Middle-fine sandstone 20 9 0.3 2560 24 1.3 1.1

Argillaceous siltstone 3 8 0.36 2480 18 1.1 0.8

Coal seam 3# coal 8.5 7 0.35 1400 16 1 0.6

Floor
Siltstone 4 8 0.35 2560 18 1.1 0.8

Fine sandstone 32.5 12 0.3 2560 30 5 4
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mainly consists of feldspar and quartz. The sandstone speci-
men is medium-grained with grain sizes from 0.10mm to
0.35mm (Figure 8). Its average density is 2380 kg/m3. Each
specimen is cubic with dimensions of 50mm ðin lengthÞ ×
50mm ðin widthÞ × 100mm ðin heightÞ. A grinder is used to
flatten the surface of each specimen end.

A servo-controlled true triaxial material testing system
[32] is used to conduct the true triaxial compression tests
under different loading and unloading stress paths. The
influence of three stress paths on the fracture characteristics

of the specimen is studied. Each triaxial test has two stages,
including loading the specimen to the expected in situ stress
condition (stage 1) and the loading and unloading stage
(stage 2) (Figure 9). To get the final fracture pattern of the
specimen, the confining pressure and the constant axial stress
are increased. The detailed loading and unloading schemes
are given as follows.

The three loading and unloading schemes have the same
first loading stage (i.e., stage I). First, the specimen is loaded
to a hydrostatic stress condition (σ1 = σ2 = σ3 = 20MPa) at
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Figure 3: Comparison between numerical simulation results and in situ measurement results of entry deformation: (a) roof-to-floor
convergence; (b) side-to-side convergence.
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a velocity of 0.1MPa/s. Then, σ3 remains constant and σ1
and σ2 are increased at the same velocity until σ2 reaches
the expected magnitude (σ1 = σ2 = 40MPa). After that, σ2
and σ3 are kept constant and σ1 is increased to the prede-
signed magnitude. Note that the specimen has the average
peak strength of about 615MPa when σ2 and σ3 are
40MPa and 20MPa, respectively, based on the true triaxial
test results. Hence, the σ1, σ2, and σ3 magnitudes in the
designed in situ stress condition of the specimen are
490MPa (80% of the peak strength), 40MPa, and 20MPa,
respectively.

In the second stage (stage II), for path I, the σ1 magnitude
remains constant and σ2 and σ3 are decreased at a velocity of
0.1MPa/s until the specimen fails. In path II, both σ1 and σ3
are kept constant and σ2 is decreased at a velocity of
0.1MPa/s until the specimen fails. As shown in Figure 9, σ2
will equal to σ3 in the unloading process of σ2 (point e in
Figure 9). After that, σ2 and σ3 exchange with each other.
In path III, both σ1 and σ2 remain unchanged and σ3 is
decreased at a velocity of 0.1MPa/s until the specimen fails.

3.3. Characteristics of Strength and Deformation. Figure 10
shows the change of the three principal stresses with the load-
ing time of the specimen under the second stress path (path
II). The unloading stage (the df stage in Figure 9) is analyzed
in this section, which includes the prefailure stage and the
postfailure stage. The three principal stress components of
the specimen change linearly with the unloading time in
the prefailure stage. This suggests that all the three principal
stresses vary according to the predesigned stress path. The σ1
magnitude drops abruptly when the rock fails. Obvious brit-
tle failure of the specimen is observed. In Figure 10, with the
gradual decrease of σ2, its magnitude equals to that of σ3
(point e in Figure 9). After that, σ2 exchanges with σ3, which
means that the intermediate principal stress becomes the
minimum principal stress. The existence of the intersection
point e in Figure 9 could lead to the variation of the fracture
characteristic of the specimen.

Since all the three principal stresses vary during the load-
ing and unloading of the specimen, the octahedral shear

stress τoct in Equation (3) is used to generalize the strength
characteristic of the specimen [33]:

τoct =
1
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ1 − σ2ð Þ2 + σ2 − σ3ð Þ2 + σ1 − σ3ð Þ2

q
: ð3Þ

As shown in Figure 11(a), the octahedral shear stresses of
the specimens undergo three different unloading stress paths
that almost coincide with each other in the prefailure stage
and drop abruptly (i.e., brittle failure) in the postfailure stage.
The time period between the start of the unloading process
and the strength failure of the specimen is termed prefailure
unloading duration. The specimens under three unloading
paths undergo different prefailure unloading duration, in
which the specimen in path I has the shortest prefailure
unloading duration and the specimen in path II undergoes
the longest. The strains of the specimen under different stress
paths are plotted against the loading time in Figure 11(b). The
three principal strains of the specimen increases almost line-
arly against the unloading time at the early stage of the unload-
ing process. Then, the strain rate gradually increases as the
unloading time increases. The three principal strains increase,
following the power function, in the postfailure stage.

3.4. Acoustic Emission Characteristics. Figure 12(a) gives the
typical characteristics of the basic AE parameters of the spec-
imen under path III (the other tests have a similar feature).
The AE events are quite active in the early stages of the
unloading processes of the specimen under two different
stress paths. This suggests that the internal microcracks initi-
ate and propagate before the unloading process commences.
The number of the AE events is below 100 before the strength
failure of the specimen, which indicates that the microcracks
inside the specimen propagate stably. The amount of the AE
events increases dramatically in a short time when the peak
strength of the specimen is reached, which indicates the start
of the unstable propagation of the microcracks and the for-
mation of the macroscopic failure planes.

Figure 12(b) gives the variation of the cumulative AE
events against the unloading time under different stress paths
[34], which is similar to that of the specimen deformation.
The AE events increase stably at the early stage of the unload-
ing process (before the strength failure of the specimen),
which suggests the slow propagation of the internal micro-
cracks. The increase in the AE events of the specimen under
path II is the slowest compared with that under the other two
stress paths. The characteristics of the specimen tend to
become that under conventional triaxial compression as the
σ2 magnitude decreases. The intermediate principal stress
applies obvious confining to the specimen, and the micro-
cracks develop slowly. The number of the AE events in the
specimen under path III rises more quickly since the differen-
tial stress between σ2 and σ3 increases during the unloading
of σ3. This enhances the damage effect of the intermediate
principal stress and leads to the faster propagation of the
microcracks. The AE events in the specimen under the first
stress path are highly active, and the microcracks propagate
quite fast at the early stage of the unloading process. This
indicates that the simultaneous unloading of σ2 and σ3

Excavation direction

Excavation section

Monitoring section

4 m

4 m

Roof mointoring point

Figure 4: Locations of stress monitoring points.
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exaggerates the propagation of the microcracks and weakens
the strength of the rock. When the axial stress reaches the
peak strength, dramatic increase in the AE events is found
in the specimens under all the three stress paths, which shows
the brittle failure characteristic of the specimen.

3.5. Fracture Characteristics. Table 3 presents the macro-
scopic fracture characteristics of the specimens under differ-
ent loading and unloading stress paths. The σ2 direction and
the σ3 direction in Table 3 are the initial stress direction of
the specimen. Along the σ2 direction, the macroscopic failure
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plane has a “V” shape that stretches through the specimen.
An obvious brittle failure characteristic is found. Along the
σ3 direction, a quite dense “X”-shaped fracture network is
observed in the specimen under path II, while no obvious
macroscopic fracture is found in the specimens under the
other two stress paths. This indicates that if the intermediate
principal stress is always higher than the minimum principal
stress in the specimen in the unloading process, the macro-

scopic failure plane only propagates along the σ2 direction
and the specimen looks intact along the σ3 direction.

Once the stress condition in the specimen has a notable
change, such as the reverse of σ2 and σ3 in Figures 6 and 7,
the fracture characteristics of the specimen will be highly
influenced. Hence, this section focuses on the second stress
path (path II) in which the σ2 and σ3 directions exchange
with each other. At the early stage of this stress path in which
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Table 2: Typical stress paths.

Path I Path II Path III

Stress path aa′
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Figure 8: Optical microscopy and SEM features of red sandstone.
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σ2 is higher than σ3, the fracture type of the specimen is
similar to that under the other two stress paths and the
macroscopic fracture plane is along the σ2 direction. As σ2
gradually decreases and becomes lower than σ3, the σ2
direction changes to the initial σ3 direction and the compli-
cated fracture network is found in the specimen in the ini-
tial σ3 direction. From the above, the variation of the
principal stress direction, especially the σ2 direction, has a
significant impact on the macroscopic failure characteristics
of the specimen. The macroscopic failure plane highly
depends on the σ2 direction. This provides an important
theoretical basis for the fracture evolution of the rock mass
at the field site.

4. Engineering Application

The surrounding rock mass of the underground entry nor-
mally contains certain macroscopic and microscopic frac-
tures. Entry excavation changes both the magnitudes and
the direction of the principal stress and enhances the devel-
opment of the fractures in the rock mass. This significantly
affects the stability of the entry. The Griffith strength the-
ory assumes that a material contains numbers of randomly
distributed internal elliptical microcracks. As shown in
Figure 13, a single microcrack is considered. It is deemed
that the initiation of the microcracks inside of the rock is
caused by the local tensile stress concentration induced at
the microcrack tips. The normal stress and the tangential
stress at the microcrack surface are calculated by [35]

σx =
1
2 σ1 + σ3ð Þ + σ1 − σ3ð Þ cos 2β½ �,

τxy =
1
2 σ1 − σ3ð Þ sin 2β,

8>><
>>:

ð4Þ

where β is the tip angle of the microcrack. The tip angle
at which the microcrack is most likely to initiate can be
derived by

β = 1
2 arccos σ1 − σ3

2 σ1 + σ3ð Þ : ð5Þ

Based on the true triaxial compression tests in this
study, the microcrack plane propagates along the σ2 direc-
tion if σ2 is higher than σ3. This suggests that the rock
mainly fractures at the σ1‐σ3 surface at the dip angle cal-
culated by Equation (5) during entry excavation. The frac-
ture evolution characteristics of the rock at the roof
surface are obtained in Figure 14 based on the Griffith
strength theory. Both the magnitude and the direction of
the principal stress in the roof rock mass vary due to
the advance of the working face. This leads to the change
of the dip angle at which the fracture is most likely to ini-
tiate. This dip angle gradually rotates towards the horizon-
tal direction, and finally, a horizontal macroscopic fracture
forms. In this situation, the roof strata tend to dislocate
horizontally and roof collapse is likely to happen. This is
similar to that occurring in the roof mass at the field site.
The disturbance of entry excavation leads to the gradual
interaction of the fractures at the roof surface. These frac-
tures connect with each other to generate macroscopic
fracture planes, and complicated fracture networks form
due to the change of the dip angle at which the fracture
is most likely to initiate. This is the basic reason for the
roof failure of underground entries [36].

Based on the above analysis, the change of the stress con-
dition in the roof rock mass during entry excavation is essen-
tially the variation of the magnitudes and the directions of
the principal stresses in the roof rock mass. The mechanical
parameters of the roof rock mass are affected and degraded
due to the complex evolution of the stress path and the stress
direction caused by the disturbance of entry excavation. The
dynamic damage evolution process is the basic reason for the
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deformation and fracture of the surrounding rock mass of the
entry. The numerical modelling software ABAQUS is used to
establish the two-dimensional numerical model of the min-
ing entry at the 1306 working face. This is to analyze the plas-
tic zone development around the entry induced by the
variation of the magnitude and direction of the principal
stress in the surrounding rock mass. The stress softening
Mohr-Coulomb model is adopted in the numerical simula-
tion. The entry dimensions and the mechanical parameters
of the surrounding rock mass are consistent with those in
the numerical model in Figure 2. The vertical in situ stress
and the horizontal in situ stress are 15MPa and 10MPa,
respectively.

After the excavation of the 1305 head entry, relatively large
plastic zones form at the sides of the entry (Figure 15(a)). With
the advance of the working face, the roof rock mass collapses.
After that, the 1306 tail entry is excavated (Figure 15(b)). Both
the protective pillar and the entry side close to the pillar are
seriously damaged. Note that the magnitudes and the direc-
tions of the in situ stresses applied to the model boundaries
are constant in the numerical simulation. In Figures 15(c)
and 15(d), the magnitudes of the in situ stresses remain

unchanged while their directions are rotated by 10° and 20°,
respectively. It is found that plastic zones occur at the corners
of the entry and the plastic zones extend as the rotation
angles increase.

Based on the results in Figures 14 and 15, horizontal fail-
ure planes form at the roof due to entry excavation. The roof
strata tend to dislocate and collapse due to the rotation of the
principal stress directions. The corners of the entry are highly
influenced by the principal stress direction rotation, and the
support in these areas should be strengthened. According to
the dynamic variation of the magnitudes and directions of
the principal stresses in the roof rock mass during entry exca-
vation, the fracture characteristics of the surrounding rock
mass at the entry roof, and the field condition at the entry
excavation working face, the support scheme for the roof
and the corners of the entry is given in Figures 16 and 17.
The field experience shows that this support scheme achieves
good results (Figure 18).

A shallow reinforcement area is generated at the entry
roof by metal mesh, steel belts, and rock bolts. Large-
diameter cable bolts are installed into the hard rock strata
to form the deep reinforcement area. The coupled shallow
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and deep reinforcement prevents the horizontal dislocation
and collapse of the roof strata. Rhomboid metal mesh is used
to support the roof. Steel belts are arranged at a spacing of
800mm. In each row, 7 rock bolts with dimensions 22mm
ðin diameterÞ × 2400mm ðin lengthÞ are used with a spacing

of 750mm. The row spacing of the rock bolts is 800mm.
The rock bolts at the ends of each row have the dip angle of
75°, while others are installed vertically. In each row, two
cable bolts are installed. Each cable bolt has dimensions of
22mm ðin diameterÞ × 8500mm ðin lengthÞ and is 750mm
to the entry center. The row spacing of the cable bolts is
1600mm.

As for the entry side close to the protective pillar, 5 rock
bolts are used in each row with dimensions of 20mm ðin
diameterÞ × 2000mm ðin lengthÞ. The top rock bolt in each
row is about 200mm to the steel belt with a dip angle of 15°

to 25°, while the bottom rock bolt is about 500mm to the roof
with a depression angle of 15° to 25°. The other rock bolts are
installed horizontally into the pillar with a spacing of
800mm. Two cable bolts with the diameter of 22mm are
installed in each row (between the rock bolt rows) with the
row spacing of 1600mm. In each row, the top cable bolt
(5m in length) is 500mm to the roof with a dip angle of
25° to 35° and the bottom cable bolt (3.5m in length) is
installed horizontally at the middle of the entry side.
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Figure 12: Variation of acoustic emission parameters of rocks under typical stress paths.

Table 3: Fracture characteristics of rocks under different true triaxial loading and unloading conditions.

Path I Path II Path III

Along the direction of σ2 (initial direction)

Along the direction of σ3 (initial direction) Invisible crack Invisible crack
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𝜏xy
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Figure 13: Schematic of a single microcrack.

11Geofluids



The rock bolting at the solid coal side is the same as that
at the protective pillar side. In addition, two cable bolts are
used in each row with the row spacing of 1600mm. The cable
bolt has dimensions of 22mm ðin diameterÞ × 8500mm ðin
lengthÞ. In each row, the top cable bolt is 500mm below
the top rock bolt at a dip angle of 15° to 25°. The bottom cable
bolt is horizontally installed at the middle of the side.

5. Conclusions

The variation of the stress condition in the roof rock mass
during entry excavation and its influence on entry stability

are systematically studied in this study. The impact of the
change of the three-dimensional stress field on the fracture
evolution of the roof rock mass is disclosed. The following
conclusions are made.

(1) The surrounding rock mass at the entry roof is
mainly influenced by the combined effect of the stress
unloading and stress transference induced by entry
excavation. The magnitude and the direction of the
principal stress change notably, and this variation
becomes different if the rock mass is away from the
roof surface. The rotation of the principal stress
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directions at the three monitoring elements around
the roof surface is observed. A servo-controlled true
triaxial material testing system is used to conduct

true triaxial loading and unloading tests under differ-
ent stress paths. And based on AE monitoring, the
AE events are active during the unloading of the
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Figure 16: Supporting scheme of the gob-side entry.
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specimen and obvious brittle failure of the specimen
is observed

(2) The specimens under different stress paths have mac-
roscopic “V”-shaped fracture planes (which stretch
through the specimens) along the σ2 direction, and
the brittle failure characteristic of the specimen is
obvious. However, when σ2 and σ3 exchange with
each other (i.e., path II), a quite dense “X”-shaped
fracture network is found in the specimen along the
σ3 direction. This indicates that the change of the
principal stress direction has a significant impact on
the macroscopic fracture characteristics of the speci-
men. The macroscopic fracture plane highly depends
on the intermediate principal stress. This provides an
important basis for the investigation on the fracture
evolution of the rock mass at the field site

(3) Based on the stress path experiments and the Griffith
strength theory, the fracture evolution of the sur-
rounding rock mass at the entry roof during entry
excavation is studied. It is found that the variation
of the principal stress direction in the surrounding
rock mass of the entry has an extremely negative
impact on the stability of the rock mass. The distur-
bance of entry excavation leads to the interaction of
the fractures in the roof rock mass and the formation
of the macroscopic fracture planes. Due to the change
of the fracture propagation directions, relatively com-
plex fracture networks are generated in the surround-
ing rock mass of the entry. In this situation, the roof
strata are likely to dislocate horizontally and collapse
and the corners of the entry are seriously damaged.
This is the fundamental reason for the failure of the
surrounding rock mass of the entry. Based on the
findings, a support scheme is proposed. The field
experience shows that the support scheme can
achieve good results
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Hydraulic conductivity is an important parameter for predicting groundwater inrush in coal mining worksites. Hydraulic
conductivity varies with deformation and failure of rocks induced by mining. Understanding the evolution pattern of hydraulic
conductivity during mining is important for accurately predicting groundwater inrush. In this study, variations of hydraulic
conductivity of rock samples during rock deformation and failure were measured using the triaxial servo rock mechanic test in a
laboratory. The exponential formula of hydraulic conductivity-volume strain was proposed based on the experimental data. The
finite-difference numerical model FLAC3D was modified by replacing constant hydraulic conductivity with the strain-dependent
hydraulic conductivity. The coupled water flow and rock deformation and failure were simulated using the modified model. The
results indicate that in the early time, the rocks undergo elastic compression with increasing rock strain, resulting in a decrease
in hydraulic conductivity; then, the microcracks and fissures appear in the rock after it yields results in a sudden jump in
hydraulic conductivity; in the later time, the hydraulic conductivity decreases gradually again owing to the microcracks and
fissures that were compacted. The conductivity exponentially decreases with the volumetric strain during the periods of both
elastic compression and postyielding. The simulated stress-strain curves using the modified model agree with the triaxial tests.
The modified model was applied to the groundwater inrush of a coal mining worksite in China. The simulated water inflow
agrees well with the observed data. The original model significantly underestimates the water inflow owing to it to neglect the
variations of the hydraulic conductivity induced by mining.

1. Introduction

Coal is a reliable and affordable source of energy in many
countries, such as China. It is responsible for approximately
40 percent of the electricity generated globally. The produc-
tion of coal, however, is constrained by various disasters,
such as water inrushes and coal and gas outbursts in working
faces during mining [1]. The surrounding aquifers of coal
seams are the source of water inrush in the working faces.

The groundwater in the surrounding aquifers will discharge
into the working faces during mining. Accurate prediction
of the water inflow is important in designing the coal mine
drainage system, as well as enhancing coal production effi-
ciency, and hence, was widely studied in previous researches.
The methods to predict water inflow from working face
include engineering analogy [2], empirical formulas [3, 4],
hydrokinetic analysis [5, 6], analytical modeling [7–9], and
numerical simulation [10–13]. The analogy and empirical
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formula methods are simple and easy to operate. However,
due to the different geological environments of the working
face, the above two methods lack pertinence and accuracy.
The analytical method simplifies the geological model such
that the calculation results do not completely reflect the geo-
logical and hydrogeological environment in which the work-
ing face is located. The numerical simulation method is a
suitable method for calculating the water inflow from the
working face. It is based on the conceptual model of hydroge-
ology that reflects the hydrodynamic characteristics and spe-
cific boundary conditions of the water-bearing medium in
the surrounding rock stope. It can make up for the defect in
other methods that have difficulty describing the process of
rock mass destruction and groundwater seepage caused by
mining.

Hydraulic conductivity is an important parameter for
predicting groundwater inrush in mining worksites. The
hydraulic conductivity varies with deformation and failure
of rocks induced by mining. Understanding the hydraulic
conductivity evolution pattern during mining is very impor-
tant to predict groundwater inrush accurately. However, the
influence of mining disturbance on hydraulic conductivity
is not considered in the existing numerical models for pre-
dicting water inrush. With the exploitation of coal seams,
the damage of surrounding rock is gradually developed, and
its permeability continues to increase. The hydraulic fractur-
ing experiment points out that with the increase of water
pressure, and the development of microfissures, the change
in hydraulic conductivity becomes obvious [14, 15]. Souley
et al. [16] suggested that the damage of rock will cause
increases of hydraulic conductivity. Wang and Park [17] also
found that the increase in hydraulic conductivity caused by
rock rupture is a controlling factor for water inrush from
the mine floor. Schatzel et al. [18] and Adhikary and Guo
[19] have carried out an in situ pressure water test on the roof
of the longwall working face and measured the hydraulic
conductivity changes of strata in the mining overburden fis-
sure zone. The measured hydraulic conductivity increases
by three orders of magnitude during mining. The laboratory
triaxial test also revealed that the hydraulic conductivity of
rock is not a constant but changes with the evolution charac-
teristics of rocks’ internal structure during the stress-strain
process. The relationship between hydraulic conductivity
and stress, for rocks under pressure, shows that the rock pore
was compacted and the hydraulic conductivity changes with
increasing stress in the elastic stage [20–23]. At this stage, the
stress-dependent hydraulic conductivity can be used. How-
ever, when the rock enters the plastic stage, the stress did
not change significantly while the strain continued to
increase. At this time, the stress-dependent hydraulic con-
ductivity cannot be used to represent the changes of hydrau-
lic conductivity. Derek and Mao [24] and Stormont and
Daemen [25] suggested using the rock deformation as a valid
factor to describe the changes of hydraulic conductivity.

As mentioned above, the existing studies investigated the
variations of hydraulic conductivity induced by rock defor-
mation based on the analysis of stress and strain. However,
to the best knowledge of the authors, a numerical model hav-
ing a capacity to consider the variations of hydraulic conduc-

tivity for predicting water inflow in coal working face has not
been reported in the existing literatures. This study is aimed
at filling this knowledge gap by proposing a formula of
hydraulic conductivity-volume strain and modified the exist-
ing numerical model to combine this formula. In this study,
the formula of hydraulic conductivity-volume strain was
established according to the triaxial hydraulic conductivity
test. The finite-difference numerical model FLAC3D was
modified by replacing constant hydraulic conductivity with
the strain-dependent hydraulic conductivity. The modified
model was applied to the groundwater inrush of a coal min-
ing worksite in China. This paper is organized as follows. We
first present the laboratory experiment and numerical
modeling in Section 2, then describe the results and discus-
sion in Sections 3, and apply the modified model to the
groundwater inrush of a coal mining worksite in Section 4,
followed by summary and conclusions in Section 5.

2. Methodology

2.1. Triaxial Hydraulic Conductivity Test. MTS815.03 elec-
trohydraulic servo rock mechanic test system was used in
the triaxial hydraulic conductivity test (Figure 1(a)). The
loading system is displayed in Figure 1(b), and the basic prin-
ciple of the test is presented in Figure 1(c). In Figure 1(c), σ1
is the axial pressure, σ3 is the confining pressure, p1 is the
upper water pressure of the rock sample, and p2 is the lower
water pressure of the rock sample. The permeable plates at
the upper and lower ends of the rock sample are steel plates
with many uniformly distributed holes. Before the experi-
ment, the water pressure was uniformly applied to the bot-
tom of the rock sample. The upper and lower parts were
imposed on uppressing and underpressing pressure heads,
respectively. The test is carried out according to the following
steps. First, the sample was saturated with water in a vacuum
immersion device during the test. Then, we used the polyte-
trafluoroethylene pyrocondensation plastics to seal the sur-
rounding of the rock sample densely, which prevent the
fluid leakage from the gap between the protective cover and
the rock sample. Finally, the sample was placed in a servo tri-
axial cylinder for a pressure test.

Two experimental methods are usually used to measure
hydraulic conductivity during triaxial compression: the tran-
sient flow method (for low hydraulic conductivity) and the
steady-state flow method (for high hydraulic conductivity)
[5, 6, 26, 27]. In this study, the transient method was adopted,
because the initial hydraulic conductivity of the rock sample
is very low. According to the ground stress level, the confin-
ing pressure was determined to be 5MPa in the test. Initially,
the same water pressure was applied at both top and bottom
of the rock sample, i.e., p1 = p2 = 4MPa. Then, the water
pressure p2 at the bottom of the rock sample is reduced to
generate the water pressure difference between the top and
bottom of the sample (Δp = p1 − p2 = 1:5MPa). With each
level of axial stress applied, the process of axial deformation
and the change of water pressure with time were measured.
The stress, strain, and hydraulic conductivity were measured
every 20 s during the test. On the basis of the measured data,
the hydraulic conductivity of rock is calculated by the
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following formula [28]:

K = 2:40129 × 109 × L1gΔp
AΔt

, ð1Þ

where K is the hydraulic conductivity, L is the sample
height, A is the cross-sectional area, Δp is the pore water
pressure difference applied between both end planes of the
rock sample, and Δt is the data measurement interval.

The rock samples were taken from a borehole at the
Xifeng shaft of Pansan coal mine. The mine is located in
Fengtai County, Huainan City, Anhui Province, China. The
sampling position was No. 8 coal seam roof and floor. The
lithology of the samples collected was siltstone, mudstone,
and fine sandstone. Among them, fine sandstone and silt-
stone had compact and hard lithology, with occasional fis-
sures while mudstone was dense with no fissures. Each rock

sample was divided into three groups. The parameters and
the results of the triaxial tests are summarized in Table 1.

2.2. Numerical Modeling. The triaxial hydraulic conductivity
test showed that the rock becomes strain softening after the
stress reaches peak strength. With the rock gradually
deforms, the fissure volume expansion accelerates, and the
hydraulic conductivity increases rapidly. The strength of rock
also decreases and approaches the residual strength gradu-
ally. In this study, we adopted the FLAC3D strain-softening
module to describe these processes. Based on the relationship
between the volume strain and the hydraulic conductivity
(the details are presented in Section 3.2), the coupling
fluid-solid modeling was carried out. The strain-softening
behavior and hydraulic conductivity evolution process of
the rock samples were simulated (the details are presented
in Section 3.3).

(a)

Uppressing
head

Underpressing
head

Rock sample

Heat-shrink 
rubber

Water let

(b)

𝜎1

𝜎1

𝜎3𝜎3

p2

p1Uppressing head

Underpressing head

Porous plates

Porous plates

Rock
sample

(c)

Figure 1: MTS rock mechanic testing system and assembled rock sample: (a) testing system, (b) rock sample assembly, and (c) diagram of the
triaxial test.
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For the coupling fluid-solid modeling, the rock mass was
regarded as a porous medium, and the fluid flow in the
porous medium was described by Darcy’s law and the Biot
fluid-solid equation:

G∇2uj − λ + Gð Þ ∂εv
∂xj

−
∂p
∂xj

+ f xj = 0,

K∇2p = 1
S
∂p
∂t

−
∂εv
∂t

,

8
>>><

>>>:

ð2Þ

where λ and G are the Lame constants; p is the pore water
pressure; εv is the volume strain; χi, μ j, and f xj are the coor-

dinate, displacement, and volume force in the j direction,
respectively. ∂p/∂xj reflects the influence of the seepage field
on the solid skeleton of the porous medium. The pore pres-
sure affects the effective stress of the solid skeleton, which
in turn affects its deformation. Hence, ∂εv/∂t also reflects
the effects of the volume deformation of the solid skeleton
on the seepage field. The Biot equation can well reflect the
interaction between the pore pressure dissipation and the
deformation of the solid skeleton of the porous medium.
However, for the Biot equation, the hydraulic conductivity
did not change with the stress. Therefore, to investigate the
variation of hydraulic conductivity of surrounding rock dur-
ing mining, we use the exponential equation to describe the
changes of the hydraulic conductivity with the volume strain,
which is also identified by the triaxial test that will be dis-
cussed later. On the other hand, the porosity is also relative
to the volume strain. Exiting studies suggested that the poros-
ity and the volume strain can be described by the following
exponential formula [8, 29, 30]:

n = 1 − 1 − n0ð Þeεv , ð3Þ

where n is the porosity and n0 is the initial porosity. This for-
mula will be adopted by the model of this study. For the
FLAC3D model, the strain softening of rock was defined by
the degradation of internal friction angle (φ) and cohesion
(c) with an increase in plastic strain (εps). The plastic strain
adopts the following form in FLAC3D [31]:

εps =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δεps1 − Δεpsm
� �2 + Δεpsm

� �2 + Δεps3 − Δεpsm
� �2h i

2

s

, ð4Þ

where Δεpsm = ðΔεps1 + Δεps3 Þ/3; Δεps1 and Δεps3 are the plastic

shear strain increment in the first and third main directions,
respectively. According to the results of the triaxial hydraulic
conductivity test, the changes of internal friction angle and
the cohesion degradation with an increase in plastic strain
are shown in Figure 2. We adopt the table function of the
strain-softening model to calculate and present the internal
friction angle (φ) and cohesion (c) reduction.

The FLAC3D model was modified by replacing both con-
stant hydraulic conductivity and porosity with both strain-
dependent hydraulic conductivity and porosity using the fish
code of FLAC3D. Both strain-dependent hydraulic conduc-
tivity and porosity were updated dynamically every 50 steps
in the numerical simulation. The model used a rectangular
parallelepiped with a length and width of 5 cm and a height
of 10 cm. The normal compressive stress of 5MPa was
applied to the side to simulate the confining pressure. The
rate of the upper and lower end faces of the rock sample
was 4 × 10−8m/step. The top and bottom of the model were
fixed water pressure boundaries. The top water pressure
was 1.5MPa, and the bottom water pressure was 0MPa.
The water pressure difference was 1.5MPa. The model region
was divided into 2000 grids. The parameters of the model are
summarized in Table 2.

3. Results and Discussion

3.1. Triaxial Test. Figure 3 shows the measured stress-strain
and hydraulic conductivity curves for different lithologies.
First, the stress-strain behavior of all three rock samples
experienced the following stages: compaction-elastic, defor-
mation-yield, failure-strain, and softening-residual strength.
However, for postpeak, the mudstone has stronger plasticity
while the sandstone has stronger brittleness, which is caused
by the differences in their structural properties. Second, the
prepeak variation of rock was mainly compressive deforma-
tion, in which the hydraulic conductivity was relatively low.
And both pore and fissures are close to the maximum. After
the stress reached a peak, the hydraulic conductivity shows a
sudden jump. At this time, the fissure inside the rock sample
would have expanded, and the rock would have lost the ulti-
mate bearing capacity. In the strain-softening stage, the new
fissures would begin to close under the confining pressure,
and the hydraulic conductivity of the three rock samples then
decreased to varying degrees. Finally, the peak of hydraulic
conductivity occurs in the strain-softening stage after rock
failure. It indicated that the failure of the rock was not syn-
chronized with the happening of the maximum hydraulic

Table 1: Parameters and results of the triaxial hydraulic conductivity test.

Lithology
description

Sampling
horizon (m)

Sample size (mm) Confining pressure
σ3 (MPa)

Water pressure
difference (MPa)

Average peak stress σ1
-σ3 (MPa)

Hydraulic
conductivity

(×10-
10 cm/s)

Height Diameter Initial Peak

Siltstone 461.3-462.2 98.4 49.6 5 1.5 48.7 5.18 24.3

Mudstone 466.2-467.1 99.7 49.6 5 1.5 29.5 1.17 5.31

Fine sandstone 550.2-551.1 99.5 49.5 5 1.5 74.32 8.15 167.7
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conductivity. The lowest values of hydraulic conductivity
occur in the elastic stage. The test results showed that the
hydraulic conductivities of mudstone, siltstone, and fine
sandstone increases by 4.54, 4.70, and 20.58 times, respec-
tively. It indicated that the growth rate of hydraulic conduc-
tivity of the brittle rocks is significantly higher than that of
the plastic rocks.

Figure 4 displays the final fissure pattern of the typical
rock samples. Under the action of water pressure and axial
compression, the rock mainly splits or produces a high-
angle shear fracture. In addition, the rock was ruptured to
form an inclined fissure plane that penetrates the entire rock
sample when the rock fissure was not developed
(Figure 4(a)). When the rock fissure developed, its failure
mode was controlled by the structure plane, and the rock
was mostly destroyed along the structure plane (Figure 4(b)).

3.2. Formula of Hydraulic Conductivity-Volume Strain. The
triaxial test indicated that the larger the void space in the
rock, the greater the hydraulic conductivity. Since the solid
particles do not easily expand and contract. The expansion
and contraction of the rock under triaxial conditions were
mainly caused by the expansion and contraction of the void
space. The changes in volume strain reflected the changes

of the void space, which can be used to describe the evolution
of rock hydraulic conductivity. Figure 5 shows the relation-
ship between volume strain and hydraulic conductivity for
the triaxial hydraulic conductivity test. Before yielding, the
volume of rock samples decreased, and the volume strain
was negative (the compressive strain). At this stage, the
hydraulic conductivity generally decreased slowly. After
yielding, several microcracks were generated, and the volume
expanded. The volume strain increased sharply, resulting in a
sudden peak in hydraulic conductivity. With further defor-
mations, the fissure plane was sheared or worn, and the
degree of fissure opening reduced. Under the action of con-
fining pressure, the fissure had a certain degree of compac-
tion closure, and the hydraulic conductivity decreased with
the increase in volume strain. The variations of hydraulic
conductivity of different rock samples after yielding obtained
in this test are consistent with other researches [20–23].

To summarize, the volume strain can well reflect the
changes in hydraulic conductivity of the rock before and after
the stress peak appearing. On the basis of the experimental
data, we can obtain the relationship between the volume
strain and the hydraulic conductivity, which can be divided
into two stages. According to Louis (1974), the hydraulic
conductivity as a function of volume strain before the peak
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Figure 2: Changes of the shear strength parameters with the plastic strain (εps) for different rocks: (a) cohesion (c) and (b) internal friction
angle (φ).

Table 2: Parameters of the numerical model for the triaxial hydraulic conductivity test.

Lithology
Density
(kg/m3)

Hydraulic
conductivity (×10-

10 cm/s)
Porosity

Elastic
modulus
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Internal
friction angle

(°)

Tensile
strength
(MPa)

Dilatancy
angle (°)

Fine
sandstone

2600 8.15 0.2 5 0.2 13 38 6 28

Siltstone 2550 5.18 0.15 2.3 0.23 9 34 4 24

Mudstone 2500 1.17 0.12 1.45 0.3 3.1 33 3 22
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value appearing is given as

K = K0e
α1εv , ð5Þ

where K0 is the initial hydraulic conductivity; α1 is a constant

to describe the increasing rate of the hydraulic conductivity
before its peak value appearing that is determined by the tri-
axial test. In the postpeak, the rock was destroyed with shear
dilatation. Generally, hydraulic conductivity suddenly
jumped. We can obtain the relationship between the

0

5

10

15

20

25

0

10

20

30

40

50

60

k
 (1

0–1
0 cm

/s
)

𝜎
1-
𝜎

3 
(M

Pa
)

0.0150.010.0050
𝜀z

𝜀z
-k

𝜀z-(𝜎1-𝜎3)

(a)

k
 (×

10
–1

0 cm
/s

)

𝜎
1-
𝜎

3 
(M

Pa
)

0

1

2

3

4

5

6

0

5

10

15

20

25

30

35

0.0120.006 0.0090.0030
𝜀z

𝜀z
-k

𝜀z-(𝜎1-𝜎3)

(b)

k
 (×

10
–1

0 cm
/s

)

𝜎
1-
𝜎

3 
(M

Pa
)

0

30

60

90

120

150

180

0

20

40

60

80

0.012 0.0150.006 0.0090.0030
𝜀z

𝜀z
-k

𝜀z-(𝜎1-𝜎3)

(c)

Figure 3: Deviatoric stress and hydraulic conductivity versus axial strain: (a) siltstone, (b) mudstone, and (c) fine sandstone.
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Figure 4: Observed cracks of rock samples in the triaxial test for (a) fine sandstone and (b) siltstone.
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postpeak hydraulic conductivity and volume strain using the
following formula:

K = ξK0e
α2εv , ð6Þ

where α2 is a constant to describe the decreasing rate of the
hydraulic conductivity after its peak value appearing that is
also determined by the triaxial test; ξ is the sudden jump
coefficient of the hydraulic conductivity after yielding. The
experimental data are fitted using equations (5) and (6) and
are presented in Figure 5, showing that equations (5) and
(6) agree well with the experimental data. It indicated that
combining this formula into the FLAC3D model is reliable
to conduct the coupling fluid-solid modeling for describing
the rock failure.

3.3. Numerical Simulation of Triaxial Hydraulic Conductivity
Evolution of Rock Samples. Figure 6 displays the comparison
of the stress-strain curves using numerical simulation and the
triaxial test. It shows that the numerical simulations generally
agree with the experimental data for three types of rocks.
However, the errors in the prepeak stage were relatively large
because the constitutive model used in the numerical model
is assumed as a linear model that is not always true for the
real case. Even so, the modified model can still reproduce
the coupled fluid-solid processes and provide the appropriate

prediction for water inrush in working faces, which will be
further discussed in the section of the application.

Figure 7 shows the evolution of the hydraulic conductiv-
ity of sandstone sample for different loading stages using the
numerical model. In the linear elastic phase (point A), elastic
compression closed pore and fissure in the rock sample, and
the hydraulic conductivity of the rock sample was lowered.
When the stress reaches the yield limit (point B), the internal
crack of the rock sample expanded. The hydraulic conductiv-
ity increased, and the shear band appeared. As the strain con-
tinued to increase, at point C, the rock sample first had a
significant shear band at the top. Owing to the dilatancy
expansion, the hydraulic conductivity of the rock sample in
the shear zone increased sharply. As the fissures continue
to grow, X-shaped through fissure was formed at point D.
The hydraulic conductivity of the fissure zone was higher
than that of the rock, and the maximum increase was 35
times compared with the initial hydraulic conductivity. After
yielding, the fissure tended to close gradually, and the range
of high hydraulic conductivity decreased step by step because
of the confining pressure and is consistent with the previous
experimental results. In addition, as seen in Figure 8, the
apparent shear zone appeared after yielding, and the water
flow converged on the X-shaped crack forming a significant
dominant flow channel.
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Figure 5: Relationship between volume strain and hydraulic conductivity: (a) siltstone, (b) mudstone, and (c) fine sandstone.
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4. Application

To further demonstrate the capacity of the modified model, it
was applied for predicting water inrush in a worksite of Pan-
san coal mine of Huainan, China.

4.1. Geological Conditions of the Working Face. The 12318
working face is the first working face of the No. 8 coal seam
in Pansan coal mine, which is in the east of the Xiyi mining
area. The maximum length of the face is 2000m along the
strike, and the length of the tendency is 200m. The average

0

10

20

30

40

50

60

70

80

0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016 0.018

Experimental curve of fine sandstone
Experimental curve of mudstone
Experimental curve of siltstone
Simulation curve of fine sandstone
Simulation curve of siltstone
Simulation curve of mudstone

A

B
C

D

F

E
𝜎
1-
𝜎

3 (
M

Pa
)

𝜀z

Figure 6: Comparison of the observed stress-strain curves with that of the numerical simulation.
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Figure 7: Contours of the hydraulic conductivity for the sandstone sample based on the numerical simulation for the different times: (a) point
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dip angle and the thickness of the coal seam is 10° and 3.5m,
respectively. The average depth of the working face is 550m.
Most of the seam roof is fine sandstone with an average thick-
ness of 16m, which is characterized as medium thickness.
The color of the roof is gray-white and belongs to the layered
structure. Its composition is mainly quartz; the calcium
cement is dense and hard with the fissures developed
recently. The seam floor is mainly siltstone and fine
sandstone.

According to the results of the water pumping test of the
sandstone fracture aquifer in the mining area, the buried
depth of the static water level is 200m. The unit water inflow
and the hydraulic conductivity are q = 0:0133L/(s. m) and
K = 1:08 × 10−5 cm/s, respectively. The sandstone fracture
was unevenly developed, and the local water richness was
quite different. It is a direct source of water inrush which
affects the safe mining of coal seams. Recently, the mining
in this face has been affected by roof sandstone water.

4.2. Numerical Model of Water Inflow in the Working Face.
The constitutive model used a strain-softening model with
length, width, and height of 400m, 400m, and 210m, respec-
tively. The front, back, left, and right boundary conditions
were fixed in the x - and y -direction, while the floor had a full
constraint boundary. The upper boundary of the model plus
the load of 8.69MPa was equivalent to the self-weight of the
overlying strata. For the prediction of water inflow, the nor-
mal compressive stress of 6.6MPa (crustal stress) was
imposed to the side to simulate the confining pressure. Both
top and floor of the working face are nonflow boundaries,
and the other sides are pressure head boundaries. After the
mining, the goaf becomes a drainage boundary. The 3-D
model has 55480 units and 60372 nodes (Figure 9). The cohe-
sion of the rock mass in Table 2 was reduced by 1/4 based on
previous studies [32] to account for the size effect. The lay-
ered thickness and the mechanical and hydraulic parameters
of the numerical model are shown in Table 3. The relation-
ship between the surrounding rock strength parameters c
and φ and the plastic strain εps was obtained with reference

to Figure 2. Excavation starts from the left side of the coal
seam (x-direction) at 125m from the left side, and the work-
ing face width (y-direction) was 200m. The hydraulic con-
ductivity of the rock mass and the relationship between the
porosity and the volume strain were simulated using the fish
language as per equations (3), (5), and (6). The results of the
triaxial hydraulic conductivity test were obtained under com-
pression. According to the experimental research, the tensile
fracture appeared in the rock, and the hydraulic conductivity
increased significantly [23]. If a tensile failure occurred dur-
ing the mining process, the sudden jump in hydraulic con-
ductivity was considered as five times that of the shear failure.

The daily advancing speed of the working face was
10m/d. To simulate daily footage, we adopted to excavate
10m at each step in the numerical simulation. In the calcula-
tion process, the fluid module in FLAC3D was first closed to
calculate the mining response of the model in a single
mechanical field. Next, we opened the fluid part and used
the fluid-solid coupling to calculate the seepage field change
under the current excavation step. The seepage calculation
was completed for 1 day; then, we entered the next step of
mining. The results show that the distance of the compaction
area in goaf is generally about 100m. Therefore, a total of 10
steps (100m) of mining were simulated.

4.3. Analysis of Simulation Results.Mining will affect the dis-
tribution of pore water pressure of surrounding rock. Taking
the working face pushed to 100m as an example, the distri-
bution of surrounding rock water pressure was analyzed
(Figure 10). The water pressure on the surrounding rock
working face suddenly drops to zero after excavation, causing
the fluid in the surrounding rock to flow to the goaf. The pore
water pressure in the surrounding rock near the working face
decreases significantly.

For reflecting on the variation characteristics of pore
water pressure in surrounding rock during mining, the mid-
dle part of the y-direction of the model and an area 8m below
the coal seam floor was selected. The working face was
advanced by 10m, 30m, and 50m to measure variations of
the pore water pressure in the x -direction and is shown in
Figure 11. With the advancing working face, the goaf gradu-
ally increases. The pore water pressure in the vicinity of the
goaf decreases obviously; the influence range increases with
the goaf area, forming a cone of depression on the goaf.
The trend line of pore water pressure on the floor was also
advancing. When it is far away from the goaf, the pore water
pressure distribution is less affected by mining, and the
change is not obvious. However, when the working face
passed the measurement point, the pore water pressure
dropped rapidly. In addition, considering the change of
hydraulic conductivity, the drop of water pressure at the
same location was greater than that without considering the
change of hydraulic conductivity. This was due to the obvi-
ous increase of hydraulic conductivity of roof and floor and
the increase of water pressure drop near the working face
caused by mining.

The ratio of the hydraulic conductivity of the surround-
ing rock to its original hydraulic conductivity (K/K0) in the
coal mining process was calculated by using the FLAC3D

fish
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Figure 8: Contours of the pore water pressure and the directions of
the seepage velocity after the fissure formation of the rock samples
based on the numerical simulation.
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language as shown in Figure 12. The distribution diagram in
Figure 12(a) shows the variation in hydraulic conductivity in
the middle of the working face along the coal seam mining
direction. The hydraulic conductivity of each rock mass in
the roof and floor of the coal seam has changed greatly before
mining because of the damage to the mining rock mass. At
the direct roof and floor of the coal seam, due to the influence
of tensile failure, the hydraulic conductivity of the siltstone
increased to a maximum of approximately 25 times the orig-
inal value. The variation of the roof hydraulic conductivity
was saddle type, and that of the floor was eight shaped. This
ratio decremented upwards and downwards from the goaf,

which indirectly reflected the damage of the rock mass in
the roof and floor. At different depths in the vertical direction
(Figures 12(b)–12(e)), the roof and floor of the coal seam
were affected by the mining in a certain range, and the
hydraulic conductivity changed greatly. The maximum was
usually at the coal wall of the working face. Due to abutment
pressure, shear failure occurs here, along with volume strain
expansion of rock mass, which results in increased hydraulic
conductivity.

For reflecting on the dynamic variation characteristics in
hydraulic conductivity of the surrounding rock during the
mining, 8m under the coal seam floor is taken for analysis

y = 600 m
x = 500 m

z = 205 m

Floor

Siltstone

Fine sandstone

Mudstone

No.8 coal

Roof

Figure 9: Grid mesh of the FLAC3D model.

Table 3: Parameters and lithology of the numerical model of water inrush in the working face.

Lithology
Thickness

(m)
Density
(kg/m3)

Elastic
model
(GPa)

Poisson’s
ratio

Cohesion
(MPa)

Tensile
strength
(MPa)

Internal
friction angle

(°)

Dilatancy
angle (°)

Hydraulic
conductivity
(×10-6 cm/s)

Porosity

Roof 100 2600 5.00 0.25 3.0 2.6 32 24 10.8 0.2

Siltstone 6 2550 2.30 0.27 2.6 2.5 32 23 3.0 0.15

Fine
sandstone

12 2600 5.00 0.25 3.0 2.8 32 24 10.8 0.2

Mudstone 3.5 2500 1.45 0.35 1.3 1.0 30 22 1.0 0.1

Fine
sandstone

16 2600 5.00 0.25 3.0 2.8 32 24 10.8 0.2

Siltstone 4 2550 2.30 0.27 2.6 2.5 32 23 3.0 0.15

No. 8 coal 3.5 2000 1.40 0.3 1.2 1.0 28 22 1.0 0.1

Siltstone 8 2550 2.30 0.27 2.6 2.5 32 23 3.0 0.15

Mudstone 4 2500 1.45 0.35 1.3 1.0 30 22 1.0 0.1

Fine
sandstone

4 2600 5.00 0.25 3.0 2.8 32 24 10.8 0.2

Siltstone 10 2550 2.30 0.27 2.6 2.5 32 23 3.0 0.15

Floor 34 2600 5.00 0.25 4.0 3.2 32 24 10.8 0.2
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(middle section in y -direction of the model). The changing
pattern of the hydraulic conductivity (K/K0) was made when
the working face was propelled by 10m, 40m, 70m, and
100m (Figure 13). It can be seen from Figure 13 that the
hydraulic conductivity of the rock mass of the coal seam floor
changed regularly with the advancing working face. The rock
mass far away from the mining area was less affected by min-

ing, and its hydraulic conductivity changed a little, which
shows a declining state. When the working face was
advanced by 10m, the floor rock mass at a depth of 8m below
the goaf was not damaged due to the small disturbance range,
and the increase in hydraulic conductivity was not obvious.
When the working face advanced distance was large, the
hydraulic conductivity of the rock mass increased sharply
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Figure 10: Distribution of the pore water pressure in the surrounding rock using the numerical modeling.
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when it was deformed by mining. It should be noted that a
small amount of undamaged rock mass appears at a region
of x = 210 ~ 230m, and the permeability does not increase

sharply. As the mining distance increased, the range of
hydraulic conductivity increased. However, the increase
gradually decreased with the advancing working face. As
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Figure 12: Contours of the hydraulic conductivity ratio (K/K0) using the modified numerical model with 100m length working face for (a)
strike section, (b) A-A′ section (the fine sandstone of 17m above the coal seam), (c) B-B′ section (the fine sandstone of 7m above the coal
seam), (d) C-C′ section (the siltstone of 4m below the coal seam), and (e) D-D′ section (the fine sandstone of 14m below the coal seam).
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the rock mass fissure gradually closed under the confining
pressure after yielding behind the working face, its hydraulic
conductivity decreased even when the strain was increased.
However, it was much larger than the initial hydraulic con-
ductivity before mining and is consistent with the conclusion
of the triaxial hydraulic conductivity test.

For the coupled fluid-solid model, the water inflow rate
was calculated using the fish function (gp_flow) of FLAC3D,
which is displayed in Figure 14. As the excavation area
increased step by step, the amount of water inflow increased
approximately linearly, from 23m3/h to 106m3/h, with the
advancing working face. When the influence of the mining
disturbance on the hydraulic conductivity of the rock mass
was not considered, the value of the water inflow became
smaller. The difference gradually increased with the increase
in the excavation area. The calculated values agreed with the

measured water inflow values over ten consecutive days,
when the hydraulic conductivity change was considered.
The calculation accuracy was also higher even without con-
sidering changes in hydraulic conductivity.

The above results show that the hydraulic conductivity
characteristics of rock mass change under mining conditions
are large. However, the calculation results of the fixed value
hydraulic conductivity should be used to forecast an actual
water inflow to guide the safe production of coal mines
correctly.

5. Conclusions

In this study, the hydraulic conductivity variations in rock
samples during rock deformation and failure were measured
using the triaxial servo rock mechanic test in a laboratory.
The formula for the hydraulic conductivity-volume strain
was proposed based on the experiment data. The finite-
difference numerical model FLAC3D was modified by replac-
ing constant hydraulic conductivity with strain-dependent
hydraulic conductivity. The coupled water flow and rock
deformation and failure were simulated using the modified
model. The modified model was then applied to a coal min-
ing workface in Huainan, China. The main conclusions
drawn from this study are as follows.

(1) The triaxial hydraulic conductivity test showed that
the rock’s hydraulic conductivity was not constant
but varied with the evolution of the stress-strain pro-
cess. In the elastic phase, elastic compression caused
the pores and fissures in the rock samples to close,
and the hydraulic conductivity decreased. When the
stress reached the peak value, due to the dilatancy
expansion, the hydraulic conductivity also increased
sharply by 10–50 times its initial value. After the
peak, the fissures tended to close gradually, and the
hydraulic conductivity decreased gradually due to
the confining pressure
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(2) Based on the test results, the exponential relationship
formula between volume strain and hydraulic con-
ductivity was proposed. Before yielding, they show a
negative exponential relationship, while after yield-
ing, they show a positive exponential relationship,
and the formula has a high degree of fitting. The vol-
ume strain can better reflect the evolution of hydrau-
lic conductivity during rock damage

(3) The coupling relationship between hydraulic con-
ductivity and volume strain was incorporated into
the relationship equation between the stress and
seepage fields. This provided the governing equation
for fluid-solid coupling numerical simulation of
water inflow calculation in the coal working face.
The FLAC3D rock triaxial seepage coupling model
was established, and then, the stress-strain curves of
the calculated results were compared with those of
the test results. The two were in good agreement,
which proved that the fluid-solid coupling model
established in this paper was successful

(4) The hydraulic conductivity and volume strain pro-
posed in this paper was embedded in FLAC3D, and
the fluid-solid coupling analysis was carried out for
calculating water inflow from 12318 working face in
Pansan coal mine of Huainan. The process of the
hydraulic conductivity of the surrounding rock and
the variation of the water inflow during the mining
process were presented in an intuitive image
dynamic. The simulation results of water inflow coin-
cide with the actual observed values. In addition, the
results are more accurate than that of the seepage
model that does not consider mining disturbances

Data Availability

The data used in this study is available from Dr. Haifeng Lu
(hflu@aust.edu.cn) upon request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was supported by the National Natural Science
Foundation of China (41977165 and 41977253), the major
projects of natural science research in Higher Education
Institutions of Anhui Province (KJ2019ZD11), the Central
Public-interest Scientific Institution Basal Research Fund
(GYZX190306), the Guangdong Provincial Key Laboratory
of Soil and Groundwater Pollution Control (No.
2017B030301012), the State Environmental Protection Key
Laboratory of Integrated Surface Water-Groundwater Pollu-
tion Control, and the Shenzhen Municipal Engineering Lab
of Environmental IoT Technologies.

References

[1] L. Yuan, “Scientific problem and countermeasure for precision
mining of coal and associated resources,” Journal of China
Coal Society, vol. 44, no. 1, pp. 1–9, 2019.

[2] X. M. Cheng, T. Z. Zhao, X. Q. Li, C. M. Li, and R. H. Sun,
“Prediction of water inflow from the working face with strata
bound water,” Coalfield Geology and Exploration, vol. 4,
pp. 34–37, 2007.

[3] J. J. Duan, H. J. Xu, and R. Prince, “Application of correlation
analysis method in prediction of mine water inflow,” Coal Sci-
ence and Technology, vol. 41, no. 6, pp. 114–116, 2013.

[4] H. M. Wang and Y. Huang, “Prediction of mine water inflow
by fuzzy hydrogeological analogy method in Changting min-
ing area,” Metal Mine, vol. 3, pp. 178–182, 2017.

[5] X. Chen, J. Yu, C.’a. Tang, H. Li, and S. Wang, “Experimental
and numerical investigation of permeability evolution with
damage of sandstone under triaxial compression,” Rock
Mechanics & Rock Engineering, vol. 50, no. 6, pp. 1529–1549,
2017.

[6] C. Chen, W. Y. Li, and S. G. Xu, “Application of large diameter
method in estimation water inflow of coal mine,” Coal Tech-
nology, vol. 36, no. 11, pp. 199–201, 2017.

[7] L. K. Sahoo, S. Bandyopadhyay, and R. Banerjee, “Water and
energy assessment for dewatering in opencast mines,” Journal
of Cleaner Production, vol. 84, pp. 736–745, 2014.

[8] K. Yang, B. H. Chen, and S. L. Shi, “Short-term prediction
model of water inrush from coal mine floor based on
HMM,” Safety and Environmental Engineering, vol. 27, no. 5,
pp. 190–196, 2020.

[9] L. Zhao, R. Ting, and N. B. Wang, “Groundwater impact of
open cut coal mine and an assessment methodology: a case
study in NSW,” International Journal of Mining Science and
Technology, vol. 27, no. 5, pp. 861–866, 2017.

[10] X. G. Cheng,W. Qiao, L. Lu, C.W. Jiang, and N. Lei, “Model of
mining-induced fracture stress-seepage coupling in coal seam
over-burden and prediction of mine inflow,” Journal of China
Coal Society, vol. 45, no. 8, pp. 2890–2900, 2020.

[11] L. Surinaidu, V. V. S. Gurunadha Rao, N. Srinivasa Rao, and
S. Srinu, “Hydrogeological and groundwater modeling studies
to estimate the groundwater inflows into the coal mines at dif-
ferent mine development stages using modflow, Andhra Pra-
desh, India,” Water Resources & Industry, vol. 7-8, pp. 49–
65, 2014.

[12] H. Lu, X. Liang, N. Shan, and Y.-K. Zhang, “Study on the sta-
bility of the coal seam floor above a confined aquifer using the
structural system reliability method,” Geofluids, vol. 2018, 15
pages, 2018.

[13] W. J. Sun, Q. Wu, H. L. Liu, and J. Jiao, “Prediction and assess-
ment of the disturbances of the coal mining in kailuan to karst
groundwater system,” Physics and Chemistry of the Earth,
Parts A/B/C, vol. 89-90, pp. 136–144, 2015.

[14] P. A. Charlez, Rock Mechanics Volume 2, Petroleum Applica-
tions, Technical Publisher, Paris, 1991.

[15] M. M. Tang, H. Y. Zhao, H. F. Ma, S. F. Lu, and Y. M. Chen,
“Study on CO2 huff-n-puff of horizontal wells in continental
tight oil reservoirs,” Fuel, vol. 188, no. 15, pp. 140–154, 2017.

[16] M. Souley, F. Homand, S. Pepa, and D. Hoxha, “Damage-
induced permeability changes in granite: a case example at
the url in Canada,” International Journal of Rock Mechanics
& Mining Sciences, vol. 38, no. 2, pp. 297–310, 2001.

14 Geofluids

mailto:hflu@aust.edu.cn


[17] J. A. Wang and H. D. Park, “Fluid permeability of sedimentary
rocks in a complete stress-strain process,” Engineering Geol-
ogy, vol. 63, no. 3-4, pp. 291–300, 2002.

[18] S. J. Schatzel, C. Karacan, H. Dougherty, and G. V. R. Good-
man, “An analysis of reservoir conditions and responses in
longwall panel overburden during mining and its effect on
gob gas well performance,” Engineering Geology, vol. 127,
pp. 65–74, 2012.

[19] D. P. Adhikary and H. Guo, “Modelling of longwall mining-
induced strata permeability change,” RockMechanics and Rock
Engineering, vol. 48, no. 1, pp. 345–359, 2015.

[20] X. S. Liu, K. Wang, and M. Xu, “Permeability evolution of low-
permeability reservoir sandstone considering hydraulic-
mechanical-damage coupling effect during gradual fracturing
process,” Chinese Journal of Geotechnical Engineering,
vol. 40, no. 9, pp. 1584–1592, 2018.

[21] X. Tan, H. Konietzky, and T. Frühwirt, “Laboratory observa-
tion and numerical simulation of permeability evolution dur-
ing progressive failure of brittle rocks,” International Journal
of Rock Mechanics & Mining Sciences, vol. 68, pp. 167–176,
2014.

[22] W. Wang, X. H. Li, and D. W. Hu, “Permeability evolution of
brittle rock in progressive failure process under triaxial com-
pression,” Rock and Soil Mechanics, vol. 10, pp. 2761–2768,
2016.

[23] T. H. Yang, J. Liu, W. C. Zhu, D. Elsworth, L. G. Tham, and
C. A. Tang, “A coupled flow-stress-damage model for ground-
water outbursts from an underlying aquifer into mining exca-
vations,” International Journal of Rock Mechanics & Mining
Sciences, vol. 44, no. 1, pp. 87–97, 2007.

[24] E. Derek and B. Mao, “Flow-deformation response of dual-
porosity media,” Journal of Geotechnical Engineering,
vol. 118, no. 1, pp. 107–124, 1992.

[25] J. C. Stormont and J. J. K. Daemen, “Laboratory study of gas
permeability changes in rock salt during deformation,” Inter-
national Journal of RockMechanics andMining Science & Geo-
mechanics Abstracts, vol. 29, no. 4, pp. 325–342, 1992.

[26] W. F. Brace, J. B. Walsh, and W. T. Frangos, “Permeability of
granite under high pressure,” Journal of Geophysical Research,
vol. 73, no. 6, pp. 2225–2236, 1968.

[27] C. A. Davy, F. Skoczylas, and J. D. Barnichon, “Permeability of
macro-cracked argillite under confinement: gas and water test-
ing,” Physics and Chemistry of the Earth, vol. 32, no. 8–14,
pp. 667–680, 2007.

[28] S. P. Li, Y. S. Li, and Z. Y. Wu, “Permeability-strain equations
corresponding to the complete stress-strain path of Yinzhuang
sandstone,” International Journal of Rock Mechanics and Min-
ing Sciences & Geomechanics Abstracts, vol. 31, no. 4, pp. 383–
391, 1994.

[29] F. Cappa and J. Rutqvist, “Modeling of coupled deformation
and permeability evolution during fault reactivation induced
by deep underground injection of CO2,” International Journal
of Greenhouse Gas Control, vol. 5, no. 2, pp. 336–346, 2011.

[30] C. Y. Chin, R. Raghavan, and L. K. Thomas, “Fully coupled
geomechanics and fluid flow analysis of wells with stress
dependent permeability,” SPE Journal, vol. 5, p. 48857, 2000.

[31] ITASCA, Fast Lagrangian Analysis of Continua, Version 5.0,
Itasca Consulting Group Inc., Minnesota, 2012.

[32] S. P. Peng and J. A. Wang, Safe Coal Mining on Confined
Water Bodies, Coal Industry Publishing, Beijing, 2001.

15Geofluids



Research Article
Experimental Investigation into the Influences of Weathering on
the Mechanical Properties of Sedimentary Rocks

Xiaoshuang Li,1,2,3,4 Yingchun Li ,5 and Saisai Wu 1

1School of Resources Engineering, Xian University of Architecture and Technology, Xian 710000, China
2China Steel Group Ma On Shan Mine Research Institute Co. LTD., Maanshan 243000, China
3State Key Laboratory of Safety and Health in Metal Mines, Maanshan, Anhui 400045, China
4Jiangxi Key Laboratory of Mining Engineering, Jiangxi University of Science and Technology, Ganzhou 341000, China
5State Key Laboratory of Coastal and Offshore Engineering, Dalian University of Technology, Dalian 116024, China

Correspondence should be addressed to Saisai Wu; saisai.wu@xauat.edu.cn

Received 2 June 2020; Revised 13 October 2020; Accepted 17 November 2020; Published 8 December 2020

Academic Editor: Fabien Magri

Copyright © 2020 Xiaoshuang Li et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The time-dependent behaviors of the sedimentary rocks which refer to the altering of the mechanical and deformable properties of
rock elements in the long-term period are of increasing importance in the investigation of the failure mechanism of the rock strata
in underground coal mines. In order to obtain the accurate and reliable mechanical parameters of the sedimentary rocks at different
weathering grades, the extensive experimental programs including the Brazilian splitting test, uniaxial compression tests, and direct
shear tests have been carried out on the specimens that exposed to the nature environments at different durations. The correlation
between the weathering grades and mechanical parameters including uniaxial tensile strength, uniaxial compression strength,
elastic modulus, Poisson’s ratio, cohesion, and friction coefficient was proposed. The obtained results suggested that uniaxial
tensile strength, uniaxial compressive strength, elastic modulus, and cohesion dramatically decreased with increasing weathering
time, characterized as the negative exponential relationship in general. The influences of various weathering grades on fracture
behavior of the rock specimens were discussed. The cumulative damage of the rock by the weathering time decreased the
friction coefficient of the specimens which led to the initiation and propagation of microcrack within the rock at lower stress
conditions. The obtained results improved the understanding of the roles of weathering on the mechanical properties of
sedimentary rocks, which is helpful in the design of the underground geotechnical structures.

1. Introduction

In the underground mining projects, the time-dependent
mechanical properties of rock mass are the basic engineering
parameters to investigate the rock strata movement as well as
the stability of rock mass [1–3]. Due to the differences in
compositions, structures, and the ages of formation, the
time-dependent mechanical properties or fracture conditions
of different rocks are different [4–6]. The mechanical proper-
ties of rocks are also affected by other factors including
weathering time, temperature, humidity, and the surround-
ing medium [7, 8]. The difference in the time-dependent
mechanical properties of the rock would result in the differ-
ent failure mechanisms of the rock strata in underground
mines [9–11]. For underground coal mines, the rock types

that surrounding the coal seam are generally characterized
as the sedimentary rocks, which have the characteristics of
low strength, good integrity, and fast weathering [12].

Weathering is a typically time-dependent process and
regarded as the procedure of degradation of rocks by physical
and chemical effects. The ongoing process of weathering in
nature produces progressive but intricate alterations in the
petrographical, mineralogical, microstructural, and geome-
chanical characteristics of rocks [13]. Generally, the weather-
ing process decreases the rock strength by increasing the
deformability and degradation of the rock [14]. Since the
negative influences of the weathering on the strength and
deformational properties of rocks, a critical evaluation of
the physical-mechanical behavior of rocks under the effects
of weathering are of significant relevance in underground
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mines [15, 16]. Previous studies in the assessment of the geo-
technical condition of a railway tunnel found that the weath-
ering could cause significant issues and resulted in huge
economic losses [17].

A number of studies have been carried to assess the influ-
ences of weathering process on the mechanicals of granitoid
rocks [18–20]. Heidari et al. [21] reported that the elastic
modulus of granodiorite decreased with increasing the
weathering time. Based on the correlation between the
weathering grades and change in mechanical and petro-
graphic properties, Momeni et al. [22] attempted to propose
the weathering classification for granitoid rocks. Alavi Nez-
had Khalil Abad et al. [23] studied the characteristics of gra-
nitic rock mass in various weathering zones in tropical
environments. Other researchers found that the weathering
process decreased the elastic modulus of rock by altering
the mineralogical characteristics of the rock. For the calcare-
ous rocks, the elastic modulus has a negative exponential
relationship with the calcite content [24].

Momeni et al. [25] reported that the difference in the
compressive strength and elastic modulus for the fresh and
weathered rock is related to their petrographical properties.
The appearances of clay minerals with crack density were
recognized as the most effective parameters instead of pri-
mary mineral composition and textural properties [12].
However, the aforementioned researches mostly focused on
studying the effects of weathering on granitoid rocks. Discus-
sions on the time-dependent behavior of sedimentary rocks
affected by weathering are found to be reported rarely in
the literature. For the underground coal mines, the rock types
that surrounding the coal seam are generally characterized as
the sedimentary rocks. As one of the typical types of sedi-
mentary rocks, black shale is formed by dehydration and
cementation of clay. It is predicted that the mechanical
parameters of black shale will be significantly affected by
weathering processes. Therefore, it is necessary to study the
evolution law of physical and mechanical parameters of black
shale in the process of weathering.

In this study, the time-dependent behaviors of sedimen-
tary rocks were examined and assessed at a certain duration
of weathering through extensive experimental programs.
The correlation between the weathering grades and mechan-
ical parameters including uniaxial tensile strength, uniaxial
compression strength, elastic modulus, Poisson’s ratio, cohe-
sion, and friction coefficient was proposed. The influences of
various weathering grades on the behavior of the rock speci-
mens were discussed, whereby a more reasonable design of
the geotechnical engineering structures considering the
effects of weathering, especially for the design of slope angle
and boundary, could be conducted.

2. Experimental Programs

2.1. Specimens. The tested black shale specimens which are a
typical type of sedimentary rocks were collected from an
undergroundmine. The black shale is formed by dehydration
and cementation of clay and has the characteristics of fine
grain, dense, low strength, good integrity with little small
cracks, and fast weathering. The specimens are prepared

through drilling vertically in the direction of the rock layer
with good integrity. The diameter of the drilled cylinder core
is 50mm. For the uniaxial compression test, the ratio of
height to diameter of the specimens is 2. For the direct shear
mechanical test, the ratio of height to diameter is 1. The ratio
of height to diameter is 0.5 for the Brazilian split test. The
surfaces of the specimens were polished by a grinder. The
parallelism deviation of the surfaces at both ends of the spec-
imen was controlled less than 0.1 millimeters. The diameter
deviation along the surface of the specimens was less than
0.1 millimeters, which was checked with a cursor caliper.
The specimens used for each test are shown in Figure 1.

2.2. Testing Devices. In order to evaluate the influences of the
weathering on the uniaxial tensile strength of rock, the Bra-
zilian split tests were carried out on the specimens that were
exposed to the environments at different duration. The
dimension of the cylinder specimens for the Brazilian split
tests is 50mm × 25mm. The Brazilian split tests are one of
the common methods to determine the uniaxial tensile
strength of rock. As shown in Figure 2, the electro-
hydraulic servo pressure tester was used to perform the Bra-
zilian split tests. During the tests, a relative linear increasing
load at 0.50 kN per second in the direction of the diameter
was applied, until the failure occurred. A schematic diagram
of the loading method is shown in Figure 2(b). The uniaxial
tensile strength of the specimens is the ratio applied longitu-
dinal force at the failure time and the cross-sectional area
perpendicular to the loading direction.

The uniaxial compression tests were conducted on the
cylinder specimens that were exposed to environments with
different duration to determine the effects of weathering time
on the uniaxial compression strength of rock. The dimension
of specimens used for uniaxial compression tests is 50mm
× 100mm. During the tests, the compression stresses applied
on the specimens were increased approximately linearly at
1.0 kN per second until the occurrence of the failure. When
compression failure occurred under the action of uniaxial
force, the uniaxial compressive strength of rock is the ratio
of the maximum load at failure to the cross-sectional area
perpendicular to the loading direction. The arrangement of
the uniaxial compression testing system is shown in Figure 3.

The influences of the weathering time on the shear
strength, internal friction angle, and cohesion of the speci-
mens were determined through conducting the direct shear
tests on the specimens with different exposure time to the
environments. The dimensions of the cylinder specimens
used for the direct shear tests were 50mm × 50mm. During
the direct shear tests, a relative linear increasing shear load
at 0.50 kN per second along the direction of the diameter of
the specimens was applied while under different compressive
stress, until the failure occurred. The arrangement of the
direct shear testing system is shown in Figure 4.

2.3. Testing Procedures. After the specimens were prepared,
all specimens were tagged and photographed. The specimens
were then carefully placed in the open environment so that
the specimens were weathered in the natural state. To accu-
rately determine the effects of weathering on the mechanical
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properties of the specimens, the ageing of the rock specimens
was examined and evaluated at intervals of one week. The
longest duration of the weathering was four weeks. Consider-
ing that the black shale has the characteristics of low strength,
good integrity, and fast weathering, 28 days’ exposure to the
environments was considered to be a sufficient period for the
occurrence of measurable change on the mechanical proper-
ties of the specimens. After each interval, Brazilian split tests,
uniaxial compression tests, and direct shear tests were carried

out to determine the relevant physical and mechanical
parameters of the specimens. During the tests, the stresses
applied on the specimens were increased approximately line-
arly until the occurrence of the failure. The arrangements of
the experimental programs are shown in Table 1. It should
be noted that to eliminate the effects of any scatter on the test
results, three specimens were tested in each condition. The
specimens without the exposure duration to the environ-
ments were conducted as the reference tests.

(a) (b)

(c)

Figure 1: Examples of the specimen: (a) Brazilian split test; (b) uniaxial compression test; and (c) direct shear tests.

(a)

1: groove, 3: specimen,
4: cylindrical loader.

4

3

2

1

P

P

2: plate,

(b)

Figure 2: Brazilian split test equipment: (a) electro-hydraulic servo pressure tester and (b) schematic diagram of the loading method.
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3. Testing Results

3.1. Brazilian Split Tests.During the tests, the stresses applied
on the specimens were increased approximately linearly. One
of the failed specimens is shown in Figure 5. The failure mode
of the specimens in the Brazilian split tests was characterized
by a dominant tensile fracture along the vertical direction
with little small cracks. The ultimate tensile strength of the
specimens could be calculated from the failure load using
the following equation (1). The variation in the average ulti-

mate tensile strength of the specimens with weathering time
is presented in Table 2. The results showed that the ultimate
tensile strength of the specimens decreased with the increas-
ing of weathering time. At the weathering time of 28 days, the
calculated ultimate tensile strength of the specimens was
around 2.98MPa. While for the specimens without exposure
to the environments, the calculated strength was 9.82MPa
which was more than three times of the specimens at the
weathering time of 28 days. This indicated that the weather-
ing process could significantly decrease the strength of the
specimen within the duration of one month.

σt =
2P
πdt

, ð1Þ

where σt is the ultimate tensile strength, MPa; P is the ulti-
mate pressure of specimen at failure, N; and d and t are the
diameter and thickness of the specimen, mm.

3.2. Uniaxial Compressive Stress. During the tests, the com-
pression stresses applied on the specimens were increased
approximately linearly until the occurrence of the failure.
One of the failed specimens in the uniaxial compression tests
is shown in Figure 6. When the specimen was finally
destroyed, an obvious crack was produced along the axial
direction with several small horizontal cracks along the hor-
izontal direction. Based on the test results, elastic modulus
and Poisson’s ratio were calculated. The relationship between
the ultimate compression strength, elastic modulus, and
Poisson’s ratio with weathering time are presented in
Table 3. Although the uniaxial compression strength of the
specimens varied with the weathering time, the test results
at a particular weathering time remained reasonably consis-
tent and repeatable.

It can be seen from the test results that the weathering
time has significant influences on the mechanical properties
of the specimens under the uniaxial compression test. At
the weathering time of 28 days, the average ultimate com-
pression strength, elastic modulus, and Poisson’s ratio of
the specimens are 12.36MPa, 3.55GPa, and 0.39, respec-
tively. While for the specimens without the exposure dura-
tion to the environments, the strength, elastic modulus, and
Poisson’s ratio of the specimens are 66.48MPa, 13.29GPa,
and 0.16. The significant difference in the mechanical prop-
erties of the specimens at the condition of 4 weeks’ weather-
ing time and without the weathering also demonstrated the

Figure 3: Uniaxial compression testing system.

Figure 4: The direct shear testing system.

Table 1: The design of the experimental programs.

ID
Weathering
period (days)

Number of specimens

Brazilian
split test

Uniaxial
compression

tests

Direct
shear tests

1 0 3 3 3

2 7 3 3 3

3 14 3 3 3

4 21 3 3 3

5 28 3 3 3
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direct effects of weathering on the mechanical properties of
specimens.

3.3. Direct Shear Tests. For the direct shear tests, the shear
stress applied on the specimens was increased approximately

linearly while under different compressive stress. Some of
the failed specimens in the direct tests are shown in
Figure 7. As shown in Figure 7, when the specimen failed,
an obvious shear crack was produced in the horizontal
direction. The angle between the path of crack growth
and the transverse plane was usually around 30 degrees.
According to Mohr Coulomb’s law, the relationship
between the shear stress and the compressive stress can
be characterized as equation (2). From the equation, it
can be seen that under a particular weathering time, the
correlation between the compressive forces and corre-
sponded shear strength at the same time can be drawn
by a straight line. The intercept of the fitted straight line
on the ordinate is cohesion, and the inclination of the
straight line is the internal friction angle. Using this
method, the cohesion and internal friction angle of the
specimens under a particular weathering time were
calculated.

τ = C + σ tan Φ, ð2Þ

where: τ is the shear strength of specimen, MPa;
C is cohesion, MPa;
σ is the compressive stress applied on the specimen, MPa;
Φ is the angle of internal friction, degree.
The variations in the mechanical parameters with weath-

ering time in the direct shear tests are displayed in Table 4. It
should be noted that three specimens were tested in each
condition and the test results at a particular testing condition
remained reasonably repeatable. Only the average values of
the shear strength, the internal friction angle, and cohesions
are displayed in Table 4. From the test results, it can be seen
that under certain compressive stress, the weathering time
has significant effects on the shear strength of the specimens.
Under the compressive stress of 10MPa, the average shear
strength of the specimens with weathering a time of 7 and
28 days are 8.48 and 4.49MPa, respectively. Under the com-
pressive stress of 25MPa, the shear strength of the specimens
with weathering time of 7 and 28 days are 16.14 and
10.73MPa, respectively.

Figure 5: The failed specimen in the Brazilian split tests.

Table 2: The variation in the ultimate tensile strength with
weathering time.

Weathering
time (days)

Test
case

Uniaxial
tensile
strength
(MPa)

Mean
value
(MPa)

Standard
deviation
(MPa)

Relative
standard
deviation

(%)

0

Case
1-1

9.75

9.82 0.51 5.23
Case
1-2

9.12

Case
1-3

10.59

7

Case
2-1

6.53

6.91 0.38 5.50
Case
2-2

6.72

Case
2-3

7.48

14

Case
3-1

4.72

5.09 0.45 8.84
Case
3-2

4.81

Case
3-3

5.74

21

Case
4-1

3.75

4.02 0.21 5.15
Case
4-2

3.98

Case
4-3

4.33

28

Case
5-1

2.68

2.98 0.21 6.94
Case
5-2

2.97

Case
5-3

3.29

Figure 6: The failed specimen in the uniaxial compression tests.
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4. Analysis and Discussion

4.1. Results Analysis. Because of the long time, high cost, and
many other influencing factors including the influence of joint
fissure, rockmass structure, groundwater, and size effect in rock
mass, it is difficult to obtain themacromechanical parameters of
the rock mass. Therefore, to provide the basic rock mechanical
properties for the design of the engineering project, the
mechanical parameters of rock mass are reduced and modified

to the mechanical parameters of rock specimen. In this study,
based on the comprehensive experimental tests, the uniaxial
tensile strength, uniaxial compressive strength, elastic modulus,
Poisson’s ratio, cohesion, and angle of internal friction of black
shale at different weathering timewere obtained through Brazil-
ian split tests, uniaxial compression tests, and direct shear tests.
The results of the above tests are summarized in Table 5.

The average uniaxial tensile and uniaxial compressive
strength values of the specimen at different weathering times
are plotted in Figure 8. From Figure 8, it is clear that with
the increasing of the weathering time, both the uniaxial tensile
strength and uniaxial compressive strength values of the spec-
imen gradually decreased. Compared to the specimens with-
out exposure to the environments, the uniaxial tensile and
uniaxial compressive strength values at weathering time of
28 days decreased by 2.30 times and 5.59 times, respectively.
The trendlines are plotted in Figure 8 to represent the varia-
tions of the strength values with the weathering time. The
determination coefficient (R2) of the plotted trendlines are
provided in Figure 8. Generally, the uniaxial tensile and uniax-
ial compressive strength values showed negative exponential
behavior at the weathering time ranging from 0 to 28 days.

Table 3: The variation of mechanical parameters with weathering time under the uniaxial compression conditions.

Weathering
time (days)

Test
case

Uniaxial compression
strength (MPa)

Mean value
(MPa)

Standard
deviation (MPa)

Relative standard
deviation (%)

Elastic
modulus (GPa)

Poisson’s
ratio

0

Case
1-1

61.15

66.48 4.21 6.33 13.29 0.160
Case
1-2

65.49

Case
1-3

72.80

7

Case
2-1

36.42

39.51 2.06 5.21 4.70 0.295
Case
2-2

39.79

Case
2-3

42.32

14

Case
3-1

20.98

24.25 2.18 8.99 4.34 0.339
Case
3-2

24.89

Case
3-3

26.88

21

Case
4-1

13.52

15.29 1.18 7.72 3.92 0.379
Case
4-2

17.03

Case
4-3

4.33

28

Case
5-1

8.87

10.09 0.81 8.03 3.55 0.408
Case
5-2

10.13

Case
5-3

11.27

Figure 7: Examples of the failed specimen in the direct share tests.
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Table 4: The variation of mechanical parameters with weathering time in direct shear tests.

Weathering
time (days)

Test
conditions

Compressive
load (kN)

Compressive
stress (MPa)

Shear load
(kN)

Shear strength
(MPa)

Internal
friction angle

Cohesion
(MPa)

Friction
coefficient

0

Condition
1-1

10 5.72 14.84 8.48

42.22 3.28 0.91

Condition
1-2

15 8.59 19.28 11.05

Condition
1-3

20 11.31 23.98 13.56

Condition
1-4

25 14.06 26.71 16.14

7

Condition
2-1

10 5.73 11.84 6.78

42.92 1.60 0.99

Condition
2-2

15 8.57 17.9 10.22

Condition
2-3

20 11.42 19.86 11.34

Condition
2-4

25 14.11 26.76 15.10

14

Condition
3-1

10 5.72 9.96 5.70

40.02 1.07 0.84

Condition
3-2

15 8.48 15.07 8.52

Condition
3-3

20 11.24 18.44 10.36

Condition
3-4

25 14.11 22.96 12.90

21

Condition
4-1

10 5.72 8.87 4.99

40.02 0.67 0.78

Condition
4-2

15 8.48 13.57 7.63

Condition
4-3

20 11.24 16.74 9.41

Condition
4-4

25 14.11 20.82 11.7

28

Condition
5-1

10 5.72 7.98 4.49

40.02 0.38 0.74

Condition
5-2

15 8.48 12.12 6.81

Condition
5-3

20 11.23 15.36 8.63

Condition
5-4

25 14.11 19.10 10.73

Table 5: The mechanical parameters of rock specimen.

Rock
type

Weathering
time (days)

Tensile strength
(MPa)

Compression
strength (MPa)

Elastic
modulus (GPa)

Poisson
ratio

Internal
friction angle

Cohesion
(MPa)

Friction
coefficient

Black
shale

0 9.82 66.48 13.29 0.160 42.22 3.28 0.91

7 6.91 39.51 7.96 0.295 42.92 1.60 0.99

14 5.09 24.25 5.47 0.339 40.02 1.07 0.84

21 4.02 15.29 4.02 0.379 40.02 0.67 0.78

28 2.98 10.09 3.55 0.408 40.02 0.38 0.74
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The elastic modulus and Poisson’s ratio values of the
specimen at different weathering times are plotted in
Figure 9.With the increasing of the weathering time, the elas-
tic modulus values of the specimen gradually decreased,
while the Poisson’s ratio gradually increased. The change in
the elastic modulus at the weathering time of zero and 28
days decreased by 2.74 times, while the Poisson’s ratio value
increased by 2.92 times. The trendlines of the variations of
elastic modulus and Poisson’s ratio values with the weather-
ing time are plotted in Figure 8, characterized as the qua-
dratic behavior. The determination coefficient (R2) of the
plotted trendlines are also provided.

The variations in the shear strength values at different
weathering times while under different compressive stresses
are displayed in Figure 10. It is clear that the correlations
between shear strength values and the applied compressive
at a particular weathering time were near a straight line. At
a particular applied compressive stress, the shear strength
of the specimens gradually decreased with the increasing of
the weathering time. It is observed that the internal friction
angle which is the inclination of the straight line remained
consistent at different weathering times. The average internal
friction angle at a different weathering time was around 42
degrees. The cohesion which is the intercept of the fitted
straight line on the ordinate decreased with the increasing
of the weathering time. As shown Figure 11, the cohesion
of the specimens had a negative exponential relationship with
the weather times. The cohesion of the specimen without the
exposure to the environments (3.28MPa) was around 9 times
for the specimens at the weathering time of 28 days
(0.38MPa).

According to the comprehensive experimental tests and
results analysis, the correlation function between the weath-
ering time and the uniaxial tensile strength, uniaxial com-
pression strength, modulus of elasticity, Poisson’s ratio, and
cohesion of rock specimens were obtained, as summarized

in Table 6. The determination coefficient (R2) of each of the
correlation function is also provided. The uniaxial tensile
strength, uniaxial compression strength, and cohesion of
rock specimens were characterized as the negative exponen-
tial relationship with the weathering times. The modulus of
elasticity has a negative quadratic relationship, while Pois-
son’s ratio had a positive quadratic relationship with the
weathering times.

4.2. Discussions. Momeni et al. [25] reported that the differ-
ence in the compressive strength and elastic modulus for
the fresh and weathered rock is related to their petrographical
properties. The existence of clay minerals in the rock was
regarded as one of the most important parameters that
affected the mechanical properties of the rock through
weathering [12]. The black shale specimens used in this study
is a typical type of sedimentary rock that formed by dehydra-
tion and cementation of clay. The experimental results in this
study showed that the rock consisting of clay minerals could
be easily softened by the weathering process evidenced by the
small deformation modulus and poor antisliding stability.
The decrease of compressive strength and elastic modulus
of the sedimentary rock with the weathering time confirmed
the previous findings and also suggested that the sedimentary
rock was sensitive to the weathering grades. In fact, after only
7 days’ weathering, the structure of the specimen was signif-
icantly damaged evidenced by the obvious decrease of the
mechanical parameters.

The cumulative damage of the rock by the weathering
time may result in the microcrack coalescence within the
rock, which has a great influence on the time-dependent
behavior of the rock. Typically, because of the sliding of the
initial crack at the elastic deformation stage, microcrack ini-
tiated and propagated along the length of the initial crack
[26–30]. From this aspect, it was hypothesized that the grad-
ual development of the transverse and longitudinal micro-
cracks coalescence in the specimens during the weathering
process led to earlier microcrack initiation compared with
the specimens without weathering. The existence of the
microcrack coalescence produced during the weathering pro-
cess could accelerate the crack propagation and result in the
macroscopic failure of the rock at low-stress magnitudes.
This observation could account for a positive relationship
between the Poisson’s ratio and weathering time. The devel-
opment of microcrack coalescence during the weathering
process accelerated the radial deformation during the loading
process, which resulted in the positive quadratic relationship
between the Poisson’s ratio and weathering time.

During the failure processes, the direction of the crack
initiation and propagation within the rock are randomly dis-
tributed. The initiation and propagation of microcracks can
be predicted to some extent using the Griffith theory [31].
Other researchers reported that the friction coefficient which
is used to describes the sliding friction at microcrack surfaces
has important effects on the rock strength and proposed the
modified Griffith criterion considering the friction coefficient
[32]. The values of the friction coefficient were different along
the surface of microcracks, and this value was determined by
the extent of wear due to sliding [33–36]. From this aspect,
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Figure 8: Average uniaxial tensile strength of the specimen under
different weathering time.

8 Geofluids



y = 0.0157x2 − 0.7738x + 13.079
R2 = 0.9939

y = –0.0003x2 + 0.0171x + 0.1693
R2 = 0.9797

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0

2

4

6

8

10

12

14

0 5 10 15 20 25 30

Elastic modulus
Poisson’s ratio

El
as

tic
 m

od
ul

us
 (G

Pa
)

Po
iss

on
’s 

ra
tio

Weathering time (days)

Figure 9: The relationship between the elastic modulus and Poisson’s ratio with weathering time.

0
2
4
6

8
10

Sh
ea

r s
tr

en
gt

h 
(M

Pa
)

Compressive stress (MPa)

12
14
16
18

4 6 8 10 12 14 16

Weathering time (0 days)
7 days
14 days

21days

28 days

Figure 10: Variation in the shear strength under different compressive stress with weathering time.

y = 3.0276e–0.074x

R
2 = 0.9916

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0 5 10 15 20 25 30
Weathering time (days)

Co
he

ns
io

n 
(M

Pa
)

Figure 11: Variation in the cohesion of the specimen with weathering time.

9Geofluids



the lower friction coefficient observed in the specimen with
higher weathering grades could be attributed to cumulative
damage and gradual development of the microcrack coales-
cence during the weathering process. The lower friction coef-
ficient of the specimen with higher weathering grades led to
the initiation and propagation of microcrack at lower stress
conditions.

How to obtain accurate and reliable time-dependent
behaviors of rock mass has always been an important topic
for geotechnical engineering scholars. Conducting the dura-
bility tests for evaluating the long-term durability behavior
of rock specimens is time-consuming as well as expensive.
In this study, the time-dependent durability behaviors of
the sedimentary rocks were assessed, and the ageing of the
rock specimens that weathered in the natural state was exam-
ined. The degradation of the mechanical parameters of rock
specimen with different weathering grades was evaluated
through the comprehensive experimental programs. How-
ever, it should be noted that even though the rock specimen
was taken from the site and weathered in the natural state,
the selected rock specimens are with good integrity and do
not contain or rarely contain the unique weak structural
plane of the natural rock mass. The mechanical parameters
tested in the laboratory cannot fully represent the mechanical
characteristics of the natural rock mass. Therefore, its
mechanical parameters need to be reduced in a certain pro-
portion to be applied to the natural rock mass.

5. Conclusions

The paper presented the initial results from the extensive
experimental programs to establish the time-dependent
behaviors of the sedimentary rocks considering the effects
of weathering. The Brazilian split tests, uniaxial compression
tests, and direct shear tests have been carried out on the spec-
imens that are exposed to the nature environments at differ-
ent durations. It was identified that the uniaxial tensile
strength, uniaxial compressive strength, and cohesion dra-
matically decreased with increasing weathering time, charac-
terized as the negative exponential relationship in general.
The elastic modulus had a negative quadratic relationship,
while the Poisson’s ratio had a positive quadratic relationship
with the weathering times. It was suggested that the cumula-
tive damage of the rock by the weathering time resulted in the
microcrack coalescence within the rock. The existence of the
microcrack coalescence facilitated the propagation of the
microcracks and accelerated the radial deformation during
the loading process. The friction coefficient decreased with

the increasing of the weathering grades. The lower friction
coefficient observed in the specimen with higher weathering
grades led to the initiation and propagation of microcrack
within the rock at lower stress conditions. The results and
the proposed correlation between the long-term durability
behavior of the sedimentary rocks and weathering grades
improved the understanding of the roles of weathering on
the mechanical properties which can be used in the design
of the underground geotechnical engineering structures.
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Whether a tensile failure fracture will penetrate a stratum is difficult to ascertain at present. In view of this, the method of similar
simulation and field verification are used to carry out a systematic study. Similar simulations show that tensile failure fractures will
penetrate the layered strata if the compressive stress is greater than the compressive strength. Theoretical analysis points out that
whether the tensile failure fractures will penetrate the layered strata can be expressed by the value of criterion of interconnected
vertical fractures and the compression-tension ratio. When the value of criterion of interconnected vertical fractures is greater
than the compression-tension ratio, the layered strata will break. This criterion was qualitatively verified with a field test. The
results of this paper are of great significance for the prevention of water inrush in coal mines, and it can also promote the
understanding of the law of strata movement.

1. Introduction

China is a large coal resource country and also a large coal
consumption country. Most of the energy supply comes from
coal. In 2019, coal still accounts for about 60% of the primary
energy consumption ratio [1]. However, a large number of
coal mining will also bring many negative impacts, such as
ecological damage, surface subsidence, gas outburst, and
mine water inrush [2–5]. Mine water inrush is usually fierce,
often submerging working faces and tunnels in a short time,
bringing harm to mine production and causing casualties.
The necessary conditions for mine water inrush are adequate
water source and water inrush passage. Most of the mining
areas in China are located under the water-rich Quaternary
loose aquifer, in which mine water inrush resources are suffi-
cient to meet the source conditions of mine water inrush. The
water inrush channel is divided into the primary channel and
the secondary channel, and the former channel includes
fault, karst, etc. [6, 7]. The secondary channel is the horizon-
tal and mining-induced interconnected vertical fractures [8–

12]. Because the horizontal fractures cannot connect the
working face and the aquifer alone, interconnected vertical
fractures are the secondary channel of mine water inrush.

After coal seammining, the overburden is usually divided
into the caving zone, the fracture zone, and the bending zone
according to the different fracture states [13–19]. Among
them, the caving zone has a high degree of fracture develop-
ment, disordered fracture distribution, and strong permeabil-
ity, while there are mainly horizontal fractures and
interconnected vertical fractures in the fracture zone. Since
both the caving zone and the fracture zone have the ability
to conduct water, the range of both is the water-flowing frac-
ture zone, and its range is shown in Figure 1. The strata in the
bending zone subside as a whole without horizontal fractures
or interconnected vertical fractures. If there is a stratum in
the bending zone located between the water-flowing fracture
zone and the aquifer, the water in the aquifer lacks a trans-
port channel and the water source will not inflow into the
coal mining faces. But when interconnected vertical fractures
directly develop into the aquifer, the coal mining faces will
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suffer the threat of water inrush and protective measures
should be taken.

In view of the height of interconnected vertical fractures
in the overburden, many scholars have carried out researches
from different aspects. Wang et al. [20, 21] proposed the
“void ratios of fractures” to quantify the separation and frac-
ture evolution in the undermined overburden. On the basis
of a lot of practical experience, the former Soviet Union
and China put forward several statistical formulae for calcu-
lating the height of interconnected vertical fractures and
formed a standard [22]. However, the failure characteristics
of the overburden under certain special conditions cannot
be reflected by the standard formula, by which the measured
height of interconnected vertical fractures is significantly
higher than that estimated by the standard formula, which
leads to many abnormal water inrush accidents [23]. Given
the shortcomings of the standard formula, Xu et al. [24, 25]
proposed a formula for predicting the height of intercon-
nected vertical fractures based on the position of the primary
key strata (PKS), considering the fact of the layered charac-
teristics of overburden and the fracture characteristics of dif-
ferent lithologies. But it is still essentially an empirical
formula. There are many mining and geological factors that
affect the height of interconnected vertical fractures. Numer-
ous scholars have made predictions of the height of intercon-
nected vertical fractures based on the theory of influencing
factors [26–29], which need a large number of measured
data, and whether they are universal remains to be verified.
The actual measurement method is a direct and effective
method for determining the height of interconnected vertical
fractures in the overburden. It is generally observed by means
of ground drilling [9, 30], as well as other test methods based
on modern equipment [31]. These methods can predict the
height of interconnected vertical fractures in overburden to
a certain extent, but no mechanical mechanism of rock
breakage has been involved, and the breaking of a stratum
is essentially a result of stress caused by the external environ-
ment that exceeds the bearing capacity of the stratum itself.
The novelty of this paper is that when a tensile failure frac-
ture will penetrate a stratum is proposed.

In this paper, the characteristics of interconnected verti-
cal fractures in layered strata are firstly studied by similar
simulation, and then under certain simplified conditions,
the discrimination formula of interconnected vertical frac-
tures in layered strata is obtained by theoretical deduction
and calculation. Thirdly, the breaking of each stratum is car-
ried out according to the overburden histogram, and the dis-
criminant method of the height of the water-flowing fracture
zone in the overburden is obtained. Finally, the discrimina-
tion formula of interconnected vertical fractures is qualita-
tively verified by an engineering test.

2. Discrimination Formula for Interconnected
Vertical Fractures

2.1. Characteristics of Interconnected Vertical Fractures

2.1.1. Model Design. The gravitational planar stress model
frame was used in this study to simulate the characteristics
of interconnected vertical fractures. The dimensions of the
model were 250 cm × 20 cm. In the material mix for each
rock layer, sand was used as the aggregate, while plaster
and calcium carbonate were used as cements. A layer of mica
was placed in the interfaces between the strata to simulate
stratification, and the thickness of the soft rock strata was
6-8 cm. The excavation was in steps of 2.5 cm. The simulation
was imaged after each excavation to compare the strata
breakage and movement before and after the excavation.
The mixing ratios that were used are shown in Table 1.

2.1.2. Experimental Results. The distribution of vertical frac-
tures is shown in Figure 2, from which two characteristics
of layered strata failure can be found: (1) The mining-
induced vertical fractures do not necessarily penetrate the
entire thickness of layered strata, that is, the fractures are in
a critical state when they extend to a certain extent. The rea-
son for these fractures is that the tensile stress is greater than
the tensile strength of the layered strata. (2) Compressive fail-
ure occurs at the upper end of the layered strata penetrated
by fractures, which indicates that the critical condition for

Fractured
zone

Bending
zone

Water-flowing
fractured zone

Caving
zone

Horizontal fractureAquifer

Interconnected vertical fracture

Figure 1: Distribution diagram of overburden fracture after coal seam mining.
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strata breakage is that the compressive stress reaches the
compressive strength.

To further illustrate the above two characteristics of layer
breakage, a schematic analysis of vertical fracture initiation
and propagation is performed. The longitudinal stress devel-
opment of vertical fracture propagation is shown in Figure 3,
and the stress at the crack tip is only for the purpose of dis-
play and does not represent the true stress. In addition, h is
the thickness of layered strata, σt is the tensile strength, and
σc is the compressive strength. (1) When the longitudinal
tensile stress and compressive stress caused by external fac-
tors are small, according to material mechanics theory, the

tensile stress and compressive stress are equal and the neutral
plane coincides with the central plane, as shown in
Figure 3(a). (2) When the change of external factors causes
the longitudinal tensile stress and compressive stress to
increase, because the compressive strength is greater than
the tensile strength, the longitudinal tensile stress will first
reach the tensile strength, that is, the rock has a tensile failure
fracture, as shown in Figure 3(b). (3) When the external fac-
tors continue to change, the vertical fracture begins to
expand, and the longitudinal tensile stress at the crack tip
has always been equal to the tensile strength, and because
the compressive stress is less than the compressive strength,
the longitudinal compressive stress continues to increase, as
shown in Figure 3(c). (4) When the longitudinal compressive
stress increases to the compressive strength, the compressive
end of the stratum enters into the plastic state, and the end
unit cannot limit the rotation of the section. Therefore, the
stress-strain equilibrium state at the crack tip is destroyed,
causing the expansion of the fracture, and the subsidence of
the stratum also increases, so that more end units in the crit-
ical state enter into the plastic state, which is a vicious cycle
until the vertical fracture penetrates the stratum, as shown
in Figure 3(d).

2.2. Discrimination Formula for Interconnected Vertical
Fractures. In order get applicable results, the following
assumptions are made:

Table 1: Proportion of the similar simulation materials.

Rock strata Thickness (cm) Material ratio
Similar materials

Water (kg)
Sand (kg) CaCO3 (kg) Gypsum (kg)

Soft rock 8 473 38.4 6.72 2.88 4.8

Primary key stratum 12 437 30 2.25 5.25 3.75

Soft rock 6 473 28.8 5.04 2.16 3.6

Soft rock 6 473 30 5.25 2.25 3.75

Soft rock 6 473 28.8 5.04 2.16 3.6

Soft rock 6 473 40 7 3 5

Soft rock 8 473 38.4 6.72 2.88 4.8

Soft rock 6 473 30 5.25 2.25 3.75

Soft rock 6 473 28.8 5.04 2.16 3.6

Soft rock 6 473 30 5.25 2.25 3.75

Soft rock 6 473 28.8 5.04 2.16 3.6

Soft rock 6 473 75 13.125 5.625 9.375

Hard rock 15 455 72 9 9 9

Key stratum 2 14 455 40 5 5 5

Soft rock 8 473 38.4 6.72 2.88 4.8

Soft rock 6 473 30 5.25 2.25 3.75

Soft rock 6 473 28.8 5.04 2.16 3.6

Soft rock 6 473 55 9.625 4.125 6.875

Key stratum 1 11 455 52.8 6.6 6.6 6.6

Soft rock 6 473 20 3.5 1.5 2.5

Immediate roof 4 473 19.2 3.36 1.44 2.4

Coal seam 7 773 82.03125 8.203125 3.515625 9.375

Floor 15 455 72 12.6 5.4 9

Tensile failure

Compressive failure

Figure 2: Characteristics of vertical fractures in simulated layered
strata.
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(1) The deposit and rock layers are horizontally stratified

(2) There is no major geological structural damage to the
deposit and rock layers

(3) The strata are transversely isotropic linear elastomers

(4) The layered strata are broken into two symmetrical
blocks

(5) A stratum in the plane is simplified as a fixed beam at
both ends

According to the above-mentioned characteristics of
interconnected vertical fractures of layered strata, when the
layered strata rotates to a certain level, under the action of
bending moment and axial force, the longitudinal compres-
sive stress at the end of the strata reaches the compressive
strength, and the vertical tensile fractures will penetrate the
layered strata. When the layered strata are broken for the first
time, the cross-sectional shear force in the middle part of the
symmetrical strata is zero, which is equivalent to cutting the
layered strata with interconnected vertical fractures here.
Before the strata break, the stratum will separate with the
lower one and only the load will act on the upper surface of
the stratum. Therefore, the equivalent model can be repre-
sented in Figure 4 where the tensile stress is ignored because
it is much smaller compared with the compressive stress. The
load q on the layered strata includes the load from the upper
strata and self-weight, T is the resultant force of the compres-
sive stress at the extrusion, a is the range of the compressive

stress at the extrusion, h is the thickness of the layered strata,
L is the length of the breaking blocks, θ is the rotation angle
of the blocks, and Δ is the maximum relative subsidence at
the end of the blocks caused by rotation, then the load T
can be calculated in the equivalent model [32]:

T h −
2a
3 − Δ

� �
= qL2

2 : ð1Þ

When a fracture penetrates a stratum, the range of com-
pressive stress action at the extrusion can be expressed by the
thickness of the rock layer according to the geometrical rela-
tionship between the blocks, and the range of compressive
stress at the extrusion can be obtained [33]:

a = 2h − Δ

4 : ð2Þ

Combined with (1) and (2), horizontal forces during rock
block rotation can be obtained:

T = 3qL2
4h − 5Δ : ð3Þ

According to the process analysis of the above-
mentioned layered stratum fracturing, when the end unit of
the layered stratum extrusion enters the plastic state (the
compressive stress generated by horizontal thrust is greater
than the compressive strength), the layered strata will be

(c) (d)(b)

h

(a)

Neutral plane

Central plane

𝜎t

𝜎t

𝜎t
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Figure 3: Longitudinal stress change in fracture section of the stratum.
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Figure 4: Equivalent model of layered strata in the period of first breaking.
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penetrated by the vertical fractures, namely,

24qL2
4h − 5Δð Þ 2h − Δð Þ ≥ ησc, ð4Þ

where η is the extrusion strength coefficient at the end, which
is usually 0.3 [34]. According to the fifth hypothesis, the
breaking length of rock blocks can be obtained from the rela-
tionship between the rock load and tensile strength of the
two-end fixed beam in the ultimate bending state, which is

L = h
2

ffiffiffiffiffiffiffi
2σt
q

s
: ð5Þ

The discrimination formula of interconnected vertical
fractures of layered strata is obtained by combining formulae
(4) and (5), which is

40h2
4h − 5Δð Þ 2h − Δð Þ ≥

σc
σt

, ð6Þ

where Δ is the centre subsidence relative to the fixed end of
the block and σc and σt are the uniaxial compressive and ten-
sile strengths of the rock, respectively. The right side of for-
mula (6) is the ratio of compressive stress to tensile stress
of layered strata mass (compression-tension ratio). Brook
believed that the compression-tension ratio of sandstone is
15 [35], and Sheorey by statistics obtains that the
compression-tension ratio of sandstone is between 7 and
39, with an average of 14.9 [36]. Sun [37] has tested the
compression-tension ratio of common rocks with different
water contents. The measured results are shown in Table 2.
The compression-tension ratio of rock blocks in the labora-
tory is about 10, and in general, the compressive strength of
dried rock > natural rock > saturated rock.

3. Height of Water-Flowing Fracture Zone in
the Overburden

3.1. Maximum Relative Subsidence. The deflection-thickness
ratio δ is defined as the ratio of the maximum relative subsi-
dence of the strata to the thickness of the layered strata. Then,
the left side (criterion value) of formula (6) becomes

f δð Þ = 40
4 − 5δð Þ 2 − δð Þ : ð7Þ

The relationship between function f and δ is shown in
Figure 5. It indicates that the greater the deflection-
thickness ratio (maximum relative subsidence), the easier it
is for the strata to break and vice versa. The maximum rela-
tive subsidence of hard rock is directly related to the mining
height and bulking coefficient and is directly proportional to
the mining height and inversely proportional to the bulking
coefficient. In addition, it can be seen from the range of the
rock compression-tension ratio that fractures will vertically
penetrate the layered strata in the area indicated by the thick
black line in Figure 5.

The key of equation (7) is to calculate the deflection-
thickness ratio that is composed of the thickness and the
maximum relative subsidence of layered strata. The thickness
of layered strata can be obtained from the borehole histo-
gram, which is an easy parameter to get. The maximum rel-
ative subsidence is equal to the mining height subtracting
the bulking height of the caving zone and the unloading dila-
tion of the layered strata above the caving zone, which are
explained separately below.

3.1.1. Bulking Height of the Caving Zone. The bulking height
hp of the caving zone is determined by the height Hk of the
caving zone and the bulking coefficient Kp. The height of
the caving zone is generally determined by actual measure-
ment. When no measured data is available, the height can
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Figure 5: Criterion values for different deflection-thickness ratios.
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be calculated according to the empirical formula given in
Table 3 [38], in which M is the mining height.

The bulking coefficient of the caving zone can be
obtained from laboratory test results as shown in
Table 4. The diameter φ (mm) of the block is shown in
Table 4, from which it can be seen that the coefficient of
the bulking of the caving zone is between 1.1 and 1.3.
With the height of the caving zone and the bulking coef-
ficient, the breakage height of the caving zone can be cal-
culated by the following formula:

hp =Hk Kp − 1
� �

: ð8Þ

3.1.2. Unloading Dilation of Rock Strata above the Caving
Zone. Traditionally, the overburden has been transformed
into the caving zone, fracture zone, and bend zone accord-
ing to the fracture state. The research shows that after coal
mining, the rock strata from different layers of coal seam

have different dilation characteristics, and on this basis,
the overburden is divided into the plastic dilation zone
and the elastic dilation zone [39], as shown in Figure 6.
It can be seen that the unloading dilation of rock strata
above the caving zone is elastic dilation. Therefore, the
unloading dilation of rock strata above the caving zone
can be calculated by the coefficient of elastic dilation K t.
If the height of the elastic dilation zone is Ht, the unload-
ing dilation of rock strata above the caving zone is

ht =Ht K t − 1ð Þ: ð9Þ

3.2. Height of Water-Flowing Fracture Zone of the
Overburden. Fractures are important channels for conduct-
ing water in layered strata. After the mining of the coal
seam, the overburden will distribute fractures of different
states. Among them, interconnected fractures are the way
for the overburdened confined aquifer to enter the mining
working faces, which will seriously threaten human and

Table 3: Empirical formula for calculating the height of caving zone.

Lithology of overburden (uniaxial compressive strength and main rock name) (MPa) Calculation formula (m)

Hard (40-80, quartz sandstone, limestone, conglomerate) 100M/2:1M + 16ð Þ ± 2:5
Medium-hard (20-40, sandstone, argillaceous limestone, sandy shale, shale) 100M/4:7M + 19ð Þ ± 2:2
Weak (10-20, mudstone, argillaceous sandstone) 100M/6:2M + 32ð Þ ± 1:5
Very weak (<10, bauxite, weathered mudstone, clay, sandy clay) 100M/7:0M + 63ð Þ ± 1:2

Table 4: Coefficient of crushing and swelling of loose rock (coal).

Rock φ ≤ 0:5 0:5 < φ ≤ 1:25 1:25 < φ ≤ 2:5 2:5 < φ ≤ 5 5 < φ ≤ 10
Coal (weak) 1.28 1.22 1.17 1.15 1.14

Sandstone (medium hard) 1.2 1.18 1.15 1.13 1.11

Limestone (hard) 1.25 1.21 1.16 1.14 1.12
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Figure 6: Diagram of three zone division.
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financial safety. Therefore, it is of great significance to pre-
dict the height of the water-flowing fracture zone for
ensuring safe mining of coal mines.

There are two main methods for predicting the height
of the water-flowing fracture zone. The first one is the sta-
tistical empirical formula based on a large number of mea-
sured data. This method cannot reflect the special
overburden structure and breaking characteristics, and
the calculation results are too small. The second method
is based on the location of the PKS (will be defined fol-

lowing) to predict the height of the water-flowing fracture
zone, which is a lack of the interpretation of the fracture
mechanics mechanism of the layered strata. In order to
predict the height of the water-flowing fracture zone based
on the discrimination formula of interconnected vertical
fractures in this paper, the fractures of layered strata are
explained in terms of mechanical mechanism.

The method of predicting the height of the water-flowing
fracture zone based on the discrimination formula of inter-
connected vertical fractures is as follows: (1) firstly, it needs
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to collect the borehole histogram of the mining faces and
then (2) judge whether the stratum is broken according to
the discrimination formula. If it is not broken, it is not
included in the height of the water-flowing fracture zone. If
it is broken, it will become part of the water-flowing fracture
zone. The flow chart for predicting the height of the water-
flowing fracture zone is shown in Figure 7.

However, according to the theory of key strata (KS),
the KS refer to the hard strata which control the move-
ment of local layers or all layers up to the surface. The
former is called the subkey strata (SKS), and the latter is
called the primary key strata (PKS) [32]. According to
the definition of the KS, the prediction method of the
height of the water-flowing fracture zone based on the dis-
crimination formula of interconnected vertical fractures
only needs to judge whether the SKS or the PKS is broken.
If the SKS is broken, the strata under its control will also
be broken, and the water-flowing fracture zone will
develop to the bottom of the upper KS at least. If the
PKS is broken, the whole overburden is broken, and the
water-flowing fracture zone develops to the surface.

4. Engineering Verification

The Shendong Mining Area, located in the transition zone
between the Maowusu Desert and the hilly and gully area
of Loess Plateau, belongs to an arid area. The aquifer of the
Quaternary Salawusu Formation above the bedrock beneath
the desert cover contains valuable diving water, which is the
only aquifer in the upper part of the coal seam currently
being mined in the mining area.

The 31401 fully-mechanized mining face is the first
working face of 1-2 coal mining in the fourth district, with a
designed mining height of 4.5-5.0m and a comprehensive
mechanical mining method of full collapse with longwall
retraction. The working face adopts a 4.3/5.5m two-pillar
shielded hydraulic support manufactured by JOY Company
with rated working resistance of 8670 kN.

During the period from the cut line to 1600m in the
31401 working face, the water inflow of the working face is
normal, generally 50-80m3/h, but when the working face is
advanced to 1650m, the water inflow of the working face
reaches 200m3/h. Thereafter, in the range from 1650m to
2552m, the roof sprinkler and seepage in the goaf have been
continuous. During this period, there were two large water
inrushes, and the working face was flooded in a short time,
resulting in a 2m depth of local water inundation, two 48 h
shutdowns, and 400m3/h maximum water inrush.

The borehole flushing fluid loss observation method is a
traditional and reliable method to determine the depth of
water-flowing fracture zone and caving zone of overlying
strata after mining. The height of the water-flowing fracture

zone can be directly measured through the loss of drilling
fluid in the drilling process.

The water level in the drilling borehole was instantly lost
from 3.85m to 97.46m at the bottom of the hole (Figure 8),
so all the drilling fluid was lost. Through comprehensive
analysis and judgment, the depth of the borehole at the top
of the water-flowing fracture zone is 97.10m. Since the
ground elevation before mining is 1305m, the floor elevation
of the coal seam is 1061m, that is, the mining depth of the
coal seam is 244m. Considering the influence of the 2.0m
surface subsidence and 4.4m mining height of the coal seam,
therefore, the height of the water-flowing fracture zone is
140.5m.

The research shows that the water inrush is related to the
position of PKS in the overburden [25]. The position of PKS
is shown in Figure 9.

According to the histogram of the working face in Fig-
ure9, the mining heights of the water inrush and the normal
areas in the 31401 working face of the Bulianta Coal Mine are
5.92m and 4.78m, respectively. In addition, the lithologies of
water inrush and normal areas are medium and hard, respec-
tively, so the height of the caving zone can be calculated sep-
arately according to Table 3 without considering its error
items. The bulking coefficient of soft rock is less than that
of hard rock, so the bulking coefficients of the caving zone
in the water inrush zone and normal zone are 1.15 and 1.2,
respectively. The height of the elastic dilation zone in the
water inrush and normal areas is the distance from the PKS
to the top of the caving zone. The literature research shows
that the elastic dilation coefficient of different strata is
between 1.0090 and 1.0097 under 16MPa pressure [40],
and the elastic dilation coefficient is taken as 1.0090 in this
paper. The calculated values of each parameter are shown
in Table 5.

According to Table 5, the f value of water inrush area is
6.52, greater than that of the normal area of 6.13, and the
PKS of the water inrush area is medium sandstone, while that
of normal area is coarse-grained sandstone. According to the
experimental results of Table 2, the compression-tension
ratio of coarse-grained sandstone is larger than that of
medium sandstone, so in the water inrush area, the values
more easily meet the discrimination formula (6). It is worth
noting that this discrimination formula is only qualitatively
verified because the beam was assumed to be two-end fixed,
which makes a big difference to the outcome and will be dis-
cussed in the future.+

5. Conclusions

Interconnected vertical fractures are the important channel
to communicate confined aquifer and the working faces.
Water inrush disasters will occur when interconnected

Table 5: Values in water inrush and normal areas in 31401 working face of Bulianta Coal Mine.

Type M (m) Hp (m) Kp (m) hp (m) Ht (m) K t (m) ht (m) Δ (m) h (m) δ f

Water inrush 5.92 8.61 1.1 0.86 25.21 1.009 0.23 4.40 32.70 0.14 6.52

Normal 4.78 11.53 1.2 2.36 83.63 1.009 0.75 1.67 15.3 0.11 6.13
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vertical fractures extend from the roof of the working face to
the aquifer. Therefore, it is of great significance to study the
evolution mechanism of interconnected vertical fractures
for preventing and controlling water inrush disasters. This
paper draws the following conclusions through similar simu-
lation, theoretical analysis, and field verification methods:

(1) Vertical fractures in layered strata are initiated
because the tensile stress is greater than the tensile
strength, but whether fractures penetrate the layered
strata is determined by the compressive strength.
When the compressive stress is greater than the com-
pressive strength, the vertical fractures will penetrate
a stratum

(2) Whether a vertical fracture penetrates a stratum can
be expressed by the value of the criterion of intercon-
nected vertical fractures and compression-tension
ratio of layered strata. When the value of the criterion
of interconnected vertical fractures is greater than the
compression-tension ratio, layered strata are broken.
The value of the criterion of interconnected vertical
fractures is expressed by maximum relative subsi-
dence. The larger the maximum relative subsidence,
the smaller the value of the criterion of intercon-
nected vertical fractures

(3) The value of the criterion of interconnected vertical
fractures in the water inrush area of the 31401 work-
ing face of the Bulianta Coal Mine is larger than that
in the normal area, while the compression-tension
ratio is smaller than that in the water inrush area,
so in the water inrush area, the values more easily
meet the discrimination formula (6).
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The fracturing of hard roofs in different layers would result in complex ground pressure on the working face, such as supports
collapsed and severe roadway deformation. However, the mechanism of the ground pressure induced by hard roof fracturing in
different layers is still unclear. In the paper, a physical model of a 20m extrathick coal seam mined with hard roofs existing was
established based on the physical simulation similarity criterion. The overburden fracturing structure, abutment stress
distribution, and failure characteristics of the coal body were monitored by a noncontact strain measurement system and
resistance strain gauges, to reveal the mechanism of ground pressure induced by hard roof fracturing. Furthermore, on-site
measurement was used to monitor and analyze the ground pressure affected by hard roofs in different levels. The results provide
a theoretical basis for the control of ground pressure in extrathick coal seam mining with hard roofs.

1. Introduction

In coal seam mining, when hard roofs exist in the overbur-
den, the breaking span is usually huge due to their great
strength, thus would result in a strong ground pressure in
the mining panel such as support failure and roadway defor-
mation. Through numerical simulation and field measure-
ment, He et al. and Wang et al. found that the large
suspended area of hard roofs would easily cause a stress con-
centration and failure in advanced coal rock mass [1, 2].
When hard roof fracturing, the intensity of the energy release
is higher due to the large breaking span. Ning et al. [3] stud-
ied the fracture energy of thick hard roofs by means of micro-
seismic monitoring. The results showed that the high energy
released by the breaking of thick and hard roofs is the main
reason causing strong ground pressure. Bednarek and Maj-
cherczyk [4] discussed the rock mass characteristics which
influence the choice of support. Zhao et al. [5] studied the
fracture characteristic of an extrathick and hard roof based
on the long beam theory. Li et al. [6] studied the periodic

breaking span of a thick and hard roof based on the Vlasov
plate theory and the strain energy distribution characteristics
of coal seam under a thick hard roof. Shen et al. [7] revealed
the strong response for an entry influenced by overlying hard
roof and the influence of the hard roof fracture position on
the entry. Ju and Xu [8] analyzed the structural characteris-
tics of overlying hard strata and ground pressure in the panel
after a 7m-thick coal seam mining. Xia et al. [9] studied the
characteristics and mechanism of ground pressure in the
mining panel under the combined action of hard roofs and
a coal pillar. It was found in the above research that, because
of the high strength and large overhang of hard roofs, the
stress concentration is obviously on the hard roofs, which
has a significant impact on the working face and roadway
in the mining panel.

During the mining of an extrathick coal seam under hard
roofs, due to the large mining thickness, the migration range
of overburden is wide. The results showed that the failure
height could reach 200 to 350m during a 14 to 20m-thick
coal seam mining [10–12]. Field monitoring showed that
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the fracturing of hard roofs in a large space frequently
resulted in the occurrence of ground pressure on the working
face with a different strength and manifestation [13, 14]. The
ground pressure on the working face shows the characteris-
tics of “long and short duration”, of which the “long dura-
tion” interval was 30 to 60m and the “short duration”
interval was 12 to 20m, the pressure intensity increased when
the “long duration” occurred. However, there was no obvious
regularity in the occurrence of strong ground pressure such
as support failure or severe roadway deformation [15, 16].
Li et al. [17] found that the huge mining thickness of an
extrathick coal seam results in a larger mobile space of
high-level hard roofs, and the sliding instability of the high-
level hard roofs would cause strong ground pressure. Singh
et al. [18] studied the strata movement during underground
mining of a thick coal seam. According to Li et al.’s research
[19], the rotational movement of key strata in the overburden
had a direct impact on the supports in the working face, and
the dynamic loading induced by the instability of the Vous-
soir beam structure was analyzed. Xie and Xu [20] analyzed
the influence law of different thickness and level of hard roofs
on the peak value and influencing range of the abutment
stress. Yu et al. and Chen et al. conducted field measurement
on the deformation characteristics and stress distribution law
of a roadway in the process of mining an extrathick coal seam
under hard roofs [21, 22]. Guo et al. [23] studied the relation-
ship between the support resistance and the overhanging dis-
tance of hard roofs, and criteria for reasonable selection of
support resistance were given. Mondal et al. [24] monitored
the strata behavior in the destressed zone of a shallow Indian
longwall panel with hard sandstone cover using mine-
microseismicity and borehole televiewer data. However,
other scholars also invest in the hard roof research [25, 26];
the results show that the occurrence of the hard roof has a
direct impact on the ground pressure in the working face
and is complex.

In terms of the mining conditions of extrathick coal
seams with hard roofs, failure and instability of hard roofs
will occur gradually within a large space, which may further
result in frequent occurrence of ground pressure of different
strengths on the working face. Most of the aforementioned
scholars focused on the structural characteristics of the over-
burden or worked from the perspective of mining pressure
development but did not do in-depth research on the mech-
anism of ground pressure induced by the fracturing of hard
roofs at different levels. According to the key stratum theory
[27, 28], the lower level key stratum is close to the coal seam,
and the breaking span is small. With increase in the occur-
rence level, the breaking span and the strength of the high-
level key stratum increase accordingly. Therefore, due to
the influence of the distance from the coal seam and the
breaking span, the failure and instability of key strata at the
low and high levels may have different effects on the ground
pressure. In addition, the large breaking span and instability
of high-level hard roofs may cause the occurrence of strong
ground pressure on the working face and could have interac-
tion with the lower key layers. A physical simulation experi-
ment could reflect the structural characteristics of the
overburden and its influence on the abutment stress of a min-

ing panel directly and was considered an effective means to
study the overburden structure and ground pressure in coal
seam mining [29, 30]. Based on the exploitation of extrathick
coal seams with hard roofs, for this paper, the research
method of physical simulation was adopted to study the
fracture law of key strata and the strength of ground pres-
sure induced by the breakage and instability of strata in
different levels.

2. Experimental Model

2.1. Geological Background. The carboniferous #3–5 extra-
thick coal seams were mainly mined in Tashan coal mine of
the Datong mining area, with a thickness of 14 to 20m.
The method of top coal caving mining was adopted. The
buried depth of the coal seam is 400 to 800m, and the over-
burden is covered with multilayer hard roofs with the com-
pressive strength of 60 to 120MPa. Due to the large mining
thickness of the coal seam, the fracturing of multiple layers
in a large space resulted in a frequently strong ground pres-
sure, accompanied by the supports crashed. The floor heave
was severe within 10 to 40 m in advanced roadway, and the
maximum floor heave was up to 0.8m. The roof subsidence
was up to 0.6m, the shotcrete of the two sides of the roadway
was seriously cracked, and the advanced individual props
were seriously damaged, as shown in Figure 1.

Taking the #8216 working face in Tashan coal mine as an
example, the Carboniferous #3–5 coal seam was mined, the
average thickness of the coal seam was 16m, and the buried
depth and inclination of the coal seam was 418 to 522m
and 1 to 3°, respectively. The length and mining distance of
the working face was 230 and 1500m, respectively, and the
coal seam was covered with multiple hard roofs.

Based on the statistics of the strong ground pressure dur-
ing the mining process, as shown in Table 1, it can be found
that the pressure on the working face was relatively strong
within the initial mining range of 214m. The roadway
deformation and hydraulic props collapsed were serious in
advanced 35m, the support resistance increased obviously
and was even accompanied by safety valve opening. In the
later mining process, the strength of the ground pressure
was relatively weakened, the influence range was reduced to
10m in an advanced roadway, and the deformation was also
reduced.

2.2. Basic Parameters of the Model. In order to study the effect
of key stratum fracturing on the ground pressure in the
working face, the method of physical simulation was used
in the laboratory. Taking the #8101 working face as the
background, the Carboniferous #3–5 coal seam was mined.
The thickness and burial depth of the coal seam was 20
and 470m, respectively. The coal seam dip was 1 to 3°,
and the length and mining distance of the working face
was 230 and 1500m, respectively. The frame size of the
physical model in the laboratory was 2:5 × 0:2 × 1:9m
(length × width × height). The geometric similitude ratio of
the designed model was 150 : 1; the actual height of the model
was 1.47m, which simulated a height of 220m. Materials
including sand, calcium carbonate, and gypsum were used
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to simulate the overlying rock. The weight ratio, time ratio,
and stress ratio were 1.667 : 1, 12.25 : 1, and 250 : 1, respec-
tively. The actual working time of the working face is 16
hours per day, and the maintenance work time is 8 hours.
The advanced distance is about 4m per day. Therefore, the
actual working time and excavation distance on the model
can be calculated to be every 78min and 2.6 cm each time.
The thickness of the overlying unlaid strata was 272.65m;
then, the weight of the overburden rock is 6.816MPa, and
the magnitude of the compensation stress added to the upper

part of the similar model is 0.027265MPa. The basic param-
eters of the model are shown in Table 2.

Table 3 shows the physical and mechanical parameters
of the coal and rock mass [31]. According to the similarity
ratio, the matching parameters of each rock formation in
the model are shown in Table 3. The rock layers No.32,
No.27, No.22, No.16, and No.9 above the coal seam are
calculated to be the key strata based on the key stratum
theory [27, 28], which are the emphasis to be studied in
this test.

20m coal seam
230m

Strata movement in 
large space Supports crashed

Roadway failure

Top coal

Back 
conveyer 

Front 
conveyer 

Top-coal caving mining

Support

Figure 1: Caving mining method and strong ground pressure in the working face.

Table 1: Statistics of the strong ground pressure on the working face.

Data Mining distance (m) Phenomenal description

2015.11.13 110.2
Strong ground pressure 10m in advance of the working face, the floor heave was 0.3–0.4m, rib heave was

serious: 0.4m; the resistance of supports #45 to #67 was high.

2015.11.21 168.8
A stronger ground pressure happened, the advanced range of influence was 10–20m, roof subsidence and
floor heave was severe, ten hydraulic props were dumped, roof subsidence 0.3–0.4m, floor heave 0.45m,

the resistance of supports #23 to #35 and #56 to #71 were high.

2015.12.30 214.5

A stronger ground pressure occurred 12–35m in advance of the roadway, thirty hydraulic props were
dumped; the roadway deformation in horizontal and vertical direction was 0.5 and 0.8m, respectively.
The resistances of supports in the working face were all higher and the safety valves opened at supports

#45 to #67.

2016.1.14 450.0
Strong pressure happened 10m in advance of the working face, an obvious deformation occurred in the
roadway, one hydraulic prop was bent 8m in advance working face; the resistance of supports increased

obviously.

2016.2.13 635.0
Ground pressure occurred, the pressure was concentrated 10m in advance, the floor heave was 0.2–0.3m,

and roof subsidence was not obvious.

2016.3.18 736.0
Ground pressure occurred. At 15m in advance, the floor heave was 0.2–0.4m, rib heave and roof

subsidence were not obvious, and five props inclined.

Table 2: Basic parameters of the physical similarity model.

Items Parameters Items Parameters

Length of model 2.5m Mining distance 2.1m

Thickness of model 0.2m Model boundary 10 cm

Height of model 1.47m Excavation steps 45

Coal seam thickness 13.3 cm Excavate distance once 5 cm

Geometric ratio 150 : 1 Excavate time interval 0.5 h

Weight ratio 1.667 : 1 Excavation time 21 h

Stress ratio 250 : 1 Compensation stress 0.027265MPa
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2.3. Monitoring System. The monitoring system schematic is
shown in Figure 2. Taking five key strata as the research
objects (17, 45, 75, 107, and 146m vertically above the coal
seam), the thickness of each key layer was 9.44, 9.1, 10.12,
12.2, and 12.9m, respectively. In order to monitor the influ-
ence of each key layer breaking on the distribution character-
istics of the abutment stress in the coal body, a total of seven
strain monitors were arranged at intervals of 30 cm in the
coal seam. The first measurement point was 40 cm from the
open-off cut of the working face. In order to truly reflect

the structural characteristics of the overburden, a small sim-
ulated hydraulic support was placed on the working face.

A noncontact strain monitoring system (Vic-2D) was
used to monitor the overburden displacement timely, as seen
in Figure 2(b). Black flecks were randomly sprayed onto the
model surface, and a camera was used to capture movement
of the flecks in real time as the overburden moved. The dis-
placement of the flecks was obtained by postprocessing soft-
ware and was inverted to the displacement-changes law of
the overlying strata.

Coal seam

Overlying 
strata

Air pump

Loading device 

(a) Physical model

Monitoring points 

Camera

PC

(b) Strain monitor by noncontact Vic-2D

30 cm40 cm
Coal seam
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Stress monitoring
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7 

m
/(

22
06

4 
m
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0.027265 MPa

KS3

KS2

KS1

10 cm

Strain measurement line
Screen

P C

Stress monitoring system

Data storage

1 2 3 4 5 6 7
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(c) Monitoring scheme of abutment stress

Figure 2: Monitoring system of the physical model.
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Figure 3: Continued.
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3. Analysis of Experimental Results

3.1. Structural Characteristics of the Overlying Strata. The
mined interval of the simulated working face was 5 cm every
30 minutes. The structural characteristics and overburden
displacement variation during hard roof fracturing at differ-
ent levels were obtained, as shown in Figure 3.

When the working face was mined 60m, the roof broke
for the first time, with a breaking span of 42m. The length
of the broken block above the support was 7m, and its weight
was borne by the support. After the roof broke for the first

time, the overlying unbroken strata flexed and sank by
20 cm, as shown in Figure 3(a).

When the working face was mined for 105m, KS1 broke
for the first time, with a breaking span of 82.5m. The fractur-
ing of KS1 caused synchronous rotation and collapse of lower
strata and resulted in vertical variation of 0.42m in the sup-
port. This increased the working resistance of the support,
as shown in Figure 3(a).

When the working face was mined for 140m, KS2 broke
for the first time, and the initial fracturing step of KS2 was up
to 105m. The fracturing of KS2 caused synchronous failure
and instability of the underlying strata, resulting in rotary
movement, as shown in Figure 3(c). The intension was low
during the KS2 breakage and the KS1 structure remained sta-
ble, which reduced the strength of the KS2 breakage. Accord-
ing to Figure 3(c), we could see that the vertical displacement
of the support was only 0.22m and the rock layer above the
support showed the structural characteristics of a composite
cantilever beam.

When the working face was mined 180m, KS3 broke for
the first time, with a breaking span of 140m and a rotary sub-
sidence of 7.5m. The thickness of KS3 was 10.12m. Due to its
large thickness, breaking span, and rotary subsidence, the
energy release intensity was relatively high during the break-
age of KS3, thus resulting in synchronous rotary movement
of the underlying strata. As shown in Figure 3(d), the drop-
off in the support reached 0.9m.
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Figure 3: Structure and displacements during the fracturing of strata at different levels.

Table 4: The calculated elasticity modulus of strain gauges.

No. Weight P (N) Strain ε (10-3) Elasticity modulus E (GPa)

1
32 210 0.121322414

64.4 412 0.124451178

2
32 230 0.110772639

64.4 428 0.119798798

3
32 330 0.077205173

64.4 540 0.09495164

4
32 290 0.087854162

64.4 690 0.074309979

Avg. 0.101333248
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When the working face was mined to 210m, KS4 in the
high and far field broke for the first time. The breaking step
distance was up to 170m and the thickness of KS4 was
12.2m. The high intensity of the KS4 fracturing resulted in
the synchronous rotation of KS1, KS2, and KS3. The rotary
movement of this large rock structure acted on the cantilever
beam structure above the support, resulting in a 2.5m verti-
cal displacement of the cantilever beam structure and intense
pressure on the support, as shown in Figure 3(e).

When the working face was mined for 225m, KS5 broke
for the first time. The breaking step distance was 175m, and
the thickness of KS5 was 12.9m. In the case of the KS5 frac-
turing, although the intensity was relatively high, due to its
long distance from the coal seam, the fracturing of KS5 did
not cause instability rotation in all the underlying strata. As
shown in Figure 3(f), the cantilever structure of KS1 main-
tained its own stability, thus having a certain protective effect
on the working face. However, due to the high breaking

0 45 90 135 180 225 270

5
0

10

15

20

25

30

(#1) (#2) (#3) (#4) (#5) (#6) (#7)

Distance from the working face (m)

Position of
working faceSt

re
ss

 (M
Pa

)

Before the breakage
After the breakage

(a) Main roof fracturing for the first time

0 45 90 135 180 225

5

0

10

15

20

25

30

(#2) (#3) (#4) (#5) (#6) (#7)

Distance from the working face (m)

Position of
working face

St
re

ss
 (M

Pa
)

Before KS1 breakage
After KS1 breakage

(b) KS1 fracturing for the first time

15 60 105 150

5 15 m

0

10
15
20
25

35
30

195
(#3) (#4) (#5) (#6) (#7)

Distance from the working face (m)

St
re

ss
 (M

Pa
)

Before KS2 breakage
After KS2 breakage

(c) KS2 fracturing for the first time

15 60 105 150
0

10

20

30

40

50

(#4) (#5) (#6) (#7)

Distance from the working face (m)

St
re

ss
 (M

Pa
)

Before KS3 breakage
After KS3 breakage

15 m

(d) KS3 fracturing for the first time

30 75 120
0

10
5

15
20
25
30
35
40

(#5) (#6) (#7)

Distance from the working face (m)

St
re

ss
 (M

Pa
)

Before KS4 breakage
After KS4 breakage

30 m 75 m

(e) KS4 fracturing for the first time

15 60 105
0

10

20

30

40

(#5) (#6) (#7)

Distance from the working face (m)

St
re

ss
 (M

Pa
)

Before KS5 breakage
After KS5 breakage

15 m
60 m

(f) KS5 fracturing for the first time

Figure 4: Stress distribution during the overburden fracturing.
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intensity of KS5, the vertical displacement at the immediate
roof was still up to 0.48m, and the breaking impact on the
support was slightly lower than that of KS4.

Based on the comprehensive analysis of the overlying
strata fracturing, it was found that due to the large mining
thickness of the coal seam and the wide range of overlying
rock migration, the key strata of KS1 to KS5 all broke, and
the key strata at different levels had different influences on
the working face. The fracturing of KS1 and KS2 in the near
field formed a cantilever beam and masonry beam structure,
which resulted in a slight ground pressure on the working
face. When the far field KS4 broke, due to its great thickness
and wide breaking span of 170m, the ground pressure on the
working face was most intense. The intension of the KS5
fracturing was also high with a breaking span of 175m, but
due to the long distance from the coal seam and the stable
structure in the lower strata, the effects of KS5 fracturing
on the working face was reduced compared to KS4, and the
working face showed slightly strong ground pressure.

3.2. Variation of Abutment Stress in the Coal Body. The above
analysis was made based on the overburden structural char-
acteristics and displacements when the key strata broke at
different layers. The influence of the occurrence and fractur-
ing of key strata on the stress distribution in the coal body
could be gained based on the monitored strain value; the cal-
culation process is shown in the following. The strain gauges
in the coal seam were numbered 1-7 along the mining direc-
tion of the working face, as shown in Figure 2(c). Four strain
gauges were selected to decide the elasticity modulus, as
shown in Table 4. Thus, based on the elasticity modulus
and monitored strain, the stress variation at each monitor
point were gained, as shown in Figure 4.

The abutment stress distribution during the first fractur-
ing of the main roof is shown in Figure 4(a), where the No.1
monitoring point is next to the working face. After the main
roof breaks, the stress at the No.1 monitoring point decreases
from 24 to 14MPa, indicating that the stress concentration
on the coal wall is reduced to a certain extent. When KS1
broke for the first time, the No.2 monitoring point is close
to the working face. Due to the rotation of KS1, the stress
at the coal wall increases from 24 to 28MPa, as shown in
Figure 4(b). During the first breaking of KS2, the No.3 mon-
itoring point is 15m from the working face, and the strata
fracturing has little impact on the abutment stress, as shown
in Figure 4(c). When KS3 first broke, the No.4 monitoring
point is 15m from the working face. As a result of KS3 break-

ing, the stress value at No.4 monitoring point increases from
36 to 43MPa. Meanwhile, at monitoring points No.5 and
No.6, the stress decreases slightly, as shown in Figure 4(d),
indicating that the stress concentration in the advanced
60m is reduced. When KS4 breaks, monitoring points No.5
and No.6 are 30m and 75m, respectively, away from the
working face. The stress values at monitoring points #5 and
#6 are reduced from 31 and 34MPa to 29 and 32MPa,
respectively, as shown in Figure 4(e). When KS5 broke for
the first time, monitoring points No.5 and No.6 is 15m and
60m, respectively, away from the working face. The stress
change law is similar to that for KS4, as shown in
Figure 4(f).

The influence of hard roof fracturing at different layers
on the peak stress and the range of the abutment stress in
the advanced coal body were obtained statistically (see
Table 5).

As shown in Table 5, with the development of the over-
burden caving height, the abutment stress and the influence
range in advanced coal seam increase accordingly. The peak
stress in the advanced coal body increases slightly (30 to
34MPa), and the advanced range of influence increases
greatly. Before the critical fracturing of KS4, the range of
influence of the advanced abutment stress reaches 120m.

When the key strata broke, the strata rotations squeezed
the coal body near the working face, causing the stress on
the coal body to rise. Affected by the strain monitoring layout
interval, it was impossible to accurately calculate the range of
influence in the advanced coal body affected by the fracturing
of each key layer, but we could still find from Table 5 that the
fracturing of KS4 resulted in a strong compression zone of
15–30m in advance of the working face. With the increase
of the distance between the key stratum and coal seam, the
buffer action of the underlying strata was strengthened, and
the strong compression area in the advanced coal body was
weakened accordingly (e.g., KS5). As the distance between
the key stratum and the coal seam decreased, the breaking
span and the range of the advanced compression zone
decreased accordingly (e.g., KS3).

3.3. The Advanced Failure Zone. Based on the noncontact
strain monitoring system, the strain variation characteristics
of the advanced coal body were gained through the strain
measurement line to further study the range and degree of
influence on strong compression areas caused by the fractur-
ing of each key layer.

Strain measurement lines were arranged at the interface
of the coal seam and immediate roof to obtain strain varia-
tion of the coal body after the fracturing of KS1 to KS5, as
shown in Figure 2; the results are shown in Figure 5. The
abscissa represents the location of monitoring points along
the mining direction, the leftmost side of the model is the
coordinate zero point, and the coordinate axis increases
along the mining direction of the working face accordingly.
The length of the model is 375m.

The boundary pillar of 15m was retained in the model.
When the working face was mined to 105 (corresponds to
abscissa x = 120m), KS1 broke, and a statistical strain curve
of the coal body before and after KS1 was obtained, as shown

Table 5: Range of stress influence before and after strata fracturing.

Before breaking After breaking
Peak stress
(MPa)

Influence
range (m)

Action
range (m)

Stress variation
(MPa)

KS1 30 45 ﹥0 24⟶ 28

KS2 33 60 ﹤15 —

KS3 25 60 ﹥15 36⟶ 43

KS4 34 120 ﹤30 —

KS5 33 105 ﹥15 —

10 Geofluids



in Figure 5(a). The simulated support is 15m long. From
Figure 5(a), we can find that the coal body is compressed in
the advanced 5m, that is, the impact range of the KS1 frac-
turing on the advanced coal body is about 5m. Similarly,
the strain curve during KS2 fracturing is obtained as shown
in Figure 5(b). Compared with KS1, the compressed zone
in the advanced coal body caused by KS2 fracturing slightly
increases, reaching 6m. As shown in Figure 5(c), the com-
pressed range in the advanced coal body during the fractur-
ing of KS3 reaches 10m. According to the coal body failure

criterion obtained from the test, the fracturing of KS3
resulted in 3m of advanced coal body failure.

When KS4 broke, due to its high breaking strength and
strong impact, the strain on the coal body was greatly
increased, as shown in Figure 5(d). The maximum strain var-
iable in the advanced coal body is up to 0.07, which could eas-
ily cause the crash of supports and the advanced influence
range of 20m. The coal body is severely compressed in the
advanced 20m. Similar to KS4, the action of KS5 fracturing
on the advanced coal body is also relatively serious, but the
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(b) Strain of coal body during KS2 fracturing
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180 210 240 270 300 330 360
0.00

0.02

0.04

0.06
20 m

0.08

Distance to working face (m)

St
ra

in
 o

f c
oa

l b
od

y

Before KS4 breaking
After KS4 breaking

(d) Strain of coal body during KS4 fracturing
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Figure 5: Strain of coal body during fracturing of different key strata.

11Geofluids



range of influence and action intensity are lower than that of
KS4, as shown in Figure 5(e). The range of influence from the
KS5 fracturing on the advanced coal body is 16m.

4. Discussion

According to Figure 5, the range of influence and degree of
overburden-key-strata fracturing in the advanced coal body
are statistically obtained as shown in Figure 6. It can be seen
from Figure 6 that, with an increase of the occurrence level of
key strata, the impact strength of each key layer fracturing on
the coal body increases accordingly. The fracturing of KS4
has the strongest effect on the advanced coal body, with the
maximum strain variation of the coal body reaching 0.036
and the influence range reaching 20m. With further increase
of the distance between the key layer and the coal seam, tak-
ing KS5 as an example, the action strength of KS5 on the
advanced coal body decreases, the change of strain on the
coal body is 0.013, and the range of influence decreases to
16m. As the distance between the key strata and the coal
seam gets closer, the intensity of the key strata fracturing will
also decrease due to decrease of the breaking span of the key
strata. Taking KS3 as an example, the maximum change in
the strain on the advanced coal body caused by the KS3 frac-
turing is 0.005, and the range of influence is 10m.

Combined with the above studies, we can find that the
impact strength of the fracturing of key strata on the mining
panel pressure is directly related to the breaking span, occur-
rence location, and distribution of the underlying strata. The
physical simulation studies show that KS4 fracturing had the
strongest effect on the mining panel pressure, followed by
KS5. The ratio of the distance between KS4 and KS5 from
the coal seam and the coal seam thickness are 5.35 : 1 and
7.3 : 1, respectively.

From Figure 6, we can see that the compression induced
in the coal body by the fracturing of KS4 and KS5 are greater
than that of KS1–KS3. This is mainly because during the frac-
turing of KS1 to KS3, the lower bed-separation space and key
layer rotation angle are big. Although the impact velocity of
the key strata is larger, the breaking step of key strata is rela-
tively small. In addition, the key strata are more likely to act
on the goaf caved rock mass, as shown in Figure 7(a), which
has a weak impact on the mining panel pressure.

As the overburden fracture height develops, the bed-
separation space under the far field key strata decreases,
and the impact velocity after the breaking of key strata
decreases accordingly. However, the kinetic energy after a
far field key strata break is huge due to its great thickness,
high strength, and large breaking interval, coupled with small
rotary space. The kinetic energy of strata fracturing mostly
acts on the lower overburden, resulting in a synchronous
rotary movement of the lower overburden rock strata. This
causes strong ground pressure in the advanced coal body
and working face, as shown in Figure 7(b).

With further increase of the vertical distance between the
key strata and the coal seam, the bed-separation space is fur-
ther reduced, and the energy transferred from the key strata
fracturing to the coal seam is weakened accordingly. Strata
fracturing does not necessarily cause instability and synchro-

nous movement of the underlying strata. According to the
above physical simulation analysis, in this geological condi-
tion, the KS4 fracturing (in the far field) has the most serious
impact on the working face, followed by KS5. The vertical
distance from the coal seam of KS4 and KS5 are 107 and
146m, respectively, and the ratio of the vertical distance to
the coal-seam thickness is 5.35 and 7.3, respectively.

At the same time, we also used the method of field mea-
surement to study the ground pressure in the mining of
extrathick coal seams with hard roofs [13, 15]. The thickness
of the coal seam was 19m, and the method of top coal caving
mining was adopted. The strata movement measurement
points were arranged in key strata at different levels (22, 51,
and 104m away from the coal seam). The thickness of the
three key strata was 12, 9.8, and 23m from the bottom up.
Meanwhile, the resistance characteristics of the working face
support were recorded in real time, as shown in Figure 8. The
monitoring results showed that the support resistance in the
working face increased with fracturing of the two key strata,
which were 22 and 51m away from the coal seam at the
low level, and the dynamic load coefficient of the support
was 1.15 and 1.34, respectively. The pressure duration was
7 h and 16 h, respectively, and the working face had no
obvious indications of strong ground pressure. When the
23m-thick key layer (which was 104m from the coal seam)
broke, the #35–95 supports in the working face were crushed,
and the dynamic load coefficient of the supports reached
1.54. The pressure duration reached 43h, and the ratio of
the distance between the highest key layer and the coal seam,
to the coal seam thickness, was 5.47.

Thus, due to the great thickness of the extrathick coal
seam, the range of the overburden movement was huge and
the key strata at all different levels broke. Among them, the
hard roof in the far field had the largest breaking span and
highest energy intensity. This resulted in the synchronous
rotation of the underlying strata, which is the main reason
of the occurrence of strong ground pressure on the working
face. Based on the above studies, it was found that thick, hard
strata, with the ratio of the distance from the coal seam to the
coal seam thickness between 5.3 and 7.3, have the most
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Figure 6: Effect on the coal body of fracturing of different levels of
hard strata.
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serious impact on the working face. That is, when a 20m-
thick coal seam is mined, the thick and hard roof, which is
within the range of 106m to 146m away from the coal seam,
has the greatest impact on the mining pressure of the work-
ing face. The results provide a theoretical basis for guiding
the selection of the hard roof control layer in a large space
and improve the reliability of the hard roof control. The
results show that the high-level hard strata are the main fac-
tor causing strong ground pressure in the stope, which breaks
through our idea of control ground pressure by low-level
rock weakening and improves the reliability and accuracy
of ground pressure control. For the control of high-level hard
strata, traditional technical means cannot reach that height.
Thus, our team developed a technical method of ground frac-
turing to control high-level hard strata and achieved success.
This will be introduced in the follow-up researches.

5. Conclusions

(1) Based on physical simulation criterion, a physical
model for the mining of an extrathick coal seam with
hard roofs was established and the methods of non-
contact strain monitor and abutment stress monitor-
ing were used to study the structure characteristics

and the corresponding ground pressure of hard roofs
at different levels

(2) The research showed that the lower key strata mostly
collapse into goaf, thus having less impact on the
working face and advanced coal body. During the
thick, hard key stratum in the far field breaking, the
large fracturing span and high strength result in
instability and synchronous rotation of the underly-
ing strata, thus causing the supports crashed and
advanced coal body damaged, which is the main rea-
son for the occurrence of strong ground pressure

(3) Combined with the physical simulation and field
measurement studies, it is found that the characteris-
tics of ground pressure vary with the levels at which
the key strata occur. During the mining of an extra-
thick coal seam with hard roofs, thick and hard strata
with a ratio (of the distance from the coal seam to
seam thickness) of 5.3–7.3 have the greatest influence
on the working face

Data Availability

The data and material are transparent and included in
the paper.
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The premixed abrasive jet possesses a strong strike ability and is widely used in oil and gas exploitation, machining, rust
removal, and other fields. The superstrong, forceful impact of the premixed abrasive jet is mainly provided by high-speed
abrasive groups. Hence, the abrasive velocity is the basis of this research, by applying the distribution law of abrasive
impact force. In this paper, the particle velocity of the premixed abrasive jet is analyzed theoretically, and the
corresponding particle velocity model is established. The real-time contrast interpolation method is employed to solve the
problem of the variable drag coefficient. Factors such as the nozzle structure, average abrasive diameter, abrasive density,
and jet flow are utilized to determine the abrasive velocity of the nozzle outlet. The numerical solution for the abrasive
velocity is obtained by dividing the high-pressure pipe and nozzle into several sections, along the axis. Finally, the
calculated particle velocity is compared with the particle image velocity measurement (PIV), to verify the correctness of
the established model. These results demonstrate that the model calculation is in effective agreement with the experimental
results. The deviation between the theoretical value and the experimental mean is 0.18m/s. The standard deviation of the
experimental results is 3.81-4.22m/s, while the average error is less than 4%.

1. Introduction

Abrasive water jet technology has seen rapid development in
modern times. It is widely used in industrial cutting, tunnel-
ing, surface cleaning, and drilling applications [1–3] due to
characteristics that include cold state, spot cutting, universal-
ity, good cutting quality, and strong cutting performance;
this technology is also environmentally protective and
pollution-free. It is well known that the striking force of the
premixed abrasive jet is provided primarily by the abrasive
itself and that the striking force is closely related to the speed
of the abrasive. The velocity field of the premixed abrasive jet
is studied to provide support for the analysis of the distribu-
tion law in abrasive jet hitting force; based on this work, the

acceleration process and acceleration mechanism of the abra-
sive jet are analyzed in-depth.

There are complex pulsation mechanisms in an abrasive
water jet, which are affected by various forces in the process
of acceleration. Research on abrasive jets has previously
focused on experimental means and numerical abrasive
assessments; however, this theoretical research does not pro-
vide a thorough understanding of these mechanisms. Hlaváč
et al. [4, 5] and Liu et al. [6] conducted stress analysis on a
single abrasive and then established a motion equation for
the abrasive; although these results were useful, the stress
analysis of the abrasive jet in the flow field was not compre-
hensive. Chen and Siores [7], Haj Mohammad Jafar et al.
[8], Laniel et al. [9], Wang et al. [10], and Liu et al. [11]
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studied the abrasive jet flow field by using the numerical simu-
lation method and achieved good results. However, due to the
complex pulsation phenomenon of the abrasive jet, the results
obtained from numerical simulation were still far from the
actual flow field of the abrasive jet. Stevenson and Hutchings
[12] and Huang et al. [13, 14] conducted research on abrasive
jets using experimental methods and reached some beneficial
conclusions. Swanson et al. [15] and Miller and Archibald
[16] used two electromagnetic induction coils to measure the
movement process of abrasive particles in a postmixing collima-
tor. This method was limited in that it could only measure the
average velocity of abrasive particles in a certain section and
failed to obtain the radial position of abrasive particles in the
jet. Momber and Kovacevic [17] calculated the time integral
of the jet impact force according to the impact momentum rela-
tionship and obtained the relationship between jet velocity and
jet impact force. This method was simple to execute but was
only capable of measuring jet velocity after the jet penetrated
the workpiece. However, these previous studies mostly treated
the drag coefficient, a key parameter, as a constant and did
not consider the influence of the Basset force on the abrasive
acceleration; thus, it was difficult to comprehensively analyze
the problem of abrasive stress.

In recent years, domestic and foreign scholars have con-
ducted in-depth research on various flow fields by using PIV
technology (particle image velocimeter) and, in doing so, have
achieved productive results [18]. This technology provides for
a type of noncontact measurement with large testing ranges
and high precisions, which is widely used in various flow field
tests. The measurement principle is as follows: under the pre-
mise of reasonably assigning pulse time, the flow field illumi-
nated by the pulse-type laser plate light source is captured by
a camera, and a series of images of the flow field tracer parti-
cles are obtained. The images are analyzed for correlation,
and the velocity of the flow field is represented by the displace-
ment of the tracer particles. To ensure a high correlation coef-
ficient for correlation analysis, it is necessary to ensure that
each image query interval has 5-10 tracer particles. For ordi-
nary liquid flow field, trace particles at specific concentrations
can be added to the fluid. For an abrasive jet, tracer particles
cannot represent abrasive displacement, and since abrasive
particles are large in size, it is difficult to reach a concentration
of 5-10 particles within each query interval. Therefore, it
remains difficult to test the abrasive velocity field directly with
PIV technology alone. To this end, this paper proposes using
PIV technology in combination with an independent abrasive
center recognition program, thus realizing a noncontact test-
ing method and using real-time comparison interpolation
analysis. The influence of the resistance coefficient and the
Basset force on abrasive acceleration can then be assessed,
and an abrasive movement differential equation can be devel-
oped, which is solved by an iterative algorithm to achieve a
more comprehensive and accurate interpretation of the abra-
sive mechanism of acceleration.

2. Abrasive Force Analysis

The abrasive is subjected to the following main forces during
acceleration: viscous resistance, virtual mass, Basset force, pres-

sure gradient force, Magnus force, and Saffman force. Accord-
ing to Newton’s second law of motion, the Euler form of the
differential equation for abrasive motion can be expressed as

4π
3 rp

3ρp
dVp

dt
= CD
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where rp is the abrasive radius, subscript f is the liquid phase,
subscript p is the abrasive, ρ is the density, V is the velocity, t
is the time, CD is the drag coefficient, S is the windward area
of the abrasive, and tp0 indicates that the particle begins to accel-
erate at themoment, tp is the iteration termination time, P is the
liquid pressure, and x is the displacement.

The first item is the viscous resistance, the second item is
the virtual mass force, the third item is the Basset force, the
fourth item is the pressure gradient force, the fifth item is
the Magnus force, and the sixth item is the Saffman force.

3. Acceleration Mechanism of the Abrasive in a
High-Pressure Pipeline

3.1. Iterative Algorithms. In the premixed abrasive jet, the
abrasive particles are fluidized in the high-pressure abrasive
tank and passed from the control valve, through the mixing
chamber, and into the main flow of the high-pressure pipe-
line. An interaction force is generated due to unequal flow
rates of the abrasive particles and the high-pressure water.
The abrasive particles are subjected to the first acceleration.
At this point, the following assumptions are made:

(1) The volume of the premixed abrasive jet studied in
the paper is approximately 5%. Considering the very
sparse, solid-liquid two-phase flow, the interaction
force between the abrasive particles is neglected

(2) The abrasive is a rigid sphere

Abrasives are mainly affected by viscous drag, virtual
mass, and Basset forces in high-pressure pipelines. Therefore,
the Euler form of the differential equation for the movement
of abrasive particles in a high-pressure pipe is

4π
3 rp

3ρp
dVp

dt
= CD
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where the i step is set and the speed of the abrasive is Vi.
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The drag coefficient CD is a key parameter in the calcula-
tion of resistance. The accuracy of this parameter directly
affects the result of the resistance calculation. Since the
boundary layer of the spherical particle surface is very com-
plicated, there are only a few special cases where the CD can
be derived from the equations. At present, the drag coeffi-
cient is mainly determined experimentally. The relationship
between the drag coefficient and the Reynolds number of a
single rigid sphere, which was obtained by a large number
of experiments in a stationary, isothermal, incompressible,
and infinite flow field of fluid (referred to as the standard
resistance curve), is shown in Figure 1.

Previous research often designated the drag coefficient
as a constant or replaced it with a certain formula, which
affected the calculation accuracy to some extent. To elim-
inate this effect, this study uses a real-time contrast inter-
polation method for analysis. The study utilizes MATLAB
to identify the function depicted in Figure 1 and to estab-
lish a database of CD values that change with the Reynolds
number. The current Reynolds number is calculated
according to the abrasive speed Vi and is compared to
those in the database. Three sets of data are selected both
before and after the current Reynolds number. According
to the six sets of data and using the cubic spline interpo-
lation method to find the resistance coefficient CDi corre-
sponding to the current Reynolds number, the viscous
resistance can be expressed as

Fdi = CDi
1
2 ρf V f −Vpi

�� �� V f −Vpi

� �
S: ð3Þ

The Basset force is a force related to the acceleration
of abrasives. Let tp0 = 0, when calculating to the ith step,
tpi = i × Δt, τ = n × Δt, then:

FBi = −KB
ffiffiffiffiffiffiffiffiffiffi
πμρf

p
rp

2 × 〠
n=i‐1

n=1

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
i × Δt − n × Δt

p × ai × Δt: ð4Þ

In the high-pressure pipeline, it can be assumed that
the velocity V f of the high-pressure water is constant,
and the virtual mass force can be expressed as

Fmi = −
2
3π ⋅ rp

3ρf ai: ð5Þ

For the simultaneous type 2 and the formula (5), the
obtained acceleration expression is as follows:

ai =
Fdi + FBi

4/3π ⋅ rp3ρp + 2/3π ⋅ rp3ρf
: ð6Þ

The speed Vi+1 and the displacement si+1 of the abra-
sive at the i + 1th step are calculated according to the
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Figure 1: The relationship between the viscous resistance coefficient
of the sphere and the Reynolds number. 1: Stokes’ law; 2: Ossen’s
formula; 3: Newton’s formula; 4: standard resistance curve.
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acceleration, and the relevant parameters are brought into
the iterative algorithm to continue the loop calculation.

3.2. Case Analysis. The high-pressure pipe in this study had a
flow rate of 50 L/min and a diameter of 20mm. The abrasive
used was ceramsite, which has a size of 20 mesh, an abrasive
apparent density of 2.7 kg/L, and a dynamic viscosity coeffi-
cient of 1:14 ∗ 10−3 kg · m−1 · s−1. The time step was set at
0.00002 s, and the total step size was 20,000. The calculation
result is shown in Figure 2.

It can be seen from Figure 2 that the abrasive accelerated
to 0.2% of the liquid phase after 0.2m of acceleration; after
0.8m of acceleration, the speed had reached 92.6% of the liq-
uid phase. The abrasive continued to accelerate until the
speed was infinitely close to the speed of the liquid phase.
Figure 3 shows the relationship between the forces and the
displacement during the acceleration of the abrasive.

It can be seen from Figure 3 that the viscous resistance Fd
coincides with the direction of the abrasive movement when
the abrasive is accelerated in the pipeline and plays a major
role in the acceleration of the abrasive. Depending on the
mass force Fm and the Basset force FB, the direction of the

abrasive movement is opposite, which acts to hinder the
acceleration of the abrasive. During the acceleration of the
abrasive, the virtual mass force Fm decays rapidly and gradu-
ally approaches zero. Although the viscous drag and the Bas-
set are also attenuating, the decay rate is not fast. In the later
stage of acceleration, the abrasive movement is mainly
affected by viscous drag and Basset forces, but the two direc-
tions are opposite. As the difference between the abrasive
accelerations gradually decreases, the abrasive acceleration
also decays rapidly, but the speed of the abrasive and liquid
phase at this point is infinitely close.

4. Acceleration Mechanism of the Abrasive in
the Nozzle

The abrasive accelerated for the first time within the high-
pressure pipeline; however, the kinetic energy obtained by
the abrasive was small because of the small flow velocity in
the pipeline. The second acceleration of the abrasive was
accomplished in the nozzle. In this paper, the common con-
ical convergent nozzle is taken as the research object.
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Figure 5: The velocity contrast curve of abrasive to water phase in the nozzle.
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4.1. Iterative Algorithm. The abrasive is mainly affected by
viscous resistance, virtual mass force, and Basset force in
the straight section of the nozzle. Its algorithm is consis-
tent with that of abrasive in the pipeline, which is not dis-
cussed here. Abrasives are affected not only by the above
three forces but also by the pressure gradient force in
the convergence section of the nozzle. The Eulerian form
of the differential equation for motion can be expressed
as follows:

4π
3 rp

3ρp
dVp

dt
= CD

1
2 ρf V f −Vp

�� �� V f − Vp

� �
S

+ 2
3π ⋅ rp

3ρf
d
dt

V f − Vp

� �
+ KB

ffiffiffiffiffiffiffiffiffiffi
πμρf

p
rp

2
ðtp
tp0

1ffiffiffiffiffiffiffiffiffiffiffi
tp − τ

p d
dt

V f −Vp

� �� �

� dτ − 4
3πrp

3
� �

∂p
∂x

:

ð7Þ

In step 1, the velocity of the abrasive is Vi, and the
calculation of viscous resistance, Basset force, and virtual
mass force is as follows. Step 2 will not be repeated here.
In this paper, the pressure gradient force was analyzed in
detail. The pressure gradient force is a force formed by
nonuniformity of the additional pressure distribution
caused by the pressure gradient, which is the key parame-
ter of the force. As shown in Figure 4, a schematic of the
pressure change is given for displacement dx.

Assuming that water is incompressible and the change of
gravitational potential energy of liquid phase in the nozzle
can be neglected, it can be seen from the law of conservation
of mass and Bernoulli equation:

P0 − P1 =
1
2 ρf V0

2 r0
r1

− 1
� �

r0
r1

+ 1
� �

r0
r1

� �2
+ 1

" #
: ð8Þ

Since it is infinitesimal, formula (8) can be simplified to

P0 − P1 =
ρf V0

2dx tan θ/2ð Þ
2r0

: ð9Þ

Therefore, the pressure gradient force can be expressed as

Fpi =
4
3πrp

3 ρf V f i
2 tan θ/2ð Þ
2rpi

: ð10Þ

Then, the expression of acceleration is as follows:

ai =
Fdi + Fpi + FBi

4/3ð Þπ ⋅ rp3ρp + 2/3ð Þπ ⋅ rp3ρf

� 	 : ð11Þ

According to the acceleration calculation, the velocity of
the abrasive Vi+1 and the displacement si + 1 are calculated
at step i + 1. When the displacement si + 1 of the abrasive is
larger than the length of the convergence section of the noz-
zle, the calculation stops. When the displacement si + 1 of the

Laser head Generating laser

Laser beam

Water jet beam

Computer
Water jet velocity field

Jet velocity measurement and
abrasive distribution map

Water nozzle

CCD camera

Figure 7: System diagram of velocity measurement with an abrasive jet.

Table 1: Parameter settings for the experiment.

Type Cylindrical

Nozzle length of straight segment (mm) 5, 7, 9, 11

Nozzle length of convergence section (mm) 14, 17, 20, 23

Nozzle inner diameter (mm) 3

Nozzle inlet flow (L/min) 50

Abrasive Ceramsite

Abrasive mean diameter (mm) 0.425-0.85

Abrasive density (kg/m3) 2.7

Table 2: The descriptive statistics of abrasive’s velocity.

Mean
Standard
deviation

Standard error of
mean

V (abrasive
speed)

94.70 3.74 0.563
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abrasive is smaller than the length of the convergence section
of the nozzle, the cycle calculation continues. When the abra-
sive accelerates in the straight section of the nozzle, the calcu-
lation is carried out according to the iteration algorithm in
step 3. When the abrasive displacement is greater than the
length of the straight section of the nozzle, the iteration ends.

4.2. Example Analysis. The conditions of the numerical
example analysis are as follows: the flow rate is 50 L/min,
the diameter of the high-pressure pipeline is 20mm, the
abrasive type is ceramsite, the abrasive size is 20 mesh, the
apparent density of the abrasive is 2.7 kg/L, the dynamic vis-
cous coefficient is 1:14 ∗ 10−3 kgm−1 s−1, the time step is
0.00002 s, the total step length is 20,000, the nozzle diameter
is 3mm, the convergence length is 23mm, the linear segment
length is 11mm, and the convergence angle is 14 degrees.
Assuming that the abrasive accelerates sufficiently in the
high-pressure pipeline, the velocity of the liquid phase in
the pipeline can be regarded as the initial velocity of the abra-
sive at the nozzle entrance. The above parameters are
substituted into the iteration program for calculation, and
the results are shown in Figure 5.

As seen from Figure 5(a), the liquid phase acceleration in
the convergence zone is accompanied by a significant
increase in the abrasive speed. In the first half of the conver-
gence section of the nozzle, the liquid velocity is not substan-
tial, and the abrasive velocity is not increasing rapidly. In the
second half of the convergence stage, the liquid phase velocity
increases sharply, and the abrasive velocity also increases
sharply. From Figure 5(b), it can be seen that the velocity of
the abrasive rapidly approaches that of the liquid phase when
the displacement is less than 10mm, indicating that the
acceleration of abrasive is greater than that of the liquid
phase. In the first half of the convergence stage, the change
in the flow area is slow, the liquid phase acceleration is slow,
and the initial abrasive velocity is low. There is a notable dif-
ference between the abrasive velocity and the liquid phase
velocity, which suggests that the abrasive acceleration is
greater than the liquid phase acceleration. In the second half
of the convergence stage, the liquid velocity increases sharply
and the abrasive acceleration delays, so the velocity ratio
decreases after 15mm. In the straight-line section, the liquid
phase velocity remains unchanged, and the abrasive velocity
at the nozzle outlet reaches 80% of the liquid phase. Thus,
there is still a certain gap between the abrasive velocity and
the liquid phase velocity. Figure 6 shows the relationship
between forces and displacements in the process of abrasive
acceleration.

Figure 6(a) shows that the pressure gradient force, virtual
mass force, viscous drag force, and Basset force are applied to
the abrasive in the convergence section of the nozzle from
large to small. The pressure gradient force plays a particularly
major role. Figure 6(b) shows that the force acting on the

abrasive in the straight line of the nozzle is viscous resistance,
Basset force, and virtual mass force, in turn. The viscous
resistance is consistent with the direction of abrasive motion
and plays a major role in the acceleration process. The virtual
mass force and Basset force are opposite to the direction of
acceleration, which hinders acceleration. Equation (7) shows
that the viscous resistance is related to the velocity difference
between the abrasive and the liquid phase, so the viscous
resistance decreases with the acceleration of the abrasive.
The virtual mass force and Basset force are related to the
acceleration of the abrasive, while the acceleration of the
abrasive in the straight section changes little; thus, the virtual
mass force and Basset force change little. The summary anal-
ysis shows that the acceleration of abrasive is slow in the
straight section of the nozzle.

5. Experimental Verification

5.1. Experimental Equipment and Methods. The models were
assessed by comparing the calculated and experimental parti-
cle velocities measured using a particle image velocimetry
(PIV) system. PIV is a nonintrusive laser-optical method
for fast flow field measurement. In a PIV system, a laser gen-
erates a thin light sheet inside the flow. With a pulsed laser, a
cross-correlation camera acquires two consecutive images of
the particles transported with the flow. The particles have a
displacement proportional to the flow velocity. With the
known pulse distance and the calibrated scaling factor of
the camera, the flow velocity can be calculated by the special-
ized software with the system. A detailed description of the
PIV measurement technique can be found in one paper by
Zuo et al. [19].

The PIV system used in this paper is produced by TSI
Company. The specific information is as follows: (1) laser
model: PIV00461, output energy: 2 × 120mJ/pulse; (2) light
arm and light source lens group model: 610015-SOL; (3) syn-
chronizer model: 610034; (4) CCD camera model: 630057,
resolution: 1:6K × 1:2K, frame rate: 32 frames per second.

The abrasive speed test system diagram used in the exper-
iment is shown in Figure 7. The system consists of two parts,
a premixed abrasive generator and an abrasive speed tester.

The major parameter settings for the abrasive air jet are
given in Table 1. The descriptive statistics of abrasive velocity
are given in Table 2. The statistics of abrasive velocity at the
nozzle exit can be seen in Table 3.

Table 3: T-test of abrasive’s velocity sample.

t df Sig (bilateral) Mean difference Lower limit Upper limit

V (abrasive speed) 0.352 46 0.726 0.198 93.19 96.21

Figure 8: The pure water jet picture taken by PIV.
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As shown in Figure 7, the jet is injected from left to right
by nozzle 8, and the lamp light source 9 is irradiated from top
to bottom. The irradiation surface is a vertical plane passing
through the jet axis. The CCD camera is arranged perpendic-
ular to the irradiation surface and photographs the irradia-
tion surface from inside to outside. The range of the CCD
camera is 19:94mm × 14:85mm, and the pixels are 1600 ×
1192. The size of each pixel is 12.46μm. The time interval
between two photos in the same frame is 20μs. The obtained
images are shown in Figures 8 and 9. The shooting range is
19.94mm from the nozzle outlet to the target distance.

Figure 8 presents the results obtained for a pure water jet
and Figure 9 for an abrasive jet. In Figures 9(a) and 9(b), the
black spot circled by the white rectangle is the same abrasive,
which clearly shows the direction of the abrasive movement.
When the interval time between two pictures is known, the
velocity of the abrasive can be obtained by calculating the dis-
placement of the black spot.

5.2. Comparative Analysis. Four groups of nozzles with con-
vergence section lengths of 23mm, convergence angles of 14
degrees, and straight section lengths of 5mm, 7mm, 9mm,
and 11mm were selected for experiments. The experimental
flow rate was 50 L/min. PIV shooting conditions remain
unchanged, with a shooting range from the nozzle outlet to
the target distance of 19.94mm and a shooting width of
14.85mm. The Laida criterion was used to eliminate abnor-
mal test data. The parameter hypothesis test was carried
out for a nozzle with an 11mm straight length. An abrasive
theoretical velocity of 94.51 was the original hypothesis,
while an alternative hypothesis of 94.5 was also considered.
Given a significance level = 0:01, the test results returned by
the statistical software SPSS are as follows:

Since the value p = 0:726 ≥ 0:01 falls within the accep-
tance domain, the original hypothesis cannot be rejected; that
is, there is no significant difference between the abrasive
velocity parameter and the test value of 94.51. Further, the
99% confidence interval tells us that there is a 99% chance
that the abrasive velocity value is between (93.19, 96.21),
and 94.51 is included in this confidence interval, which also
confirms the above inference; thus, the theoretical calculation
and experimental results are satisfied.

Using the same method, based on the parameter hypoth-
esis test, the abrasive velocity test results and theoretical
values at the nozzle outlet with different linear lengths are
verified, as shown in Table 4.

After the parameter hypothesis test, the experimental and
theoretical values are compared and analyzed, and the results

show that the experimental and theoretical values meet the
consistency. Figure 10 is a comparison between the theoreti-
cal and experimental results of abrasive velocity at the nozzle
outlet.

From Figure 10, the theoretical value of abrasive velocity
agrees well with the experimental value. The deviation
between the theoretical value and the experimental mean
value is 0.19m/s, and the standard deviation is 3.74-
4.46m/s. The experimental results are in good agreement
with the calculated results.

Four groups of nozzles with linear lengths of 11mm, con-
vergence angles of 14 degrees, and convergence section
lengths of 14mm, 17mm, 20mm, and 23mm were selected
for the same experiment. Using the Laida criterion to elimi-
nate abnormal test data, the mean and standard deviation
of the abrasive velocity at the nozzle outlet, with different
lengths of convergence sections, were obtained and validated

(a) A frame (b) B frame

Figure 9: The picture of the abrasive water jet taken by PIV.

Table 4: The statistics of abrasive’s velocity at the exit of the nozzle.

Nozzle straight
section length
(mm)

Mean
(m/s)

Standard
deviation

Theoretical
value (m/s)

Consistency

5 90.70 4.32 90.87 Satisfy

7 92.43 4.46 92.24 Satisfy

9 93.57 3.80 93.44 Satisfy

11 94.70 3.74 94.51 Satisfy
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Figure 10: The velocity contrast figure of abrasive at the exit of the
nozzle with different lengths of a straight segment.
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by the parameter hypothesis test and theoretical value, as
shown in Table 5.

After the parameter hypothesis test, the experimental and
theoretical values were compared and analyzed, and the
results show that the experimental and theoretical values
are consistent. Figure 11 is a comparison between the theo-
retical and experimental results of abrasive velocity at the
nozzle exit.

Figure 11 shows that the theoretical value of the abrasive
velocity is in good agreement with the experimental value.
The deviation between the theoretical value and the experi-
mental mean is 0.18m/s, and the standard deviation is
3.81-4.22m/s. The experimental results are in good agree-
ment with the revariation trend of the calculated results.

6. Conclusion

The theoretical analysis and corresponding mathematical
model of the velocity of the premixed abrasive jet have been
put forward. The real-time contrast interpolation method is
utilized to solve the problem of the variable drag coefficient.
In this paper, a numerical method is proposed to calculate
the particle velocity, by discretizing the high-pressure pipe
and nozzle into several small sections, along the axial direc-
tion. By comparing the calculated and measured particle
velocity data, the model is verified experimentally. The
results prove that the model prediction is in effective agree-
ment with the experimental results, and the average error is
less than 4%.

Nomenclature

V : Jet velocity
CD: Drag coefficient
ρ: Liquid density
t: Time
τ: Duration of the peak pressure
S: Windward area of abrasive.
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Mining activities have increased owing to the rise in the social demand for minerals. Thermal hazards have become a major health
and safety consideration in mines. The thermal environment of a working face is related to the air parameters at the bottom of shaft.
The objective of this study is to accurately predict the air temperature at the bottom of a shaft in a mine with the ventilation time
over 3 years. For this purpose, a mathematical model of the heat and mass exchange between the surrounding rock of the shaft and
the downcast air is established by utilizing the finite volume method. The C++ languages are used for numerical calculations. The
results are in agreement with the measured data. The effects of the relative humidity of air at the inlet of the shaft, the surface
moisture coefficient of the shaft surface, and the physical parameters of the rock on the air parameters at the shaft bottom are
studied in detail. Equations for calculating the enthalpy increase of air per 100m in shaft with the depth of 1300m were
established by using cluster analysis. This equation provides a theoretical basis for predicting the air parameters along the shaft
with the ventilation time over 3 years.

1. Introduction

The number of high-temperature mines is increasing with
mining depth. According to statistics [1], there were almost
100 mines with a depth of more than 1000m in China by
2015, among which approximately 47 were coal mines with
an average mining depth of 1086m. In the next 10 to 15
years, 50% of iron ore resources, 33% of nonferrous metal
resources, and 53% of coal resources will be mined below
1000m. The geothermal gradient distribution in China is
high in the east and south and low in the west and north.
The geothermal gradient within a depth of 1000m (1.8–
4.3°C/100m) is linear and varies negligibly. The surface tem-
perature at a depth of 1000m is generally 40–45°C in north-
east China and the southeast coast and 35–45°C in the central

Sichuan Basin. The geothermal temperatures at a depth of
2000m typically reach 70–80°C [2]. Therefore, thermal haz-
ards are becoming an increasing concern in deep mines. It
is crucial to effectively judge the thermal hazards of the work-
ing face of a mine and accurately predict the temperature and
relative humidity of air.

The calculation of the heat and mass exchange between
the surrounding rock of an air supply shaft and the airflow
in the shaft can provide a basis for the prediction of the tem-
perature and relative humidity of air on the working face.

Numerous studies have investigated the heat and mass
transfer between airflow and excavation roadways and work-
ing surfaces. As early as 1919, South Africa began to study the
thermodynamic law of mine air flow, and Jappe [3] puts for-
ward the basic idea of the wind temperature calculation.
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Lambrechts [4] analyzed a large number of measured tem-
perature changes in shafts with an average depth of
1258.8m. They studied the relationship between the wet-
bulb temperature of airflow in a roadway and natural rock
temperature, initial wet-bulb temperature, distance, air veloc-
ity, and wall moisture content. Starfield [5] used the finite dif-
ferencemethod to calculate the wall temperature of a roadway,
and a formula was established using mathematical fitting to
rapidly predict the dry-bulb and wet-bulb temperatures of air-
flow in the roadway. The formula can be used in practice. Ross
[6] predicted the temperature, humidity, and other related cli-
mate parameters by numerical simulation. Lowndes and Har-
greaves [7, 8] developed the ventilation and climate model of
the fast tunneling roadway. Onder [9] studied the change of
air supply volume and its influence on ventilation in the
long-distance tunneling roadway. Kertikov [10] calculated
the air flow temperature and humidity of the local ventilation
drivage roadway. Sasmito [11] established a three-dimensional
unsteady local thermal nonequilibrium model to evaluate
thermal storage and the heat transfer between ventilation air
and rock pit. In 2020, based on the similarity theory, Zhu
[12] designed a facility to investigate effects of airflow velocity,
thermal diffusion coefficient, moisture content, and thermal
insulation material on the temperature field distribution in
the surrounding rock. In order to save the energy and control
mine environment, many scholars began to study how to use
surrounding rocks or abandoned mines for thermal storage.
Ghoreishi–Madiseh [13] and Zhu [14] studied the heat storage
and heat regulation of surrounding rocks; Loredo [15] studied
the heat storage ability of the isolated surveyed mine voids.

Most of the researches focus on the underground space,
and there are few researches on the heat exchange process
between the downcast air and shaft. In China, the method
of differences and regression analysis, which were first pro-
posed by Cen and Hou [16], was used to predict the air tem-
perature at a shaft in 1989. At present, the simple difference
iterative method [16], measured statistical method [4, 17],
and PSO-BP neural network prediction method [18] are pri-
marily used to calculate the air temperature at a shaft. How-
ever, these methods are too simple or geographically limited
to estimate the air temperature accurately. And they neglect
the latent heat effect of water vapor. In this work, according
to the characteristics of coupled heat and mass exchange in
the fluid–solid systems, the finite volume method is adopted
to establish a mathematical model of the heat and water
vapor exchange between the surrounding rock of an air sup-
ply shaft and the downcast air in the shaft. The formula that
can accurately calculation the air parameters of the shaft bot-
tom in different geological conditions and inlet air condition
is given by using the C++ languages.

2. Mathematical Model

The bottom of the vertical shaft is an important node of the
entire mine ventilation network. The temperature and rela-
tive humidity of the airflow in the shaft are related to the
thermal environment of the entire mine. The heat and mass
exchange between the shaft and the downcast air in the mine
are different from those in a horizontal tunnel, and they have

the following characteristics: (1) the airflow produces auto-
compression heat as it moves to the bottom of the shaft
because of height difference. (2) The temperature of the shaft
wall surface changes because of the geothermal gradient. (3)
The shaft may pass through the underground aquifers. In this
case, there is infiltration water on the shaft wall, and this
water participates in the heat and mass exchange. (4) There
may be heat dissipation by equipment and drainage pipes
in the shaft.

The following assumptions are proposed to simplify the
problem to be studied:

(1) The air supply shaft is a hollow cylinder. The sur-
rounding rock is isotropic and homogeneous, and
the original temperature of the surrounding rock
changes linearly with the depth

(2) Only the heat and mass exchange between the down-
cast air and surrounding rock is considered, and the
influence of infiltration water and other heat dissipa-
tion is neglected

(3) The temperature and humidity of air are evenly dis-
tributed on the cross section of the shaft, and the
change in the kinetic energy of the airflow is not
considered

Based on these assumptions, the heat and mass
exchange between the shaft and the airflow are shown in
Figure 1. The equations of the heat and mass balance
between the airflow and surrounding rock can be estab-
lished as follows:

Gcp
∂H
∂τ

=Qy +GgΔz − G cp tout − tinð Þ + 0:001 dout − dinð Þr� �
,

ð1Þ

Qy =Qx +Qq = hA Tw − tð Þ + hmdA dw − dð Þr: ð2Þ
Equations (1) and (2) consider the surface of the shaft

wall to be completely wet, but this is not the case. There-
fore, the above equations must be revised. Japanese
scholars first put forward the moisture coefficient of the
wet wall rock [19], and most Chinese scholars have
adopted the moisture coefficient to calculate the moisture
exchange of the wet wall rock [20]. The value ranges from
0.05 to 0.4, in which the complete wet wall is 0.4 and the
wet wall in one quarter (i.e., 0.1). After introducing the
moisture coefficient of the roadway surface, equation (2)
can be written as

Qy =Qx +Qq = hA Tw − tð Þ + hmdA dw − dð Þrf : ð3Þ

2.1. Finite Volume Meshing. As shown in Figure 2, based
on the assumption that the temperature and humidity of
air are uniformly distributed on the cross section of the
shaft in the axial direction, it can be considered that air-
flow parameters change only in the axial direction. The
axial direction from the entrance of the shaft is set as Δz
in the meshing space.
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As the temperature field of the surrounding rock is axi-
symmetric, the determination of the thermal conductivity
of the surrounding rock can be simplified to a two-
dimensional problem in the radial and axial directions. The
finite difference grid is shown in Figure 2, where the meshing
space is set as Δr and Δz.

2.2. Mathematical Model

2.2.1. Equations of Airflow Parameters. Air velocity and den-
sity are assumed to be 1m/s and 1.2 kg/m3, respectively. The
relative strength of convection and diffusion at adjacent
nodes can be measured based on the grid Peclet number
(Pe), which is defined as

Pe = ρv
λa/Δz

= 1:2 × 1
0:0267/10 = 449:3: ð4Þ

The thermal conduct of air between adjacent nodes is
negligible. According to the principle of energy and mass
balance, the change in air temperature in the shaft is equal
to the convective heat transfer between the downcast air
and the surface of the surrounding rock and the autocom-
pression. Additionally, the change in the humidity ratio of
air is equal to the mass exchange between the airflow and
the surface of the surrounding rock. Therefore, the equa-
tions of air parameters at different nodes are as follows:

Gcp
∂t
∂τ

= h Tw i − 1ð Þ − t i − 1ð Þ½ �2πR1Δz

+GgΔz − Gcp t ið Þ − t i − 1ð Þ½ �,
ð5Þ

G
∂d
∂τ

= hmd dw i − 1ð Þ − d i − 1ð Þ½ �2πR1Δzf − G d ið Þ − d i − 1ð Þ½ �:
ð6Þ

The evaporation coefficient is based on the Lewis rela-
tion.

hmd =
h

cpLe2/3
: ð7Þ

The equation can be applied to gases or liquids with Sc
ranging from 0.6–2500 and Pr ranging from 0.6–100. hmd
can be approximately considered as hmd = h/cp when Le
= 0:857.

2.2.2. Equations for the Surrounding Rock. The differential
equation of heat conduction in a two-dimensional cylindrical
coordinate system is given by equation (8).

∂2T
∂R2 + 1

R
∂T
∂R

+ ∂2T
∂z2

= α
∂T
∂τ

: ð8Þ

2.2.3. Boundary Conditions for the Surrounding Rock. The
boundary conditions in the radial direction are as follows:
the inner interface is the convective heat transfer interface
between the surrounding rock surface and downcast air.
This is regarded as the fourth type boundary condition.
The outer surface is the surface of the cooling zone sur-
face. It is a given temperature interface which is regarded
as the first type boundary condition. The temperature is
the original rock temperature.

The boundary conditions in the axial direction are as fol-
lows: the entrance of the shaft in the axial direction is set as
the soil layer of constant temperature. Thus, the temperature
at the section at z = 0 can be regarded as a temperature in the
soil layer of constant temperature. Based on literature [16],
the thickness of the stable cooling zone is considered as
approximately 10–20m, and the rock temperature within
the cooling zone is a power function distribution. The radial
temperature gradient close to the shaft surface is consider-
ably larger than the axial temperature gradient. The sur-
rounding rock temperature rapidly approaches the
original rock temperature as the radius increases. There-
fore, the axial heat transfer can be neglected compared

tout, dout

tin, din

tw
dw

Qx

Δ
Z

Qq

Qy

Figure 1: Heat and mass exchange between the surrounding rock
and airflow.
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Figure 2: Finite difference grid.
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to the radial heat transfer at the shaft bottom. The bottom
of the interface between the shaft wall and rock can be
considered as an adiabatic surface. The mathematical
model of the surrounding rock temperature is as follows:

∂2T
∂R2 + 1

R
∂T
∂R

+ ∂2T
∂z2

= α
∂T
∂τ

Tjτ=0 = Tgu ; TjR=∞ = Tgu

λ
∂T
∂R

����
R=R1

= hA Tw − tð Þ + hmdA dw − dð Þrf

8>>>>>><
>>>>>>:

: ð9Þ

The finite volume method is used to discretize differential
equation (9). According to the energy conservation equation,

it is assumed that the temperature at a node represents the
temperature of the control volume for internal node (i, j),
which can be written as

Tn i − 1, jð Þ − Tn i, jð Þ
Δz

Rj+1
2 − Rj

2� �
π + Tn i + 1, jð Þ − Tn i, jð Þ

Δz

� Rj+1
2 − Rj

2� �
π + Tn i, j − 1ð Þ − Tn i, jð Þ

Δr
2πRjΔz

+ Tn i, j + 1ð Þ − Tn i, jð Þ
Δr

2πRj+1Δz

= Tn+1 i, jð Þ − Tn i, jð Þ
αΔτ

Rj+1
2 − Rj

2� �
πΔz:

ð10Þ

This can also be written as

Tn+1 i, jð Þ = αΔτ
Tn i − 1, jð Þ + Tn i + 1, jð Þ

Δz2

�

+
Tn i, j − 1ð Þ2Rj + Tn i, j + 1ð Þ2Rj+1

Δr Rj+1
2 − Rj

2� �
#

+ 1 − αΔτ
2
Δz2

+
2Rj + 2Rj+1

Δr Rj+1
2 − Rj

2� �
 !" #

Tn i, jð Þ:

ð11Þ

Its stability condition is 1 − αΔτðð2/Δz2Þ + ð2Rj + 2Rj+1/
ΔrðRj+1

2 − Rj
2ÞÞÞ ≥ 0.

2.2.4. Temperature of the Shaft Surface. The temperature of
the shaft surface can be obtained using equation (5). Before
solving equation (5), it is necessary to determine the density
of saturated water vapor on the shaft surface, which is a
single-value function of temperature. There are numerous
empirical formulas for calculating the partial pressure of sat-
urated water vapor; most of them are complex functional
relations. To simplify the calculation, the relationship
between the density of saturated water vapor and tempera-
ture between 10–45°C is expressed as the following linear
equation:

d = 4:217e0:062t: ð12Þ

The relative error between the calculated value calcu-
lated by equation (12) and the exact value is within
2.3%. Then, the surface temperature of the shaft can be
calculated as

Tw ið Þ = λT i, 1ð Þ R1 +
Δr
4

� 	
+ 0:5ΔrhR1t ið Þ

�

−
Gf r d i + 1ð Þ − d ið Þð Þ

4πΔz



/ 0:5ΔrhR1 + λ R1 + 0:25Δrð Þ½ �:

ð13Þ
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Figure 3: Grid independence verification.
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The convective heat transfer coefficient, h, is calculated
using the formula proposed by Sherbani [21].

h = 2:33 εG
0:8U0:2

F
: ð14Þ

3. Results and Discussion

3.1. Grid Independence Verification and Ventilation Time
Selection. The geological conditions of a gold mine in Laiz-
hou in the Shandong province in China are considered.
According to the geological survey results of the Fourth Insti-
tute of Geology and Mineral Exploration of Shandong Prov-
ince, the main composition of the surrounding rock is
metagabbro when the depth is less than 1300m. The thermal
conductivity of metagabbro is 2.2W/m°C [22].The tempera-
ture in the soil layer of constant temperature is 15°C, and the
geothermal gradient is 2.2°C/100m [23]. The radius of the air
supply shaft is 2.5m, and the air supply rate is 30 kg/s.

In order to select the appropriate space step size, mesh
independence verification is carried out. As shown in
Figures 3 and 4, grids are selected to calculate the air flow
temperature in the shaft, when the step sizes are considered
as Δr = 0:5‐1m and Δz = 10, and the air flow curve almost
coincides. The variation of the air temperature in the inlet
shaft with the ventilation time is also calculated. As shown
in Figure 4, when the inlet air temperature is 15°C, the air
temperature along the shaft gradually decreases with the
increase of the ventilation time and tends to be consistent.
The temperature curves of the ventilation time at 2 and 3
years are almost coincident. At the beginning of ventilation,
the shaft wall temperature is higher, and the heat releases into
the air are higher. As the ventilation time increases, the shaft
wall is gradually cooled, and the heat release to the air is
reduced, so the airflow temperature along the shaft decreases
with time. And the radius of the heat adjusting circle expands
continuously, but the radius expands more slowly with the

time increases and approaches to the steady state gradually.
So, the temperature curves of the ventilation time at 2 and
3 years are almost coincident. In the following calculation,
the step sizes are considered as Δr = 0:5‐1m and Δz = 10m,
and the ventilation time is considered 3 years.

3.2. Validation of the Model. The comparison of the calcula-
tion results and the measured data obtained from the litera-
ture [24] is shown in Figure 5. The calculation condition in
literature [24] is as follows: the constant temperature layer
with a value of 15.7°C; the mean value of the geothermal gra-
dient is 2.91°C/100m. The shaft radius is 3.5m, and the speed
of the airflow is 3m/s. The physical properties of the wall
rock are as follows: the underground 0-99m is a mudstone
layer with a thermal conductivity of 2.1W/(m·°C); the sand-
stone layer is distributed at 100-500m underground, and its
thermal conductivity is 4.1W/(m·°C); the limestone layer
is distributed at 501-666m underground, and its thermal
conductivity is 3.1W/(m·°C). The calculated values exhibit
strong agreement with the measured values. Therefore, the
results obtained using the model are reliable. Thus, the
model is used to calculate the air parameters at the shaft
bottom under different inlet air parameters and different
thermophysical characteristics of the rock. The results are
described below.

3.3. Effect of Temperature and Relative Humidity of Inlet Air
on Temperature and Enthalpy of Air along the Intake Shaft.
As in literature [24], in this work, it is assumed that f is
0.05, the inlet air temperature is 10–25°C, and relative
humidity is 50–80%. As shown in Figures 6 and 7, the tem-
perature and relative humidity of air in the shaft are evidently
correlated with the inlet air temperature. The variation in the
air temperature in the shaft depends on the heat dissipation
of the surrounding rock and the autocompression.

The heat dissipation of the surrounding rock is composed
of the sensible heat transfer and latent heat transfer between
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the air and surrounding rock surface. The sensible heat trans-
fer may be negative when the inlet air temperature is higher
than the temperature of the surrounding rock surface. The
air dry-bulb temperature decreases when the absolute value
of the sensible heat transfer is more than the autocompres-
sion. The air dry-bulb temperature starts increasing when
the value of the sensible heat transfer is positive or the abso-
lute value of the sensible heat transfer is less than the auto-
compression. However, the enthalpy of the airflow along
the intake shaft increases because of air self-compression
and wall heat dissipation.

3.4. Effect of Temperature and Relative Humidity of Inlet Air
on the Air Temperature at the Shaft Bottom. The working effi-
ciency and thermal comfort of workers depend on the air
parameters on the working face, which are related to the air
parameters at the bottom of the shaft. The influence of the
temperature and relative humidity of inlet air on the air tem-
perature at the shaft bottom is analyzed when f = 0:05, as
shown in Figure 8. The air temperature at the shaft bottom
increases with the temperature and relative humidity of inlet
air. As relative humidity increases, the evaporation of water
on the intake shaft wall decreases and the latent heat
decreases. This increases the air temperature at the shaft bot-
tom. Figure 6 shows that the relative humidity of inlet air sig-
nificantly influences the airflow temperature along the shaft.
However, as the depth reaches 600m, the air temperature in
the shaft increases linearly with the shaft depth.

3.5. Effect of the Surface Moisture Coefficient on Air
Parameters at the Shaft Bottom. In addition to the relative
humidity of inlet air, the surface moisture coefficient of the
wall surface is related to the amount of water vapor that
enters the airflow from the wall. Therefore, the surface mois-
ture coefficient of the wall surface strongly affects the air tem-
perature at the shaft bottom. The inlet air at 15°C is
considered as an example to calculate the change in the air
temperature at the shaft bottom with f varying from 0–0.3,
as shown in Figure 9. There is no water evaporation when
the surface moisture coefficient is 0, and the heat transferred
from the surrounding rock is converted into the sensible heat
of air. Under the influence of rock heat dissipation and auto-
compression, the air temperature at the shaft bottom is up to
28.73°C, and it is not affected by the relative humidity of inlet
air. As the surface moisture coefficient increases, the air tem-
perature at the shaft bottom decreases. The air temperature at
the shaft bottom does not change significantly after the sur-
face moisture coefficient becomes more than 0.2.

0 200 400 600 800 1000 1200 1400

10

15

20

25

30

Note: solid is 80% relative humidity, and hollow is 50% relative
humidity

Depth of the intake shaft (m)

A
ir 

te
m

pe
ra

tu
re

 al
on

g 
th

e i
nt

ak
e s

ha
ft 

(°
C)

Inlet temperature 10°C
Inlet temperature 15°C
Inlet temperature 20°C
Inlet temperature 25°C
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The effect of the surface moisture coefficient on the air
enthalpy at the shaft bottom is analyzed, as shown in
Figure 9. When the inlet air temperature is 15°C, the air
enthalpy at the shaft bottom increases slightly from the dry
wall surface to the wet wall surface. However, the change is
not as evident as the increase in the surface moisture coeffi-
cient. The air enthalpy at the shaft bottom changes negligibly
after the surface moisture coefficient becomes greater than or
equal to 0.1.

Heat conduction and transfer are expressed in cylinder
coordinates by the following equations:

Q =
2π tgu − t
� �

1/R1ξhð Þ + 1/λð Þ ln Rn/R1ð Þ ,

ξ =
Qy

Qx
= h tw − tð Þ + hmd dw − dð Þ ⋅ r ⋅ f

h tw − tð Þ :

ð15Þ

ξ is in a range of 1.36–2.34 when the inlet air tempera-
ture is 15°C. However, it has been reported in literature
[19] that the evaporation heat transfer of the actual under-
ground roadway is approximately 0.2 to 1.57 times the sen-
sible heat of the completely dry roadway surface. This
implies that the range of ξ is 1.2–2.57. Thus, the results of
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Figure 9: Effect of the surface moisture coefficient on the air temperature and enthalpy at the shaft bottom.
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Table 1: The calculating parameter range.

Value of parameters

Inlet air temperature (°C) 10, 15, 20, 25

Inlet air relative humidity (%) 30, 50, 70, 90

Geothermal gradient (°C/100m) 2, 3, 4

Rock thermal conductivity (w/m·°C) 1, 2, 3, 4

Surface moisture coefficient 0, 0.05, 0.1, 0.2
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our study agree with literature. The effect of ξ on heat trans-
fer is not evident in the case of 1/R1ξh < <ð1/λÞ ln ðRn/R1Þ.
The main reason for the increase in heat transfer is that
the air temperature along the shaft decreased as the latent
heat of evaporation increases. Thus, the change in the air
enthalpy at the shaft bottom is negligibly affected by the sur-
face moisture coefficient.

3.6. Effect of Air Velocity on the Air Temperature at the Shaft
Bottom. The relative humidity of mine supply air is generally
high. Therefore, the effect of the air velocity on the air tem-
perature at the shaft bottom is calculated at a relative humid-
ity of 80% and different temperatures when f = 0:05, as
shown in Figure 10. The increase in the air velocity signifi-
cantly affects the air temperature at the shaft bottom when
the air velocity is small. This effect is stronger when the inlet
air temperature is low and vice versa. When the inlet air tem-
perature is 25°C, the air velocity negligibly affects the air tem-
perature at the shaft bottom. When the inlet air velocity
increases to 1.70m/s (air volume: 40 kg/s), the air tempera-
ture at the shaft bottom does not change significantly with
the air velocity at all temperatures. Therefore, when the inlet
air temperature is low, the air temperature at the shaft bot-
tom decreases considerably as the air velocity increases.
However, when the inlet air temperature is high, air velocity
does not affect the air temperature at the shaft bottom.

3.7. Effect of Rock Thermophysical Properties on the Air
Temperature at the Shaft Bottom. The temperature at the
same depth of the surrounding rock increases with the geo-

thermal gradient. Additionally, the thermal conductivity of
the rock influences rock heat dissipation. Inlet air tempera-
ture, relative humidity, and the surface moisture coefficient
are set as 15°C, 80%, and f = 0:05, and the air supply rate is
30 kg/s to calculate. The results are shown in Figure 11.When
the geothermal gradient increases from 2°C/100m to
4°C/100m, the heat transfer from the surface of the shaft
increases by about 2.28 times. When the thermal conductiv-
ity of the rock increases from 1W/m·°C to 4W/m·°C, the heat
transfer from the surface of the shaft increases by about 3.6
times. Moreover, the effect of the thermal conductivity of
the rock is stronger in rocks with a larger geothermal gra-
dient. As the thermal conductivity of the rock increases
from 1W/m·°C to 4W/m·°C, the heat transfer from the
surface of the shaft increases by 75.8KW and 173.3KW
when the geothermal gradient is 2°C/100m and
4°C/100m, respectively. The geothermal gradient and ther-
mal conductivity of the rock have similar effects on the air
temperature at the shaft bottom.

3.8. Comprehensive Effect and Equation Fitting. The effect of
the abovementioned factors on the air parameters at the shaft
bottom is further examined. The previous analysis results
show that when the wind speed exceeds 1.7m/s, the airflow
parameter changes very little, while the wind speed in the
inlet shaft often exceeds 3m/s [4, 24], so the wind speed is
set as 3m/s in the calculation. According to the literature
[3], the main geothermal gradient of China is 1.8-
4.38°C/100m, and the rock thermal conductivity is 0.2-4.2
w/m·°C [16], so the calculated parameters are set as shown
in Table 1. And the radius of the shaft is set as 2.5m. C++
languages is used to calculate the temperature and enthalpy
of air along the shaft under the conditions listed in
Table 1. As shown in Table 2, the equations for calculating
the difference enthalpy per 100m of air along the shaft of
the depth less than 1300m are obtained using the clustering
analysis method.

According to Figure 9, although the surface moisture
coefficient can affect the air temperature, it has little influence
on air enthalpy. Therefore, the equations can be combined
into a unified equation when the surface moisture coefficients
are different. It can also be seen from the equation that in the
vertical shaft excluding other heat sources, the influence of
autocompression is dominant, and the heat transfer of the
surrounding rock only has significant influence when the
geothermal gradient and rock thermal conductivity are both
high. With the increase of the depth, the original rock tem-
perature of the rock increases so in the deep mine, the heat
dissipated in the surrounding rock of the shaft will also
increase gradually.

Table 2: The formula of the difference enthalpy per 100m along of the intake shaft.

Surface moisture coefficient (f ) The difference enthalpy per 100m Error

0 ΔH = 0:00323λ tgu − tin
� �

+ 0:98 ±2%

0.05/0.1/0.2 ΔH = −5:395 × 10−7λ Hgus −H in
� �2 + 0:0005227λ Hgus −H in

� �
+ 1:004 ±8%
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Figure 12: Comparison between the enthalpy of the calculated and
measured in literature [24] at the shaft bottom.
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The equations in Table 2 show the difference enthalpy
per 100m along shaft. When the shaft radius is 2.5m, the
error of the enthalpy difference calculated by the fitting for-
mula and the program under the dry condition is within
2%, and the error under the wet condition is within 8%.The
enthalpy of the flow at the bottom of the inlet parameter in
literature [24] is also calculated by formula in Table 2. The
calculated results are in good agreement with the measured
value in literature [24] as shown in Figure 12.The results of
the fitting equations can provide a reference for designers
to estimate the air parameters at the bottom of the intake
shaft in different.

4. Conclusions

A mathematical model is built according to the heat and the
mass exchange principle between a shaft and the downcast
air with the ventilation time of 3 years by employing the finite
volume method. C++ languages is utilized to calculate the
heat and mass exchange. The calculated results are in agree-
ment with the measured data in literature [24]. Equations for
calculating the enthalpy increase of air per 100m in shaft of
the depth less than 1300m were established by using cluster
analysis. This equation provides a theoretical basis for pre-
dicting the air parameters at the shaft bottom with the venti-
lation time over 3 years.

The main conclusions of this study are as follows:

(1) The parameters of inlet air affect the parameters of
downcast air along the intake shaft. The influence of
relative humidity on the air temperature along the
intake shaft is stronger at a high inlet air temperature

(2) There is an evident positive relationship between the
air temperature at the shaft bottom and the tempera-
ture and relative humidity of inlet air. The surface
moisture coefficient affects the air temperature at
the shaft bottom. However, the air temperature at
the shaft bottom does not changes significantly when
the surface moisture coefficient becomes greater than
or equal to 0.2. The surface moisture coefficient neg-
ligibly affects the air enthalpy at the shaft bottom

(3) The increase in air velocity evidently affects the air
temperature at the shaft bottom when the inlet air
temperature is low. However, when air velocity
increases to 1.70m/s, the air temperature at the shaft
bottom does not change significantly as air velocity
increases

(4) The air temperature at the shaft bottom and the heat
released from the surface of the shaft increase with
the geothermal gradient and thermal conductivity
of the rock

Nomenclature

A: area, m2

cp: specific heat of air, J/kg·K
d: air moisture, g/kg(a)

f : moisture coefficient
F: area of the roadway section, m2

g: gravitational acceleration, m/s2

G: air mass flow of the shaft, kg/s
h: convective heat transfer coefficient, w/m2·K
hmd : Evaporation coefficient, kg/m2·s
H: the enthalpy of air, kJ/kg(a)
Hgus: the enthalpy of saturated air at original rock temper-

ature, kJ/kg(a)
Le: Lewis number
Pe: Peclet number
Pr: Prandtl number
Qy : total heat exchange, w
Qx : significant heat exchange, w
Qq: latent heat exchange, w
r: latent heat of vaporization of water, kJ/kg
R1: shaft radius, m
Rn: cooled zone radius, m
Sc: Schmidt number
t: air temperature, °C
T : rock temperature, °C
Tgu: original rock temperature, °C
Th: temperature in soil layer of constant temperature, °C
ΔT : geothermal gradient, °C/100m
ΔH: the difference enthalpy of air per 100m, kJ/100m
U : circumference of the roadway, m
v: air speed, m/s
z: depth of the shaft, m.

Greek Symbols

α: surrounding rock thermal diffusivity, m2/s
λ: thermal conductivity of rock, W/m·°C
λa: thermal conductivity of air, W/m·°C
ε: roughness coefficient of roadway
Φ: relative humidity, %
ρ: air density, kg/m3

ξ: moisture separation coefficient
τ: time, s.

Subscript

in: inlet air
out: outlet air
w: the surrounding rock surface.
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The evolution characteristics of high-energy and low-energy microfracture events play an important role in the brittle failure
mechanism of rock and reasonable microseismic (MS) monitoring and acoustic emission (AE) monitoring. The bimodal
distribution (BMD) model is commonly used to observe the evolution characteristics of high-energy and low-energy MS events;
however, its precise mechanism remains unclear. The evolution characteristics of high-energy and low-energy microfracture
events are assessed in this study based on a BMD model. MS monitoring results from the No. 22517 working face of the
Dongjiahe Coal Mine are studied, and AE monitoring results of a biaxial compression experiment of a granite specimen are
analyzed. High-energy MS events in the No. 22517 working face are found to be generated by an increase in the failure scale of
the overlying rock mass upon exiting the insufficient mining stage and entering the sufficient mining stage. The change
characteristics of the high-energy AE hits are positively correlated with crack evolution characteristics in the granite specimen
and negatively correlated with changes in the Gutenberg-Richter b value. A precise high-energy and low-energy AE hit
evolution mechanism is analyzed based on the microscopic structure of the granite specimen. Similarities and differences
between high-energy MS events and low-energy AE hits are determined based on these results. Both are found to have bimodal
characteristics; an increase in the failure scale is identified as the root cause of the high-energy component. The bimodal
distribution of AE hits is far less obvious than that of MS events.

1. Introduction

In a study on the recurrence of large seismic events in Polish
mines, Gibowicz and Kijko [1] found that the pattern of
empirical distributions of the largest seismic events is more
complex than expected based on the most general theoretical
considerations (e.g., Gumbel distributions) [2]. The observed
distributions possess bimodal distribution (BMD) character-
istics, as shown in Figure 1 BMD has also been observed in
the underground coal mines of Upper Silesia, Poland, at the

Doubrava coal mine of the Ostrava-Karvina Coal Field,
Czechoslovakia, and in the copper ore mines of Lubin
Copper Basin, Poland [1]. The seismicity associated with
the eruption of Mount St. Helens, Washington, in May
1980 obeyed the BMD as confirmed by the distribution of
characteristic periods in the maximum amplitude signals
and by the frequency-magnitude relations [3]. Another strik-
ing example of BMD was found in New Madrid, Missouri,
and interpreted as a result of the superposition of two distinct
seismogenic source types observed in the area [4].
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The BMD results from the mixing of random variables
generated by two different phenomena. The first phenome-
non is responsible for the low-energy component and the
second one for the high-energy component of the distribu-
tion. At present, the BMD is considered an important
method for observing the evolution characteristics of high-
energy and low-energy microseismic (MS) events.

Despite many valuable contributions to the literature, the
precise mechanism of the BMD is not yet known. The tradi-
tional view is that the BMD obeys at least three statistical dis-
tributions. The first was proposed by Stankiewicz [5], who
assumed that at any moment, the state of the rock mass can
be described by a stress that increases linearly in time in the
absence of a seismic event and drops to a certain value from
the interval if an event occurs. The other two statistical distri-
butions were proposed by Gibowicz and Kijko [1]. Under the
second statistical distribution, high- and low-energy seismic-
ity are independent of each other. Under the third statistical
distribution, the high-energy seismicity is dependent on the
low-energy seismicity. Monitoring data can be well fitted to
these three statistical distributions, but none fully character-
izes the BMD mechanism.

There are two hypotheses as to the nature of the two sets
of events discussed above [6]. The first states that BMD is a
result of the inhomogeneous and discontinuous structure of
the rock mass. The second states that the low-energy compo-
nent of the distribution is a result of mine-induced stress
release, while the high-energy component is a result of the
interaction between mine-induced and residual tectonic
stresses in the area. The first hypothesis is acceptable in cer-
tain mining districts and the second hypothesis in others,
where geologic factors play by far the most important role
in the generation of seismic events in mines.

The early warning mechanism of mine disaster is closely
related to the rock and fissures, and the evolution character-
istics of high-energy and low-energy microfracture events
monitored by microseismic early warning are of great signif-
icance to the failure mechanism of rocks [7, 8]. Many previ-
ous researchers have conducted laboratory and in situ
research by acoustic emission (AE) and MS monitoring tech-
nologies. In the field of MS monitoring, Xiao et al. [9], Feng
et al. [10], Xu et al. [11], and Yu et al. [12, 13] studied the rela-

tionships between monitored MS activities and rockburst
events in tunnels; rockburst events can be predicted by cap-
turing MS events produced during the excavation of a rock.
Zhang et al. (2017), Wang et al. [14], and Cheng et al. [15]
studied the relationship between the MS event distribution
and strata movement caused by underground mining. Cao
et al. [16, 17] and Li et al. [18] investigated the relationship
between MS activities and rockburst events to predict possi-
ble rockburst locations in coal mines. Lu et al. [19] and Li
et al. [20] studied the relationship between the distribution
of MS events and coal-gas outburst in a coal mine. Li et al.
[7], Zhang et al. [21], and Wang et al. [14] studied the rela-
tionship between MS monitoring results and water inrush.
They found that fractured zones in rock masses, which may
form water inrush channels, can be determined according
to the spatial distribution of MS events.

Xu et al. [22], Dai et al. [23], and Salvoni et al. [24] carried
out MS monitoring during the excavation of slopes and to
find that ground deformation and MS data reflect rock dam-
age at various depths as well as mechanisms of rock mass
instability. Previous studies have also shown that the occur-
rence of MS events is closely related to failure rock mass
and related disasters. AE evolution characteristics have been
analyzed based on six main factors: number and energy [25–
27], frequency [28, 29], spatial location [30–32], spatial cor-
relation length [33], fractal dimension [34, 35], and moment
tensor [36]. Dixon et al. [37, 38] and Smith [39, 40] used AE
monitoring for slope deformation and stability predictions.
These previous studies provide a workable basis for studying
the evolution characteristics of high-energy and low-energy
microfracture events related to the BMD mechanism.

Inspired by previous research results, MSmonitoring was
carried out in No. 22517 working face in the Dongjiahe Coal
Mine in this study. A biaxial compression experiment was
also performed with a granite specimen in the laboratory.
The MS monitoring and experimental results were analyzed
to determine the evolution characteristics of high- and low-
energy microfracture events. The relationship between the
evolution characteristics and various failure scales were
observed to determine the BMD mechanism. Finally, the
similarities and differences between high-energy MS event
and low-energy AE hit evolution characteristics were deter-
mined as discussed in detail below.

2. Evolution Characteristics of High-Energy and
Low-Energy AE Hits

2.1. Experimental System. The biaxial compression experi-
mental system used in this study is composed of a rock
mechanic testing system, an AE monitoring system, and an
observation system (Figure 2(a)). The experiment was con-
ducted on a servocontrolled rock testing machine (RLW-
3000). The loading was applied in both horizontal and verti-
cal directions. The maximum axial loading was 3000 kN, the
maximum horizontal loading was 1000 kN, and the measure-
ment error of loading force was less than 1%.

The AE activities were recorded on an eight-channel
PCI-2 AE monitoring system (Physical Acoustic Corpora-
tion). The bandwidth of the AE acquisition card is 3 kHz-
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Figure 1: Probability distribution of the monthly occurrence of
maximum magnitude tremors at the Lubin copper mine, Poland,
for the period 1972-1980 [6].
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3MHz. An R6a sensor was used which has working temper-
ature from -65-175 degrees Celsius, size of 19∗22mm, fre-
quency range of 35-100 kHz, and center frequency of
60 kHz. The magnification is adjustable to 20, 40, and 60 dB
over three gears. The observation system consists of a CCD
high-speed camera, a high-resolution video surveillance sys-
tem, and a digital video camera which can obtain images dur-
ing crack development and rock failure.

The test granite specimen in this experiment was a cube
with side length of 100mm and a 15mm-diameter circular
opening in the middle (Figure 2(b)). Before AE monitoring
began, the horizontal and vertical loads were gradually
loaded to 10 kN by stress loading. The vertical load was
stopped as the horizontal load continued to 100 kN and was
held unchanged by the servocontrol system. AE sensors with
40 dB threshold and 1MHz sampling frequency were then
arranged on the specimens for AE monitoring. The loading
applied at the upper side increased from 10kN until failure
of the granite specimen. The bottom end was prevented from
displacement in the vertical direction. The sampling fre-
quency of the high-speed video was 100 frames per second.

2.2. Experimental Results

2.2.1. Axial Load-Displacement Curve and Fracture Evolution
Process. The axial load-displacement curve was determined
as shown in Figure 3. Based on the biaxial compression
load-displacement curve, three feature points (A, B, and C)
were identified. Point A is the critical point from the compac-
tion stage to elastic deformation, point B is the critical point
from elastic deformation to inelastic deformation, and point
C is the peak stress of the load-displacement curve. At Point
A, the axial loading force of the granite specimen was equal to
the lateral loading force. Li et al. [18] showed that when the
stress increases to 78.2% of the peak loading value, critical
cracks initiate in the tensile stress concentration zones under
uniaxial loading conditions; similar results were also reached

by Zhong et al. [41]. Based on previous research, the axial
loading force at Point B was determined to be 80% of the
peak stress under biaxial loading.

As shown in Figure 3, the axial force was 100.14 kN at
Point A, 677.29 kN at Point B, and 846.59 kN at Point C.
The ratio of the lateral loading force to the axial loading force
was defined as the lateral pressure coefficient. During the
experiment, the lateral pressure coefficient decreased as the
axial load force increased continuously. In region OA, the lat-
eral pressure coefficient was greater than 1. The axial load-
displacement curve of the granite specimen shows deforma-
tion characteristics in the compaction stage. In region AB,
the lateral pressure coefficient decreased from 1 to 0.148
and the axial load-displacement curve of the granite speci-
men exhibited elastic deformation characteristics. In region
BC, the lateral pressure coefficient decreased from 0.148 to
0.120 and the axial load-displacement curve of the granite
specimen showed plastic deformation characteristics.

2.2.2. AE Hit and Energy Distribution Characteristics. The
number and total energy of AE hits in each time window
were counted over the course of the experiment as shown
in Figure 4. Both indicators increased until reaching a peak
at about 30 s, then decreased until 100 s. From 100 s to
360 s, they remained basically unchanged. The selection of
Point A could be revised at 100 s; the axial force was 15% of
the peak stress, 130 kN.

As shown in Figure 4, the number of AE hits increased in
a fluctuant manner while the total energy of AE dropped
slightly from 560 s to 590 s, which is congruous with the char-
acteristics of the number and total energy of AE hits. The
number of AE hits decreased rapidly and the total energy
released by AE hits increased rapidly after 590 s. The selec-
tion of Point B could be revised accordingly at 590 s; the axial
force was 85% of the peak stress, 720 kN.

The region AB can be divided into three phases. In the
first phase (from 100 s to 360 s), the number and total energy

AE monitoring
system

Rock mechanics
testing system

Rock specimen

CCD high–speed
camera

High–resolution video
surveillance system

Digital video
camera

(a) Biaxial compression experimental system

Loading from 0 kN to the failure of rock specimen
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m
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(b) Size and loading conditions of experiment

Figure 2: Biaxial compression experiment using AE monitoring.
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of AE hits was small and relatively constant. In the second
phase (from 360 s to 510 s), the number and total energy of
AE hits increased in a fluctuant manner. In the third phase
(from 510 s to 590 s), the number of AE hits increased in a
fluctuant manner while the total energy of AE slightly
decreased. The region BC extended from 590 s to 699 s. Gao
et al. [42, 43] carried out similar experiments to obtain simi-
lar stress-strain curves and generation characteristics of AE,
which confirms the repeatability of these experimental
results.

Ai et al. (2011) examined the spatial-temporal evolution
of AE locations under triaxial compression to find that the
number of and energy released by the AE hits first increases
and then decreases as axial stress reaches the confining pres-
sure value. This is the so-called “confining pressure effect” of
AE. The peak of the number and total energy of AE hits dur-
ing the OA stage should be also attributed to the confining
pressure.

2.3. Evolution Characteristics of High-Energy and Low-Energy
AE Hits

2.3.1. Definition of High-Energy and Low-Energy AE Hits

(1) Average Energy Logarithm Evolution Characteristics of
AE Hits. Ten seconds were selected as a time window
and the AEL was calculated to analyze the AE hit energy
evolution over the course of the rock specimen failure pro-
cess. The change curve of AEL versus time during the
biaxial compression experiment is shown in Figure 5. This
curve can be divided into three stages. In the first stage
(from 0 s to 360 s, corresponding to the region OA and
the first phase in the region AB), AEL fluctuated around
3.75. In the second stage (from 360 s to 590 s, correspond-
ing to the second and third phases in the region AB), the
AEL fluctuated while trending upward. In the third stage
(from 590 s to 705 s, corresponding to the region BC),
the AEL began to increase rapidly from 4 to 8.23. The
average energy corresponding to a given AE hit in the
time window increased with some fluctuation after 360 s
and significantly increased after 590 s.

(2) Energy Distribution Evolution Characteristics of AE Hits.
The energy distribution evolution characteristics of AE hits
were analyzed as shown in Figure 6. As shown in Figure 7,
the density of AE hits versus the logarithm of AE energies
obeys a Burr distribution from 0 s to 670 s. However, it did
not obey the Burr distribution from 670 s to 705 s. The den-
sity function of the Burr distribution can be expressed as fol-
lows:

f x ∣ a, c, kð Þ = kc/að Þ x/að Þc−1
a + x/að Þc½ �k+1

, x > 0, a > 0, c > 0, k > 0, ð1Þ

where α is a scale parameter, c is a parameter of inequality, x
is the logarithm of energy, and k is a shape parameter.

The peak density as per the AE hit energy distribution
increased from 10E2:4 aJ to 10E3:0 aJ between 0 s and 670 s.
Although the density of AE hits versus the logarithmic AE
energies did not obey the Burr distribution from 670 s to
700 s, the peak density increased from 10E3:0 aJ to 10E5:6
aJ. The energy of AE hits ranged from 10E1:8 aJ to 10E5:6
aJ before 490 s (corresponding to the region OA and the
first/second phases in the region AB). After 490 s (corre-
sponding to the third phase in the region AB and the region
BC), AE hits with energy larger than 10E5:6 aJ began to
appear, then increased in proportion as the loading time pro-
gressed. The AEL evolution characteristics are closely related
to the number of AE hits with energy larger than 10E5:6 aJ.

(3) Evolution Characteristics of Cracks in Granite Specimen.
The evolution of cracks during the biaxial compression
experiment is shown in Figure 8. As shown in Figure 8, no
obvious microcracks were observed before 477 s. Between
477 s and 587 s, microcracks emerged and developed along
the primary structural planes (e.g., interfaces between the
groundmass and phenocryst) but did not connect with each
other (Figure 6). After 587 s, these microcracks expanded
into tensile cracks (PTC), remote cracks (RC), and shear
cracks (SC) around the circular opening due to the stress
concentration around the opening. The SC continuously
expanded and gradually connected with the RC and PTC
over the loading time, as similarly observed by Dzik et al.
[44], Martin et al. [45], and Zhu et al. [46].

By comparing the energy distribution evolution charac-
teristics of AE hits and the evolution characteristics of cracks,
the increase in AE hits with energy >10E5:6 aJ was found to
be attributable to the evolution and growth of microcracks
and cracks in the granite specimen. Thus, AE hits with
energy < 10E5:6 aJ were defined as “low-energy AE hits”
and those >10E5:6 aJ as “high-energy AE hits.”

2.3.2. Evolution of High-Energy and Low-Energy AE Hits

(1) Evolution Characteristics of High-Energy and Low-Energy
AE Hits. The energy distribution of AE hits over the course of
the experiment is shown in Figure 9(a). The energy of AE hits
was mainly distributed in the low-energy range during the
experiment. The energy distribution of high-energy AE hits
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is shown in Figure 9(b). There were fewer high- than low-
energy hits, but some did remain in the later stages of the
experiment.

AE hits with energy ranging from 10E2:4 aJ to 10E2:6
aJ were selected to analyze the low-energy hit evolution
characteristics during the experiment; hits ranging from
10E5:8 aJ to 10E6:0 aJ were selected to analyze the high-
energy hit evolution characteristics during the experiment.
As shown in Figure 10(a), the energy evolution character-
istics of low-energy AE hits was approximately the same
as that of all AE hits. As shown in Figure 8(b), the energy
evolution characteristics of high-energy AE hits were quite
different from that of low-energy hits and can be divided
into three stages: basically negligible in the first loading

stage (before 360 s), increasing slightly in the second load-
ing stage (from 360 s to 490 s), and increasing rapidly in
the third loading stage (after 490 s).

The distribution of AE hits and energy monitored dur-
ing the experiment were mainly dependent on the low-
energy AE hits. There also were some similarities among
the evolution characteristics of high-energy AE hits and
the AEL evolution characteristics of the hits; an increase
in the number of the high-energy AE hits is the root cause
of an increase in AEL. The evolution characteristics of
high-energy AE hits also are in close agreement with the
evolution characteristics of cracks in the granite specimen.

(2) Evolution Mechanism of High-Energy and Low-Energy AE
Hits. The granite specimen used in the experiment has a
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porphyritic texture and is composed of two different sizes of
granules. Large granules (or “phenocrysts”) were scattered
among the small granules (groundmass). The groundmass
is composed of microlite, crystallite, cryptocrystalline, or
glassy material. In the local region, there were several closely
packed, interconnected phenocrysts. Phenocrysts and their
interfaces constituted the framework of the granite specimen.
The diameter of phenocrysts ranges from 1mm to 5mm
while that of groundmass granules is less than 1mm. The
evolution mechanism of high-energy and low-energy AE hits
can be summarized as per the microscopic structure of the
granite specimen, evolution characteristics of cracks in the
granite specimen, and the evolution mechanism of high-
energy and low-energy AE hits.

In the early stage of the loading process (before 490 s, cor-
responding to the region OA and the first/second phases in
the region AB), low-energy AE hits caused by failure of the
small groundmass occurred in the granite specimen. Though
groundmass failure had little effect on the damage of the
granite specimen, it led to the stress concentration in the
specimen’s framework (which did not fail in this stage). As
the loading increased, the interfaces of one phenocryst to
another phenocryst or to the groundmass failed and pro-
duced high-energy AE events. The granite specimen entered
the midstage of the loading process at this point (from 490 s
to 590 s, corresponding to the third phase in the region
AB), where the number of low-energy AE hits was much
higher than that of high-energy AE hits.

As the number of the failed interfaces continued to
increase, stress transferred to the phenocrysts in the granite
specimen and caused them to fail alongside the emergence
of high-energy AE events. Failure of both the interfaces and
phenocrysts damaged the granite specimen. Once a certain
amount of damage had accumulated, the granite specimen
entered the later stage of the loading process (from 590 s to
705 s, corresponding to the region BC). Phenocrysts inside
the specimen failed and quickly penetrated the primary
structural planes, which ultimately led to the failure and
instability of the whole specimen. A rapid increase in the
number of high-energy AE hits (with still relatively few
low-energy hits) is an important indicator that this stage
has begun. The evolution mechanism of high energy and
low energy AE hits explains this phenomenon that the closer
to failure AE data are used as initial input into the AE data-
driven model to simulate the rock failure process, the better
the model predictions of failure are by Wei et al. [47].

(3) Relationship between Evolution Mechanism and
Gutenberg-Richter b Value. The Gutenberg-Richter b value
was calculated over the loading process. Ten seconds was
selected as a time window representative of the whole biaxial
compression experiment. The b value in each time window
was calculated to determine its variations with time as shown
in Figure 11. The b value fluctuated around 0.83 before 490 s
(corresponding to the region OA and the first/second phases
in the region AB) and decreased slightly from 490 s to 590 s
(corresponding to the third phase in the region AB), then

(a) 259 s (b) 477 s

(c) 477 s

Figure 6: Trace of an example microcrack.

6 Geofluids



1.9 2.1 2.3 2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9 4.1 4.3 4.5 4.7 4.9
0

0.2

0.4

0.6

0.8

1

1.2

1.4

D
en

sit
y

Logarithm of energy (unit of energy: aJ)
(a) Density of AE hits (from 0 s to 10 s)

D
en

sit
y

0

0.2

0.4

0.6

0.8

1

1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2 5.4 5.6
Logarithm of energy(unit of energy:aJ)

(b) Density of AE hits (from 100 s to 110 s)

1.61.4 1.8 2 2.2 2.4 2.6 2.8 3 3.2 3.4 3.6 3.8 4 4.2 4.4 4.6 4.8 5 5.2 5.4 5.6 5.8
Logarithm of energy(unit of energy: aJ)

0

0.2

0.4

0.6

0.8

1

1.2

D
en

sit
y

(c) Density of AE hits (from 280 s to 290 s)

Figure 7: Continued.
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(f) Density of AE hits (from 560 s to 570 s)

Figure 7: Continued.
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declined rapidly after 590 s (corresponding to the region BC).
At 490 s, the axial loading force increased to 72% of the peak
loading value. At 590 s, the axial loading force increased to
85% of the peak loading value (corresponding to Point C in
the axial load-displacement curve).

The high-energy AE hit evolution characteristics were
inversely proportional to the Gutenberg-Richter b value of
the granite specimen during the loading process. The
increase in low-energy AE hits did not cause the
Gutenberg-Richter b value to change, but the increase in
high-energy hits caused the Gutenberg-Richter b value to
decrease. A larger b value decreasing rate created a larger
increasing high-energy AE hit rate. This further validates
the high- and low-energy AE hit evolution mechanism
presented above.

3. High-Energy and Low-Energy MS Event
Evolution Characteristics

3.1. Engineering Geology and MSMonitoring System. General
geological information for the Dongjiahe Coal Mine and MS
monitoring system used in this study is given in a previous
publication by Cheng et al. [15]. Briefly, the Dongjiahe Coal
Mine is located in northwestern China. The No. 22517 work-
ing face is a typical advancing mining face which has a length
of 1217m, width of 185m, and dips from east to west. The
inclination angle of the working face is approximately 3°,
making it nearly horizontal. The open cut is located at
1217m and the mining stop line at 100m. The coal seam in
the working face varies in thickness from 2.5m to 4.1m with
an average thickness of 3.3m. The schematic sketch of the
No. 22517 working face is shown in Figure 12. The advance-
ment schedule of the No. 22517 working face is given in
Table 1.

According to the drill histogram of No. 22517
(Figure 13), the rock mass strata around the working face
is, according to the ages of formation from old to new,
as follows: middle Ordovician System, Fengfeng Forma-
tion; upper Carboniferous System, Taiyuan Formation;
lower Permian System, Shanxi Formation; lower Permian
System, Xiashihezi Formation; and Quaternary System
overburden soil.

Geophones with 43.3V/m/s sensitivity were adopted in
the MS monitoring system used in this study. The response
frequency of geophones ranges from 15 to 1000Hz. The geo-
phone placement scheme for MS monitoring is given in
detail by Cheng et al. [15]. The Geiger location method was
used here to localize the MS. The P-wave velocity was esti-
mated at 2800m/s and the S-wave velocity at 1800m/s based
on artificial blasting tests. The ESG microseismic monitoring
system is used for signal acquisition, including Paladin
underground digital signal acquisition system, Hyperion sur-
face digital signal processing system, and MMVTS-3D visu-
alization software. The system can monitor continuously 24
hours in real time. Many focal parameters such as time-
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Figure 7: Energy distribution of AE hits (note: the red curve is the fitting result with the Burr distribution model).

259 s 477 s

587 s 705 s

Figure 8: Crack evolution characteristics during biaxial
compression experiment (note: microcracks marked with red
lines, macrocracks marked with blue lines).
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space coordinates, errors, magnitude, and energy of micro-
seismic events can be obtained. The collected data can be fil-
tered, and the complete waveform and spectrum analysis
chart of source information can be provided. At the same
time, it can automatically identify the type of microseismic
events and eliminate noise events by filtering, threshold set-
ting and bandwidth detection.

3.2. Evolution Characteristics of High-Energy and Low-
Energy MS Events. Basic MS monitoring results are given
in the previous publication by Cheng et al. [15]. The energy
and moment magnitude of MS events over coal seams
caused by mining activities were analyzed based on this
information; the results are shown in Figure 14. As shown
in Figures 14(a) and 14(b), the energy distribution and the
moment magnitude distribution of MS events conformed
in this case to the BMD. The energy of low-energy MS
events was less than 158.5 J, while the energy of high-
energy MS events was greater than 158.5 J (Figure 14(a)).
The moment of low-energy MS events was less than -0.1,
while the energy of high-energy MS events was greater than
-0.1 (Figure 14(b)).

The average energy logarithm (AEL) was defined to fur-
ther analyze the difference between high- and -low-energy
MS event components. The AEL is a logarithm of the ratio
of the total energy to the number of all MS events in a one-
day period (Formula (2)). Its physical meaning corresponds
to the average energy of MS events in a given day. The curve
of AEL versus time is given in Figure 14(c), where AEL
mainly varied between 0.5 and 2.0 from Nov. 25, 2014, to
Feb. 25, 2015, and between 2.8 and 4.1 from Feb. 25, 2015,
to Oct. 10, 2015. The high-energy MS event components
appear to have increased rapidly after Feb. 25.

AEL = lg Ew/Nwð Þ, ð2Þ

where AEL is the average energy logarithm, Nw is the num-
ber of MS events in a day, and Ew is the sum of energy of
MS events in a day.

Cheng et al. [15] introduced time-, location-, and energy-
related evolution characteristics of MS events in the roof of
the Dongjiahe Coal Mine. Based on their monitoring results,
new MS events added monthly fell into the region from 30m
behind the mining face to 220m in front of the mining face
along the horizontal direction and in the region from the ele-
vation of +320m to +500m along the vertical direction after
Mar. 6, 2015 [15]. Most of the newMS events added monthly
were concentrated in the coal pillar supporting zone, the sup-
port and bed-separation zone along the horizontal direction,
and from the top of the fractured zone to the bottom of the
continuous zone along the vertical direction. Based on the
conceptual model proposed by Qian et al. [48], the rock mass
was in a state of near failure or had already failed in the zone
where these new monthly MS events occurred. By Feb. 25,
2015, the working face had advanced 360m (about twice
the width of the working face) from the open cut to the stop-
ping line.

The MS monitoring data suggests that the working
face was in the insufficient mining stage (in the stage, only
the collapse zone is formed but the fracture zone is not
formed in the process of rock failure; the maximum subsi-
dence value of the strata continues to increase) before Feb.
25 and that the height of the fracture zone caused by min-
ing did not develop to the final height. After Feb. 25, the
working face was in the sufficient mining stage (in this
stage, the size of the goaf is large enough and the maxi-
mum subsidence value of the strata does not increase)
and the fracture zone developed to the final height. Thus,
the high-energy MS events occurred beginning on Feb. 25,
because the failure scale of the overlying rock mass
increased upon the working face entering the sufficient
mining stage.

0 2 4 6 8 10
lg (E) (unit of E: aJ)

0.0

5.0×103

1.0×104

1.5×104

2.0×104

2.5×104

3.0×104

N
um

be
r o

f A
E 

hi
t r

at
es

0-50 s

0-100 s

0-200 s
0-300 s
0-400 s

0-150 s
0-250 s
0-350 s

0-500 s
0-600 s
0-700 s0-450 s

0-550 s

0-650 s

(a) Energy distribution of all AE hits during the experiment process

–20

0

20

40

60

80

100

120

140

lg (E) (unit of E: aJ)
5 6 7 8 9 10

N
um

be
r o

f A
E 

hi
t r

at
es

0-50 s

0-100 s

0-200 s
0-300 s
0-400 s

0-150 s
0-250 s
0-350 s

0-500 s
0-600 s
0-700 s0-450 s

0-550 s

0-650 s

(b) Energy distribution of high-energy AE hits during the experiment process

Figure 9: Energy distribution of AE hits during the experiment process.

11Geofluids



0

1000

2000

3000

4000

5000

0

5000

10000

15000

20000

25000

30000

35000

0-
50

50
-1

00

10
0-

15
0

15
0-

20
0

20
0-

25
0

25
0-

30
0

30
0-

35
0

35
0-

40
0

40
0-

45
0

45
0-

50
0

50
0-

55
0

55
0-

60
0

60
0-

65
0

65
0-

70
0

Time (s)

Be
tw

ee
n 

10
E2

.4
 an

d 
10

E2
.6

A
ll 

da
ta

Between 10E2.4 and 10E2.6
All data

(a) Energy evolution characteristics of low-energy AE hits

0-
50

50
-1

00

10
0-

15
0

15
0-

20
0

20
0-

25
0

25
0-

30
0

30
0-

35
0

35
0-

40
0

40
0-

45
0

45
0-

50
0

50
0-

55
0

55
0-

60
0

60
0-

65
0

65
0-

70
0

Time (s)

60

50

40

30

20

10

0

Be
tw

ee
n 

10
E5

.8
 an

d 
10

E6
.0

Between 10E5.8 and 10E6.0

(b) Energy evolution characteristics of high-energy AE hits

Figure 10: Energy evolution characteristics of low-energy and high-energy AE hits.
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4. Discussion

There are some similarities among the evolution characteris-
tics of high-energy MS events and low-energy AE hits. Both

have bimodal characteristics and can be divided into the
high-energy and low-energy components. An increase in
the failure scale is the root cause of an increase in the high-
energy component. There is also a significant difference
between the two: the bimodal distribution of AE hits is far
less obvious than that of MS events. There are two potential
reasons for this.

The first reason involves differences in the monitoring
equipment. The frequency range of the R6a sensor in the
AEmonitoring system extends from 35 kHz to 100 kHz while
that of the geophone in the MS monitoring system is from
15Hz to 1000Hz. The bandwidth of the AE monitoring sys-
tem is much larger than that of the MSmonitoring system. In
addition, the scale of the AE monitoring system monitoring
object is far smaller than that of the MS monitoring system
monitoring object. Therefore, the AE monitoring system
serves to detect AE events caused by the full-scale micro-
cracks of rock specimens during the experiment while the
MS monitoring system cannot detect the MS events caused
by small-scale microcracks, which are the main components
of low-energy MS events.

The second reason involves differences in the monitoring
object. In this study, the object of the AE monitoring system
is a granite specimen while that of the MS monitoring system
is sandstone/mudstone. Granite is an igneous rock; sand-
stone and mudstone are sedimentary. The diagenesis of igne-
ous rock material differs from that of sedimentary rock
materials, so there are substantial differences between the
microstructures of granite and sandstone and mudstone.
The rock specimen used in the laboratory was not designed
with consideration of its structural plane, though the in situ
rock mass contains a large number of original structural
planes. These factors may have made the BMD of AE hits less
obvious than that of MS events.

5. Conclusions

Microseismic and acoustic emission monitoring are always
carried out in engineering rock masses and experimental
rocks, and the evolution characteristics of high-energy and
low-energy events occurring in the deformation of the rock
are instructive for optimizing monitoring and understanding
the failure mechanism. In this study, combining the granite
specimen biaxial compression experiment and the MS mon-
itoring results of the 22517 working face in the Dongjiahe
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Figure 12: Schematic sketch of coal seam of No. 22517 working face.

Table 1: Mining schedule, No. 22517 working face of Dongjiahe
Coal Mine [15].

Date (year/month/day) The mining face (pitch distance)

2014/12/23 1005m

2015/01/09 981m

2015/01/19 942m

2015/01/30 917m

2015/02/09 885m

2015/02/15 856m

2015/02/27 847m

2015/03/09 803m

2015/03/19 779m

2015/03/30 760m

2015/04/09 714m

2015/04/18 700m

2015/04/29 694m

2015/05/08 688m

2015/05/19 681m

2015/05/30 750m

2015/06/09 745m

2015/06/19 736m

2015/06/29 730m

2015/07/09 720m

2015/07/18 677m

2015/07/30 665m

2015/08/08 657m

2015/08/15 648m

2015/08/19 642m

2015/08/30 628m

2015/09/08 615m

2015/09/19 603m

2015/09/29 592m

2015/10/09 578m
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Coal Mine, the evolution characteristics of microseismic
events were analyzed based on the bimodal distribution
(BMD) model, and the following conclusions were obtained:

(1) The MS monitoring results of No. 22517 working
face in Dongjiahe Coal Mine show unimodal energy
and moment magnitude distributions from Nov. 25,

Stratigraphic
unit No. Elevation
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Figure 13: Drill histogram of No. 22517 working face [15].
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2014, to Feb. 25, 2015; the distributions were bimodal
from Feb. 25, 2015, to Oct. 10, 2015. High-energy MS
events were generated due to an increase in the failure
scale of the overlying rock mass once the working
face crossed into the sufficient mining stage from
the insufficient mining stage

(2) Biaxial compression experiments were conducted on
a granite specimen to observe various characteristics
of low- and high-energy AE hits. The whole loading
process was divided into three stages. In the first
loading stage, only low-energy AE hits occurred.
In the second loading stage, high-energy AE hits
began to appear and slowly grew more common.
In the third loading stage, the quantity of high-
energy AE hits increased rapidly until the speci-
men failed. Low-energy AE hits were more com-
mon than high-energy AE hits throughout the
whole loading process, but the change characteristics

of the high-energy hits appeared to be positively cor-
related with the evolution of cracks in the granite
specimen and negatively correlated with changes in
the Gutenberg-Richter b value. The high-energy and
low-energy AE hit evolution mechanism was defined
here based on the microscopic structure of the granite
specimen

(3) This paper discussed the similarities and differences
between the evolution of high-energy MS events
and low-energy AE hits. Both were found to have
bimodal characteristics and can be divided into
high-energy and low-energy components. An
increase in the failure scale is the root cause of the
increase observed in the high-energy component.
The bimodal distribution of AE hits was far less obvi-
ous than that of MS events, which is likely attribut-
able to differences in the monitoring equipment and
monitoring object
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Room-and-pillar mining is a commonly used mining method in previous practice in northwest China mining area. Due to priority
selection of high-quality resources, coal mines in northwest China generally have to face upward mining above goaf. Thus, the
stability of a floor coal pillar influenced by mining activities plays an essential role in upward mining above goaf. The results
indicated that a floor coal pillar kept stable before coal excavation in the no. 6107 working face in the Yuanbaowan coal mine;
however, the plastic zone in the floor coal pillar expanded sharply and the elastic core zone reduced suddenly on the influence
of abutment pressure. Finally, the floor coal pillar supported failure. Accordingly, the paper proposed a floor coal pillar
reinforcing technique through a grout injection filling goaf area. As physically limited by a different-height filling body on the
double sides, the plastic zone scope and horizontal displacement and loading capacity of the floor coal pillar were studied,
working out that the critical height of the filling body should be about 6m which can ensure safe mining when upward mining
above goaf. Case practice indicated that the fractures induced by mining in the floor coal pillar, filling body, and floor can be
restrained effectively when the filling body height is 6m, which can ensure floor coal pillar stability and safe mining of the no.
6107 working face in the Yuanbaowan coal mine. The research can provide theoretical and technical guidance for upward
mining above goaf and have a critical engineering practice value.

1. Introduction

As the largest coal production base and a well-known
demonstration project of a modern mine with production
capacity over 10 million tons per year in China [1], the north-
western mining area’s coal production accounts for 68% of
the coal production of the whole country according to 2018
statistics. In the northwestern mines, a room-and-pillar min-
ing method was widely used in the early stage of coal mining
practice [2, 3], leaving abundant coal pillars in the goaf,
which puts a huge hidden threat to the safe mining of long-
wall working faces of adjacent coal seams. The spatial rela-
tionship between coal pillars and the longwall working
faces of adjacent coal seams is mainly divided into two types:
roof coal pillars and floor coal pillars, as shown in
Figures 1(a) and 1(b), which indicates that the coal pillars
are located above the longwall working faces and below the

longwall working faces, respectively. The research results on
roof coal pillars are mainly focused on the following four
aspects: the occurrence mechanism of support crushing acci-
dents in the longwall working faces under the roof coal pillars
and its control measures [4–6], the stress distribution pattern
of the roof coal pillars and its influence on the mining and the
layout of roadways in underlying coal seams [7, 8], the calcu-
lation methods of dynamic and static loading on roof coal
pillars [9–12], and the analysis and evaluation of coal pillar
stability [13–16]. The research on floor coal pillars is mainly
focused on their stability under the influence of the front
abutment pressure to avoid the collapse of the working face
and the coal and rock mass ahead caused by the failure of
the floor coal pillar [17, 18]. Therefore, the key to safely min-
ing of the longwall working face above the room-and-pillar
goaf is to ensure that the floor coal pillars remain stable under
the influence of mining-induced stress.
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Figure 1: Continued.
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With regard to the theory and technology of safe mining
of the longwall working faces above the room-and-pillar
goaf, many scholars have conducted massive researches. Liu
studied the influence of lithological combinations between
coal seams on ascending mining [19]. Sun andWang demon-
strated the feasibility of ascending mining by adopting
methods such as mining influence multiples, method of bal-
ancing the surrounding rocks, and mathematical statistical

analysis [20]. Huang analyzed the stability of the floor strata
of the longwall working faces above the strip goaf by using
similar simulations and numerical simulations [21]. Feng
et al. considered that the failure scope of the floor strata is less
than the thickness of the rock interlayers as the prerequisite
for safe mining of longwall working faces, and the method
for determining the feasibility of ascending mining in the
strip mining area was given [22–24]. Bai et al. studied the

Interlayer strata

Abutment pressure of the no. 6107 working face

Goaf of room-and-pillar mining

1 2 3 4 5 6 7

No. 6107 working face

Integrated coal beside Integrated coal beside

No. 6 coal seam

No. 9 coal seam

Coal pillars of the no. 9 coal seam

(d)

Figure 1: The location of the Yuanbaowan coal mine and the schematic diagram of mining above the goaf: (a) roof pillar; (b) floor pillar; (c)
geographic location; (d) schematic diagram of no. 6107 working face mining above the goaf.
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Figure 2: The control effect of the key stratum: (a) before the breakage of KS1; (b) after the breakage of KS1; (c) before the breakage of KS2;
(d) after the breakage of KS2; (e) before the breakage of PKS; (f) after the breakage of PKS.
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distribution law of the mining-induced stress on the middle
coal seam when above and below the working face lie the
room-and-pillar mining goafs by applying a numerical simu-
lation method [25, 26]. By reviewing the existing literature, it
can be found that the research results above are mainly
focused on the feasibility evaluation of mining above goaf
and that the failure scope of the floor rock is less than the
thickness of the rock interlayers, which has been considered
as the standard for mining above goaf. However, the mining
damage scope of the floor strata is significantly greater than

the thickness of the interlayer strata when mining in
extremely close coal seams, and few studies have given safe
mining techniques under such conditions. Therefore, the safe
mining technology of the upper coal seam needs further
study in the case of extremely close-distance coal seams.

Based on the mining conditions of the Yuanbaowan coal
mine in Shanxi Province, this article proposes a new engi-
neering technology to safely mine the upper coal seams by
strengthening the bearing capacity of the floor coal pillars
with the method of backfilling the room-and-pillar mining
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goaf. The filling body formed by the concretion of the cement
slurry has a lateral clamping effect on the floor coal pillars.
And the effects of difference in filling bodies’ heights on the
suppression of the expansion of the floor coal pillars’ plastic
area and on strengthening the bearing capacity of the floor
coal pillars are also different. Accordingly, the critical height
of filling bodies to ensure the stability of the floor coal pillars
is given in this paper. The research results can provide impor-

tant theoretical and engineering technical support for the safe
mining of longwall working faces above the goaf.

2. Geological Conditions

2.1. General Situation of the Working Face. The Yuanbaowan
coal mine is located in Shuozhou City, Shanxi Province,
China, of which the no. 6107 working face is the first coal

No. 9 coal seam
Coal pillar of no. 9 coal

No. 6 coal seam

Working face no. 6107

Figure 4: Schematic diagram of no. 6107 working face mining above the room-and-pillar goaf.
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Figure 5: Calibration result of the coal seam simulation parameter.

Table 1: Parameters in FLAC3D numerical simulation.

Layers Bulk modulus b (Pa) Shear modulus s (Pa) Cohesion c (MPa) Internal friction angle f (°) Tensile strength t (MPa)

Soft rock 5:00E + 09 3:40E + 09 3:40E + 06 24 1:80E + 06
Coal seam 4:00E + 09 3:00E + 09 2:20E + 06 18 1:50E + 06
Key strata 7:50E + 09 4:50E + 09 4:30E + 06 32 2:50E + 06
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Figure 6: Continued.
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mining face in the first panel. The no. 6107 working face is
deployed in the no. 6 coal seam. The no. 6 coal seam dip angle
is 0°–6°, with an average mining height of 3.6m. The width of
the no. 6107 working face is 240m, with an accumulated
advancement distance of about 600m. Below the no. 6 coal
seam lies the no. 9 coal seam, with an average thickness of
about 8.0m. As of May 2005, the no. 9 coal seam had been
fully mined out by the room-and-pillar mining method. In
the no. 9 coal seam appears the room-and-pillar mining goaf
when the no. 6107 working face advances between 200m and
400m. Affected by both the early mining design and plan-
ning and the unauthorized cross-border mining, mining
above the room-and-pillar goaf is not a specific case for the
Yuanbaowan coal mine but a relatively common type of min-
ing conditions for shallow coal seams in northwestern China.
Achieving safe mining of the longwall working faces above
the room-and-pillar goafs is a major technical problem
remaining urgently to be solved not only in the Yuanbaowan
coal mine but also in most mines in northwestern China.

For the room-and-pillar goafs below the no. 6107 work-
ing face in the Yuanbaowan coal mine, the width of the coal
pillar is about 10-12m and the space between pillars is about
25-30m. The geographical location of the Yuanbaowan coal
mine and the mining situation of the no. 6107 working face
are shown in Figures 1(c) and 1(d).

2.2. Columnar Overburden Stratum of the Working Face

2.2.1. Key Stratum Theory. The stratification of the coal sys-
tem strata leads to differences in the motions of each stratum;
In particular, thick and hard strata control these motions,
while thin and soft strata act as loads. Based on the recogni-
tion of these facts, the Chinese scientist Minggao Qian pro-
posed the “key stratum theory in ground control” in 1990.
The theory treats the stratum that controls some or all of
the strata above it up to the ground surface as the key stra-

tum. This implies that deformation or breakage of the key
stratum would simultaneously cause deformation or break-
age of the strata under its control. One or more key strata
exist in the overlying strata of a coal mine. Because the top-
most key stratum controls the stratum movement up to the
ground surface, it is referred to as the primary key stratum
(PKS), while all other key strata are referred to as a subkey
stratum (SKS). This “controlling effect” of the key strata is
illustrated in Figure 2. The key stratum theory provides a
sound foundation on understanding the progressive caving
behavior of strata. The strata behavior is primarily controlled
by the breakage and movement of the KS. The theory has
been widely used and demonstrated in the mining industry
in China [27–32]. This study is also preceded on the basis
of this theory.

2.2.2. Key Stratum of the No. 6107 Working Face. According
to the key stratum theory of stratum control, the key strata in
the overlying strata of the no. 9 coal seam are identified with
the help of key stratum identification software. The results
are shown in Figure 3. It can be seen that there are altogether
5 key strata in the overlying strata of the no. 9 coal seam. From
bottom to top, they are fine sandstone with a burial depth of
151.90m and a thickness of 5.4m, coarse sandstone with a
burial depth of 136.10m and a thickness of 7.5m, coarse sand-
stone with a burial depth of 110.40m and a thickness of 5.5m,
siltstone with a burial depth of 86.95m and a thickness of
8.05m, and fine sandstone with a burial depth of 57.80m and
a thickness of 5.8m, respectively. The distinguishing method
of the key stratum in overburden can be seen in Reference 29,
which is limited to space and will not be repeated here.

3. Numerical Simulation

3.1. Modelling and Mining Scheme. The FLAC3D numerical
calculation model is established, as shown in Figure 4,
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Figure 6: Initial stability of coal pillars below the no. 6107 working face before mining: (a) elastic-plastic regional distribution of the no. 4 coal
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according to identification results of the key strata in the
overlying strata. And the KS1, KS2, KS3, KS4, and PKS in
the figure refer to the key strata of the overlying strata of
the no. 9 coal seam.

The simulation research work is carried out in the follow-
ing three steps. First, room-and-pillar goaf is formed in the
no. 9 coal seam in the model under the premise of the balance
of the geostatic stress field. Secondly, the stability of the floor
coal pillars with the condition that its goaf is unfilled in the
no. 9 coal seam is investigated under the influence of mining
of the no. 6107 working face. Finally, the stability of the floor
coal pillar, during the advancement of the no. 6107 working
face, was studied with the condition that room-and-pillar
goaf has been filled in the no. 9 coal seam. Based on this,
the effect rules of difference in filling bodies’ heights on the
suppression of the expansion of the floor coal pillars’ plastic
area and on strengthening the bearing capacity of the floor
coal pillars were revealed. Accordingly, the critical height of
filling bodies for the no. 9 room-and-pillar goaf is obtained
to ensure safe mining in view of the geological conditions
of the no. 6107 working face.

3.2. Calibration of Coal Seam Simulation Parameters. Cor-
rectly selecting material parameters in numerical simulation
is not only a key prerequisite for accurately investigating the
stability of the coal pillars below the no. 6107 working face
but also the basis for ensuring that the numerical simulation
results are consistent with the actual situation. Accordingly,
the no. 9 coal seam is sampled and the physical and mechan-
ical parameters are obtained through laboratory tests. In the
uniaxial compression experiment, according to the interna-
tional rockmechanics test experiment specification, a cylindri-
cal specimen with a geometric size of φ50mm × 100mm was
selected, and the loading speed of the electrohydraulic servo
universal testing machine was 0.02mm/s~0.05mm/s. And
then, uniaxial compression curve experiments are performed
in FLAC3D, and the strain softening model is applied to
obtain simulated parameters relatively consistent with the lab-
oratory test results. As shown in Figure 5, the red curve is the
uniaxial compression curve (obtained from the laboratory
tests) of the coal sample of the no. 9 coal seam and the blue
curve is the numerical simulation result of FLAC3D, and the

simulation parameters are shown in Table 1. There is much
consistency in the elasticity modulus and peak strength of
both. It can be seen that the simulated parameters of the blue
curve can be used as the parameters of the no. 9 coal seam,
which can accurately reflect the stress evolution, elastic and
plastic expansion, and failure modes of the coal pillars in the
no. 9 coal seam under the influence of mining-induced stress
of the no. 6107 working face.

4. Stability of Floor Pillars

4.1. Stability of Floor Pillars before the Mining of the No. 6107
Working Face. The vertical stress, horizontal displacement,
and elastic-plastic area of the coal pillar in the goaf of the
no. 9 coal seam before mining of the no. 6107 working face
are shown in Figures 6(a)–6(c), respectively. It can be seen
that the no. 4 coal pillar has the largest horizontal side heaves
among all the coal pillars, and its value is 145mm. The elastic
core area of each coal pillar accounts for 98%, 76%, 63%,
60%, 63%, 71%, and 95% of the total volume of the coal pillar,
as shown in Figure 6(c). It is worth noting that both the pro-
portion of the elastic core area of coal pillars in the room-
and-pillar goaf in northwestern China and its relationship
with the stability of the coal pillars have been carefully stud-
ied in literature [33]. It has been pointed out that when the
elastic core area of the coal pillars accounts for 40% of the
total volume, the coal pillar is considered to be in a stable
state. In order to ensure the safety mining of the no. 6107
working face to the greatest extent, the identification stan-
dard, where the elastic core area makes up 40% of the total
volume of coal pillars, for the stability of the coal pillar has
been set. It can be known that the coal pillar of the no. 9 coal
seam was in a stable state before mining of the no. 6107
working face.

4.2. Stability of Floor Pillars during the Mining of the No. 6107
Working Face. During the mining of the no. 6107 working
face, both the horizontal side heave and the plastic area of
the coal pillar further expanded due to the influence of the
abutment pressure, and the proportion of the elastic core area
of the coal pillar further reduced. According to the existing
research results, it is generally considered that the peak value
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Figure 9: The elastoplastic expansion and the amount of the horizontal bulge of each coal pillar with a filling body height of 4m.
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of front abutment pressure is located 0-10m in front of the
coal mining working face [34–36]. Therefore, the floor coal
pillar is most likely to be destroyed when it is at the position
of the peak value of front abutment pressure. The proportion
of elastic/plastic areas, horizontal side heaves, and bearing
capacity of each coal pillar are studied in this case. The evo-
lutionary process of both elastic-plastic area expansion and
the horizontal side heave of each floor coal pillar is shown
in Figures 7(a)–7(g) during the advancing of the no. 6107
working face.

It can be seen from Figure 7 that under the influence of
the abutment pressure of the no. 6107 working face, the
proportions of the elastic area of each floor pillar have been
reduced to 46%, 27%, 20%, 18%, 14%, 12%, and 12%,
respectively. And the volume of the horizontal side heave of
each floor coal pillar increases from 220mm, 241mm,
268mm, 275mm, 271mm, 247mm, and 220mm to
476mm, 616mm, 769mm, 922mm, 1063mm, 1372mm,
and 1543mm, respectively. The dramatic reduction of the
elastic core area will definitely cause the instability of the coal
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pillars. If certain reinforcement measures for the coal
pillar are not taken, instability of the coal pillars below
the no. 6107 working face will occur, causing the collapse
of the no. 6107 working face and posing a huge threat to
safe mining. Therefore, it is necessary to take reasonable
measures to ensure the safe mining of the no. 6107 work-
ing face.

4.3. Influence Law of Filling Bodies on the Stability of Coal
Pillars. Considering the mining conditions of the Yuanbao-
wan coal mine, the proposal of drilling on the floor of the
no. 6107 working face and then grouting the goaf below the
no. 6107 working face through these boreholes has been
put forward. In order to ensure the safe mining, the effect
of different heights of filling bodies on the stability of coal
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Figure 11: Vertical stress of coal pillars with different filling heights.
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pillars is studied. The research is mainly divided into two
aspects: (1) the effect of different filling bodies’ heights on
the suppression of the expansion of the coal pillars’ plastic
area and (2) the effect of difference in filling bodies’ heights
on strengthening the bearing capacity of the coal pillars.
The grouting filling material used in the Yuanbaowan coal
mine was encapsulated and brought to the laboratory to con-
duct the measurement of the physical and mechanical
parameters. At the same time, to accurately reflect the inter-
action between the floor pillars and the filling bodies, the
parameters of the filling materials in the numerical simula-
tion are also calibrated to ensure that the mechanical proper-
ties reflected by the simulated parameters are consistent with
the true mechanical characteristics of the grouting material.
And the calibration results are shown in Figure 8.

4.3.1. Suppressing Effect of Filling Bodies on the Expansion of
the Coal Pillars’ Plastic Area. Under the influence of the
clamping effect of the filling bodies, the proportion of the
plastic zone and the horizontal side heaves of coal pillars
are effectively suppressed. The suppression effect when the
height of the filling body is 4m is shown in Figure 9.

The elastoplastic expansion law of the coal pillars below
the no. 6107 working face and the change law of the horizon-
tal side heaves corresponding to different grouting heights
are shown in Figure 10. As shown in Figures 10(a) and
10(b), the proportion of the plastic zone of the no. 1 to no.
7 coal pillars has been reduced to 18%, 36%, 45%, 47%,
46%, 44%, and 25% rapidly when the height of filling bodies
reaches 2m, 3m, 4m, 5m, 6m, and 7m, respectively, com-
pared to the unfilled state. The horizontal side heave of the
no. 1 to no. 7 coal pillars rapidly has been reduced from
476mm, 616mm, 769mm, 622mm, 1063mm, 1372mm,

and 1543mm to 223mm, 253mm, 278mm, 290mm,
280mm, 256mm, and 230mm, respectively, as shown in
Figure 10(c). With the increase in the height of the filling
bodies, the lateral clamping effect of the filling bodies on coal
pillars below the no. 6107 working face tends to be more
obvious, and the filling bodies have a significant suppressing
effect on the expansion of both the plastic zone and the hor-
izontal side heave of the floor coal pillars.

4.3.2. Strengthening Effect of the Filling Body on the Bearing
Capacity of the Coal Pillar. The filling bodies of different
heights form different clamping pressures on the coal pillars,
which effectively improves the bearing capacity of the coal
pillars, as shown in Figure 11.

In view of the limited space, taking the no. 4 and no. 7
coal pillars as examples, the strengthening effect of different
heights of filling bodies on the bearing capacity of the floor
coal pillars will be illustrated, as shown in Figure 12. It can
be seen that before the mining of the no. 6107 working face,
the vertical stresses of the no. 4 and no. 7 coal pillars are
12.10MPa and 10.30MPa, respectively, and the elastic core
area accounts for 60% and 95%, respectively. Thus, the coal
pillars are in a stable state. When mining is conducted with-
out filling, the vertical stresses of the no. 4 and no. 7 coal pil-
lars increase to 20.83MPa and 21.34MPa, respectively, and
during which time, the proportions of the elastic core area
of the two dramatically drop to 18% and 12%, causing insta-
bility for both these two coal pillars. While if the mining work
of the working face 6107 is carried out after filling, the filling
bodies support the overlying strata to a certain extent, reduc-
ing the overburden load of the coal pillars and increasing the
proportion of the elastic core area of coal pillars, then the
bearing capacity of coal pillars will be effectively improved.
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Figure 12: Strengthening effect of different filling body heights on coal pillar’s bearing capacity.
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The strengthening effect of the filling bodies on the bearing
capacity of the floor pillars becomes more obvious with the
increasing height of the filling bodies.

5. Engineering Practice

Based on the research results above, it can be found that
when the height of the filling bodies reaches 5m, 6m, or
7m, the coal pillars can be kept stable under the influence
of abutment pressure of the no. 6107 working face. However,
when the height of the filling body is 5m, the elastic core area
of no. 4 and no. 5 coal pillars accounts for 40.625%, which is
in a critically stable state. The filling body may suffer from
certain shrinkage in size during the consolidation process,
causing fissures between the body and the coal pillar, and
the lateral clamping effect of the filling body on the coal pillar
will be weakened. When the height of the filling body is 6m
or 7m, the proportion of the elastic core area of each floor

pillar is higher than 50%, which can maintain the stability
of the floor pillar. In summary, to ensure the safe mining of
the no. 6107 working face with minimum filling cost, the
height of the filling body is finally determined to be 6m,
and accordingly, on-site filling experiment work has been
carried out.

5.1. Observation Hole Layout and Observation Equipment.
Drilling on the floor is applied to test the on-site filling result
and to evaluate the disturbance and damage caused by the
mining-induced stress during the mining process of the no.
6107 working face. A floor sight borehole (hereinafter
referred to as the D1 borehole), whose diameter and length
are 65mm and about 99m, respectively, has been arranged
in the transporting roadway in the no. 6107 working face.
The angle between the D1 borehole and transporting road-
way is about 50°, and the horizontal angle of the drilling hole
is about 11°. To ensure that the probe can be smoothly
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lowered and determine the lowering distance of the probe,
the connectable push rod is used to connect with the televi-
sion borehole camera. As each part of the push rod is 1m
long, the lowering distance can be measured by the number
of rods pushed into the drilling hole. The position of the
borehole, D1, and drilling observation equipment are shown
in Figure 13.

5.2. Field Observation Results.After the completion of the fill-
ing work and the consolidation of the filling slurry, develop-
ing rules of mining-induced fissures of the floor of the no.
6107 working face, the coal pillars, and the filling bodies have
been investigated by using the borehole D1 and TV observa-
tion equipment, and their stability has been evaluated. On
September 19, 2019, the underground borehole TV observa-
tion was conducted. At this time, the no. 6107 working face
was about 30m away from the borehole. The borehole suc-
cessively goes through the floor, filling bodies, and coal pil-
lars. The development conditions of fissures at different
depths in the borehole D1 have been shown in Figure 14.
The wall of the borehole D1 remains intact in the floor pillars
and the filling bodies. There is much water in the bottom of
D1, of which the seepage flow is relatively slow, and there is
no obvious damage or water-conducting fissures. This also
confirms that although the positions of the floor coal pillars,
filling bodies, and floor coal pillars are located in the influence
area of the peak value of abutment pressure of the no. 6107
working face, their stability is still maintained. It can be seen
that the safe mining of the no. 6107 working face can be
ensured when the height of the filling bodies reaches 6m.

6. Discussion

(1) On the basis of ensuring that the physical and
mechanical parameters of simulated materials are
consistent with those of coal pillars and the filling
bodies, the effects of difference in filling bodies’
heights on the suppression of the expansion of the
coal pillars’ plastic area below the no. 6107 working
face and on strengthening the bearing capacity of
the coal pillars have been mainly investigated, and
the influence laws of different grouting heights of fill-
ing bodies on the stability of coal pillars have been
revealed. However, the consolidation process of the
filling slurry, the degree of adhesiveness/bonding
between the filling bodies and the side wall of the coal
pillars, and the size of the clearage between the two
remain to be studied. In addition, the variation of
the lateral clamping of coal pillars with different
bonding levels needs to be further studied.

(2) The filling materials of the Yuanbaowan coal mine
are used, and accordingly, parameter calibration
and simulation research is conducted in this paper.
The effects of difference in the materials and the
material ratio of filling bodies on the suppression of
the expansion of the coal pillars’ plastic area and on
strengthening the bearing capacity of the coal pillars
also remain to be investigated. Accordingly, research
on the materials will be performed to find out the
optimal combination of mining economic benefits

Fissure on the wall of the borehole

(a) Floor of the no. 6107 working face (b) Coal pillar

Water at the bottom
of the borehole 

Grouting material

(c) Filling body

Figure 14: D1 borehole TV observation results at different depths.
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and coal pillar’s controlling effects. The economic
investment of the filling process will be minimized
on the premise of ensuring safe mining.

7. Conclusion

(1) Before the mining of the no. 6107 working face, the
elastic core areas of no. 1 to no. 7 coal pillars, which
are all stable, accounted for 98%, 76%, 63%, 60%,
63%, 71%, and 95%, respectively. When mining is
conducted without filling the goaf, the plastic zone
of the no. 1 to no. 7 coal pillars expands rapidly as
influenced by the front abutment pressure, and the
proportions of the elastic core area of the seven dra-
matically drop to 46%, 27%, 20%, 18%, 14%, 12%,
and 12%, respectively, causing instability for no. 2
to no. 7 coal pillars. Thus, filling the goaf in the no.
9 coal seam is the prerequisite for safe mining of the
no. 6107 working face.

(2) The filling bodies have a certain lateral clamping
effect on the coal pillars, which can effectively
improve the stability of the coal pillars under the
influence of the mining-induced pressure of the no.
6107 working face. The filling body has not only a
suppressing effect on the expansion of the plastic
zone of the coal pillars and the horizontal side heave
but also a strengthening effect on the bearing capacity
of the coal pillars. This phenomenon becomes more
obvious with the increasing height of the filling bod-
ies. When the height of the filling bodies reaches 6m,
the proportion of the plastic zone declines from 88%
to 25% and the amount of the horizontal side heave
reduced from 1534mm to 230mm. So the suppres-
sion effect on the plastic zone and the amount of
the horizontal side heave is as high as 72% and
85%, respectively.

(3) Drilling on the floor of the no. 6107 working face and
then grouting the goaf have been carried out. The
research shows that when the height of the filling
bodies is 6m, the occurrence and expansion of
mining-induced fissures in the floor strata, filling
bodies, and the floor pillars below the no. 6107 work-
ing face have been effectively restrained. So the floor
pillars remain stable under the influence of the front
abutment pressure, and the safe mining above the
goaf of the no. 6107 working face can be ensured by
grouting the goaf first.
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the text.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

Financial support from the National Natural Science Founda-
tion of China (No. 51904201), Fundamental Research Program
of Shanxi (201901D211035), and Scientific and Technological
Innovation Programs of Higher Education Institutions in
Shanxi (2019L0245) is greatly appreciated.

References

[1] J. H. Wang, “Present status and prospects of modernized
mining technology and equipment in China coal mine,” Coal
Science and Technology, vol. 39, no. 1, pp. 1–5, 2011.

[2] J. F. Ju, J. L. Xu, and W. B. Zhu, “Longwall chock sudden clo-
sure incident below coal pillar of adjacent upper mined coal
seam under shallow cover in the Shendong coalfield,” Interna-
tional Journal of Rock Mechanics and Mining Sciences, vol. 77,
pp. 192–201, 2015.

[3] J. L. Xu, J. F. Ju, and W. B. Zhu, “Support crushing types in the
longwall mining of shallow seams,” Journal of China Coal
Society, vol. 39, no. 8, pp. 1625–1634, 2014.

[4] J. F. Ju, J. L. Xu, W. B. Zhu, and K. Liu, “Influence of cut-hole
position on support crushing during mining out coal pillar at
the side of upper goaf in close distance of shallow seams,”
Chinese Journal of Rock Mechanics and Engineering, vol. 33,
no. 10, pp. 2018–2029, 2014.

[5] J. F. Ju,Mechanisms and Prevention of Support Crushing Disas-
ter while Mining out of the Upper Coal Pillar in Close Distance
Shallow Seams, China University of Mining and Technology,
Xuzhou, China, 2013.

[6] J. F. Ju, J. L. Xu, and W. B. Zhu, “Hydraulic powered support
jammed mechanism and prevention technology of fully mech-
anized coal mining face 22103 in Daliuta mine,” Coal Science
and Technology, vol. 40, no. 2, pp. 4–7, 2012.

[7] B. Yu, C. Y. Liu, J. X. Yang, and J. R. Liu, “Mechanism of strong
pressure reveal under the influence of mining dual system of
coal pillar in Datong mining area,” Journal of China Coal Soci-
ety, vol. 39, pp. 40–46, 2014.

[8] T. Xiao, B. Jianbiao, X. Lei, and Z. Xuebin, “Characteristics of
stress distribution in floor strata and control of roadway stabil-
ity under coal pillars,”Mining Science and Technology, vol. 21,
no. 2, pp. 243–247, 2011.

[9] B. A. Poulsen, “Coal pillar load calculation by pressure arch
theory and near field extraction ratio,” International Journal
of Rock Mechanics and Mining Sciences, vol. 47, no. 7,
pp. 1158–1165, 2010.

[10] R. Singh, T. N. Singh, and B. B. Dhar, “Coal pillar loading in
shallow mining conditions,” International Journal of Rock
Mechanics and Mining Sciences & Geomechanics Abstracts,
vol. 33, no. 8, pp. 757–768, 1996.

[11] A. K. Singh, R. Singh, J. Maiti, R. Kumar, and P. K. Mandal,
“Assessment of mining induced stress development over coal
pillars during depillaring,” International Journal of Rock
Mechanics and Mining Sciences, vol. 48, no. 5, pp. 805–818,
2011.

[12] R. Singh, A. K. Singh, J. Maiti, P. K. Mandal, R. Singh, and
R. Kumar, “An observational approach for assessment of
dynamic loading during underground coal pillar extraction,”
International Journal of Rock Mechanics and Mining Sciences,
vol. 48, no. 5, pp. 794–804, 2011.

20 Geofluids



[13] A. Jaiswal and B. K. Shrivastva, “Numerical simulation of coal
pillar strength,” International Journal of Rock Mechanics and
Mining Sciences, vol. 46, no. 4, pp. 779–788, 2009.

[14] G. Murali Mohan, P. R. Sheorey, and A. Kushwaha, “Numeri-
cal estimation of pillar strength in coal mines,” International
Journal of Rock Mechanics and Mining Sciences, vol. 38,
no. 8, pp. 1185–1192, 2001.

[15] Z. L. Zhou, Y. Zhao, W. Z. Cao, L. Chen, and J. Zhou,
“Dynamic response of pillar workings induced by sudden
pillar recovery,” Rock Mechanics and Rock Engineering,
vol. 51, no. 10, pp. 3075–3090, 2018.

[16] W. B. Zhu, L. Chen, Z. L. Zhou, B. T. Shen, and Y. Xu, “Failure
propagation of pillars and roof in a room and pillar mine
induced by longwall mining in the lower seam,” Rock Mechan-
ics and Rock Engineering, vol. 52, no. 4, pp. 1193–1209, 2019.

[17] M. L. Wang, H. X. Zhang, and G. Y. Zhang, “Safety assessment
of ascending long wall mining over old rib pillar gobs,” Journal
of Mining & Safety Engineering, vol. 25, no. 1, pp. 87–90, 2008.

[18] Z. L. Zhou, X. B. Li, and G. Y. Zhao, “Evaluation of cascading
collapse for private mined zone groups,” Journal of Natural
Disasters, vol. 16, no. 5, pp. 91–95, 2007.

[19] T. Q. Liu, “The possibility of mining using the upward
method,” Journal of China Coal Society, vol. 3, no. 1, pp. 18–
28, 1981.

[20] G. J. Sun and Y. T. Wang, “Upward mining to improve com-
plex roof control of seam,” Coal Science and Technology,
vol. 32, no. 5, pp. 15–18, 2004.

[21] Q. X. Huang, “Analysis of floor stability of ascending mining
in the contiguous seam,” Journal of Xi'an Mining Institute,
vol. 16, no. 4, pp. 291–294, 1996.

[22] G. R. Feng, X. Yan, X. X. Wang, L. X. Kang, and Y. D. Zhai,
“Determination of key positions of strata controlling in rocks
between coal seams for upward mining,” Chinese Journal of
Rock Mechanics and Engineering, vol. 28, no. 2, pp. 3721–
3726, 2009.

[23] G. R. Feng, X. Y. Zhang, J. J. Li, S. S. Yang, and L. X. Kang,
“Feasibility on the upward mining of the left-over coal above
goaf,” Journal of China Coal Society, vol. 34, no. 6, pp. 726–
730, 2009.

[24] G. R. Feng, J. Zheng, Y. F. Ren, X. X. Wang, L. X. Kang, and
H. F. Liu, “Decision theory and method on feasibility on the
upward fully mechanized mining of the left-over coal above
gob area mined with caving method with pillar supporting
method,” Journal of China Coal Society, vol. 35, no. 11,
pp. 1863–1868, 2010.

[25] J. W. Bai, G. R. Feng, S. Y. Wang et al., “Vertical stress and sta-
bility of interburden over an abandoned pillar working before
upward mining: a case study,” Royal Society Open Science,
vol. 5, no. 8, article 180346, 2018.

[26] J. W. Bai, G. R. Feng, M. Zhang et al., “Influence of upper-
bottom pillar mining on temporal and spatial evolution of
stress in rock strata around middle residual coal seam,” Jour-
nal of China Coal Society, vol. 41, no. 8, pp. 1896–1903, 2016.

[27] M. G. Qian, X. X. Miao, J. L. Xu, and X. B. Mao, Study of Key
Strata Theory in Ground Control, China University of Mining
and Technology Press, Xuzhou, China, 2003.

[28] Z. Li, S. C. Yu, W. B. Zhu et al., “Dynamic loading induced by
the instability of voussoir beam structure during mining below
the slope,” International Journal of Rock Mechanics and
Mining Sciences, vol. 132, article 104343, 2020.

[29] J. F. Ju and J. L. Xu, “Surface stepped subsidence related to top-
coal caving longwall mining of extremely thick coal seam
under shallow cover,” International Journal of Rock Mechanics
and Mining Sciences, vol. 78, pp. 27–35, 2015.

[30] Z. Li, J. L. Xu, J. F. Ju, W. B. Zhu, and J. M. Xu, “The effects of
the rotational speed of voussoir beam structures formed by key
strata on the ground pressure of stopes,” International Journal
of Rock Mechanics and Mining Sciences, vol. 108, pp. 67–79,
2018.

[31] Y. Li, C.’. Tang, D. Li, and C. Wu, “A new shear strength crite-
rion of three-dimensional rock joints,” Rock Mechanics and
Rock Engineering, vol. 53, no. 3, pp. 1477–1483, 2020.

[32] T. J. Kuang, Z. Li, W. B. Zhu et al., “The impact of key strata
movement on ground pressure behaviour in the Datong coal-
field,” International Journal of Rock Mechanics and Mining
Sciences, vol. 119, pp. 193–204, 2019.

[33] Z. Li, J. L. Xu, S. C. Yu, J. F. Ju, and J. M. Xu, “Mechanism and
prevention of a chock Support failure in the longwall top-coal
caving Faces: a case study in Datong Coalfield, China,” Ener-
gies, vol. 11, no. 2, p. 288, 2018.

[34] W. B. Zhu, J. L. Xu, L. Chen, Z. Li, and W. T. Liu, “Mechanism
of disaster induced by dynamic instability of coal pillar group
in room-and-pillar mining of shallow and close coal seams,”
Journal of China Coal Society, vol. 44, no. 2, pp. 358–366, 2019.

[35] J. L. Xie, J. L. Xu, and F. Wang, “Mining-induced stress distri-
bution of the working face in a kilometer-deep coal mine—a
case study in Tangshan coal mine,” Journal of Geophysics
and Engineering, vol. 15, no. 5, pp. 2060–2070, 2018.

[36] Y. Pan and S. T. Gu, “Analysis of bending moment, shear
force, deflection and strain energy of hard roof at initial stage
of cracking during periodic pressures,” Chinese Journal of Rock
Mechanics and Engineering, vol. 33, no. 6, pp. 1123–1134,
2014.

21Geofluids



Research Article
Influence of Key Strata on the Gas Downward Leakage Law in
Dual-System of Coal Seam

Feng Du,1 Kun Jiao,1 and Zhanyuan Ma 2

1School of Energy Science and Engineering, Henan Polytechnic University, Jiaozuo, 454000 Henan, China
2Datong Coal Mine Group Co. Ltd., Datong, 037003 Shanxi, China

Correspondence should be addressed to Zhanyuan Ma; 455985723@qq.com

Received 24 May 2020; Revised 28 June 2020; Accepted 27 August 2020; Published 10 September 2020

Academic Editor: Guozhong Hu

Copyright © 2020 Feng Du et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In Datong mining area, CO and other harmful gases were discharged from the gob in the Jurassic overburden strata to the panel of
Carboniferous coal seam. To this end, panel 8309 of Tongxin coal mine in Datong mining area was taken as the engineering
background; the change law of CO concentration in the upper corner of the panel and the law of mining pressure were studied
through field measurement, and the influence of periodic movement of key strata on the downward leakage law of harmful
gases was analyzed. In this paper, the fracture law of the key strata and fracture development characteristics of overburden strata
were further studied by the similar simulation test, and the influence of the periodic movement of the key strata on the pathway
formation of gas downward leakage was analyzed. The results show that the main cause of harmful gas downward leakage in the
Jurassic gob is through the fracture produced by the fracture of the higher key strata. If the higher key strata fractures in the coal
mining in the Carboniferous system, through fracture connecting the Jurassic gob above the open-off cut and the upper part of
the panel are formed, and effective pathways for gas downward leakage are generated. The fracture and rotation of the higher
key strata are accompanied by the formation and disappearance of the effective pathway for gas downward leakage above the
panel. Then the periodic change of harmful gas discharging to the panel is caused and consistent with the law of mining pressure.

1. Introduction

Datong mining area has both Jurassic and Carboniferous coal
seams. At present, the upper Jurassic coal resources are
almost exhausted, and the lower Carboniferous ultra-thick
coal seam has become the main coal seam for the mining
[1, 2]. Carboniferous coal seam is usually mined with a large
thickness, and the damage area of the rock strata is usually
enlarged with the highly developed mining fractures [3]. As
a result, fractures are easily interacted with the gob in Jurassic
coal seam (abbreviated as Jurassic gob) and Carboniferous
coal seam; and the downward leakage of harmful gases (such
as CO) can be caused from the Jurassic gob, which seriously
affects the safe and efficient mining of the Carboniferous coal
seam [4].

The downward leakage of harmful gas in the Jurassic gob
is mainly caused by the mining-induced fracture in the inter-
val strata of the dual-system coal seam. Many scholars have
studied the development law of overburden breakage charac-

teristics and mining-induced fracture in overburden strata.
Bai and Lsworth [5] and Palchik [6] verified that there were
three different moving zones in longwall mining overburden
rock, namely, the caving zone, the fracture zone, and the
bending deformation zone. Liu [7] systematically studied
and summarized the deformation and failure of mining-
induced overburden strata in coal mines of China. Besides,
the calculation equations of the development height of
water-conducting fracture zone were obtained [8–10]. Singh
and Kendorski [11] put forward the importance of the water-
retaining rock formation between water body and gob in
1981. This work plays an important guiding role in the safe
mining of coal seam under water body. However, the influ-
ence of the overburden structure, fracture type, and the
whole movement of the strata on the development of the
water-conducting fracture are not considered in these
researches. Qian et al. [12] proposed the theory of key strata
control and concluded that the key strata play a decisive role
in controlling the strata movement and the development of
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mining fracture. Ju and Xu [13] and Li et al. [14] studied the
structural characteristics of the key strata of longwall face in
fully mechanized mining and its influence on mine pressure.
Zhang et al. [15] and Kuang et al. [16] determined the law of
fracture and movement of key strata through in situ investi-
gation. Based on the key strata theory, Miao et al. [17], Wang
et al. [18] and Feng et al. [19] proposed the concept and prin-
ciple of the water-resisting key strata for the mining with
water preservation, established a mechanical model of the
composite water-resisting key strata, and successfully applied
it to the prevention and control of water inrush disaster of
roof and floor and the protection of water resources in min-
ing area [20]. Based on the theory of key strata, Xu et al. [21]
and Wang et al. [22] studied the influence of the location of
the main key strata of the overburden strata on the develop-
ment height of the water-conducting fracture and proposed a
prediction method for the height of the water-conducting
fracture zone by the location of the key strata of the overbur-
den strata [23]. Du et al. [24] analyzed the development pat-
terns of fractured water-conducting zones in longwall mining
of thick coal seams according to the safety mining of Zhuoz-
hang river. Tu and Fu [25], Qu et al. [26], and Wu [27] per-
formed the research on the gas migration pathway in the coal
seam and obtained the influence of key strata on the effect
and scope of gas drainage. Besides, the reliability of key strata
theory applied in gas extraction was verified by field engi-
neering application. In addition, Ma et al. [28] studied the
characteristics of water flow in mining fractured rock mass.
Si et al. [29], Zhao et al. [30], and Wang et al. [31] presented
a systematic investigation into the permeability characteris-
tics of flow field in mining area.

At present, many scholars have studied the development
law of overburden breakage characteristics and mining-
induced fracture in overburden strata, and the mining thick-
ness of coal seam is below 8m [32, 33]. However, the average
thickness of Carboniferous ultra-thick coal seam in Datong
mining area is 15m, and the damage area of the rock strata
is usually enlarged with the highly developed mining frac-
tures [34, 35]. The downward leakage of harmful gas in the
Jurassic gob is mainly caused by the mining-induced fracture
in the interval strata of the dual-system coal seam [36–38].
Therefore, the research on the development law of overbur-
den breakage characteristics and mining-induced fracture
in Datong mining area should be carried out systematically.

To summarize, the key strata theory has been well applied
in the development law of water-conducting fracture zone
and the mining-induced fracture evolution related to gas
drainage. In view of the occurrence and mining conditions
of the dual-system coal seams in Datong mining area, panel
8309 of Tongxin mine, Datong mining area was taken as
the research background; the key strata theory, physical
experiment, and field measurement were used to study the
fracture law and fracture development characteristics of the
interval strata of the dual-system coal seam. Besides, the
influence of the periodic movement of the key strata on the
gas downward leakage pathway and gas drainage law was
analyzed, so as to ensure the safe and efficient mining of
the dual-system coal seams. This study provides a theoretical
guidance for coal mining in the dual-system coal seam.

2. Introduction of Panel and Identification of
Key Strata

2.1. Overview of the Panel. Panel 8309 of Tongxin mine is
located in the third mining area of Tongxin mine in Datong
mining area. The 3-5# coal seams of the Carboniferous
system were mined. The average thickness of the coal seam
was 14.88m, the average buried depth was 580m, and the
dip angle was 0-3°. The length of the panel was 2843m, and
the dip length was 200m. Longwall mining and the extrac-
tion ventilation method was adopted. Jurassic gob in 14# coal
seam was overlaid on the panel 8309, with a spacing of 200-
240m. There were a lot of water and harmful gas in the Juras-
sic gob, which seriously affected the safe and efficient mining
of the panel. The goaf in Jurassic coal seam above the panel
8309 from the open-off cut to 1283m includes the panel
81003, the panel 81005, the panel 81006, and the panel
81008; besides, the goaf in Jurassic coal seam above the panel
8309 from 1809m to the nonmining line includes the panel
8902-3, the panel 8902-2, the panel 8908, and the panel 8906.

2.2. Key Strata Identification. According to the key strata the-
ory of strata control and the water-resisting key strata theory
for mining with water conservation [8], the stability of key
strata in the interval strata of dual-system coal seam plays a
decisive role in the gas drainage in the overburden gob. The
key strata refer to the strata which control the whole or par-
tial overburden movement from the overburden to the sur-
face. If the structural key strata do not fracture after
mining, the fracture cannot expand, develop, or form an
effective gas drainage pathway. Therefore, the structural key
strata is the gas-resisting key strata. To study the influence
of the key strata between the dual-system coal seams on the
harmful gas downward leakage of the overburden gob, the
core drilling holes were arranged in the middle of the panel
8309. Mechanical parameters of the standard coal rock sam-
ples were tested by RMT-150B rock mechanics experiment
system, and the position of the key strata of the overburden
strata on the panel was determined according to the key
strata discrimination condition [7], as shown in Table 1.

It can be seen from Table 1 that the immediate floor of
the panel is composed of sandy mudstone with a thickness
of 4m, and the immediate roof is mainly composed of
coarse-grained sandstone and sandy mudstone. There is the
Jurassic gob in 14# coal seam and 220.89m above the panel,
and there are two key strata in the overburden strata. The
higher key strata are 123.08m away from the 3-5# coal seams,
which is less than 10 times of the mining height. According to
the prediction method for the height of the water-conducting
fracture zone proposed by Xu et al. [21], the harmful gas of
Jurassic gob in 14# coal seam will be discharged to the panel
8309 after the key strata are broken.

3. Experimental Analysis of Periodic
Movement of Key Strata and Gas
Downward Leakage

3.1. CO Observation Schemes of Panel 8309. To study the gas
downward leakage law of the Jurassic gob in 14# coal seam
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Table 1: Physical and mechanical parameters of 1# drill hole column and coal seams.

Lithology
Thickness

(m)
Buried depth

(m)
Unit weight
(kN·m-3)

Tensile strength
(MPa)

Elastic modulus
(GPa)

Key strata
location

Jurassic system

Fine-grained
sandstone

6.44 346.13 27.00 6.40 44.65

Siltstone 8.21 354.34 26.04 4.89 37.29

Coal seam 14 2.90 357.24 14.26 4.20 4.20

Siltstone 8.57 365.81 26.04 4.89 37.29

Sandy mudstone 6.48 372.29 26.81 4.40 38.07

Medium-grained
sandstone

4.30 376.59 26.54 5.72 38.90

Mudstone 4.20 380.79 27.52 2.72 29.40

Coarse-grained
sandstone

3.64 384.43 25.40 2.56 18.28

Medium-grained
sandstone

3.35 387.78 26.54 5.72 38.90

Mudstone 9.06 396.84 27.52 2.72 29.40

Fine-grained
sandstone

1.60 398.44 27.00 6.40 44.65

Mudstone 2.03 400.47 27.52 2.72 29.40

Fine-grained
sandstone

4.30 404.77 27.00 6.40 44.65

Mudstone 17.31 422.08 27.52 2.72 29.40

Fine-grained
sandstone

5.27 427.35 27.00 6.40 44.65

Siltstone 42.01 469.36 27.52 2.72 29.40
Higher key

strata

Sandy mudstone 7.27 476.63 26.81 4.40 38.07

Fine-grained
sandstone

3.00 479.63 27.00 6.40 44.65

Sandy mudstone 2.04 481.67 26.81 4.40 38.07

Coarse-grained
sandstone

6.37 488.04 25.40 2.56 18.28

Coarse sandstone
with gravel

4.57 492.61 25.28 3.20 15.33

Coarse-grained
sandstone

3.23 495.84 25.40 2.56 18.28

Coarse sandstone
with gravel

2.80 498.64 25.28 3.20 15.33

Coarse-grained
sandstone

5.54 504.18 25.40 2.56 18.28

Coarse sandstone
with gravel

12.74 516.92 25.28 3.20 15.33
Lower key
strata

Coarse-grained
sandstone

5.84 522.76 25.40 2.56 18.28

Coarse sandstone
with gravel

6.97 529.73 25.28 3.20 15.33

Mudstone 5.20 534.93 27.52 2.72 29.40

Dyas system

Sandy mudstone 3.57 538.50 26.81 4.40 38.07

Coarse-grained
sandstone

6.17 544.67 25.40 2.56 18.28

Sandy mudstone 4.10 548.77 26.81 4.40 38.07

Medium-grained
sandstone

2.37 551.14 26.54 5.72 38.90
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above the panel 8309, CO was taken as the monitoring object
of the discharged gas, and 8 observation points for CO
concentration were designed and arranged in panel 8309,
headgate 2309, and tailgate 5309. As shown in the Figure 1,
4 measuring points for CO concentration are uniformly
arranged in the 200m long panel. The exact time for field
measurement is from June 14, 2018, to July 13, 2018. Measur-
ing points 1 and 4 correspond to the upper and lower corners
of the panel, and two measuring points are arranged 50m
and 100m away from the upper and lower corners of
headgate 2309 and tailgate 5309. CO concentration of each
measuring point is monitored in real time through the CO
volume concentration sensor, as shown in Figure 2.

3.2. Effect of Periodic Movement of Key Strata on Gas
Downward Leakage. Through the CO concentration of each
observation point, it is found that CO of the Jurassic gob in
14# coal seam is discharged to panel 8309 under the negative
pressure effect. Since the upper corner is located at the return
side of the panel and close to the triangle area of the upper
side of the return air lane and the edge of the gob, the CO
concentration of the upper corner is significantly affected.
Based on the monitoring results of CO concentration in the
upper corner of the panel from June 13 to 14 and the mining
pressure curve obtained by the 58# support in the middle of
the panel, the influence of periodic movement of key strata
on gas downward leakage is analyzed. As shown in
Figure 3, there are large and small periods of mining pressure
in the advance of the panel. The small periodic mining pres-
sure steps are measured as 24m, 40m, 34m, etc., and the
average pressure steps are 33m; the large periodic pressure
steps are measured as 64m, 58m, etc., and the average pres-
sure steps are 61m. The large periodic mining pressure steps
are about twice of the small periodic mining pressure. The
change of CO concentration in the upper corner presents
periodic change, which is consistent with the law of mining
pressure law. In the case of nonperiodic and small periodic
mining pressure, CO concentration is low, while in the large
periodic mining pressure, CO concentration increases
significantly.

According to the drilling column in Table 1 and the the-
ory of mining pressure and strata control [7], the main rea-
son for the large and small periodic mining pressure in the
panel is that there are two key strata in the overburden strata
of the panel. When the lower key strata are broken, a small
periodic mining pressure is formed, and when the lower
key strata and the higher key strata are broken simulta-
neously, the large periodic mining pressure is formed. In
the mining process of the dual-system coal seam, mining-
induced fractures are generated in the interval strata, and
harmful gas can be discharged to the Carboniferous panel
through the gas leakage pathway formed by mining fractures.
Because the key strata control the evolution of mining frac-
tures, it can be inferred that the periodic fracture of the
higher key strata will change the gas leakage pathway, thus
causing the periodic leakage of the harmful gas from the
Jurassic gob.

4. Similar Simulation Experiments of Fracture
and Fracture Development in Key Strata

4.1. Design of Similar Simulation Experiments. To further
study the influence of the periodic movement of the key strata
on the evolution characteristics of the gas leakage pathway and
the gas leakage law, a similar simulation experiment of the key
strata fracture and fracture development law was performed
based on the project background of the panel 8309. In this
similar simulation experiment, a similar model frame with
the size of 2:5 × 1:3 × 0:2m (length × height × width) was
selected. The geometric similarity ratio of the model was
200 : 1, the actual laying height was 1.28m, and the simulated
laying height was 256.49m. The unit weight ratio of the model
was 1.5 : 1, so the stress similarity ratio of the model was
300 : 1, the thickness of the nonsimulated overburden was
339.69m, and the load on the upper part of the model was
0.028MPa. For test materials, sand was taken as aggregate;
cement, calcium carbonate, and gypsum as cementing
materials; borax as retarder; and mica as layered materials.

The theoretical basis for the similar simulation experi-
ment includes the geometric similarity, the kinematic

Table 1: Continued.

Lithology
Thickness

(m)
Buried depth

(m)
Unit weight
(kN·m-3)

Tensile strength
(MPa)

Elastic modulus
(GPa)

Key strata
location

Coarse-grained
sandstone

2.40 553.54 25.40 2.56 18.28

Sandy mudstone 5.94 559.48 26.81 4.40 38.07

Coarse-grained
sandstone

3.10 562.58 25.40 2.56 18.28

Mudstone 6.74 569.32 27.52 2.72 29.40

Sandy mudstone 1.87 571.19 26.81 4.40 38.07

Coarse-grained
sandstone

5.34 576.53 25.40 2.56 18.28

Carboniferous
system

Sandy mudstone 1.60 578.13 26.81 4.40 38.07

Coal seams 3-5 14.05 592.18 14.26 4.20 4.20

Sandy mudstone 4.00 596.18 26.81 4.40 38.07
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similarity, and the dynamic similarity. The similar simulation
model is shown in Figure 4. To clearly observe the fracture
development characteristics of 3-5# coal seams and interval
strata of 14# coal seam during the excavation, after the model
was laid, the coal seam and key strata were colored with black
paint and yellow paint, respectively, on the front of the
model, and the remaining strata were whitewashed with lime.
At the same time, the grid lines with a spacing of 10 cm were
drawn with ink bucket.

4.2. Experimental Processes and Experimental Results. Before
the excavation, the model was loaded with a loading of
0.028MPa. To reduce the boundary effect of the model plat-
form, 30 cm protective pillars were reserved at both ends of
the coal seam. In the model, 14# coal seam was first mined,
then 3-5 # coal seams, all of which were excavated from the
left side of the model at 5 cm every 30 minutes.

Similar simulation experiment results show that during
the excavation of 3-5# coal seams, the fracture of the key
strata is accompanied by the movement of the loaded over-
burden strata and the fracture development. As shown in
Figure 5, when the lower key strata is fractured, and a
through fracture is formed, the overburden strata controlled

by the key strata break synchronously, and the fracture
develops rapidly to the lower part of the higher key strata;
when the higher key strata fractures, longitudinal cracks are
developed from the overburden strata to 14 # coal floor.
Through the analysis of the experimental results, it is believed
that the lower layer of the key strata directly collapses during
the advance of the panel, and the stability of the key strata is
determined by the fracture and fracture development of the
interval strata in the dual-system coal seam. Therefore, the
two key stages of the fracture of the lower and higher key
strata are analyzed based on experimental results.

4.2.1. Fracture of Lower Key Strata.When the panel is mined
60m from the open-off cut, the first collapse of the direct roof
occurs. With the panel advances to 120m, the fracture height
of overburden strata reaches to the lower key strata, and sep-
aration zone appears at the bottom of the panel and gradually
expands with the advance of the panel. When the panel is
mined to 160m, the lower key strata fractures for the first
time. As shown in Figure 6(a), due to the long settlement
time in the separation zone near the open-off cut and the
large compaction degree of the rock layer, the lower key
strata presents an asymmetric fracture structure, and some
of the above rock layer collapse. With the primary fracture
of the lower key strata, longitudinal fracture runs through
the lower key strata and develops to the lower part of the
unbroken layer with the separation zone. At this time, the
longitudinal fractures and separation zones on both sides
are connected with each other, resulting in trapezoidal-
shaped collapse in the model.

When the panel is mined to 200m, the first periodic frac-
ture occurs in the lower key strata, and the overburden strata
collapse completely. At the same time, the separation zone
and longitudinal fracture develop rapidly to the lower part
of the higher key strata, as shown in Figure 6(b). With the
advance of the panel, the periodic fracture continues to occur
in the lower key strata, with an average periodic fracture step
distance of 30m. Because the higher key strata are not bro-
ken, the development of the fracture upward is hindered,
and the trapezoidal-shaped collapse area of the rock strata
evolves towards the panel instead of the higher key strata.
The floor failure in Jurassic coal seam has the important
effect on gas downward leakage, because the mining fractures
caused by the floor failure in Jurassic coal seam are the main
leakage channel for the harmful gas.

Gob 8309 working face

50 m

50 m 50 m

874

3

20
0 

m

2

1 5 6

50 m

5309

2309 intake airway

Figure 1: Layout of CO measuring points in panel 8309.

Figure 2: CO volume concentration sensor.
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4.2.2. Higher Key Strata Fracture. The fracture characteristics
of the higher key strata in the mining process of the panel are
shown in Figure 7. When the panel is mined to 300m, the
higher and the lower key strata fracture simultaneously. With
the first fracture of the higher key strata, the bottom strata of
the gob in 14# coal seam, which is controlled by the higher
key strata, are fractured simultaneously. Meanwhile, the
cracks in the overburden strata of the higher key strata
develop rapidly to the bottom of the gob in the 14# coal seam,
and three longitudinal through cracks connecting the gob in
14# coal seam are formed above the cut-out hole and the
panel, as shown in Figure 7(a). Due to the large compaction
degree of rock at the cut-out hole side, through crack 2 is
inclined to the one side of the cut-out hole. When the panel
advances to 360m, the first periodic fracture occurs in the
higher key strata, with a step distance of about 60m. At the
same time, a new through fracture is formed above the panel,
as shown in Figure 7(b).

According to the main characteristics of fracture and
fracture development of key strata in the excavation process
of model, it is obtained that the periodic fracture step

distance of the lower and higher key strata in the mining
process of panel 8309 is about 30m and 60m, respectively;
the fracture step distance of higher key strata is twice that
of lower key strata, which is basically consistent with the large
and small periodic mining pressure curve of 58# support in
the middle of panel.

In the coal mining of Carboniferous system, through
fractures caused by the fracture of the higher key strata is
the main cause of the downward leakage of harmful gas in
Jurassic gob. The phenomenon of key layer rotation and
crack closure occurs in the similar simulation experiment
results, which is controlled by the higher key strata. If the
higher key strata fracture after the panel of Carboniferous
system is fully mined, a through fracture connecting the
Jurassic gob will be formed above the cut-out hole and the
upper part of the panel, resulting in the generation of harmful
gas leakage pathway. With the periodic fracture of the higher
key strata, a new through fracture appears above the panel,
becoming a new gas downward leakage pathway.

5. Analysis of the Influence of the Key Strata on
the Gas Downward Leakage Law in the
Mining of Dual-System Coal Seam

5.1. Influence of Key Strata on Evolution Law of Gas-
Conducting Fractures. In general, there are multiple key
strata in the coal seam of the dual-system. Based on the the-
ory of key strata, the evolution law of the gas-conducting
fracture is analyzed when there are two key strata in the over-
burden. In the excavation of 3-5# coal seams of Carbonifer-
ous system, when the lower key strata fractures with the
advance of the panel, the lower key strata are located in the
open-off cut, and the broken rock block above the panel
rotates. The two ends of the gyratory block are occluded with
the adjacent key strata or broken rock block to form four gas-
conducting fractures. With the fracture of the lower key
strata, the soft rock layer in the control area overlying the

0

60

50

40

30

10

20

80

70

50

60

40

20

30

0

Su
pp

or
t w

or
ki

ng
 re

sis
ta

nc
e (

M
Pa

)

6–14 6–20 6–26 7–2 7–8 7–14
6–17 6–23 6–29

Date
7–5 7–11

CO
 co

nc
en

tr
at

io
n 

(p
pm

)

64 m 58 m

24 m 40 m 34 m 24 m

CO concentration
Support working resistance

Figure 3: CO concentration and mining pressure curve in the upper corner of the panel.
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Figure 4: Similar simulation model.
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lower key strata fractures synchronously, and the gas-
conducting fracture develops in the soft rock layer and
extends to the bottom of the higher key strata. If the higher
key strata does not fracture or lose stability (the distance of
panel advance is insufficient), the gas-conducting fracture
in the higher key strata and its control soft rock layer cannot

connect with the Jurassic gob, and the gas downward leakage
will not be caused, as shown in Figure 8.

With the continuous advance of the panel, if the
higher key strata is fractured along with the mining, the
soft rock layer at the upper part of the higher key strata
is simultaneously fractured along with the higher key

Mining-induced fracture

Fracture of lower key strata

(a) Fracture of lower key strata

Mining-induced fracture

Fracture of higher
key strata

(b) Fracture of higher key strata

Figure 5: Simultaneous fracture of key strata and overburden strata.
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Figure 6: Fracture characteristics of lower key strata.
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strata, the fracture field at the upper part of the higher key
strata connects the Jurassic gob and forms an effective gas
pathway together with the fractures in the control area of
the lower key strata, and the harmful gas in the Jurassic
gob enters downward along with the effective gas pathway
to the gob open-off cut and the panel, as shown in
Figure 9. It should be noted that with the development
of mining activities, the lower key strata has a periodic
fracture and settlement rotation. The gas-conducting frac-
ture (including the gas-conducting fracture in the upper
control soft rock layer) behind the panel is closed with
the settlement contact, and the gas-conducting capacity is
sharply reduced. However, the new broken rock block

forms the new gas-conducting fracture in front of the
panel. If the closed fracture is not considered, with the
periodic fracture of the lower key strata, the number and
capacity of the effective gas-conducting fractures in the
lower key strata and its overburden strata do not decrease
with the closing of the latter fractures.

When the higher key strata fractures periodically with the
mining, the gas-conducting fracture in the soft layer, lower,
and higher key strata in the middle of the gob gradually close
and disappear, and the gas-conducting ability decreases
sharply. The mining fracture of the overburden strata near
the open-off cut and the panel are developed, and four effec-
tive gas leakage pathways are formed in the lower key strata,

Soft rock and surface

Jurassic gob

Soft rock

Higher key strata

Soft rock

Lower key strata
Soft rock
Carboniferous coal seams
Coal seam floor

Figure 8: Distribution diagram of gas-conducting fracture field before fracture of the higher key strata.
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Higher key strata

Soft rock
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Soft rock
Carboniferous coal seams
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Closed
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Figure 9: Distribution diagram of gas-conducting fracture field in the first fracture of the higher key strata.
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Figure 10: Distribution diagram of gas-conducting fracture field during periodic fracture of the higher key layer.
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the higher key strata, and the soft strata controlled by the
overburden strata, as shown in Figure 10.

5.2. Analysis of the Influence of Key Strata on the Gas
Downward Leakage Law. Under the mining condition of
dual-system coal seam in Datong mining area, the main
reason for periodic downward leakage of harmful gas in
Jurassic gob is the fracture and rotation of the higher
key strata. Under the condition of nonpressure and small
mining pressure, the blocks in the higher key strata above
the panel turn in the reverse direction, the higher key
strata and its upper gas-conducting fracture close rapidly,
resulting in the disappearance of the effective gas pathway.
Harmful gases in the Jurassic gob are mainly discharged
into the gob of carboniferous coal seam through the effec-
tive gas pathway above the open-off cut. In the closed
state, there is stable harmful gas discharge into the panel
through the gob of Carboniferous system. In the large
periodic mining pressure, the rotation and fracture of the
higher key strata result in the formation of new effective
gas-conducting pathways, and the harmful gas in the panel
of Carboniferous system increases sharply.

To sum up, under the condition of dual-system coal seam
mining in Datong mining area, when the Carboniferous coal
seam is mined to the lower part of the Jurassic gob, if there is
strong mining pressure in the panel, effective measures such
as the use of pressure equalizing ventilation system should be
taken timely to eliminate the hidden danger of harmful gas
downward leakage from the Jurassic gob to the panel.

6. Conclusions

(1) The change of CO concentration in the upper corner
of panel 8309 shows periodic change, which is consis-
tent with the mining pressure law. In the case of non-
pressure and small periodic mining pressure, CO
concentration is low, while in the case of large peri-
odic mining pressure, CO concentration increases
significantly.

(2) The main cause of harmful gas downward leakage in
the Jurassic gob is through fractures produced by the
fracture of the higher key strata. If the higher key
strata fractures in the coal mining in the Carbonifer-
ous system, the through fracture connecting the
Jurassic gob will be formed above the open-off cut
and the panel.

(3) Under the mining condition of dual-system coal
seam in Datong mining area, the main reason for
periodic downward leakage of harmful gas in Jurassic
gob is the fracture and rotation of higher key strata.
When the Jurassic gob is overlying on the Carbonif-
erous coal seam in the mining process, once the
strong mine pressure appears in the panel, effective
measures should be taken timely to eliminate the hid-
den danger of harmful gas downward leakage from
the Jurassic gob to the panel.
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Hydraulic fracturing and premining gas drainage are important to safe mining and coalbed methane extraction. These technical
processes cause the redistribution of in-situ stress and the regional variation of moisture contents within the affected zone.
Therefore, we investigated the coupled effect of variable stresses (from 9MPa to 27MPa) and moisture contents (from 0.22% to
4.00%) on the permeability evolution of gas-saturated raw coal. The results show that (1) the relationship between the mean
effective stress and the permeability can be described by a power function according to the permeability evolution model of the
porous matrix established in this study. Besides, the influence mechanisms of moisture on fitting coefficients in the function
were analyzed. (2) The permeability decreases with the increase of in-situ stress (e.g., confining pressure or volumetric stress) in
a negative exponential manner. (3) The curves of permeability variations with moisture content are not always linear, and the
permeability is more sensitive to the moisture content than the volumetric stress in the test range. Moreover, the sensitivity of
permeability varies in different regions. These results would be beneficial for permeability prediction and surface well
parameters design.

1. Introduction

Coalbed methane (CBM) is an abundant valuable resource in
underground coal mines. It is estimated that China bears
approximately 36.8 trillion m3 of CBM in its reservoirs shal-
lower than 2 km, ranking the third country in the world [1].
Qinshui Basin whose CBM reserve accounts for 1.08% of
the total CBM reserve in China is one of the largest CBM res-
ervoirs [2]. However, the reservoir is generally characterized
by low permeability, which seriously inhibits efficient CBM
extraction [3]. In-situ surface well extraction is a technique
for enhancing the permeability and relieving the pressure of
coal seams. Permeability is a key parameter for surface well
design, and its temporal and spatial variations remarkably

affect the occurrence state, migration, and extraction of
CBM [4]. Scholars have conducted extensive researches on
the factors influencing permeability, including in-situ stress
field [5], gas pressure [6], Klinkenberg effect [7], geothermal
field [8], geoelectric field [9], acoustic field [10], and physical
properties [11]. These findings have allowed the mechanics
of permeability evolution to be deliberated and also provided
an adequate data volume and dimension for machine learn-
ing which has been proven to be a powerful tool for perme-
ability prediction [12, 13]. Specifically, the process of
fracturing, drainage, and gas extraction in surface wells
destroys the original stress distribution balance and results
in the existence of stress concentration or relief region [14].
Besides, the large amount of fracturing fluids leads to
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regional differences in water-bearing conditions. Therefore,
special attention needs to be paid to in-situ stress and mois-
ture content of coal seam for the sake of permeability evolu-
tion investigation and prediction, gas flow simulation around
the wells, and parameter design of CBM surface wells.

The development of uniaxial and triaxial loading devices
has actively promoted the knowledge of permeability evolu-
tion characteristics under different stress conditions [15,
16]. The permeability-strain curve of coal corresponds well
to its full stress-strain curve. To be specific, the permeability
drops first and then rises as a coal sample gets loaded,
deformed, and destructed [5]. The peak value of coal perme-
ability lags behind that of stress and strain, suggesting that
the characteristics of CBM flow are closely related to the evo-
lution of coal damage generated in the loading process. In
addition, scholars have carried out abundant researches on
seepage tests under complex loading/unloading paths and
loading/unloading rates and on the establishment of perme-
ability models in the case of multifield coupling [17], but
these researches are mostly focused on dry coal. The perme-
ability evolution of water-bearing coal in the case of
moisture-stress coupling is rarely reported.

The influence of moisture on the permeability of CBM
reservoirs is primarily reflected in coal deformation, gas
desorption, and migration [18]. Pan et al. [19] believed that
moisture in the coal matrix would cause coal swelling/shrink-
age and mechanical property alteration that would impact on
coal permeability under reservoir conditions. Zhao et al. [20]
and Gai et al. [21] investigated the desorption law of coal sub-
jected to high-pressure water injection and made a compari-
son with the natural desorption state. Guo and Su [22]
conducted laboratory tests on the starting pressure gradient
and permeability under different water saturation conditions.
The test results showed that the permeability gradually
declined and the starting pressure gradient gradually rose
with the increase of water saturation degree. Nie et al. [23]
explored the microscopic mechanism of gas adsorption on
coal samples with different moisture contents in light of
molecular thermodynamics and surface physicochemical
theories. Wang et al. [24] probed into the relationship among
moisture content, porosity, and permeability of fractured
coal. Yin et al. [25], Liu et al. [26], Wei et al. [27], and Yuan
and Jiang [28] analysed the seepage characteristics of gas-
bearing coal with different moisture contents and found that
the moisture content and permeability shared a linear nega-
tive relationship or negative exponential variation law. Hao
et al. [29] performed axial and radial gas seepage experiments
and revealed that the axial and radial permeabilities of coal
first increased and then decreased with the rise of moisture
content. Nevertheless, these researches failed to achieve a
unified understanding, and the varied research results imply

the difficulty in clearly explaining the effect of coupling terms
on gas adsorption, diffusion, and seepage.

This study is focused on investigating the permeability
evolution of gas-saturated raw coal samples with different
moisture contents under varying stresses. Firstly, the experi-
mental conditions were simplified by setting constant tem-
perature and gas pressure, unidirectional loading path, and
resaturated adsorption after the break of balance, so as to
avoid irrelevant factors. Then, the relationship between effec-
tive stress and permeability was described by a new function
that has a clear physical meaning based on the established
permeability evolution model of the porous matrix. Further-
more, the mutual effect of moisture content and volumetric
stress on permeability were obtained, and conclusions differ-
ent from the abovementioned ones were drawn. Finally, a
sensitivity analysis was performed in the test region.

2. Materials and Methods

2.1. Engineering Background. Yuwu Coal Mine is located in
the south of Qinshui Basin, China. The buried depth of
S2107 working face of the mine lies in the range of 480-
543m. No. 3 coal seam that is being mined belongs to a
high-gas and low-permeability coal seam with a gas content
of 7.71m3/t, a gas emission initial volume from a 100-
meter-long borehole of 1.42m3/min∙h, and a permeability
coefficient of 0.28-0.42m2/ðMPa2∙dÞ. The proximate analysis
results and adsorption constants of coal samples from the
No. 3 coal seam are listed in Table 1.

Surface wells #1-52 and #1-54 were constructed for con-
ducting permeability-enhancing fracturing on S2107 work-
ing face before gas extraction. No. 1-No. 12 gas extraction
drilling sites were arranged along the tailentry, and the
single-hole gas flow rate was recorded within 50 d. During
this period, the drilling sites were not affected by mining
activities. The analysis results show that the influence radii
of surface wells #1-52 and #1-54 are 85-100m and 39-42m,
respectively. Coal samples YW1-YW4 were taken from the
affected zone in Figure 1.

2.2. Coal Sample Preparation. The steps of coal sample prep-
aration are shown in Figure 2. (1) Standard raw coal samples
with the size of ϕ50∗(100± 2) mmwere prepared with the aid
of a wire cutting machine (Figure 2(a)), and relative homoge-
neity of the samples was ensured through density measure-
ment and wave velocity measurement (PDS-SW ultrasonic
detector). Samples YW1-YW3 almost bear no cracks (wave
velocity range 1921.8-2050.8m/s), while Sample YW4 owns
obvious cracks on its surface (wave velocity range 1826.8-
2033.8m/s). (2) Preparation of coal samples with different
moisture contents Φ: YW1 (Φ = 1:98%), the samples that

Table 1: Proximate analysis results and adsorption constants of coal samples.

Proximate analysis
Ture density t/m3� �

Bulk density t/m3� �
Porosity (%)

Absorption constant
Mad %ð Þ Aad %ð Þ Vdaf %ð Þ a (cm3/gdaf ) b (MPa−1)
0.49 10.31 16.01 1.46 1.43 2.05 34.14 0.80
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had experienced hydraulic measures, did not receive any
treatment; YW2 (Φ = 0:22%), the samples with an ultra-low
moisture content (lower than the original moisture content
0.49%), were prepared by controlling the drying time of dry-
ing oven (Figure 2(b)); YW3 (Φ = 3:24%), the samples with a
high moisture content, were prepared by controlling the
pressure holding time of pressure container (Figure 2(c));
YW4 (Φ = 4%) were the crack-containing sample with a high
moisture content.

2.3. Testing Apparatus. The testing apparatus is mainly com-
posed of a loading frame, a servo hydraulic station, an air
path system, a triaxial chamber, a constant-temperature oil
bath, and a data acquisition system. The schematic diagram
of the apparatus is displayed in Figure 3. The main technical
parameters are as follows: axial stress range 10-800KN,

confining pressure range 0-15MPa, gas pressure range
0-15MPa, and temperature range from room temperature
to 260°C. The chamber equipped with a temperature sensor
(PT100, ±0.01°C) and a circumferential extensometer (Epsilon
3544, made in USA) was placed in the constant-temperature
oil bath for maintaining a constant temperature.

2.4. Experimental Contents and Procedures. The experimen-
tal conditions were simplified by setting constant tempera-
ture and gas pressure. The temperature was maintained at
20°C. In the process of gas pressure determination, the Klin-
kenberg effect needs to be avoided, because a small gas pres-
sure difference can cause gas slippage. More specifically, the
Klinkenberg effect refers to the slip phenomenon that the
gas flow velocity at the wall does not equal zero when the
average molecular free path of gas approximates the pore size
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of a porous medium. It is manifested in varying ways under
different effective stresses [5, 6, 30, 31], moisture contents
[27, 28, 32], and temperatures [33, 34]. In view of this fact,

the permeabilities of coal samples from Qinshui coalfield
were tested at 20°C under variable gas pressures. As pre-
sented in Figure 4, the Klinkenberg effect disappears when
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Figure 3: Schematic diagram of the testing apparatus. 1. Loading frame; 2. Axial loading hydro-cylinder; 3. Displacement sensor; 4. Stress
sensor; 5. Servo hydraulic station; 6. Triaxial compression chamber; 6-1. Coal sample; 6-2. Heat shrinkable tube; 6-3. Circumferential
extensometer; 6-4. Temperature sensor; 7. Constant-temperature oil bath; 8. Data acquisition system; 9. Gas cylinder; 10. Gas mass flow
meter; 11. Vacuum pump;
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the gas pressure exceeds 1.0-1.5MPa, and its influence on the
permeability becomes weaker with the rise of moisture con-
tent or volumetric stress.

Therefore, considering the in-situ stress value of No. 3
coal seam and the test results of Klinkenberg effect inflection
point, the volumetric stress range and gas pressure were set as
9-27MPa and 1.5MPa, respectively, in this experiment. The
prepared samples with different moisture contents were
loaded in accordance with the path in Figure 5, which can
ensure that the axial pressure is higher than the confining
pressure and the applied unidirectional external stress is
lower than the peak strength. Gas pressure at the outlet was
0.1MPa. Saturated adsorption treatment was conducted on
the samples when the stress condition was altered, in order
to prevent the adsorption/desorption process from entan-
gling the result analysis.

Experimental procedures: (1) Sample installation: First,
the side of the sample was coated with 704 silicone rubber.
Then, the sample was wrapped in a heat-shrinkable tube and
placed in the chamber. Afterwards, the chamber was put in
the 20°C oil bath. (2) Initial adsorption and seepage test: The
in-situ stress was raised to the initial value, and 1.5MPa of
CH4 was injected. Next, the outlet valve was closed to allow
the sample to adsorb CH4 until the equilibrium state was
reached, i.e., until gas pressure in the chamber ceased chang-
ing. Finally, the outlet value was opened to record the steady
flowrate. (3) The sample was allowed to readsorb CH4 for
2h under an altered stress, after which the steady flowrate
was recorded. Step (3) was repeated along the loading path.
(4) Steps (1)-(3) were repeated for another sample.

3. Permeability of Coal Samples:
Theoretical Backgrounds

3.1. Calculation Method for Permeability. According to the
theory of geotechnical mechanics, the mean effective stress
(MES) can be calculated by Eq. (1) [35, 36]:

σ0 =
1
3 σ1 + 2σ2ð Þ − 1

2 P1 + P2ð Þ, ð1Þ

where σ0 is the MES, MPa; σ1 is the axial stress,MPa; σ2 is
the confining pressure, MPa; P1 is the gas pressure at the
inlet, MPa; P2 is the gas pressure at the outlet, MPa, and it
takes the value 0.1MPa.

Regardless of the starting pressure gradient, the perme-
ability of the coal sample is calculated by Eq. (2) according
to Darcy’s law [37, 38]:

K = 2QPaμL

A P2
1 − P2

2
� � , ð2Þ

where K is the permeability of coal sample, 10-3μm2; Q is the
gas flow rate at the outlet, cm3/s; Pa is the atmospheric pres-
sure, 0.1MPa; μ is the dynamic viscosity coefficient of gas,
Pa∙s; L is the length of deformed coal sample, cm; A is the
area of deformed coal sample, cm2; P1 is the gas pressure at
the inlet, Pa.

L = L′ − l1, ð3Þ

A = 1
4π d + l2

π

� �2
, ð4Þ

where L andA are the length and area of deformed coal sam-
ple; L‘ and d are the original height and diameter of coal sam-
ple, mm; l1 is the axial deformation of coal sample after the
force loading,mm; l2 is the radial deformation of coal sample
after the force loading, mm.

3.2. Permeability Evolution Model of Porous Matrix. The
Warren-Root model of coal is presented in Figure 6 [39].
The porous matrix, which comprises pore clusters supported
by skeletons, is the main gas storage space of coal
(Figure 6(a)), while cracks, which completely separate the
matrix, are the primary gas migration channel [40].
Figure 6(b) shows the seepage model of pores, in which the
matrix is equivalent to parallel capillary tubes with equal
diameter and skeletons.

Space of cracks or pores will be significantly reduced if
deformation or stagnant water exists. Effective porosity is
not only a key indicator for measuring the size of the space,
but also an important factor that determines the adsorption/-
desorption and permeability of coal. The effective porosity of
coal is related to its structural deformation and bulk defor-
mation. Structural deformation refers to compression defor-
mation of the skeleton caused by external stress, or the
relative dislocation between tubes which make the tubes
more closely arranged. It is usually unrecoverable. Bulk
deformation refers to tube expansion caused by thermal
stress or adsorption swelling, or compression deformation
of tubes under the action of gas pressure [41]. Such elastic
deformation caused by internal stress can be recovered.

In this study, the permeability evolution model of porous
matrix considering moisture is established because Samples
YW1-YW3 contain few cracks. Since the matrix will undergo
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structural deformation (external stress compression) and
bulk deformation (adsorption swelling and gas pressure
extrusion) under the condition of constant temperature and
gas pressure, the dynamic evolution model of porosity φd of
the dry matrix is [14, 41–44]:

φd = 1 − 1 − φ0
1 + e

1 +
εp

1 − φ0
− KYΔP1

� �

=
φ0 + e − εp + KYΔP1 1 − φ0ð Þ

1 + e
,

ð5Þ

whereφd is the porosity of dry matrix, %; φ0 is the initial
porosity of matrix, %; e is the volumetric strain, of which
the value is negative under compression; εp is the adsorption
expansion strain per unit volume of coal; KY is the volumet-
ric compression coefficient, MPa−1.

The A ∗ L1 unit in the matrix is taken and regarded to be
equivalent to the capillary tubes (Figure 6(b)). Given the fact
that water distributed in macropores (pore diameter > 1 μm)
and mesopores (pore diameter = 0:1 − 1 μm) occupies the
space, the porosity of the water-containing matrix is [14]:

φw = φd 1 − ρsw
nρwπr

2

� �
, ð6Þ

where ρs is the density of matrix, kg/m3; w is the moisture
content of matrix pores; n is the number of capillary tubes
per unit area A, tubes/m2; ρw is the density of water in capil-
lary tubes, kg/m3; and r is the radius of a tube, m.

By integrating Eq. (5) with Eq. (6), the effective porosity
evolution model of water-containing matrix can be obtained:

φw = 1 − ρsw
nρwπr

2

� �
φ0 + e − εp + KYΔP1 1 − φ0ð Þ

1 + e

� �
, ð7Þ

The relationship between permeability and porosity is
given in the Kozeny-Carman equation established on the
basis of the capillary tubes model [44]. Ignoring the change
in the total surface area of coal particles per unit volume, a
permeability evolution model that takes into account the
moisture content in pores can be obtained:

K = K0
1 + e

1 +
e − εp + KYΔP1 1 − φ0ð Þ

φ0

� �3
1 − ρsw

nρwπr
2

� �
,

ð8Þ

where K0 is the initial permeability of coal sample, 10-3μm2.

4. Results and Discussion

4.1. Effect of Mean Effective Stress on Permeability. Changes
in flow rates Q and permeabilities K of coal samples with
moisture contents of 0.22%, 1.98%, and 3.24% under mean
effective stress (MES) values of 4.2-8.3MPa are disclosed in
Figures 7(a)–7(c). The flow rates of coal samples decrease
nonlinearly at a reduced rate with the increase of MES, and
the relationship between flow rate and MES can be expressed
by a quadratic function Q = a1σ

2
0 + b1σ0 + c1 where a1, b1,

and c1 are fitting coefficients.
The permeabilities and flow rates of samples with differ-

ent moisture contents vary in similar trends (Figure 7(d)).
The variation trend of permeability with MES can fitted by
the power function K = a∙ð1 + bσ0Þ3/ð1 + cσ0Þ which agrees
with the form of Eq. (8). In the function, a, b, and c are the
fitting coefficients with clear physical meanings (see Table 2
for their values), and the influence mechanisms of moisture
on the values of a, b, and c differ.

The fitting coefficient a is related to the initial permeabil-
ity of the matrix with specified moisture content. The value of
a drops sharply with the rise of moisture content, and the
effect of water on the value of a is mainly reflected in the
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Figure 6: The Warren-Root model of coal: (a) pore clusters in porous matrix; (b) seepage model of pores comprising capillary tubes and
skeletons.
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Figure 7: K − σ0 and Q − σ0 curves of samples with different moisture contents: (a) moisture content 0.22%; (b) moisture content 1.98%; (c)
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following two nondeformation aspects of matrix: (1) Free
water, adhered water, and film water in macropores and
mesopores occupy the gas flow channel, thus lowering the
effective porosity of coal. In addition, a water film formed
on the pore surface generates a certain vapor pressure, thus
raising the viscous resistance of gas migration [45, 46]. (2)
Within the main space for CH4 adsorption and desorption,
namely, micropores (0.01-0.1 um) and molecules structural
pores (<0.01 um), capillary resistance formed by water hin-
ders gas desorption and exhibits a water-locking effect.

The fitting coefficient b is related to the bulk deformation,
structural deformation, and initial porosity of the coal
matrix. By conducting wave velocity measurement, the initial
permeabilities φ0 of Samples YW1-YW3 are considered to be
consistent, so the variation of b value is mainly affected by
structural deformation (external stress) and bulk deforma-
tion (adsorption swelling and gas pressure extrusion) of the
matrix in this test. As the moisture content increases, the vol-
umetric compressive strain ∣e ∣ goes up (Figure 8); the volu-
metric compression coefficient KY grows [47]; and the
adsorption expansion strain εp does down [26, 42, 43, 48],
because water molecules possess stronger adsorption com-
petitiveness on the coal matrix surface compared with CH4
molecules [49, 50]. Thereby, with the rise of moisture con-
tent, the effective adsorption sites of gas on the pore surface
decrease, so does the adsorption expansion strain εp. As
revealed by the analysis on the values of ∣e ∣ , εp, KY , and b

with the change of moisture content, with the rise of moisture
content, the effective porosity of matrix increases in terms of
bulk deformation, butmeanwhile the existence of external stress
makes the structural deformation of the matrix with a high
moisture content more obvious. As a result, the effective poros-
ity is reduced because of the larger structural deformation.

The fitting coefficient c is related to the structural defor-
mation of the coal matrix caused by external stress.
Figure 8 displays the curves of volumetric strain variation
measured in the test. It can be seen that as the moisture con-
tent rises, the absolute value of volumetric strain increases, so
does the absolute value of c.

4.2. Effect of In-Situ Stress on Permeability. Figure 9(a)
demonstrates the permeability variations of samples with
moisture contents of 0.22%, 1.98%, and 3.24% under a con-
stant axial pressure of 5.5MPa and confining pressures of
3.9, 4.1, 4.3, 4.5, and 4.7MPa. Figure 9(b) shows the perme-
ability variations of samples with moisture contents of
0.22%, 1.98%, and 3.24% under volumetric stresses of 13.3-
27.3MPa.

Obviously, permeability K goes downward nonlinearly at
a reduced rate with the increase of in-situ stress (e.g., confin-
ing pressure σ2 or volumetric stressΘ). The above downward
trend can be fitted with a negative exponential function
K = a∙exp ð−bxÞ where a and b are the fitting coefficients
and a is related to the initial permeabilities of coal samples
with different moisture contents. This finding corresponds
to previous research results [27, 35, 51]. The reason can be
explained as follows. The initial permeabilities of coal sam-
ples with different moisture contents differ. Specifically,
the higher the moisture content is, the lower the initial
permeability is. First, the stagnant water and the seal off
the effect of water reduce the effective porosity of coal
[29]. Second, with the increase of external stress, the struc-
tural deformation of coal brings about further shrinkage of
gas seepage channel.

Sample YW4 (Φ = 4%) contains evident microcracks
(Figure 6). The test result shows that its permeability is up
to 60% higher than the value in Figure 9 under the same
in-situ stress condition. The result fully proves that although
the moisture content seriously weakens coal permeability,
cracks, as the dominant factor affecting coal permeability
[52], will effectively weaken the negative impact of water on
coal permeability.

4.3. Mutual Effect of Moisture Content and Volumetric Stress
on Permeability

4.3.1. Relationship between Permeability and Moisture
Content under Applied In-Situ Stress. Figure 10 exhibits the
variation of permeability K with the moisture content Φ
and the volumetric stress Θ. The K −Φ curves are not alway
linear. In the whole region (Φ=0.22-3.24%), under low volu-
metric stresses (Θ<15MPa), K decreases nonlinearly with
the increase of Φ; as the volumetric stress grows (e.g., Θ
=18MPa), it becomes linearly correlated withΦ, which
agrees with the conclusions of Liu et al. [26], Yin et al. [25,
53], and Yuan and Jiang [28]; under high volumetric stresses

Table 2: Fitting coefficients of K-σ0 curves.

Value
a b c R2

Φ

0.22% 231.3 -0.09 -0.08 0.99

1.98 % 69.8 -0.08 -0.08 0.99

3.24 % 15.9 -0.11 -0.11 0.99

12 14 16 18 20 22 24 26 28
–0.65

–0.60

–0.55

–0.50

–0.45

-0.40

–0.35

–0.30

–0.25

V
 ol

um
et

ric
 st

ra
in

 (%
)

Volumetric stress (MPa)

Moisture content 0.22 %
Moisture content 3.24 %

Figure 8: Volumetric stress Θ-strain e curves of samples with
different moisture contents.
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(Θ>18MPa), it is no longer linearly correlated withΦ, the
slope of K −Φ curve altering evidently in the vicinity of
Φ=1.98%. Moisture occupies pores and external stress
causes structural deformation of the pore, both reducing
the effective porosity of matrix and thus resulting in a
decrease in permeability.

In different regions (Φ = 0:22 − 1:98% and Φ = 1:98 −
3:24%), the slope of K −Φ curve decreases with the increase
of Θ, because influence of Φ on K weakens with the increase
ofΘ. It is noteworthy that in Zone I-1 whereΦ is high andΘ
is low, the slope of K −Φ curve remains basically constant
with the increase of Θ; in Zone II-1 where Φ is low and Θ
is high, the slope of K −Φ curve remains basically unchanged
with the increase of Φ. The variation trend reflects the differ-
ences in permeability sensitivity to volumetric stress and
moisture content in different regions.

4.3.2. Sensitivity Analysis of the Test Regions. To determine
the influence degrees of moisture content Φ and volumetric
stress Θ on permeability K , the sensitivity coefficients of per-
meability to moisture content and volumetric stress were
defined as CΦ and CΘ, respectively. The meanings of CΦ1,2
and CΘ1,2 were defined in the same way as above.

First, the correlation between variables was analysed. The
Pearson correlation coefficient ρX,Y (PPMCC) shown in Eq.
(9), which is the quotient of the product of covariance and
standard deviation of two variables [54], is widely used for
measuring the correlation between two variables. Through
calculation, the correlation between the moisture content Φ
and the permeability K is -0.782 (highly significant, P <
0:01), while that between the volumetric stressΘ and the per-
meability K is -0.470 (significant, P < 0:05). In addition, Φ
and Θ are two independent variables.

ρX,Y = cov X, Yð Þ
σXσY

= E XYð Þ − E Xð ÞE Yð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E X2ð Þ − E2 Xð Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E Y2ð Þ − E2 Yð Þ

p ,

ð9Þ

where cov is the covariance; and E is the mathematical
expectation.
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(1) Sensitivity analysis in the whole test region. Based on
the correlation analysis, a multiple regression model was
established to calculate the sensitivity coefficients CΦ and
CΘ. The data in Figure 10 were subjected to Z-Score stan-
dardization via Stata software and then substituted into the
regression equation YK = β0 + β1XΦ + β2XΘ + μI where β0,
β1, and β2 are the regression coefficients and μI is the error
term.

The permeability K is more sensitive to the moisture con-
tentΦ in the whole test region. The overall sensitivity coeffi-
cients CΦ1 = dYK /dXΦ = β1 and CΘ1 = dYK /dXΘ = β2 were
defined. Their values CΦ1=-0.782 (highly significant, P <
0:01) and CΘ1=-0.470 (highly significant, P < 0:01) can be
found in Table 3. In the whole test region, jCΦ1j > jCΘ1j, that
is, permeability is more sensitive to moisture content on the
whole.

(2) Sensitivity analysis in different regions. The interac-
tion variable [55–57] β3XΦXΘ was added into the regression
equation YK = β0 + β1XΦ + β2XΘ + β3XΦXΘ + μ2 for com-
paring the values of CΦ and CΘ in different regions. The
regional sensitivity coefficients CΦ2 = dYK /dxΦ = β1 + β3 ∗
XΘ and CΘ2 = dY/dxΘ = β2 + β3 ∗ XΦ were defined.

As given in Table 4, the interaction term coefficient is
1.909 (highly significant, P < 0:01), suggesting that although
moisture content and volumetric stress are independent var-
iables, they exert a mutual effect on permeability. CΦ2 = −
52:679 + 1:909 ∗ XΘ andCΘ2 = −6:287 + 1:909 ∗ XΦ demon-
strate that the sensitivity coefficient CΦ2 decreases gradually
with the increase of volumetric stress while CΘ2 decreases
gradually with the increase of moisture content (Figure 11).
Therefore, the sensitivity coefficient CΦ2 decreases with the
increase of volumetric stress Θ so that the slope of K −Φ
curve becomes smaller and smaller in the ranges of Φ =
0:22 − 1:98% and Φ = 1:98 − 3:24% (Figure 10), which indi-
cates the weakening influence of moisture content on
permeability.

Figure 12(a) is a three-dimensional diagram of the data in
Figure 10. As can be observed in Figure 12(b), jCΦ2j > jCΘ2j
in Zone I (XΘ < 24:37 + XΦ), that is, permeability is more

sensitive to moisture content in this region; jCΦ2j < jCΘ2j in
Zone II (XΘ > 24:37 + XΦ), that is, permeability is more sen-
sitive to volumetric stress in the region. The constant slopes
of K −Φ curves in Zone I-1 and Zone II-1 in Figure 10 indi-
cate the absolute influence of high volumetric stress or high
moisture content on permeability.

The value of CΦ2 is larger than that of CΘ2 when the vol-
umetric stress is lower than 15MPa (Figure 11). At this time,
coal permeability is not simply linearly correlated but shares
a negative exponential relationship with moisture content
(Figure 12(a)). This finding differs from the research results
of Yin et al. [25, 53], probably because the briquette samples
used by Yin et al. possess a homogeneous internal structure
while the complex pore structure of raw coal samples used
in this test decides the more complex influence mechanism

Table 3: Calculation results of regression coefficients.

Coefficient Value Standard error T value P > Tj j Confidence interval

β1 -0.782 (P < 0:01) 0.084 -9.35 0 [-0.95, -0.61]

β2 -0.470 (P < 0:01) 0.084 -5.63 0 [-0.64, 0.30]

β0 -0.001 0.082 0 1 [-0.17, 0.17]

Table 4: Calculation results of regression coefficients.

Coefficient Value Standard error T value P > Tj j Confidence interval

β1 -52.679 (P < 0:01) 2.120 -24.85 0 [-57.06, -48.29]

β2 -6.287 (P < 0:01) 0.250 -25.1 0 [-6.8, -5.77]

β3 1.909 (P < 0:01) 0.114 16.74 0 [1.67, 2.14]

β0 175.984 4.655 37.81 0 [166.36, 185.61]

Sensitivity coefficient C𝛷2
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of moisture on raw coal permeability. Under a low volumet-
ric stress, the pores in coal are slightly affected by stress, and
the coal is strongly hydrophilic. As a result, the increased
water adsorbs on the pore surface easily and meanwhile
occupies the effective gas seepage channel. Since the porosity
of coal is an important parameter affecting gas permeability,
the permeability of coal falls rapidly with the rise of moisture
content under a low volumetric stress. With the increase of
volumetric stress, the sensitivity of permeability to moisture
content decreases, so that permeability becomes linearly cor-
related with moisture content. After volumetric stress con-
tinues to increase to 24MPa, the coal sample gets more
sensitive to volumetric stress (Zone II in Figure 12(b)), which
is reflected by the phenomenon that the increase of moisture
content fails to notably lower permeability under a low mois-
ture content.

5. Conclusions

In this study, a series of experiments were performed for
grasping the permeability evolution of gas-saturated raw coal
under the coupled influences of moisture contents and in-
situ stress. The main conclusions reached are as follows.

(1) A permeability evolution model of a porous matrix
was established. On the basis of this mode, it is found
that the power function K = a∙ð1 + bσ0Þ3/ð1 + cσ0Þ
can be used to describe the relationship between
MES σ0 and permeability K . In this function, the fit-
ting coefficient a is related to the initial permeability
with specified moisture content; b is related to the
bulk deformation, structural deformation, and initial
porosity of coal matrix; and c is related to the struc-
tural deformation of coal matrix caused by external
stress. The influence mechanisms of moisture on
these coefficients were analysed according to the
experimental results afterwards

(2) Permeability decreases nonlinearly with the increase
of in-situ stress (e.g., confining pressure σ2 or volu-
metric stress Θ), which can be fitted by a negative
exponential function K = a∙exp ð−bxÞ, where a is
related to the initial permeabilities of coal samples
with specified moisture content Φ

(3) The mutual influences of moisture content and volu-
metric stress on permeability were analysed. In differ-
ent regions, the slope of K −Φ curve decreases with
the increase of Θ, because the increase of Θ would
weaken the influence of Φ on K . Overall, the K −Φ
curves are not always linear. The variation reflects
the differences in permeability sensitivity to volumet-
ric stress and moisture content in different regions
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Slurry flow in mining-induced overburden fractures is an important theoretical concept for the grouting design of longwall
overburden grout injection engineering. In this study, a visual experimental simulation system of longwall overburden grouting
was designed to study the flow, pressure distribution, consolidation, and fill thickness of fly ash slurry in overburden bedding
separation. Experiments showed that the slurry generates a radial and bidirectional flow during nonpressure grouting and
presents itself as an approximately elliptical dominant flow channel under pressure injection. This channel expanded
horizontally along the strike direction and gradually became tabular. The slurry pressure increased as the grouting time
increased. Although the pressure curves at different locations exhibited similar trends, their values did not decrease as the
distance from the borehole center decreased during observations. Bleeding and consolidation occurred in the slurry as soon as it
flowed out of the borehole to the fracture, and the degree of consolidation increased as a function of the distance from the
injection borehole. The bleeding water gathered continually to the boundary of the bedding separation fracture and was then
seeped to and stored by the underlying strata based on the injection pressure. The final injection fill is manifested as a half pace
with a large thickness at the center. This research provides a theoretical basis for the design and optimization of overburden
grout injection in underground longwall mining.

1. Introduction

Underground longwall coal mining causes movements and
breakage of strata, thus inducing vertical and horizontal frac-
tures in the overburden [1–6]. The mining-induced fractures
propagate gradually from the gob area to the ground surface
and induce surface subsidence and corresponding environ-
mental damage [7, 8]. Meanwhile, these fractures are the flow
paths of geofluids, such as methane [9], water [10, 11], and
slurry [12–14]; corresponding surface subsidence can be
reduced by filling these fractures during mining. Grout injec-
tion into the overburden bedding fractures is one such
method and is used to control mining subsidence [15–18].
Overburden grout injection involves injecting grout into
mining-induced bedding fractures through surface boreholes
as the longwall advances. These separations are horizontal
fractures formed at the interface of strong and weak rock

layers during mining. The injected fill supports the ground
and reduces surface subsidence. In particular, this technology
has been successfully utilized in the protection of surface
infrastructures [18–22].

The dynamic flow of slurry in the overburden is the basis
of injection design, such as grout take estimation, grouting
pressure determination, and borehole layout. In this regard,
previous research has covered the vertical injection horizon
and flow radius. For example, borehole drilling [8], ground
penetration radar [23], and fluorescent approach [24] have
been used to locate the final injection horizon (or injection
layer) in the overburden. Specifically, Xuan et al. [8] found
that the injection fill is manifested as a primary injection
horizon below a strong and thick rock layer (key stratum)
above the injection borehole. Additionally, the flow radius
of fly ash slurry was tested experimentally through two paral-
lel disks without the simulation of mining [25, 26]. The
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practical flow radius of a single borehole was determined for
longwall overburden injection by using methods of borehole
connectivity [21] and borehole imaging [23]. Studies also
covered the theoretical model of the final injection fill distri-
bution that was used to estimate the injection ratio [27].

These studies have prompted the understanding of the
final fill in overburden following longwall mining with grout-
ing. However, there is still insufficient research on the dynamic
slurry flow in mining-induced overburden fractures. For the
fractured rock grouting, extensive research has been con-
ducted on grout flow with respect to experimenting and
modeling [28–30]; however, the aperture of the fractures in
this area differs considerably from that in longwall overburden
injection engineering. The longwall-injected target is a fracture
associated with underground mining; it is highly dependent
on the mining height and can reach the meter level that is
much larger than that in fractured rock grouting. Thus, the
flow model in fractured rock is considered inapplicable to
longwall overburden grout injection.

Presently, slurry flow is still unclear for the longwall
injection, at least in terms of the flow channel and slurry
pressure distribution in the bedding separation. Additionally,
the bleeding and consolidation of the commonly used fly ash
slurry that is a typical solid–liquid, two-phase flow, also need
investigation in longwall overburden injection. Geophysical
prospecting methods are considered insufficient to locate
the slurry flow because of a large depth (usually 400–500m
below ground surface), while borehole drilling can only
reveal the final fill distribution at some points instead of the
entire underground bedding separation fracture.

With these issues in mind, this study utilizes an experi-
mental methodology to (a) emulate the process of longwall
overburden grout injection, (b) determine the dynamic flow,
pressure distribution, and consolidation, and (c) fill the
thickness of the slurry with different monitoring methods.

2. Materials and Methods

2.1. Theoretical Background. Isolated overburden grout injec-
tion is an improved technology for traditional longwall over-
burden injection [17, 18, 31]. It involves drilling surface
boreholes to the selected key strata followed by the injection
of slurry into the separation fracture below the strata with

high pump pressure. The high pressure generates a load-
transfer effect that supports the overlying ground and com-
pacts underlying caved and fractured rocks, thus inducing a
support system that bears the ground, and controls surface
subsidence (Figure 1). This technology can increase the sub-
sidence reduction ratio because of an improved injection
ratio of up to 50–60%.

Fly ash slurry, a typical solid–liquid two-phase fluid is
used as the grouting material in injection engineering, and
the borehole grouting pressure can reach 5–6MPa. Following
the filling in the separation zone, the slurry undergoes bleed-
ing and consolidation under the action of grouting pressure
and finally forms a compacted fill body [32]. Because a
mining-induced bedding separation defines the dynamic
process of the initial formation and enlargement, the injec-
tion pressure changes correspondingly, and the flow, bleed-
ing, and consolidation of the slurry also evolve. In this
regard, Teng [33] summarized the overburden grouting pres-
sure in four stages based on actual engineering data: nonpres-
sure, increased pressure, stabilized pressure, and overpressure
(Figure 2). The grouting pressure is zero at first. This corre-
sponds to the initial formation stage of the bedding separa-
tion. Subsequently, the grouting pressure begins to increase,
thus indicating the difference between the filling speed and
the formation speed of the separation fracture gradually
decreases. Furthermore, the pressure reaches the weight of
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Figure 2: Four stages of borehole injection pressure during longwall
overburden grout injection [19].
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the overlying strata, thus indicating that a stable balance is
formed between the grouting and separation. The overpres-
sure stage that usually occurs at the end stage of grouting
indicates that the grouting speed is greater than the separa-
tion rate. The pressure stage provides a basis for experimental
research on fluid flow.

2.2. Experimental System. To study the reproduce of grout
flow in the overburden, we established a similar simulation
system to emulate the overburden grouting process during
underground mining with grouting. The system includes
the main frame, grouting system, monitoring sensor, and
acquisition software (Figure 3).

The main frame is made of a transparent Perspex sheet
which can visualize the slurry flow. The inner dimensions
of the frame are 1000 × 300 × 100mm in length, width, and
height. It is used to emulate coal seams, overlying strata,
and the bedding separation fracture intended to be injected.
At the bottom of the main frame is a movable thin slab with
length, width, and thickness of 100, 20, and 1 cm, respec-
tively, which is used to emulate coal seam. The move of the

thin slab emulates the coal-mining process and the formation
of the gob area. A width of 5 cm is left between the two sides
of the thin plate and the inner boundary of the frame to emu-
late the coal pillars on both sides of the longwall panel. Sim-
ilar materials are laid above the thin slab in layers. These
include the immediate roof, the main roof, the soft rock layer,
and the isolation layer from bottom to top, with the thick-
nesses of 3, 2, 3, and 1 cm, respectively (Figure 4).

The immediate roof, main roof, and soft rock layers
are made of sand, calcium carbonate, gypsum, and water.
These layers are used to emulate the caved and fractured
zones above the gob area. The isolation layer is made of
paraffin wax, hydraulic oil, talcum powder, river sand,
straw powder, and water, with a solid–phase material ratio
of 1 : 2 : 5.7 : 34.2 : 1. The isolation layer directly below the sep-
aration fracture allows for nondisintegration, thus preventing
the bleeding water from entering the lower rock layers and
causing disintegration. The material ratio and characteris-
tics of each rock layer are listed in Table 1. When laying
each rock layer, mica was placed between layers to emulate
the bedding. A space with a height of 0.5 cm was placed

Pressure sensor

Blender

Grouting pump

Data acquisition system

Injection hole

Displacement sensor

Figure 3: Experimental system.

Pressure sensor

Mining face sheet (movable thin slab)

Transparent cover

Isolation layer

Strata in caved and fractured zones 

Injection hole

Displacement sensor

Figure 4: Schematic of experimental system used for the emulation.

Table 1: Model laying parameters.

Lithology Thickness (cm) Material Ratio Layers
Strength
(kPa)

Isolation layer 1 Paraffin : hydraulic oil : talcum powder : river sand : straw powder 1 : 2 : 5.7 : 34.2 : 1 2 95

Soft rock layer 3 Sand : calcium carbonate : gypsum : water 3.5 : 3.5 : 1.5 : 1 3 70

Key strata 2 Sand : calcium carbonate : gypsum : water 3 : 3.5 : 1.5 : 1 2 78

Immediate roof 3 Sand : calcium carbonate : gypsum : water 3.5 : 3.5 : 1.5 : 1 3 70
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between the isolation layer and the upper cover plate of the
main frame to emulate the initial separation zone that was
intended to be injected.

The grouting system included a slurry mixer, a grouting
pump, pipelines, and a borehole. The borehole is located at
the top of the main frame. To monitor the slurry pressure
at different positions in the separation fracture, four pressure
sensors (#1–4 in Figure 5) are evenly arranged on the center
line of the upper cover plate of the main frame. Their dis-
tances to the holes are 20, 40, 60, and 80 cm and are used to
reflect the pressure difference at different positions. The
thickness of the injection fill body was determined by moni-
toring the displacement of the lower isolation layer subject to
the separation fracture. For this reason, three displacement
sensors (S1–S3 in Figure 5) are arranged at equal intervals
in the inclination direction of the main frame and are used
to reflect the thickness differences in the boundary and the
middle of the fracture. The relative positions of the pressure
displacement sensor, borehole, and longwall working face
are shown in Figure 5.

2.3. Experimental Methods. According to an engineering of
isolated overburden grout injection, the fly ash slurry was
selected as the injection material with a water-to-fly ash ratio
of 1.6 : 1 (Figure 6). The grouting flow rate was determined to
be 300ml/min. Before the extraction of the longwall face,
grout was injected into the preset separation fracture until
the injection pressure is formed, so as to simulate the flow

of slurry in the nonpressure stage. Once the pressure
develops, grouting during mining begins. The thin plate
was extracted at a distance of 15 cm from the frame every
10min to emulate the mining distance, and the coal seam
was mined for six times. During this process, grouting in
the bedding separation zone was performed simultaneously,
and the slurry pressure and displacement of the isolation
layer were monitored. To monitor the flow channel and con-
solidation of the slurry, a camera was used to capture pictures
on the upper surface of the model for observation continu-
ally. In the grouting process, a colored tracer was added to
the slurry to enhance the display of the results.

3. Results and Discussion

3.1. Slurry Flow. The slurry flow under the nonpressure and
pressure stages are described based on the photographic
monitoring results. During the nonpressure stage, the slurry
flow manifested in two successive stages, namely, radial and
bidirectional. During the radial flow stage, the slurry pre-
sented an approximate circular flow centered on the grouting
hole, and the radius of the slurry diffusion increased as a
function of the grouting time. When the front part of the
slurry reached the boundary of the bedding separation zone,
the slurry was transferred to the bidirectional flow because of
the boundary constraint, that is, a planar flow along the left
and right sides of the borehole (Figure 7). When the front
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Figure 5: Locations of the sensors, borehole, and longwall panel (unit: cm).
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Figure 6: Injection material. (a) Fly ash and (b) injection slurry.
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of the slurry reached the right boundary, the slurry changed
to one-sided flow owing to the boundary constraint.

Subject to the applied pressure, the slurry flow was no
longer the plan flow, as in the case of nonpressure stage,
but a dominant flow channel appeared. The channel was

approximately elliptic with respect to the center of the grout-
ing. As the grouting volume increased, the size of the channel
expanded (Figure 8). The dominant flow channel expanded
along the strike direction (i.e., face advance direction), and
the channel width was smaller than its length before it

(a) (b)

Figure 7: Slurry flow during nonpressure injection. (a) Radial flow (0–90 s). (b) Bidirectional flow (90–630 s).

(a) (b)

(c)

Figure 8: Slurry flow channel during pressurized injection. (a) 810 s, (b) 1170 s, and (c) 1770 s.
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reached the strike boundary of the separation zone. To
characterize the dominant flow channel, we defined a flow
channel coefficient k as the ratio of the channel length to
its width.

As the grouting volume and pressure continued to
increase, the newly injected grout exerted the induced stress
on the existing grout so that a shear channel was formed in
the early-filled grout and allowed the new grout to flow along
this channel. Meanwhile, the dominant flow channel was
evolving: the value of k continued to increase as the grouting
time elapsed and is approximately linearly correlated with
time (Figure 9). That is, the dominant flow channel gradually
developed into a tabular shape (Figure 10). This is because
the consolidation and deposition of the grout at the trend
boundary occurred continually (refer to section 3.3).

3.2. Grouting Pressure Distribution. The grouting pressure
distribution in the bedding separation fracture is an impor-
tant factor that affects the slurry flow. It was found that the

pressure at any point in the bedding separation increased as
a function of the grouting time, and the pressure curves at
different positions exhibited similar trends (Figure 11(a)).
However, the pressure at different points in the separation
was not equal. The grouting pressure decreased as a function
of distance from the grouting hole, but the reduction was not
large. In particular, the pressure differences for different posi-
tions gradually decreased as the injection time elapsed
(Figure 11(b)). Setting of the grouting time at 1200 s (initial
injection stage) generated the following pressures at sensors
#1–4 of 82%, 43%, 36%, and 7% of the hole pressure, respec-
tively, while the pressure at #4 (farthest from the borehole)
was just 9% of that at #1 (nearest to the borehole). If the
grouting time was set at 3000 s (the end of grouting), the
pressures at sensors #1–4 reached 98%, 93%, 92%, and 28%,
of the hole pressure, and the pressures at sensors #1–3 were
almost the same. The results showed that the grouting pres-
sure decreased along the direction of slurry flow, but the dif-
ferences were limited. It also indicated that the pressure at
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Figure 9: Flow channel coefficient k vs. time.
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Figure 10: Evolution of slurry flow channel. (a) 2730 s, (b) 3030 s, and (c) 3390 s.
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any position can reflect the pressure trend in the entire bed-
ding separation fracture.

3.3. Slurry Consolidation and Fill Distribution. To determine
the consolidation characteristics of the slurry, it is necessary
to determine the deposition rate of solid particles in the
slurry. Water in the fly ash slurry serves as a carrier of solid
particles. The flow velocity of the solid particles gradually
decreases because of the bleeding of the slurry and final
deposition. To prevent solid particles from depositing, the
flow velocity should be greater than the critical nonsilting
velocity [34]:

vc = 0:2 1 + 3:4C1/3
w D1/4� �

β, ð1Þ

where vc is the critical nonsilting velocity, Cw is the specific
concentration of the solid mass, D is the width of the flow
channel, and β is a coefficient that satisfies

β = rs − 1ð Þ/1:7, ð2Þ

where rs is the density of the ash particles. By substituting
Equation (2) in Equation (1), we obtain

vc = 0:12 1 + 3:4C1/3
w D1/4� �

rs − 1ð Þ: ð3Þ

According to Equation (3), the critical nonsilting velocity
of solid particles in fly ash slurry was determined to be
0.4m/s.

The flow velocity of the slurry injected into the bedding
separation fracture was constrained by the flow rate and the
size of the separation fracture, and satisfied

v =Q/wh, ð4Þ

where Q is the grouting flow, w is the separation fracture
width, and h is the separation fracture height. According to

Equation (4), the velocity of the injected slurry at the bedding
separation fracture was 0.0033m/s, or just 0.8% of the critical
nonsilting velocity. This indicates that the solid particle
deposits (or the bleeding of slurry) occurred quickly follow-
ing its entry from the borehole to the fracture. This was also
verified in the experiment of the slurry flow.

The consolidation rate of the slurry at different positions
of the bedding separation zone was not the same and was
closely related to the slurry velocity. If the flow rate was
low, the solid particles were expected to deposit fast; other-
wise, the consolidation rate would be slower. Owing to the
restriction of the boundary in the width direction, the flow
velocity was smaller than that along the strike direction,
and both were less than the critical nonsilting velocity. There-
fore, the bleeding velocity in the width direction was greater
than that in the strike direction. At distances closer to the
boundary, the velocity was smaller. Therefore, the consolida-
tion degree increased as the distance from the center increased
along the width direction. The bleeding water gathered in the
most anterior part of the slurry and formed a “water belt.” The
“water belt”moved to the boundary of the bedding separation
zone subject to continuous pushing of the newly injected
slurry. Finally, because of the action of the grouting pressure,
the water in the “water belt” flowed to the underlying rock
mass and was stored. Figure 12 shows the consolidation of
the slurry in the separation fracture zone.

The fill thickness distribution in the width direction was
determined with displacement sensors. In the initial stage
of grouting (0–1200 s), there was no significant difference in
the fill thickness, and the boundary fill thickness accounted
for 84% of that in the center (Figure 13). As the gob volume
increased, the amount of grouting also increased. Subject to
the combined action of the mining effect and grouting pres-
sure, the isolation layer began to exhibit deflection deforma-
tion that further allowed a large injectable space. At the end
of mining (3000 s), the fill thickness direction was different
along the width direction. The thickness was approximately
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0.53mm on both sides (and accounted for 5.3% of the mining
height), whereas that in the center reached 13.61mm, and
accounted for 86.1% of the mining height. Thus, the thick-
ness of the boundary fill was only 3.8% of that in the center,
and the injection fill thickness distribution manifested as half
pace, which is consistent with the model as described in [27].
This also indicates that the caved and fractured rocks are fur-
ther compacted when subjected to the action of grouting
pressure, thus allowing a larger injectable space above the iso-
lation layer.

4. Conclusions

Mining-induced fractures formed in overburden by longwall
mining are the key reasons for surface subsidence. Overbur-
den grout injection technology uses these fractures to control
mining subsidence. In this study, the flow of slurry in over-
burden fractures was studied experimentally.

The characteristics of slurry flow subject to nonpressure
and pressure were obtained by photographic monitoring. In
the nonpressure stage, slurry flows were manifested in the

radial and bidirectional stages successively. In the pressure
stage, the flow was presented as an almost elliptic dominant
flow channel with its center on the grouting hole. This chan-
nel expanded gradually along the strike direction, and its size
increased continually. The flow channel coefficient was pro-
posed to represent the dominant channel at different pres-
sure conditions. This increased in an efficient manner as
the grouting time elapsed. This was attributed to the consol-
idation of the slurry at the boundary.

The distribution of the slurry pressure in the mining sep-
aration fracture was also revealed. The pressure at any point
in the bedding separation increased as a function of grouting
time. However, the pressure at different points in the separa-
tion was not equal. The grouting pressure decreased away
from the grouting hole, but the reduction was not large. Nev-
ertheless, it is interesting that the pressure curves at different
positions exhibited similar trends. This provided the basis for
the determination of borehole connectivity and pressure
monitoring during longwall overburden grout injection.

The consolidation characteristics of the slurry were
obtained. After entering the separation fracture, the flow
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Consolidated slurry

Water belt

Figure 12: Schematic of slurry flow rule.
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velocity decreased significantly. This resulted in the deposi-
tion of solid particles and in the bleeding of the slurry. The
slurry consolidation rate was not the same at each position,
and it was greater in the width direction than that in the
strike direction. In particular, the closer the slurry was to
the boundary, the smaller the velocity. That is, the farther
from the borehole, the greater the degree of slurry consolida-
tion. The bleeding water gathered at the anterior part of the
slurry and formed a “water belt,” which moved to the bound-
ary of the bedding fracture. Finally, the water in the “water
belt” flowed toward the underlying rock mass and was stored
because of the action of the grouting pressure. The fill thick-
ness increased as a function of the grouting and mining
times. This indicated that the caved and fractured rock mass
was further compacted that allowed a large injectable space
above the isolation layer. This finding may improve the esti-
mation of the injection ratio.
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A floor aquifuge usually bends and fails when mining above a confined aquifer, which may lead to water inrush disaster. The floor
aquifuge was simplified as a thin disc model in this paper, and a series of coupled bending-seepage tests of sandstone were carried
out by a patent test system. The variation characteristics of load-displacement, load-time, and permeability-time were analyzed.
The deflection and stress in the thin disc rock samples were deduced; the initiation and propagation of cracks were analyzed.
The failure behavior of the thin disc rock samples was described. It shows the following: (1) The bending failure behavior relates
to the stress distribution and crack evolution inside the thin disc. (2) The main cause of crack initiation is a tension-shear
failure. (3) The 5mm thickness thin discs form petal-shaped cracks, due to tensile stress, while petal-shaped cracks only appear
at the cap block of the 10mm discs, which are sheared into two pieces along the conical surface with an inclination about 45°.
(4) Water inrush occurs after bending failure in the floor aquifuge, and it is an opportune moment to grout along the crack
propagation trend lines to prevent the water inrush disasters.

1. Introduction

Due to the gradual depletion of shallow mineral resources,
mining activities are shifted to the deep. In deep mining
activities, geological conditions become complex; confined
water pressure increased. Continuous deep mining may
result in bending deformation and failure of the floor aqui-
fuge, which may link the groundwater to the working face,
and induce water inrush accidents [1–4]. Hence, the bending
failure of the floor above a confined aquifer is one of the rea-
sons to induce water inrush.

Scholars began to study the mechanism of floor breakage
and water inrush since the last century. Some important the-
ories have been proposed successively, such as the key stra-
tum theory, three-underlying belts theory, in situ rifting
and zero failure theory, relative aquifuge thickness and water
inrush coefficient method, and water inrush critical index
method [5–9]. In recent years, due to the complex geological
background and mining conditions, the floor breakage and
water inrush mechanisms have been extensively and deeply

studied based on the above theories, and new achievements
emerged endlessly.

A large-scale model test is one of the effective means to
reproduce the process of water inrush from floor breakage.
Zhao et al. [10, 11] developed a large-scale three-
dimensional solid-fluid coupling simulation experimental
equipment, analyzed the wall rock distortion and breakage
process, and described the variation law of stress and water
pressure and their influence on water inrush. Li et al. [12]
divided the mining-induced floor stresses into three distinct
stages with the help of a fluid-solid coupling model test sys-
tem. Chen et al. [13] described the crack formation and evo-
lution law in the floor aquifuge by the solid-fluid coupling
similar simulation test system and found that most mining
cracks were vertical tensile cracks, shear cracks, and layer
cracks. Kang et al. [14] studied the failure law of the floor
after mining using a large-scale simulation test system and
divided the floor fracture belt into an open-off-cut fracture
zone, central goaf compaction zone, and working-face frac-
ture zone. Liu et al. [15] found that the failure range
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morphological map of the mining floor was approximately a
spoon shape and obtained the maximum failure depth of the
floor aquifuge by similar simulation tests. Based on the mul-
tifunctional simulation test apparatus, Hua et al. [16] pointed
out that the floor heave was mainly composed of the com-
pression bending type, shear dislocation type, and extrusion
fluidity type, and the floor heave was mainly caused by the
tensile failure or tensile-shear failure.

The similar model test can reproduce the process of
floor’s breakage and water inrush, but it still has some disad-
vantages; for example, the model sizes are usually too large,
cost too much, and last for long test periods. Therefore, the-
oretical research and numerical calculation are essential.

Miao et al. [17] simplified the floor aquifuge to a rock
beam model with both ends fixed and loaded uniformly
and analyzed the strength characteristics and water-
resisting performance of the floor aquifuge. Sun and Wang
[18] regarded the floor aquifuge as a square elastic thin plate
with fixed constraints on four sides and deduced an instabil-
ity mechanics criterion of the inclined floor water-resisting
key strata using the elastic thin plate theory. Gao et al. [19]
established a fracture mechanics model based on the thin
plate theory and regarded that the essence of water inrush
in the mining field was the result of the accumulation of
microcracks and propagation of macrocracks in the floor
aquifuge caused by mining-induced stress and confined
water pressure. Wang et al. [20] established a plate model
subjected to horizontal extrusion force, deduced the critical
load of floor buckling failure based on the thin plate yield the-
ory, and obtained that the floor thickness was the main factor
affecting the critical load. Guo et al. [21] analyzed the distri-
bution of displacement and pore water pressure on the floor
using Comsol Multiphysics and pointed out that the key
cause of water inrush was the release of energy from the floor
above the confined water aquifer when mining. Pang [22]
simplified the layered floor to homogeneous elastic plates,
calculated the floor failure depth by means of the average
modulus method, and considered that the lithology and com-
posite structure of the floor are two important factors affect-
ing the failure depth. Xie [23] used Flac3D to analyze the
damage law of elastic modulus of the floor aquifuge caused
by mining qualitatively and found that the floor crack rate
controlled the stress distribution in the floor and the thick-
ness of floor aquifuge played an important role in controlling
the displacement and failure depth of the floor. Obviously,
the mechanism of water inrush can be clarified by mastering
the failure behavior in the floor aquifuge.

The research above studied the stress distribution [10–12,
17, 23], displacement change [10, 11, 21, 23], crack evolution
[13, 14, 19, 23], and failure law [15, 16, 18, 20, 22] in the floor
aquifuge. The achievements reach a consensus that (1) the
essence of water inrush from the floor aquifuge is the result
of the combined action of mining-induced stress and con-
fined water pressure, (2) the stress variation and crack evolu-
tion in the floor may lead to water inrush, and (3) the
thickness and lithology of the floor aquifuge are two impor-
tant factors affecting the failure behavior of the floor. How-
ever, the above studies ignored the correlation between the
distribution of stress and the propagation of cracks when

the floor aquifuge was bending, and the formation and prop-
agation of cracks have not been described in-depth, so the
bending failure characteristics and the induced water inrush
behavior in the floor aquifuge need to be studied further.

To this end, this paper established a thin disc model, con-
ducted the bending-seepage tests of different thicknesses and
lithology under the coupled bending-seepage condition, cal-
culated the deflection and stresses inside the thin disc gray
sandstone and red sandstone, revealed the formation and
propagation mechanism of the cracks in the thin disc rock
with different thicknesses and lithology, and described the
bending failure behavior in the floor aquifuge, as well as the
bending-failure-induced water inrush behavior. This
research is expected to provide references for the description
of floor failure and the prevention of water inrush.

2. Simplified Model and Experimental Process

2.1. Simplified Model. With coal extraction continuing, the
confined water pressure and the mining-induced stress
become the force sources. Subject to their joint action, the
floor aquifuge undergoes bending deformation. In the bend-
ing floor aquifuge, the cracks are formed, developed, and
penetrated, and water flow changes from seepage to turbu-
lence and rushes into the working face, which may cause
water inrush disaster.

A simplified model is shown in Figure 1, established
based on the following assumptions:

(1) The floor aquifuge in practical engineering is assumed
as a circular thin plate relative to the stratum; the self-
weight of the thin disc rock sample is ignored.

(2) Owing to the strength and stiffness of the surround-
ing rock mass that are far greater than those of the
floor aquifuge, the constraint of the thin disc rock
sample is peripheral clamping.

(3) The floor aquifuge is assumed above the confined
aquifer. The confined water pressure is regarded as
a uniformly distributed pore pressure, q, distributed
on the lower surface of the thin disc rock sample.

(4) Excavation disturbances induce floor heave; the
upward bending deformation is applied to the thin
disc rock sample, which is realized by applying an
upward concentrated force, P, on the lower surface
of the thin disc rock sample by a conical indenter.

As shown in Figure 1(c), the peripheral clamping is equiv-
alent to a force couple,M, and a force, F/2πa. a is the radius of
the thin disc rock sample, F is a circumferential load applied by
the Material Testing Machine, and a retaining ring is used to
act on the annular upper surface of the thin disc rock sample.

2.2. Testing System. In order to simulate the heave and break-
age of the floor aquifuge and realize the coupled bending
deformation and water flow applied on the floor aquifuge, a
testing system that can conduct the coupling bending-
seepage test is designed and manufactured [3, 24]. It consists
of an axial loading subsystem, a pore pressure loading and
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controlling subsystem, a permeameter subsystem, and a data
acquisition and analysis subsystem. The overall design of the
testing system is shown in Figure 2.

As the core of the testing system, the permeameter sub-
system contains a bottom plate, a cylinder, a permeable
piston, a conical indenter, a retaining ring, seals, etc., shown
in Figure 3. The thin disc rock sample is fixed between the
retaining ring and the conical indenter. It is critical to tightly
seal the interspace between the outer boundary of the sample
and the cylinder wall using high water materials and to
ensure that the liquid only flows within the rock sample but
not seeps out from surrounding voids before and during
the loading process.

The test adopted the steady-state permeation method.
Stable pore water pressure was provided by driving oil pres-
sure in the pore pressure loading and controlling subsystem.
Water flowed through the pressure transducer, flow trans-

ducer, and the inlet at the bottom plate, entered the conical
indenter, and evenly distributed on the lower surface of the
thin disc rock sample to simulate the action of the confined
water pressure on the floor aquifuge. An axial load was
applied onto the piston of the permeameter, then loaded on
the upper surface of the thin disc rock sample through the
retaining ring as circumferential load. Under the bidirec-
tional actions of concentrated force from the conical indenter
and circumferential load from the retaining ring, the rock
sample underwent bending deformation, which was used to
simulate the floor heave bending deformation of the floor
aquifuge due to excavation disturbances.

2.3. Testing Scheme

2.3.1. Material Characterization and Sample Preparation.
The floor aquifuge in Pan mine in Sichuan is taken as the
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Figure 1: Simplified model for floor aquifuge.
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example in this paper, which is mainly gray sandstone and
red sandstone. All samples were acquired from a single rock
block to ensure their similar physical properties, respectively.
The physical and mechanical properties are listed in Table 1.

Based on the simplified model of the floor aquifuge and
the diameter of the permeameter cylinder, the rock sample
was processed as a 50mm diameter disc. According to the
definition of the thin plate theory, the thickness-diameter
ratio should be less than 1/5. Therefore, two thicknesses,
5mm and 10mm, are selected in this research.

Samples were examined before testing to exclude those
with obvious macroscopic defects and to ensure the testing
values free from the impacts of macrojoints and fissures.
The structures of the selected thin disc rock samples were
compact, and there was no visible natural microfissure. Then,
thin disc rock samples were polished to keep the surface
smooth at two ends.

Taking lithology and thickness as the influencing factors,
four independent tests were carried out, marked GS05, GS10,
RS05, and RS10. Three samples were tested in each indepen-
dent test.

2.3.2. Testing Design. At the beginning of testing, water was
injected into the permeameter to saturation at least half an
hour. Then, the pore pressure was loaded, and the sealing
performance of the system was timely checked. According
to relevant geological data, the pore pressure was set as
2MPa in this test. When the pore pressure was completely
stable at 2MPa, the rock sample was loaded by the axial load-
ing subsystem in the displacement control mode at a loading
rate of 0.5mm/min till the rock sample failed.

In addition, the pore pressure q and water flow Q were
simultaneously acquired from the beginning of loading; the
load F and displacement u during bending deformation were
real-time recorded.

Permeability, k, can be calculated by Darcy’s law as below:

k = μv
q/δ , ð1Þ

where μ is the dynamic viscosity of water, v is the seepage
speed calculated from v =Q/πa2, q is the pore pressure, and
δ is the thickness of the thin disc rock sample.

3. Experimental Results

3.1. Variation Characteristics of Load-Displacement Curves.
Figure 4 shows the load-displacement (F‐u) curves of the
gray sandstone and red sandstone with two different thick-
nesses. They have similar variation characteristics, which
can be divided into four stages OA‐AB‐BC‐CDE, as shown
in Figure 5.

The section of the OA segment is shorter and steeper.
This section contains adaptive adjustment and elastic defor-
mation of the thin disc structure under uniform water pres-
sure and bending load. Obviously, the thin disc samples
have low elastic deformation.

The AB segment is a line with a very small slope; the
deformation increases significantly while the load-carrying
capacity increases very small in this stage. The structure
produces large plastic deformation, and microcracks in
the disc germinate and develop; floor heave occurs in the
AB section [16, 25, 26].

The BC section has a great slope. With the increase of
deformation, the load increases sharply, and the bearing
capacity of the thin disc structure is strengthened. In this
stage, the crack propagation inside the thin disc changes
qualitatively, microcracks develop and grow continuously,
forming macrocracks, and the internal structure of the thin
disc is damaged gradually. Although the thin disc structure
is still in the overall state, the internal cracks penetrate rap-
idly. The bearing capacity of the thin disc structure reaches
its peak value at point C, which is listed in Table 2. It presents
that the thicker disc rock sample has a greater peak load, the
peak value of red sandstone with the same thickness is larger
than that of gray sandstone, and the displacement of gray
sandstone is less than that of red sandstone.

After the peak value, CDE is the postfracture stage. In this
stage, cracks intersect each other, under the action of splitting
expansion of pore water pressure, the macrofracture surface
is united and formed, and rock blocks slide along the fracture
surface, which may cause water inrush [27, 28]. The bearing
capacity of the sample decreases slowly with the increase of
deformation in CD and then drops rapidly in DE, and the
thin disc structure collapses till its bearing capacity loses
completely. Generally, if the deformation and heave behavior
of the floor have not been dealt with in time before the peak
value in the project, it can be remedied in the CD section.
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Figure 3: Schematic of the permeameter.
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Because the floor still has its bearing capacity, it is not too late
to control the floor deformation and heave behavior by
means of grouting. Mastering the characteristics of crack ini-
tiation and propagation can better guide grouting.

3.2. Time-Varying Characteristics of Load and Permeability.
Figure 6 shows the load-time (F‐t) curves and permeability-
time (k‐t) curves of the gray sandstone and red sandstone with
two different thicknesses.

The permeability of the intact thin disc rock sample is
about 10-17m2 at the beginning of the experiments, which

is consistent with the testing result of standard intact rock
samples [29–37]. It increases rapidly after bending failure
occurred several seconds, water flow changes from seepage
to turbulence simultaneously, and then, water inrush may
occur. In this process, permeability evolved from 10-17m2

up to 10-11m2, increasing six orders of magnitude. Its evolu-
tion rule is obviously different from standard rock samples
[32], in which permeability usually increases three to four
orders of magnitude after the postpeak strength. Obviously,
the permeability of the thin disc structure changes greatly
with stronger mutation, because the stress distribution and
crack evolution of the thin disc are different from that of
the standard rock sample.

As shown in Figure 6, the peak permeability always lags
the peak load, indicating that it still has time and opportunity
to take measures to prevent water inrush disaster, which is
consistent with the CD section in Figure 5. Table 3 lists the
occurrence time of peak load and peak permeability, as well
as the lagging time.

The sample GS05 experienced the longest time; this is
because the sealing material between the outer boundary of
the sample and the cylinder wall was compacted for a long
time. The compression of the sealing material only prolongs
the test time but does not affect the deformation measure-
ment of the sample. Because of the difference in experimental
operation, the peak load and permeability occurrence times
of four samples cannot be compared separately. Only the lag-
ging time can be analyzed; it shows that the lagging time of
gray sandstone is longer than that of red sandstone. It is
because the brittle behaviors of the thin disc in the postfrac-
ture stage are different, which relates to the crack propaga-
tion. The longer the lagging time is, the longer the time that
can be used for water inrush prevention and control is, the
more effective the water inrush risk can be reduced.

3.3. Bending Failure Pattern. Figure 7 shows the bending fail-
ure patterns of the four thin disc rock samples. The 5mm
thickness disc rock samples formed petal-shaped cracks after
bending failure, as shown in Figures 7(a) and 7(c). For the
10mm thickness disc samples, a cap block was cut out along
a conical surface with an inclination about 45°, as shown in
Figures 7(b) and 7(d), and petal-shaped cracks also appear
in the cap block.

Obviously, when the thin disc rock samples are under the
coupled bending-seepage condition, their failure behaviors
belong to the problem of structural failure. It is related not
only to material properties but also to the structural proper-
ties and external force characteristics. In order to analyze the
bending failure behavior in-depth, the stress distribution and
crack evolution in the thin disc rock structures should be
studied further.

Table 1: Physical and mechanical properties of gray sandstone and
red sandstone.

Lithology
Gray

sandstone
Red

sandstone

Uniaxial compressive strength (σc, MPa) 54.7 51.2

Tensile strength (σt, MPa) 5.02 4.71

Elastic modulus (E, GPa) 32.0 29.2

Poisson ratio (υ) 0.23 0.16

Density (ρ, kgm-3) 2473 2574

Internal friction angle (ϕ, °) 47.8 43.0

Cohesion (C, MPa) 21.2 22.9

F (kN)
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Figure 4: Load-displacement curves of four different sandstone
samples.
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Figure 5: Four-stage dividing sketch of load-displacement curves.

Table 2: The peak values for different samples.

Sample number GS05 GS10 RS05 RS10

Peak load (kN) 4.065 6.419 5.915 7.283

Displacement on the peak load (mm) 0.609 0.603 1.162 1.363
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4. Discussion

The hard rock floor aquifuge is mainly a local plastic failure,
and the stability coefficient is generally high; it can be solved
with the elastic solution [38].

4.1. Deflection Calculation and Distribution in Thin Disc Rock
Samples. Based on the simplified model in Figure 1(c), cir-
cumferential load, F, and pore pressure, q, can be measured
timely during the test; the concentrated force, P, and the
force couple, M, can be calculated as

P = F − qπa2,

M = a
2

F
2π − qa
� �

:
ð2Þ

In polar coordinates, as shown in Figure 1, the transverse
loads on the thin disc rock sample are symmetrical around
the z-axis, which is a vertical plate face up. The deflection,
w, of the elastic thin disc is also symmetrical around the z

-axis, and it is a function of r but does not change with θ.
When the thin disc rock sample bends axial-symmetrically,
the differential equation of the deflection is

d2

dr2
+ 1
r
d
dr

 !
d2w
dr2

+ 1
r
dw
dr

 !
= q
D
, ð3Þ

where D = Eδ3/12ð1 − υ2Þ is the bending stiffness of thin disc
andE and υ are elasticmodulus and Poisson’s ratio, respectively.

A semi-inverse method is used to solve the differential
Equation (3); the general solution for the deflection of the
thin disc rock sample is

w = q
64D r4 + A1r

2 + A2r
2 ln r

a
+ A3 ln

r
a
+ A4, ð4Þ

where A1, A2, A3, and A4 are coefficients, determined by the
boundary conditions.
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Figure 6: Time-varying characteristics of load and permeability.

Table 3: The lagging times for different samples.

Sample number GS05 GS10 RS05 RS10

Time on the peak load occurrence (s) 310 118 193 186

Time on the peak permeability occurrence (s) 356 174 203 190

Lagging time (s) 46 56 10 4
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Based on the boundary conditions in the mechanical
model, the deflection is expressed as

w = q
64D a2 − r2

� �2 + P
8πD

1
2 a2 − r2
� �

+ r2 ln r
a

� �
: ð5Þ

Applying Equation (5), the deflection distribution inside
the thin disc rock sample along the radius direction at differ-
ent loading times could be obtained.

The deflection distributions along the radius direction
when P = 0 are shown in Figure 8(a). It shows that when the
thin disc rock sample is only under the action of pore pressure,
the maximum deflections of samples GS05, GS10, RS05, and
RS10 are 0.0191, 0.00374, 0.0264, and 0.0046mm, respectively.
It can be inferred that the thinner the floor aquifuge, the larger
the deformation caused by the confined water pressure.

Figure 8(b) shows the deflection distributions at the time
of peak load appearance, P = Pmax, the maximum deflections
of samples GS05, GS10, RS05, and RS10 are 0.0218, 0.0132,
0.0797, and 0.0203mm, respectively. Mining disturbance
induces further bending deformation of the floor. Under
the combined action of mining-induced stress and confined

water pressure, the deflection of the floor aquifuge is 1.2 to
4 times of that under the alone confined water pressure.

It is worth noting that these deflections are the elastic
ultimate load-bearing displacements. The displacements are
different from the values in Table 2, which includes not only
the deformation of the thin disc rock sample but also the
deformation of the sealing material and the displacement of
the sample after being fractured.

The maximum deflections both occur at the center of the
thin disc rock sample when P = 0 and P = Pmax; as a result,
the center of the disc is the dangerous position that the disc
may break from here.

(a) GS05 (b) GS10

(c) RS05 (d) RS10

Figure 7: Bending failure patterns.
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Sandstone is a typical brittle material at room temperature;
its elastic deformation is weak. The bending failure of the thin
disc rock sample mainly results from the strength, but not the
stiffness. Therefore, in addition to analyzing the deformation
in the disc, stress distribution should be emphasized.

4.2. Stress Calculation and Distribution in Thin Disc Rock
Samples. As Figure 9 shows, through the analysis of the
microelement in the thin disc rock sample, the internal force
equation of the element is calculated as follows:

Using Equation (6), the distribution of internal forces
along the radius direction can be solved and drawn, as shown
in Figure 10.

As seen in Figure 10(a), the reverse bending point of Mr
is about 0.01m away from the center of the disc. When r <
0:01m, the upper surface of the disc is in tension and the
lower surface is in compression, and when r > 0:01m, it is
just the opposite. All the samples except for GS05 have the
maximum value ofMr at the center, where it is the most dan-
gerous cross-section. Particularly, the maximum value of Mr
occurs at the edge in the sample of GS05. The value in the
center is slightly less than that in the edge; both the center
and edge cross-sections are dangerous sections.

It can be seen from Figure 10(b) that theMθ distribution
curves are similar to the distribution curves of Mr , but the

reverse bending point is different, which is about 0.022m
away from the center. When r < 0:022m, the upper surface
of the disc rock sample is in tension and the lower surface
is in compression, and when r > 0:022m, the upper surface
is compressed and the lower surface is tensed. The maximum
value of Mθ occurs at the center, so the central cross-section
is the most dangerous point.

It can be seen from Figure 10(c) that when r ≈ 0:004m,
the shear force FSr in the disc changes from positive to nega-
tive. The maximum value of FSr occurs at the center of the
disc, so it is the most dangerous cross-section; the direction
of the shear force at the dangerous section is downward.

From Equations (5) and (6), the stress at every cross-
section of the thin disc rock sample can be calculated as
follows:

Using Equation (7), the stress distribution at the central
dangerous cross-section along the direction of the disc thick-
ness (i.e., the z-axis direction) is shown in Figure 11(a). For
the sample of GS05, the edge cross-section is dangerous

too; its stress distribution along the direction of the disc
thickness is shown in Figure 11(b).

As seen in Figure 11, both σr and σθ are linearly distrib-
uted along the thickness direction, forming the bending

Mr = −D
d2w
dr2

+ υ

r
dw
dr

 !
= −

P
4π 1 + ln r

a
+ υ ln r

a

� 	
+ q
16 1 + υð Þ a2 − r2

� �
− 2r2


 �
,

Mθ = −D
1
r
dw
dr + υ

d2w
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= −
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4π υ + ln r

a
+ υ ln r

a

� 	
+ q
16 υ a2 − 3r2

� �
+ a2 − r2
� �
 �
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moments Mr and Mθ, respectively. The maximum values of
σr and σθ occur at the upper and lower points of the danger-
ous cross-sections. τrz is parabolically distributed along the
thickness direction, constituting the shear force FSr . The
maximum value τrz occurs at the neutral point of the danger-
ous cross-section.

Summing up, the location and stresses of the dangerous
points in the thin disc rock samples can be calculated and
are shown in Table 4.

As illustrated in Table 4, for sample GS05, σr max at the
upper and lower points of the edge cross-section is very large,
and the thin disc rock sample may be damaged from the
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9Geofluids



edge. For samples GS05, GS10, RS05, and RS10, both σr max
and σθ max occur at the upper and lower points of the central
cross-section, and τrz max occurs at the neutral point of the
central cross-section. σθ max is larger than σr max at the upper
and lower points of the central cross-section, and the thin
disc rock sample may be damaged mainly by σθ max from
the center.

It also shows that the sample RS05 has the largest σr max,
σθ max, and τrz max, followed by RS10, GS10, and GS05. The
thin disc red sandstone has higher stress than the gray one.
The greater the stress is, the faster the cracks develop in the
thin disc, and the shorter the time of water inrush passage
through. This is consistent with the experimental phenome-
non that the lagging time of red sandstone is shorter than
that of gray sandstone in Table 3.

The stress state of dangerous points in the thin disc rock
samples can be described as shown in Figure 12.

Figure 13 and Table 5 show the specific locations of the
dangerous points on the thin discs and the corresponding
stress states.

Based on the description for the location and stress state
of the dangerous points on the thin discs, these dangerous
points are in the biaxial tensile/compressive stress state, the
uniaxial tensile/compressive stress state, and the pure shear
stress state, respectively. The structural failure of the thin disc
rock sample is mainly due to the stress reaching or exceeding
its strength limit, and therefore, the strength condition
should be established to reveal the failure mechanism.

4.3. Crack Initiation and Propagation in Thin Disc Rock
Samples. Sandstone is a kind of brittle material so that we
use the Maximum Tensile Stress Theory and Mohr-
Coulomb Strength Theory to analyze the bending failure
behavior.

Table 4: The location and stresses of the dangerous points in the thin disc rock samples.

Samples Location/stresses

GS05

The upper and lower points of the central cross-section/σr max = 22:3MPa
The upper and lower points of the edge cross-section/σr max = 27:0MPa
The upper and lower points of the central cross-section/σθ max = 23:7MPa

The neutral point of the central cross-section/τrz max = 48:8MPa

GS10

The upper and lower points of the central cross-section/σr max = 46:4MPa
The upper and lower points of the central cross-section/σθ max = 54:7MPa

The neutral point of the central cross-section/τrz max = 130:5MPa

RS05

The upper and lower points of the central cross-section/σr max = 120:2MPa
The upper and lower points of the central cross-section/σθ max = 144:8MPa

The neutral point of the central cross-section/τrz max = 199:9MPa

RS10

The upper and lower points of the central cross-section/σr max = 59:8MPa
The upper and lower points of the central cross-section/σθ max = 72:7MPa

The neutral point of the central cross-section/τrz max = 173:3MPa
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4.3.1. The Cause of the Crack Initiation. Combining
Figures 12 and 13, the upper points of the central cross-
section in the four samples are the dangerous points. They
are in the biaxial tensile stress state, and the principal stresses
of the dangerous points are σθ max, σr max, and 0. According
to the Maximum Tensile Stress Theory, when bending failure
occurs, the maximum tangential tensile stress reaches and
exceeds the allowable tensile stress. So, the upper points of
the central cross-section in the disc, i.e., the points a in
Figure 13, are the points of crack initiation, and the disc rock
sample is tensed at these points along the tangential
direction.

Meanwhile, the lower points of the edge cross-section in
sample GS05 are also the dangerous points. They are in the
uniaxial tensile stress state, and the principal stresses of the
dangerous points are σr max, 0, and 0. When bending failure
occurs in sample GS05, the maximum radial tensile stress
reaches and exceeds the allowable tensile stress. Therefore,
for the sample GS05, besides the upper points of the central
cross-section, the lower points of the edge cross-section, i.e.,
the points c in Figure 13, are the points of crack initiation,
too. That is to say, the sample GS05 is tensed simultaneously
at the location a along the tangential direction and at location
c along the radial direction.

In addition, the neutral points of the central cross-section
in the four thin disc rock samples are also dangerous points,
which are in the pure shear stress state, and the principal
stresses of the dangerous points are τrz max, 0, and -τrz max.

According to the Mohr-Coulomb Strength Theory, it is obvi-
ously obtained that shear is the main cause of the bending
failure. It shows that the four kinds of discs also suffer from
shear failure from the neutral points of the central cross-sec-
tion, i.e., the points e in Figure 13; this location is also the
points of crack initiation.

In summary, the crack initiation points for the samples
GS10, RS05, and RS10 are a and e as shown in Figure 13;
the crack develops resulting from the upper point a of the
central cross-section which is tensed along the tangential
direction and the neutral point e of the central cross-section
which is sheared. The crack initiation points for sample
GS05 are a, c, and e in Figure 13; they are caused by the upper
points a of the central cross-section and the lower points c of
the edge cross-section that are tensed simultaneously along
the tangential direction at the center and radial direction at
the edge and the neutral points e of the central cross-
section that is sheared. Briefly, tension-shear failure is the
main reason for crack initiation.

4.3.2. The Cause of Crack Propagation. As seen in Table 4,
there are two dangerous locations in sample GS05. One
is at the disc center, where τrz max and σθ max play major
roles, and τrz max is about 2.06 times of σθ max. The other
is at the lower points of the disc edge, which is the uni-
axial tensile stress state dominated by σr max. Crack prop-
agation in this disc is caused by the tangential tensile
stress and shear stress at the center and the radial tensile
stress at the edge. The cracks are developed oppositely by
the tension-shear failure at the center and tension failure
at the edge, producing the petal-shaped cracks shown in
Figure 14(a).

For sample RS05, the cracks propagate from the center,
where τrz max is only 1.38 times σθ max. Crack propagation
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(a) The biaxial tensile stress state
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Figure 12: Stress state of dangerous points.
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Figure 13: The location of the danger points on thin discs.
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of this disc is mainly due to the tension failure, which is per-
pendicular to the radius direction and caused by the tangen-
tial tensile stress. The cracks develop from the center to the
edge; petal-shaped cracks are formed, as shown in
Figure 14(b).

For samples GS10 and RS10, τrz max is about 2.38 times
σθ max. Due to the thicker thickness, crack propagation in
the disc is mainly caused by shear failure; meanwhile, the ten-
sion failure plays a secondary role. As shown in Figure 14(c),
the cracks rise along a conical surface with an inclination
about 45° from the center to the edge, and the disc rock sam-
ple is sheared into two pieces. The cap block is accompanied

by petals with tension cracks caused by the tangential tensile
stress.

4.4. Bending-Failure-Induced Water Inrush Behavior in the
Floor Aquifuge. During mining activities, the floor aquifuge
is bending; the deflection and stress are changing timely. It
is safe when the deflection and stress are far less than the
allowable values. The cracks initiate and propagate with the
increase of stress, and the confined water pressure split and
expand the cracks continuously. When bending failure
occurs, the maximum tensile stress exceeds the allowable
values; the cracks propagate to penetrate.

Table 5: The details of the stress state at the dangerous points.

Stress state Location of the dangerous points

a: the biaxial tensile stress state The upper points of the central cross-section in samples of GS05, GS10, RS05, and RS10.

b: the biaxial compressive stress state The lower points of the central cross-section in samples of GS05, GS10, RS05, and RS10.

c: the uniaxial tensile stress state The lower points of the edge cross-section in the sample of GS05.

d: the uniaxial compressive stress state The upper points of the edge cross-section in the sample of GS05.

e: the pure shear stress state The neutral points of the central cross-section in samples of GS05, GS10, RS05, and RS10.
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Figure 14: The mechanism of crack propagation.
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Although the occurrence of bending failure is really very
dangerous, the water inrush disaster does not happen imme-
diately, because of the water inrush lagging. There is a short
time to take measures to grout the cracks and to prevent
the water inrush accident. According to the crack initiation
and propagation (Figure 14), the grouting should be at the
center or the edge of the floor aquifuge along the crack prop-
agation trend lines.

5. Conclusions

A simplified thin disc model was introduced to study the
bending failure of the floor aquifuge. Based on a self-
designed experimental system, thin disc gray and red sand-
stone samples were tested under coupled bending-seepage
condition to study the failure behavior. The failure behavior
in thin disc sandstone with two different lithologies and
thicknesses were analyzed. The main conclusions can be
drawn as follows:

(1) The failure process of thin disc sandstone can be
divided into four stages: adaptive adjustment and
elastic deformation stage, plastic deformation and
microcrack development stage, bearing capacity
strengthening and macrocrack formation stage, and
postfracture stage, of which water inrush disaster
occurs at the postfracture stage.

(2) The permeability changes from 10-17 m2 to 10-11 m2

in the thin disc structure, and the sharp increase leads
to more sudden and intense water inrush. The peak
permeability always lags the peak load, and the lag-
ging time of water inrush in gray sandstone is longer
than that in red sandstone owing to the difference of
crack propagation.

(3) The crack initiation point occurred at the center
because of the tangential tensile stress and shear
stress. The crack propagation is related to disc thick-
ness and lithology.

(4) Water inrush accident occurs after the bending fail-
ure in the floor aquifuge. It is an opportune moment
to grout along the crack propagation trend lines to
prevent the water inrush disasters.

Abbreviations

a: Radius of the thin disc rock sample (L)
A1, A2,A3, A4: Coefficients (-)
C: Cohesion (ML-1T-2)
D: Bending stiffness of thin disc (ML2T-2)
E: Elastic modulus (ML-1T-2)
F: Circumferential load (MLT-2)
FSr , FSθ: Shearing internal forces (MLT-2)
k: Permeability (L2)
M: Force couple (ML2T-2)
Mr ,Mrθ,Mθ: Internal force couples (ML2T-2)
P: Concentrated force (MLT-2)
Pmax: Peak load (MLT-2)

q: Confinedwater pressure/pore pressure (ML-1T-2)
Q: Water flow (L3T-1)
r: Radial direction in polar coordinates (-)
t: Testing time (T)
u: Displacement (L)
v: Seepage speed (LT-1)
w: Deflection (L)
z: Symmetrical axis (-)
δ: Thickness of the disc (L)
θ: Tangential direction in polar coordinates (-)
μ: Dynamic viscosity of water (ML-1T-1)
υ: Poisson ratio (-)
ρ: Density (ML-3)
σc: Uniaxial compressive strength (ML-1T-2)
σr : Radial stress (ML-1T-2)
σr max: Maximum radial stress (ML-1T-2)
σt : Tensile strength (ML-1T-2)
σθ: Tangential stress (ML-1T-2)
σθ max: Maximum tangential stress (ML-1T-2)
τrz , τrθ, τθz : Shear stresses (ML-1T-2)
τrz max: Maximum shear stress (ML-1T-2)
ϕ: Internal friction angle (-).
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The infiltration and physical and chemical effects of fissure water often have a degrading effect on the strength and bearing capacity
of the surrounding rock of the roadway. With the increase of the time of water infiltration, the roadway deformation increases
exponentially, resulting in a higher risk of roadway destruction. In this paper, targeting at the supporting and protection issues
associated with the main inclined shaft during the water-drenching, a numerical simulation method was established to evaluate
the impact of the fissure water on the deformation of the surrounding rock of the roadway, and a solution to control the top
water in main inclined shafts by grouting was proposed. Through the numerical simulation method, the effective penetration
range of the slurry in the surrounding rock and the variation of the tunnel deformation with the grouting timing were studied.
A method of combining numerical simulation with on-site monitoring to determine a reasonable grouting timing was proposed.
The field application suggests that grouting at a reasonable timing can effectively control the influence of seepage water from the
roof crack of the main inclined shaft on the deformation of the roadway surrounding rock, improve the integrity of the roadway
surrounding rock, increase the bearing capacity of the support, and maintain the safety and stability of the roadway surrounding
rock of the main inclined shaft. Furthermore, this study can provide insightful references to the grouting reinforcement adopted
by similar main inclined shafts.

1. Introduction

With the continuous increase in mining scale and mining
intensity, the threat of coal mine roof water hazards has
become increasingly prominent, resulting in serious safety
hazards to mine production [1, 2]. When the groundwater,
as a chemical solution with a complex composition, is
exposed to the rocks, complex physical and chemical reac-
tions often occur, resulting in damages to the mechanical
properties of the rock mass, such as the softening and
hydraulic erosion of rocks. Rock softening is a typical physi-
cal property of rock, and the strength deterioration severity
depends on the water content of the rock [3]. The hydraulic
pressure intensifies the development of the internal cracks
in the softened rock mass, gradually reducing the integrity
of the rock mass and changing the macromechanical proper-
ties of the rock mass [4]. The redistribution of chemical ele-
ments caused by water-rock chemistry and changes in rock

microstructure further exacerbate the deterioration of rock
mechanical properties [5].

During the roadway excavation, with the existences of the
fissure water in the surrounding rock, the physical and chem-
ical reactions between the water and the rock mass have a
degrading effect on the bear capacity of the roadway sur-
rounding rock, resulting in safety hazards and other risks,
which should be either drained or contained effectively to
prevent further damage [6]. Under the circumstance that
proper drain is not possible, grouting is often adopted to con-
trol the fissure water in the roadway surrounding rock and
strength the roadway accordingly. Many scholars have con-
ducted in-depth studies on the roadway grouting technolo-
gies. In terms of grouting materials, due to the engineering
needs and advances in material science, the common mate-
rials adopted in the grouting process include cement slurry,
loess, fly ash, and other chemical grouting materials [7–10].
In terms of grouting technologies, various grouting methods
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are developed such as the adoption of the grouting pipes,
grouting anchors, and grouting anchor cables [11–14]. In
terms of grouting mechanism, multiple grouting theories
have been proposed by different scholars such as porous
media grouting, continuous media grouting, and fractured
media grouting to study the diffusion law and influencing
factors of grouting slurry in rock mass [15–19]. In order to
evaluate the strengthening performances of the grouting,
article [20] sampled and tested the grouting body mixed with
coal and mudstone, respectively. The test results suggest that
the residual strengths of the rocks after cement grouting and
chemical slurry grouting can be increased by 0.7 to 2 times
and 1.5 to 6 times, respectively. According to New Austrian
Tunneling Method, the timing to add roadway support
should be determined based on “the premium compatibility
between the roadway surrounding rock release stress and its
self-bearing capacity,” which can fully release the deforma-
tion energy of the surrounding rock and appropriately reduce
the support intensity [21]. Based on New Austrian Tunneling
Method, some researchers proposed the timing determina-
tion methods of adding primary and secondary support to
the deep soft rock roadway, which greatly enriched the sur-
rounding rock grouting reinforcement theory [22–24]. How-
ever, the aforementioned studies focus on the single roadway
with severe deformation and overlooks the reinforcement
needs of the roadway under the influences of the fissure water
for an extended period of time. In this paper, studies were
conducted to focus on the supporting needed by the roadway
of the main inclined shaft. After the analysis to the impacts of
the fissure water on the mechanical properties and deforma-
tion of the roadway surrounding rock, through the strain and
softening structural model included in the FLAC3D numeri-
cal simulation software, numerical simulations were estab-
lished to determine the optimum timing for adding grouting
reinforcement to the main inclined shaft. Furthermore, the
methods and technical schemes for determining the reason-
able grouting timing of the main inclined shaft roadway
with fissure water were discussed, which can provide some
insightful references for the grouting reinforcement of sim-
ilar conditions.

2. The Impact of Roof Fissure Water on the
Stability of the Roadway Surrounding Rocks

2.1. The Project Overview. The main inclined shaft of the
Gucheng has a total length of 2,019 meters with an inclined
degree of 15° and a penetration death of 92 meters under-
ground. The fracture surface of the roadway in the bedrock
section takes a shape of a straight wall semicircular arch with
a width of 6.4 meters and a height of 1.2 meters. The support
was constructed with anchor bolts, anchor cables, and
sprayed cement. The total thickness of the coated cement is
about 200mm. No water seepage is founded in the surface
soil layer of the main inclined shaft. On the other hand, in
the bedrock section, due to the skip of determining the water
contents and proper draining, water seepage occurred during
the layout of the anchor cables. Water seepage was observed
in the bolt holes. Some bolt holes suffered with severe water
seepage, as well as the surrounding area of the roof displace-

ment monitors. The severe water seepage has jeopardized the
support effects of the roadway and field construction. In
order to ensure the construction progress, no more anchor
bolt hole is drilled at the point of 580 meters. Instead, anchor
mesh and coating cement were installed. No anchor cable
was installed from 580 meters to 880 meters. Anchor cables
were installed after 880 meters. The supporting parameters
of the roadway section with water seepage and the appear-
ances of the roadway are provided in Figures 1 and 2 below.

Underground water is a complexed chemical solution.
Under the interaction between the underground water and
the rock, the physical and chemical properties of the rock
tend to change including the macrostructure and the
increased porosity, resulting in severe damages to the rock.
Simultaneously, the increasement of the permeability and
the water pressure at the pores lower the effective stress of
the rock, resulting in lower resistances of the surrounding
rocks to the deformation. The macrostrength and the rigidity
of the surrounding rock are further reduced accordingly. On
the other hand, under the pressure of the infiltration water,
the underground water enters the roadway surrounding rock
through the fissures developed dynamically and weakens the
bear capacity of the surrounding rock and the supporting
structure, resulting in failure of the bolting structure and
safety hazards. From the long-term perspective, the under-
ground water poses as a threat to the supporting structure,
especially to the metal anchor bolts and cables such as the
rust and erosion, increasing the failure risks of the sup-
porting structure and jeopardizing the safety of the main
inclined shaft.

2.2. The Numerical Simulation of the Roadway Surrounding
Rock Deformation. FLAC3D numerical simulation software
was adopted to build model to evaluate the impact of the
water seepage to the deformation of the roadway surround-
ing rock. The model was built based on the rock layer distri-
bution, and the physical properties of the main inclined shaft
obtained from the Gucheng coal mine. The parameters of the
rock layers are presented in Table 1 below. The size of the
model is 300 × 100 × 40m. The rock damage is estimated
based on the Mohr-Coulomb criterion and the strain-
softening model. 2.58MPa was applied to the top part of
the model with no restriction applied. Restrictions were
applied to both the left side and right side of the model. A
perpendicular restriction was applied to the bottom of the
model. According to relevant studies, the roadway with water
seepage was divided into two conditions including the road-
way with the short-term seepage (grouting was added within
half a year after the construction) and the roadway with long-
term seepage (no grouting after the construction). Strength
reduction was used to indicate the damage to the roadway
strength, until the strength was reduced to the 80% and
50% of the initial roadway strength [25].

Figure 3 shows the roadway displacement distribution
and statistics. Under normal circumstances, themain inclined
shaft roadway demands more to the deformation control of
the surrounding rock with a higher level of the support, which
often leads to limited roadway deformation. Comparing with
regular roadway, both the bottom and top deformations of the
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roadway exposed to the short-term water seepage were
increased by 2.63 times and 4.07 times for the lateral deforma-
tion. In contrast, both the bottom and top deformations of the
roadway exposed to the long-term water seepage were
increased by 11.8 times and 12.7 times for the lateral deforma-
tion. The test indicates that the short-term water seepage has a
limited impact on the roadway strength. However, the long-
term water seepage can severely degrade the roadway strength.
Most of the main inclined shaft often have a long service life,
as long as 50 to 60 years. The negative impact of the water
seepage on the strength of the roadway is mostly likely to
occur and last for an extended period of time, demanding
effectivemeasures to control the water seepage in the roadway.

No major strata behavior was noticed within a short
period of time. However, the main inclined shaft located at
the Gucheng coal mine is required to have a long service life,
demanding a high level of support. The anchor cables play a
vital role in the supporting system of the main inclined shaft.
During the survey, a large amount of mudstone with low
strength were detected, which can easily crack during the
excavation due to the original stress of the rocks. The cracks
will allow the water seepage developed, jeopardizing the sup-

porting, and the construction progress. Often, the preferred
solution is to drain the water from the roof. However, due
to the large amount of water and tight schedule, the support
of combining the grouting and the anchor cables were
selected for the roof section with water seepage of the main
inclined shaft.

3. The Numerical Simulation of the Timing to
Grout in the Roadway Section with Water
Seepage of the Main Inclined Shaft

The grouting timing refers to the time interval between the
second support of the grouting anchor cable and the installa-
tion of the anchor bolts and the sprayed cement. The field
experiences suggest that newly excavated roadway is not suit-
able to grout within a few days after the excavation. After the
excavation, the roadway is still in the process of stress distri-
bution, exposing the surrounding rock to the easy develop-
ment of the damage and deformation. If the grouting is
conducted too early, the fissures are too small to accept the
grouting. Also, the continuous release of the stress and defor-
mation of the surrounding rock can possibly damage the
solidified grouting. If the grouting is conducted too late, the
deformation of the surrounding rock has been developed
excessively. Despite the good diffusion of the grouting slurry
in the fissures, the surrounding rock has lost its bear capacity,
resulting in a limited effect of reinforcement. Therefore, a
good timing for the grouting is critical for the effectiveness
of the supporting system.

3.1. The Impact of the Grouting Time on the Thickness and
Stability of Effective Permeation Circle of Grouting Slurry in
Surrounding Rock. Essentially speaking, the deformation of
the surrounding rock is a process of stress release and trans-
fer, as well as a strength reduction process. The grouting is
designed to solidify the broken and fractured rocks after the
peak. FLAC3D numerical simulation software was adopted
to simulate the solidifying process of the grouting of the
roadway with water seepage. A strain and softening model
is used to simulate the after peak damage suffered by the rock
[26, 27]. The fracture degree of the rock after the peak is
indicated with equivalent plastic shear strain [28–30]. As
the equivalent plastic shear strain increased, the rock
strength after the peak reduced drastically. The general cohe-
sion was reduced significantly, while the general fraction
angles experienced less changes. Assuming that the grouting
was carried out when the rocks were still in the process of
fracture development, the grounding can spread to the frac-
ture areas of the rock, achieving a highly effective permeation
status. The fracture area achieved effective permeation status
is labeled as an effective permeation circle. To evaluate the
impact of grouting timing on the solidifying effect of the
grouting, the grouting was carried out at the following
equivalent plastic shear strain including 0.01, 0.08, 0.16,
0.24, 0.32, 0.40, 0.48, 0.56, 0.64, and 0.72. Considering that
different damage levels in various locations within the rock,
the maximum value in the fracture area was selected as the
equivalent plastic shear strain. The impacts of the grouting
time on the effective permeation circles of grouting slurry,

Bolt length: 2400 mm
Bolt diameter: 22 mm
Bolt strength: 335 MPa
Row spacing: 800 mm
Column spacing: 800 mm
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Figure 1: The supporting parameters and appearance of the
roadway.

Figure 2: Roadway appearance (without anchor cable).
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the deformation, and the damage were analyzed through the
calculation. In the numerical simulation, the internal cohe-
sion and the internal fraction angles were increased to simu-
late the grouting effect. According to the relevant researches,
the strength of grouted rocks was assumed as 1.8 times of that
before the grouting.

The flow and penetration range of the slurry in the sur-
rounding rock depends on the crack development within
the surrounding rock. Therefore, the grouting performed dif-
ferently under different damage states after the peak and so
was the effective penetration range of the slurry. Meanwhile,
due to the different fracture state of the surrounding rock
during grouting, the residual strengths of the rock in the
effective grouting circle varied, affecting the strength of
grouting and resulting in different reinforcement effects to
the roadway surrounding rock. Figure 4 shows the distribu-
tion characteristics of the grouting slurry effective perme-
ation circle in the surrounding rock under different
grouting timings. The thickness of the slurry effective perme-

ation circle and the deformation of the roadway surrounding
rock at various grouting timings are presented in Figure 4
as well.

The simulation results indicate that the permeation range
of the grouting slurry was increased along with the delay of
the grouting. At the early fracture stage, the increasing of
the equivalent plastic shear strain led to the fast development
of the fractures, resulting in more fracture space. The thick-
ness of the slurry effective permeation circle was increased
from 0.3m to 1.4m. At the middle fracture stage, the fracture
space increased at a lower rate. The thickness of the slurry
effective permeation circle was increased from 1.4m to
2.8m. At the residual deformation stage of the surrounding
rock, the stress redistribution was complete, and the fracture
area expanded slowly, resulting in a stable thickness of slurry
effective permeation circle. The thickness of the slurry effec-
tive permeation circle stands for the permeation and diffu-
sion effect of the grouting slurry. A higher thickness of the
slurry effective permeation circle indicates a wider range of
permeation and diffusion of the grouting slurry. However,
the range of grouting slurry permeation and diffusion is not
the sole deciding factor in the strength of the slurry solidifica-
tion, which also depends on the strength of the surrounding
rock during the grouting process. Normally, a higher
strength of the surrounding rock during the grouting process
leads to a stronger grouting body. An early grouting timing
leads to a smaller range of permeation and diffusion and a
stronger grouting body. On the other hand, a delayed grout-
ing timing leads to a wider range of permeation and diffusion
and a weaker grouting body. Therefore, a turning point was
observed in the deformation curve of the roadway surround-
ing rock corresponding to the grouting time. A U shape was
developed as the grouting timing was postponed, suggesting
a reduction followed by an increase in the deformation of
the roadway surrounding rock. This change suggests that
an optimum timing range does exist to strive for a balance
between the effective permeation range and the strength of
the grouting slurry, resulting in an effective control to the
deformation of the roadway surrounding rock.

3.2. The Determination of the Optimum Support. Based on
the analysis mentioned above, the optimum grouting timing

Table 1: The physical parameters of the rock layers.

Rock layer Thickness/m Density/kg.m3 Bulk
Modulus/GPa

Shear
Modulus/GPa

Tensile
strength/MPa

Cohesion/MPa
Internal friction

angle/°

Overlying rock 30 2300 2.65 1.47 3.81 4.69 32

Sandstone 4 2350 16.24 11.15 4.69 6.79 35

Mudstone 3.5 2150 2.32 1.09 1.81 2.19 30

Sandstone 2.5 2350 16.24 11.15 4.69 6.79 35

Mudstone 5 2150 2.32 1.09 1.81 2.19 30

Sandy mudstone 6.5 2300 2.66 1.46 2.11 2.49 33

Mudstone 13.5 2150 2.32 1.09 1.81 2.19 30

Siltstone 3 2450 15.72 9.81 3.62 5.91 33

Mudstone 2 2150 2.32 1.09 1.81 2.19 30

Underlying bed 30 2300 2.65 1.47 3.81 4.69 32
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Figure 3: The roadway displacement distribution and statistics (RG
represents for routine group, SG represents for short-term water
seepage group, and LG represents for long-term water seepage
group).
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is between 0.16 and 0.32 (εps = 0:16 ~ 0:32). However, the
maximum equivalent plastic shear strain could not be
obtained from the field measurement. The roadway deforma-
tion can be measured easily, which is a frequently needed
parameter in the field, which can be used as an indicator to
determine the grouting timing of the roadway. According
to the simulation results, when the maximum equivalent
plastic shear strain of the surrounding rock is between 0.16
and 0.32 (0:16 < εps ≤ 0:32), the roadway roof deformation
(Ur), the lateral deformation (Ul), and the bottom deforma-
tion (U f ) were 48:5mm <Ur ≤ 65:2mm, 54:8mm <Ul ≤
70:6mm, and 12:1mm <Uf ≤ 15:4mm, respectively, sug-
gesting an optimum timing range for grouting.

During the field application, the specific engineering geo-
logical conditions should be included to obtain the roadway
surface deformation corresponding to the best grouting tim-
ing of the roadway, followed by the field monitoring of the
deformation of the roadway surrounding rock. When the
deformation of the roadway surrounding rock reaches the
deformation corresponding to the optimum grouting timing,
the grouting should be carried out.

4. The Field Application and
Reinforcement Effect

According to the analysis above and the filed monitoring to
the roadway deformation of the main inclined shaft, grouting
should be conducted 4 to 5 months after the excavation to
achieve the effective control to the roadway deformation.
Without disruption to the construction progress, the main
inclined shaft should be reinforced with the anchor bolts
and the sprayed concrete. The secondary reinforcement
should be added 4 months after the excavation by the adop-
tion of the latest hollow grouting anchor cables which was
fabricated with eight wound 7mm-diameter metal tubes.

The sealing package includes seal clamps, expandable flexible
hoses, and hard plastic tubes.

The dimension of the hollow grouting anchor cable is
8300mm at length and 22mm at diameter, as shown in
Figure 5. Each row was installed with three grouting anchor
cables with a distance of 2000 × 1600mm in-between. The
sprayed slurry was mainly cement (#42.5 standard Portland
cement with a water and ash ratio of 1 : 1.5). ACZ-1 agent
was also added to the slurry, which contains 8% cement.
The sealing clamp has been assembled on the anchor cable
body when the anchor cable was delivered from the factory.
When installing the anchor cable, the expansion soft rubber
tube shall be sleeved first, and then, the plastic hard tube shall
be sleeved. It shall be confirmed that the hard tube is
50-80mm away from the hole opening. After that, the plastic
hard tube shall be pushed through the special pushing device,
until the soft rubber tube can be pressurized and expanded to
seal the hole. The layout of grouting cable anchor is shown in
Figure 6. Before grouting, multiple prayed cement spots had
been permeated with water. After the installation of the grout-
ing anchor cables, fissure water was drained along the anchor
cable holes, as demonstrated in Figure 7. After the grouting,
thefissurewatermigrated beyond the area of the grouting area
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and no more water seepage was detected. After a while, the
permeated water in the sprayed cement was evaporated, and
no water seepage was observed visually, as demonstrated in
Figure 8.

As shown in Figure 9, the maximum deposition in roof
was 8mm with a maximum of 6mm bulging at the bottom.

The roof displacement was about 14mm. The roof deposi-
tion was slightly higher than the bulging at the bottom; which
suggests that due to the roof fissures under the water impact,
the roof rock was weakened, resulting in more deposition
than the bottom. The maximum displacements of the road-
way at the left and right were 4mm and 7mm, respectively.

2000

Cable length: 8300 mm
Cable diameter: 22 mm
Row spacing: 2000 mm
Column spacing: 1600 mm

Grouting anchor cable

6000

60
012

00

10¡ã

6400

Figure 6: Layout of grouting cable anchor.

Left (before grouting) Middle (before grouting) Right (before grouting)

Left (after grouting)  Middle (after grouting) Right (after grouting)

Figure 7: Comparison of water flow in anchor hole before and after grouting.
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The total lateral displacement reached a total of 11mm. The
limited roadway deformation occurred 9 days after the instal-
lation of the grouting anchor cables, suggesting that a quality
reinforcement provided by the grouting anchor cables to the
roadway roof.

5. Conclusion

(1) The permeation effect and the physical and chemical
effect of the flowing water tend to degrade the
strength of the roadway surrounding rock and bear
capacity. The degrading effect increases exponentially
as the water penetration extends, resulting in the
increased risks of roadway failures

(2) The effective permeation range increases as the
grouting timing delays, but not the strength of the
grouting body, which leads to the decreasing of the
roadway deformation, followed by the increasing
deformation. Therefore, an optimum grouting timing
should be selected to achieve a preferred grouting
slurry permeation range and the strength of the
grouting body, resulting in effective control of the
surrounding rock deformation

(3) Combining the numeric simulation and the field
monitoring, a grouting timing determination method
based on the surrounding rock deformation of the
roadway is proposed for the main inclined shaft.
The field application demonstrates a proper grouting
time can effectively control the roof fissure water
permeation effect on the deformation of the roadway
surrounding rock in the main inclined shaft, improve
the integrity of the roadway surrounding rock,
increase the bearing capacity of the supporting struc-
ture, and maintain the safety and stability of the road-
way surrounding rock of the main inclined shaft
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Coal seam gas is a critical substance because it can be a source of a large quantity of clean energy as well as a dangerous source of
risk. A pressure relief gas drainage is an effective and widely used method for coal seam gas recovery and gas disaster control in coal
mines. A series of pressure relief gas drainage experiments were conducted using large-scale coal samples under different unloading
stress paths in this study to explore the unloading stress paths. From the experimental results, the dynamic evolutions of gas
pressure, coal temperature, and gas production were analyzed. The trends of gas pressure and coal temperature during pressure
relief gas drainage were similar: dropping rapidly first and then slowly with time. Correspondingly, gas production was fast in
the early stage of pressure relief gas drainage and became stable thereafter. Meanwhile, gas flow characteristics were significantly
affected by the unloading stress paths. Gas pressure and coal temperature had the maximum descent by unloading stress in
three directions simultaneously, and the unloading stress of the Z direction had the minimal impact when only unloading in
one direction of stress. However, the influence of unloading stress paths on gas production was complex and time dependent.
The difference coefficient parameter was proposed to characterize the influence degree of unloading stress paths on the pressure
relief gas drainage effect. Eventually, the selection of unloading stress path under different situations was discussed based on
time, which is expected to provide the basis for pressure relief gas drainage.

1. Introduction

With the rapid industrialization development, the consump-
tion of the fossil fuel that is a nonrenewable resource is
increasing day by day. Coal seam gas is an accessory product
of the coalification process, which mainly produces methane
and low concentrations of carbon dioxide, nitrogen, hydro-
gen sulfide, sulfur dioxide, and heavier hydrocarbons [1–5].
The total world reserves of coal seam gas are estimated to
be 262 trillion m3, and it has received increasing interest from
many countries including USA, Australia, Canada, and
China [6, 7]. However, coal seam gas is a double-edged
sword, which cannot only be a source of high quality clean
energy in large quantities but also is a dangerous source of
risk in coal mines [8–10]. Coal seam gas with high pressure
and high content can easily induce coal-gas dynamic

disasters, e.g., coal and gas outburst, and coal gas explo-
sion [11–13]. Therefore, high-efficient gas drainage is very
important for the safety production of the coal mine.

The reserves of China’s coal seam gas with a burial depth
of below 2000m are estimated to be 36.8 trillion m3, which is
more than that of shale and tight gas [14, 15]. However, coal
seams in China are characterized by low gas saturation, low
permeability, low reservoir pressure, and a relatively high
metamorphic grade [16, 17]. For example, the permeability
of most coal seams in China ranges from 10-4 to 10-1mD,
which is three to four orders of magnitude lower than that
of most countries around the world [18, 19]. To improve coal
seam gas recovery and control gas disasters, the technology of
pressure relief gas drainage is proposed, which is widely used
for the low permeability coal seam in China. Yuan
expounded the theory and technology of pressure relief gas
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drainage systematically and demonstrated the successful
application of pressure relief gas drainage in Huainan coal-
field in 1998 resulting to an increase in gas production from
10 million m3 to 2500 million m3 in ten years [20]. Subse-
quently, increased in-depth research has been carried out
on pressure relief gas drainage technology.

Zhang et al. explored the effect of gas pressure on gas per-
meability during pressure relief gas drainage and found that
permeability and its sensitivity to gas pressure decreased with
increasing effective stress or external stress [21, 22]. Yin et al.
carried conducted a series of experiments to study the
mining-induced mechanical behavior, gas permeability, and
acoustic emission evolution of coal under triaxial loading
and unloading conditions [23, 24]. Chen et al. studied the
stress-strain relationship and its influence on permeability
during the confining pressure stress unloaded by X-ray com-
puterized tomography (CT) scanning [25]. Wang et al. con-
cluded that the permeability and gas production can be
improved by imposing effective loads on original coal seams
through mining speed control during pressure relief gas
drainage [26]. Shang et al. compared the pressure relief gas
drainage effect by surface well drilling and the use of net-
like penetrating boreholes (NPB) in Panyi Coal Mine, and
their findings indicated that the average gas extraction con-
centration and average extraction purity of surface wells were
higher than those of NPB by approximately 124.4% and
64.7%, respectively [27].

Most of the aforementioned studies are focused on the
permeability evolution of coal under different unloading
stress paths, and the coal samples used are small-scale mak-
ing it difficult to study the parameter variation inside the coal
and the drainage effect. Therefore, a series of pressure relief
gas drainage experiments using large-scale coal samples
under different unloading stress paths were conducted to
explore the selection of unloading stress paths in this study
considering the long term, high cost, and poor repeatability
of pressure relief gas drainage tests in coal mine site.

2. Experimental Methods

2.1. Laboratory Device. The experiments of pressure relief gas
drainage under different unloading stress paths are carried
out using a large-scale multifunctional (LSMF) device. The
LSMF device can simulate gas flow experiments (e.g., coal
bed methane (CBM) drainage, carbon dioxide sequestration,
carbon dioxide-enhanced CBM recovery (CO2-ECBM)), and
gas outburst disasters in laboratory that is described amply in
Zhang et al. [28]. The LSMF device is comprised of a coal
specimen box, a true triaxial loading system, a fast coal unco-
vering system, a gas flow system, a data acquisition system,
and a specimen shaping system. The effective space of the
coal specimen box is 1050mm × 400mm × 400mm. The
true triaxial loading system has nine sets of loading plates
at three directions of the coal specimen box, which can be
servocontrolled independently to realize different loading
and unloading paths.

2.2. Sample Preparation. The experimental coal is taken from
Jinjia Coal mine, which is located at the border of Guizhou

and Yunnan provinces of China. Western Guizhou and East-
ern Yunnan are the largest coal-producing region in South
China and has a potential for high CBM yield [29]. The
reconstructed coal sample is used in this study considering
the difficulty to gain a large-scale raw coal, and the prepara-
tion of coal sample includes sampling, pressing, screening,
and shaping [30]. The coal sample is divided into four layers
and every layer is pressed for 1 h under a shaping stress of
7.5MPa [15]. During the shaping stage, the gas drainage
boreholes numbered I and II, the gas pressure sensors num-
bered P1-P40, and the temperature sensors numbered T1-
T7 are fixed inside the coal sample as shown in Figure 1.
The length of the boreholes is 330mm and consists of the
drainage section (the red part, 160mm in length) and the
sealing section (the blue part, 170mm in length).

2.3. Experimental Design. The variables considered in the
experiments are the unloading stress paths as shown in
Figure 2. The initial stress in three directions (i.e., X direc-
tion, Y direction, and Z direction) is all 4.0MPa. The stress
is produced by unloading through different paths after the
coal sample is saturated with a pore pressure of 1MPa and
the unloading stress rate is 2MPa/min. The gas drainage
experiment with the unloading stress path of OA is carried
out first to study the drainage effect when the stress in the
three directions is unloaded at the same time. The valves in
the gas outlet are opened to start the gas drainage process
while σX , σY , and σZ decline to 0.1MPa. The experimental
parameters of gas pressure, temperature, and gas flow rate
are recorded automatically until the end. To compare the
gas drainage effect under the different unloading stress paths,
the gas drainage experiments with the unloading stress paths
of OB, OC, and OD are conducted in turn. During the
unloading stress path of OB, σX drops to 0.1MPa with AN
unloading rate of 2MPa/min while σY and σZ remain
unchanged at 4.0MPa. In addition, σY drops to 0.1MPa dur-
ing the unloading stress path of OC and σZ drops to 0.1MPa
during the unloading stress path of OD.

3. Results and Discussion

3.1. Gas Drainage Effect with Stress Unloaded in Three
Directions. Figure 3 shows the dynamic evolution of gas pres-
sure with the unloading stress path of OA. The linear dis-
tance between the four gas pressure sensors (P3, P4, P5,
and P6) and the borehole is 280mm. As shown in
Figure 3(a), the gas pressure curves of four sensors are almost
coincident, which decline quickly at first and then drop
slowly. The gas pressure drops from 1.0MPa to 0.03MPa
after 8 h of gas drainage. The gas pressure sensors of P13,
P14, P15, and P16 are fixed near the outer wall of borehole.
However, the pressure evolution trend of four sensors shows
significant differences. The sensor of P15 is located near the
middle of the drainage section of borehole, and P15 gas pres-
sure drops faster than that of the other three sensors. The
sensors of P13 and P14 were located near the sealing part of
THE borehole, and the gas pressure decreases at the slowest
rate. The sensor of P16 is located at the front of the drainage
section of borehole, and the gas pressure descent rate is
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average which is a little larger than that of P13 and P14, as
shown in Figure 3(b).

The gas pressure of 12 gas pressure sensors along the line
x = 200mm, y = 250mm, and z = 40–1010mm at different
times are shown in Figure 3(c). It is apparent that the gas
pressure at the drainage section of the borehole is always
minimum at any time. The gas pressure at borehole I and
borehole II is 0.57MPa and 0.33MPa after drainage of
1min, respectively. However the gas pressure at other posi-
tions is still almost equal to the initial gas pressure. After
gas drainage time of 8 h, the gas pressure at borehole I and
borehole II is about 0.1MPa and the gas pressure at other
positions is approximately 0.03MPa. That is, the decreasing
rate of gas pressure reduces with the increase of distance
from borehole and the difference between gas pressures at
different positions decreases as the gas drainage progresses.

Gas desorption is an endothermic process that contrib-
utes to the drop in the coal temperature during gas drainage.
Therefore, the variations of temperature at different positions

are calculated and the curves of ΔT1, ΔT2, ΔT3, and ΔT4 are
shown in Figure 4(a). We observe an overall trend of temper-
ature drop similar to that of gas pressure during gas drainage:
the fast and then slow drop rate in temperature and gas pres-
sure. At the same time, the temperature sensor of T3, located
near the middle of the drainage section of borehole, drops at
the fastest rate during the whole drainage process with the
final maximum drop of 12.5°C at last. The temperature sen-
sor of T1, located farthest from borehole, drops at the slowest
rate during the whole drainage process with a final minimum
drop of 9.7°C. The temperature sensors of T2 and T4 are
located at the same distance from borehole. However, the
drop rate of T4 is faster than that of T2, especially after
90mins of gas drainage. At last, the temperature drop of T2
is 11.8°C but the temperature drop of T4 is 12.4°C which is
almost equal to that of T3.

The temperature drop curves of 7 temperature sensors
along the line x = 200mm, y = 250mm, and z = 152–
936mm at different times are shown in Figure 4(b) showing
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that the temperature of coal near boreholes drops fastest,
followed by that between boreholes and far away from
boreholes. As the gas drainage progresses, the temperature
of coal between two boreholes (i.e., T4) is close to that
near the boreholes, which indicates that two adjacent
boreholes make the temperature of coal between borehole
drop faster. This is mainly because that borehole interac-
tion can accelerate the gas desorption of coal between
boreholes and lead to the temperature of coal between
boreholes declining faster [3].

Figure 5(a) shows the gas flow rate and gas production of
different branch boreholes during gas drainage. The gas flow
rate of borehole I (i.e., qI) has a maximum of 39.86 L/min at
the beginning, then decreases with the gas drainage and
finally drops to 0.45 L/min. Similarly, the gas flow rate of
borehole II (i.e., qII) has a maximum of 40.78 L/min at the
beginning, then decreases with gas drainage and finally drops
to 0.35 L/min. However, the difference between gas produc-
tion of borehole I (i.e., QI) and gas production of borehole
II (i.e., QII) increases gradually with the process of gas
drainage, then QI and QII reach 1285.34 L and 1219.43 L,
respectively. The different drainage effects between two
branch boreholes are mainly because of the incompletely
homogeneous coal [31]. Therefore, the total gas flow rate
and gas production of boreholes are critical, as shown in
Figure 5(b). It can be seen that q (i.e., qI + qII) has the same
evolution trend of qI and qII and Q (i.e., QI +QII) has the
same evolution trend of QI and QII. The difference is that
the peaks of q and Q are significant reaching 80.64 L/min
and 2054.77 L, respectively.

3.2. Gas Flow Characteristics under Different Unloading Stress
Paths. In order to study the influence of unloading stress
paths on gas flow characteristics, gas pressure, or temperature
at the same position during different experiments were com-
pared together. Three types of sensor positions were chosen,
namely, the position near boreholes, the position between
boreholes, and the position far away from boreholes. The
curves of P25, P29, and P40 during different experiments are
shown in Figure 6.As can be seen fromFigure 6(a), four curves
have a sharp drop in the initial stage due to four gas pressure
sensors that are close to borehole I. The curves of P25-XYZ
and P29-Z almost coincide, and they are lower than the curve
of P25-Y while the curve of P25-X remains the highest during
the whole drainage process demonstrating that the unloading
stress in the Z direction, and three directions has themost sig-
nificant effect on gas pressure decline near the boreholes. The
curvesofP29andP40duringdifferent experimentshavea sim-
ilar evolution trend.P29andP40drop the fastestwhenunload-
ing stress is in the three directions and drop the slowest when
unloading stress in the Z direction. The impact of unloading
stress in the X direction and Y direction on P29 and P40 is
almost the same, as shown in Figures 6(b) and 6(c).

The curves of ΔT3, ΔT4, and ΔT6 during different exper-
iments are shown in Figure 7. As shown, coal temperature
has the maximum descent when unloading stress is in the
three directions and has the minimum descent when unload-
ing stress is in the Z direction. ΔT3 of unloading stress in X
direction is bigger than that in Y direction when temperature
sensors are near the borehole and are similar when tempera-
ture sensors are between boreholes and far away from
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Figure 2: Unloading stress paths of pressure relief gas drainage experiments.

4 Geofluids



boreholes. In summary, gas flow characteristics are signifi-
cantly affected by the unloading stress paths. Gas pressure
and temperature have the maximum descent by unloading

stress in the three directions and unloading stress of Z direc-
tion has the minimal impact only if the unloading stress is in
one direction.
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3.3. Gas Drainage Effect under Different Unloading Stress
Paths. Total gas flow rate and gas production of two bore-
holes during different experiments are shown in Figure 8(a)
demonstrating the impact of unloading stress paths on the
gas drainage. Total gas flow rate peaks at the beginning of
gas drainage and is 80.64 L/min, 80.54 L/min, 81.14 L/min,
and 76.27 L/min with stress unloaded in three directions,
namely, X direction, Y direction, and Z direction, respec-
tively. The difference in the gas flow rates decreases gradu-
ally, which all have a minimum of 0.83 L/min after drainage
of 8 h. Correspondingly, total gas production of four experi-
ments are 2504.77 L, 2380.66 L, 2375.11 L, and 2287.00 L at
last. It is apparent that the total gas production with stress
unloaded in three directions is the highest and that with
stress unloaded in Z direction is the lowest.

Total gas production is one of the key parameters indicat-
ing the gas drainage effect and the total gas production out-
puts at different drainage times with different unloading
stress paths are compared further as shown in Figure 8(b).

The total gas production outputs of the three different
unloading stress paths are 1108.23 L, 992.18 L, 977.00 L, and
883.93 L after drainage of 30mins. The total gas production
with stress unloaded in three directions is the highest and
serves as the control group and therefore the difference coef-
ficient of gas production is defined below.

k = Q‐i −Q‐XYZ
Q‐XYZ × 100% i = X, Y , Z, ð1Þ

Here, k is the difference coefficient of gas production.
The difference coefficients of the three experiments are

-10.5%, -11.8%, and -20.2% after drainage of 30mins indicat-
ing that the gas production declines when unloading stress in
the Z direction is the largest. However, the difference coeffi-
cients of three experiments change to -7.3%, -8.2%, and
-13.9% after drainage of 120mins and finally change to
-5.0%, -5.2%, and -8.7%. It is clear that the difference
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coefficient of gas production is not only affected by unloading
stress paths but also the drainage time.

3.4. Implication for Unloading Stress Path Selection. From the
experimental results, the selection of unloading stress path is
very important before pressure relief gas drainage, especially
when only one direction of stress can be unloaded. Moreover,
the effect of pressure relief gas drainage is controlled by
unloading stress path and drainage time at the same time,
as shown in Figure 9. From the evolution of three curves,
we conclude that the gas production when unloading stress
is in the Z direction has the largest drop followed by that
when unloading stress is in the Y direction and then that
when the unloading stress is in the X direction. That is to
say, unloading stress in the three directions is the best
unloading stress path, while unloading stress in the X direc-
tion is the best unloading stress path if only one direction
of stress is chosen. Therefore, three directions of stress should
be unloaded before pressure relief gas drainage to achieve the
desired site conditions. Notably, it is possible that only one
direction of stress can be unloaded considering the complex
conditions, the difficulty, and long period of unloading stress.

Figure 9 shows that the evolution trends of the three
curves are time dependent. The distribution area of the
difference coefficient of gas production can be divided into
three parts taking -5% and -10% as the demarcation
points, namely, light green area, light yellow area, and
light red area. The gas drainage effect can be considered
to be approximately equal to that with three directions
of stress unloaded in the light green area but they have
a small gap in the light yellow area and a large gap in
the light red area. As a result, the gas drainage effect in
a single direction of stress unloaded is poor when con-
ducting a short-term gas drainage (i.e., drainage period
before line A) and the gas drainage effect in the X direc-
tion or Y direction of stress unloaded is feasible when

conducting a medium-term gas drainage (i.e., drainage period
between lines A and B) and the gas drainage effect in the Z
direction of stress unloaded is satisfied only when conducting
a long-term gas drainage (i.e., drainage period after line B).

In conclusion, the selection of unloading stress path
before pressure relief gas drainage can be implemented
as follows: Three directions of stress unloaded at the same
time is the best selection of unloading stress path if condi-
tions are favorable. The X direction of stress unloaded is
the most suitable selection of unloading stress path if only
one direction of stress is unloaded, followed by the Y
direction of stress unloaded. The Z direction of stress
unloaded is a viable selection of unloading stress path only
for the long-term gas drainage.

4. Conclusions

Physical experiments of pressure relief gas drainage under
different unloading stress paths were conducted using an
LSMF device. Gas pressure, coal temperature, and gas flow
rate were monitored during the whole drainage period. Gas
pressure declines accompanied by a decrease in the coal tem-
perature during drainage showed a similar evolution trend:
dropping fast in the early stage and then declining slowly.
At the same time, gas flow characteristics were significantly
affected by unloading stress paths. Gas pressure and coal
temperature had the maximum descent by simultaneously
unloading stress in three directions and unloading stress of
the Z direction had the minimal impact since only unloading
was in one direction of stress. The influence of unloading
stress paths on pressure relief gas drainage effect was time
dependent, and the following conclusions are drawn: Three
directions of stress unloaded is the best selection of unload-
ing stress path if conditions permit. The X direction of stress
unloaded is the best selection of unloading stress path if only
one direction of stress can be unloaded, followed by the Y
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direction of stress unloaded. The Z direction of stress
unloaded is a viable selection of unloading stress path only
for the long-term gas drainage.
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According to the theory of plane mechanics involving the interaction of hydraulic and natural fractures, the law of hydraulic
fracture propagation under the influence of natural fractures is verified using theoretical analysis and RFPA2D-Flow numerical
simulation approaches. The shear and tensile failure mechanisms of rock are simultaneously considered. Furthermore, the
effects of the approach angle, principal stress difference, tensile strength and length of the natural fracture, and elastic modulus
and Poisson’s ratio of the reservoir on the propagation law of a hydraulic fracture are investigated. The following results are
obtained: (1) The numerical results agree with the experimental data, indicating that the RFPA2D-Flow software can be used to
examine the hydraulic fracture propagation process under the action of natural fractures. (2) In the case of a low principal stress
difference and low approach angle, the hydraulic fracture likely causes shear failure along the tip of the natural fracture.
However, under a high stress difference and high approach angle, the hydraulic fracture spreads directly through the natural
fracture along the original direction. (3) When natural fractures with a low tensile strength encounter hydraulic fractures, the
hydraulic fractures likely deviate and expand along the natural fractures. However, in the case of natural fractures with a high
tensile strength, the natural fracture surface is closed, and the hydraulic fracture directly passes through the natural fracture,
propagating along the direction of the maximum principal stress. (4) Under the same principal stress difference, a longer natural
fracture corresponds to the easier initiation and expansion of a hydraulic fracture from the tip of the natural fracture. However,
when the size of the natural fracture is small, the hydraulic fracture tends to propagate directly through the natural fracture. (5)
A smaller elastic modulus and larger Poisson’s ratio of the reservoir result in a larger fracture initiation pressure. The presented
findings can provide theoretical guidance regarding the hydraulic fracturing of reservoirs with natural fractures.

1. Introduction

In recent years, hydraulic fracturing has been widely used in the
engineering practices of petroleum, natural gas, shale gas, and
coal mining [1–5]. The propagation of hydraulic fractures plays
a key role in the optimisation of hydraulic fracture design and
represents a challenging problem corresponding to the theoret-
ical study of hydraulic fractures [6–9]. However, in the case of
fractured reservoirs, the presence of natural fractures can
change the path of the hydraulic fracture propagation, leading

to the formation of a complicated fracture propagation system
with multibranch fractures, which increases the complexity of
the hydraulic fracture network[10, 11]. Therefore, the accurate
prediction and control of the hydraulic fracture morphology in
fractured reservoirs is critical to improve the oil and gas pro-
duction in fractured reservoirs [12–16].

Results of numerical simulation and experimental testing
have indicated that the horizontal principal stress difference
and approach angle corresponding to the hydraulic and nat-
ural fractures are the main factors affecting the trends of
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hydraulic fractures [17–20]. Rahman et al. suggested that
under a low approach angle and low stress difference, a
hydraulic fracture could be easily captured, and the natural
fracture could open to divert part of the fracturing fluid,
thereby preventing the further expansion of the hydraulic
fracture. For an intermediate approach angle, the natural
fracture was open, and the passing of the hydraulic fracture
through the natural fracture depended on the stress differ-
ence. Under a low stress difference, only the natural fractures
opened. However, under a high stress difference, the hydrau-
lic fractures penetrated the natural fractures. In the case of a
high approach angle, the hydraulic fractures always pene-
trated the natural fractures, regardless of the magnitude of
the stress difference. Moreover, Rahman and Rahman indi-
cated that the change in the pore water pressure did not
directly influence the interaction between hydraulic and nat-
ural fractures; this change only accelerated the resteering
stress when the hydraulic fracture penetrated the natural
fracture, and the pore water pressure influenced the distribu-
tion of the water stress in the natural fracture[21]. In the
existing calculation model, the mechanical properties of natu-
ral fractures are not considered. Moreover, the hydraulic frac-
tures passing through or captured by the natural fractures are
identified by assuming that the friction coefficient of the natu-
ral fractures is constant. In contrast, the mechanical strength
of natural fractures considerably influences the extension
behaviour of hydraulic fractures [22, 23]. A mutual interfer-
ence occurs between the hydraulic and natural fractures, and
the natural fractures are prone to shear failure. Specifically,
natural fractures inflate under the action of water pressure,
resulting in a large amount of fluid loss in the natural fractures
[24, 25]. Considering the impact of natural fractures on
hydraulic fractures, several studies have been undertaken.
However, several aspects such as whether the direction of
expansion of hydraulic fractures changes under the action of
natural fractures and the mechanism of change in the fracture
propagation path have not been effectively addressed [26].

The equivalent plane model is one kind of the equivalent
models. With the help of the equivalent plane model in this
paper, the actual process is transformed and abstracted into
an equivalent, simple, and easy mathematical model, which is
convenient for theoretical analysis. In this study, an equivalent
plane model of hydraulic and natural fractures is established by
combining the stress-seepage theory with seepage-damage
mechanics. Moreover, the mechanisms of shear fractures and
tensile failure are considered. The RFPA2D-Flow software is
used to examine the mechanism of hydraulic fracture propaga-
tion under the action of natural fractures. Furthermore, the
trends of the hydraulic fracture propagation under the action
of the approach angle, principal stress difference, tensile
strength, and length of the natural fracture are clarified.
These findings not only help improve the established theory
of hydraulic fracture networks but also provide theoretical
support for engineering practices, such as the optimization of
the arrangement of field fracturing boreholes, minimization
of the interference of natural fractures in the expansion of
hydraulic fractures, effective enhancement of the increase in
permeability owing to the hydraulic fractures, and the develop-
ment of hydraulic fractures in a fractured reservoir.

2. Plane Model and Propagation Mechanism of
the Intersection of Hydraulic and
Natural Fractures

2.1. Plane Model of Intersection of Hydraulic and Natural
Fractures. The influence of the natural fractures on hydraulic
fracture propagation depends on the position of the natural
fractures. When a hydraulic fracture meets a natural fracture
located near a borehole, the natural fracture gradually
expands as the fluid pressure is higher than the normal stress
acting on the surface of the natural fracture. The following 4
situations may occur during the continuous expansion of
the hydraulic fracture: (1) When the natural fracture is
in the closed state, shear failure occurs at the intersection
(Figure 1(a)). Even if the path of the hydraulic fracture prop-
agation is not affected in this case, a considerable loss of the
fracturing fluid occurs. (2) The natural fracture is penetrated
by the hydraulic fracture in a closed state (Figure 1(b)). (3)
After the expansion of the natural fracture, the hydraulic
fracture penetrates the natural fracture at their intersection
point and continues to expand along the original direction
(Figure 1(c)). (4) The hydraulic fracture expands from one
end of the natural fracture and deviates. This phenomenon
occurs because the hydraulic fracture propagates along the
strike of the inflated natural fracture, and the hydraulic frac-
ture later propagates in a direction perpendicular to the min-
imum principal stress (Figure 1(d)). The plane model of the
intersection of hydraulic and natural fractures is shown in
Figure 1.

2.2. Propagation Mechanism of the Intersection of Hydraulic
and Natural Fractures. According to the relevant theories of
hydraulic fracture propagation, the main hydraulic fracture
of coal and rock mass expands in the direction perpendicular
to the minimum horizontal principal stress after its initiation.
When the hydraulic fracture propagates along the direction
of the maximum horizontal principal stress, it intersects with
a natural fracture. In Figure 2, the approach angle θ is the
angle of intersection between the hydraulic and natural frac-
tures. σ1 and σ3 denote the maximum and minimum hori-
zontal principal stresses, respectively.

2.2.1. Hydraulic Fractures Penetrate the Natural Fractures
Directly. When a hydraulic fracture intersects a natural frac-
ture, the natural fracture does not inflate if the fluid pressure
at the tip of the hydraulic fracture is less than the normal
stress σn acting on the surface of the natural fracture. The
hydraulic fracture in this case directly passes through the nat-
ural fracture and extends along the direction of the maxi-
mum horizontal principal stress. At this time, the fluid
pressure in the hydraulic fracture can be expressed as follows
[27, 28].

τ + σt < p, ð1Þ

where τ is the component of the shear stress on the natural
fracture under the far-field stress, σt is the tensile strength
of the natural fracture, and p is the water pressure in the
hydraulic fracture.
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According to the results of Blanton’s research, the shear
stress in Equation (1) can be expressed as follows [29, 30]:

τ = p + σ1 − σ3ð Þ cos 2θ − b sin 2θð Þ, ð2Þ

where

b = 1
2a v x0ð Þ − x0 − l

K f

" #
,

x0 =
1 + a2
� �

+ eπ/2K f

1 + eπ/2K f

" #1/2

,

v x0ð Þ = 1
π

"
x0 + lð Þ ln x0 + l + a

x0 + l

� �2

+ x0 − lð Þ ln x0 − l − a
x0 − l

� �2

+ a ln x0 + l + a
x0 − l − a

� �2
#
,

ð3Þ

where a is the relative sliding length of the natural fracture
and l is the length of the natural fracture.

By substituting Equation (2) into Equation (1), Equation
(4) can be obtained to evaluate whether the hydraulic fracture
directly passes through the natural fracture.

σ1 − σ3
σt0

> 1
cos 2θ − b sin 2θ : ð4Þ

When Equation (4) is satisfied, the fracture directly
passes through the natural fracture and propagates along
the original direction. Moreover, Equation (4) indicates that
the passing of the hydraulic fracture through the natural frac-
ture is influenced by the principle stress difference △σ
(△σ = σ1‐σ3), approach angle θ, tensile strength σt , and
length l of the natural fracture, among other factors.

2.2.2. Hydraulic Fracture Propagates along the Natural
Fracture. Considering the ground stress field and the orienta-
tion of the natural fractures shown in Figure 2, the normal
stress σn and shear stress τ acting on the natural fracture sur-
face can be obtained using a two-dimensional stress solution,
which can be expressed as follows [31].

σn =
σ1 + σ3

2 + σ1 − σ3
2 cos 2 90 − θð Þ, ð5Þ
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Outspread hydraulic
fracture

Closed natural fracture

Shear rupture occurring
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(a)

𝜃
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fracture

Closed natural fracture

Penetration occurring
at the intersection point

(b)

𝜃
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Hydraulic fracture propagating
from the end of the natural fracture

(d)

Figure 1: Plane models demonstrating the intersection of hydraulic and natural fractures. (a) Hydraulic fracture propagation when shear
fracture occurs in the natural fracture. (b) Hydraulic fracture penetrates the natural fracture in the closed state directly. (c) Hydraulic
fracture penetrates the natural fracture. (d) Hydraulic fracture expands from one end of the natural fracture.
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τ = σ1 − σ3
2 sin 2 90 − θð Þ: ð6Þ

When the shear stress acting on the natural fracture sur-
face is greater than the shear strength of the natural fracture
surface, shear failure occurs in the natural fracture [32].
According to the linear friction theory, the mathematical
condition under which this shear failure occurs is as follows
[33, 34].

∣τ∣ > C0 + Kf σn − pð Þ, ð7Þ

where C0 is the cohesion of the natural fracture and Kf is the
friction coefficient of the natural fracture surface.

By substituting Equations (5) and (6) into Equation (7),
the following expression can be obtained:

σ1 − σ3ð Þ sin 2θ + Kf cos 2θ
� �

− K f σ1 + σ3 − 2pð Þ > 2C0:

ð8Þ

The fluid pressure in the natural fracture surface must be
lower than the normal stress acting on the natural fracture
surface; otherwise, the fracture is opened, that is, the fluid
pressure satisfies the following relation:

p < σ1 + σ3
2 + σ1 − σ3

2 cos 2 90 − θð Þ: ð9Þ

According to the theory of fracture propagation, the Grif-
fith linear fracture propagation requires the minimum fluid
pressure. Assuming that the fracture is a Griffith fracture,
the water pressure at the tip of the hydraulic fracture can be
expressed as follows:

p = σ3 +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2Eγ
πL 1 − μ2ð Þ

s
, ð10Þ

where E is the elastic modulus of the reservoir rock, γ is the
surface energy per unit area of the reservoir rock, L is the half
length of the Griffith fracture, and μ is the Poisson’s ratio of
the reservoir rock.

Hence, the following expression can be obtained:

σ1 − σ3 >
2c − 2K f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Eγ/ πL 1 − v2ð Þð Þp

sin 2θ − Kf + Kf cos 2θ
: ð11Þ

According to Equation (11), when hydraulic fractures
encounter natural fractures, the factors that determine
whether the hydraulic fractures can extend along the natural
fractures include the horizontal principal stress difference
△σ, approach angle θ, length of the natural fracture l, friction
coefficient Kf , elastic modulus of the rock mass E, and Pois-
son’s ratio μ.

3. Verification of Simulation Results of
Hydraulic Fracture Propagation under the
Influence of Natural Fractures

3.1. Geometric Model. In this paper, RFPA2D-Flow software, a
seepage-stress coupling analysis system for rock fracture
instability, is used to analyze the interaction mechanism
between natural fractures and hydraulic fractures based on
the damage mechanics theory, in which both tensile and
shear failure criteria of the rock are chosen[35, 36]. In this
numerical simulation, a two-dimensional plane stress model
(Figure 3) sized 0:5m × 0:5m is adopted. All the boundaries
are impermeable and constrained by the confining pressure.
Both the bottom and left boundaries are fixed. The centre
of the borehole with a diameter of 0.02m coincides with
the centre of the model. The model is divided into 300 ×
300 cells. Cracks AB and CD are arranged in advance at equal
distances on the left and right sides of the borehole, respec-
tively. The lengths and widths of the two preexisting cracks
are, respectively, 0.04m and 0.002m. The tensile strength
of the two preexisting cracks is 6.5MPa, and the internal fric-
tion angle is 30°. The maximum principal stress σ1 in the hor-
izontal direction is 10MPa, and the minimum principal
stress σ3 in the vertical direction is 5MPa. The initial water
pressure applied in the borehole is 0MPa, and the step incre-
ment is 0.5MPa.

3.2. Parameter Selection. To ensure that the numerical calcu-
lation can more closely simulate the real physical experiment,
the actual physical parameters of the experimental sample
are adopted in the numerical simulation as much as possible.

Outspread hydraulic fracture Natural fracture

𝜎1

𝜎3

𝜃

Figure 2: Plane model of a hydraulic fracture intersecting a natural
fracture.

𝜎1 𝜎1
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C

D0.
3 

m 𝜃

Figure 3: Geometric model.
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The relevant parameters utilized in this numerical simulation
are presented in Table 1. Parameters such as compressive-
ness, tension strength, elastic module, and Poisson’s ratio
can be determined based on the experimental test. The per-
meability can be calculated by the laboratory experiment.
Before water is poured into the fracturing borehole, there is
no water pressure. Therefore, the initial water pressure is
0MPa.

3.3. Propagation of Hydraulic Fractures under the Influence of
Natural Fractures. Figure 4 indicates that (1) the hydraulic
fracture penetrates the natural fracture from one end and
passes through the natural fracture. Subsequently, the
hydraulic fracture continues to extend along the other end
of the natural fracture. In other words, the hydraulic fracture
completely extends along the natural fracture, as shown in
Figure 4(a). (2) When the hydraulic fracture encounters the
natural fracture, it does not deviate and expand along the
natural fracture but directly penetrates the natural fracture
and continues to expand along the direction of the maximum
horizontal stress, as shown in Figure 4(b). (3) When the
hydraulic fracture encounters the natural fracture, the left
hydraulic fracture deviates; after this fracture expands from
one end of the natural fracture, it eventually propagates along
the direction of the maximum principle stress. However, the
right hydraulic fracture directly penetrates the natural frac-
ture, as shown in Figure 4(c).

The numerical results indicate that the hydraulic fracture
can propagate via three paths under the action of natural
fractures. (1) The hydraulic fracture extends completely
along the natural fracture. The fractures are generated
around the natural fracture, and their expansion is not evi-
dent. (2) The hydraulic fracture penetrates the natural frac-
ture and expands along the original direction. The length of
the generated hydraulic fracture is considerably larger than
that of the natural fracture; however, few short fractures are
present around the natural fracture. (3) The hydraulic frac-
ture propagates through and along the natural fracture
simultaneously, including cases (1) and (2), resulting in a
larger number of fractures and a wider distribution range.
These three cases are consistent with the theoretical plane
model of the intersection of the hydraulic and natural frac-
tures. In the exploitation of oil and gas resources, the third
case leads to the formation of a hydraulic fracture network
and can reduce the engineering quantity, thereby improving
the exploitation efficiency of the oil and gas resources.

Renshaw and Pollard et al. examined the critical
approach angle of a hydraulic fracture passing through a
natural fracture under different stress conditions by con-
ducting a physical experiment and obtained the critical
curve of the hydraulic fracture passing through the natural
fracture (black solid line in Figure 5)[37]. The Renshaw
and Pollard criterion can be used to predict the results of
the interaction of the hydraulic and natural fractures. A
comparison of the numerical results, indicated by the red
stars and blue dots in Figure 5, and the experimental results
obtained by Renshaw and Pollard et al. indicate that the
numerical results are in agreement with the Renshaw and
Pollard criterion. In other words, the numerical results are
consistent with the experimental results.

4. Influence of Natural Fractures on the
Hydraulic Fracture Propagation

The homogeneity, size, number of cells, borehole aperture,
and basic mechanical parameters of the model were kept
unchanged, and the single variable method was used to
examine the influence of the approach angle, principle stress
difference, tension strength and length of the natural frac-
ture, elastic modulus, and Poisson’s ratio on the hydraulic
fracture propagation.

4.1. Influence of the Approach Angle on the Hydraulic
Fracture Propagation. When the approach angle θ is 0°, 30°,
45°, 60°, and 90°, the propagation of the hydraulic fracture
is as shown in Figures 6(A)–6(E), respectively. The following
observations can be made: (1) When θ is 0°, 30°, and 45°, the
hydraulic fracture first propagates along the direction per-
pendicular to the minimum principal stress σ3. After the
hydraulic fracture intersects the natural fracture, it extends
along the natural fracture and propagates from one end of
the natural fracture. Subsequently, the fracture deviates and
continues expanding in the direction of the maximum hori-
zontal principal stress σ1. For a smaller angle θ, this phenom-
enon is more notable because a smaller θ corresponds to a
smaller normal stress σn on the natural fracture. Conse-
quently, a smaller shear stress τ and tensile stress σt are
required for the sliding of the hydraulic fracture and opening
of the natural fracture surface, respectively. The natural frac-
ture opens easily, and the hydraulic fracture continues to
expand along one end of the natural fracture surface. In the
case of a low stress difference and approach angle, the natural

Table 1: Parameters used in the numerical simulation.

Parameter Value and unit Parameter Value and unit

Tensile strength σt 6.5/10.5MPa Internal friction angle 30°

Elastic modulus E 50GPa Residual strength 0.1%

Compression tension ratio 10 Pore water pressure coefficient 0.1

Permeability coefficient k 0.000864m/d Maximum compression strain coefficient 200

Maximum tension strain coefficient 1.5 Water increment △pw for each step 0.5MPa

Initial water pressure pw0 0MPa Vertical principle stress σ1 5MPa

Horizontal principle stress σ1 10MPa Approach angle θ 45/90°
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fracture is activated by the hydraulic fracture, and part of the
pore water pressure is transferred, thus preventing the
hydraulic fracture from further passing through the natural
fracture. (2) When θ is 60° and 90°, the hydraulic fracture
directly passes through the natural fracture, indicating that
the hydraulic fracture can easily pass through the existing
natural fracture under a high approach angle. This finding
can be attributed to the fact that a larger approach angle θ
corresponds to a larger normal stress σn on the natural frac-
ture. Consequently, a greater shear stress τ tensile stress σt

are required for the sliding of the hydraulic fracture and
opening of the natural fracture surface, respectively. The nat-
ural fracture is difficult to be opened, and the hydraulic frac-
ture penetrates the natural fracture directly.

4.2. Influence of Difference in the Main Stress on the
Hydraulic Fracture Propagation. Considering the minimum
main stress σ3 as 5MPa and the maximum main stress σ1
as 5MPa, 10MPa, 15MPa, 20MPa, 25MPa, and 30MPa,
the corresponding horizontal stress difference △σ is 0MPa,
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Figure 4: Propagation processes of a hydraulic fracture under the action of a natural fracture. (a) Propagation of a hydraulic fracture along a
natural fracture. (b) Propagation of a hydraulic fracture penetrating the natural fracture. (c) Propagation of a hydraulic fracture through and
along a natural fracture.
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5MPa, 10MPa, 15MPa, and 20MPa, respectively. The pro-
cess of hydraulic fracture propagation under different hori-
zontal stress differences is shown in Figure 7. The following
observations can be made: (1)When the horizontal stress dif-
ference △σ is 5MPa, the hydraulic fracture first propagates
along the direction perpendicular to the minimum principal
stress. After intersecting with the natural fracture, the
hydraulic fracture expands from one end of the natural frac-
ture and deviates to expand along the direction of the maxi-
mum principal stress again. This finding shows that the
natural fracture is activated by the hydraulic fracture, and a
part of the pore water pressure is transferred under the con-
dition of a low stress difference, thereby preventing the
hydraulic fracture from further passing through the natural
fracture. (2) When the horizontal stress difference △σ is
10MPa and 15MPa, after the hydraulic fracture intersects
with the natural fracture, the hydraulic fracture on the left
side propagates along the direction perpendicular to the nat-
ural fracture. Furthermore, the fluid permeates along the
interface of the natural fracture. After the left hydraulic frac-
ture permeates along the interface for a certain distance, it
penetrates the interface and expands along the original direc-
tion. The hydraulic fracture on the right side penetrates
directly through the natural fracture and continues expand-
ing along the direction perpendicular to the minimum prin-
ciple stress. (3) When the horizontal stress difference △σ is
20MPa and 25MPa, after the hydraulic fracture intersects
the natural fracture, it expands along the direction of the
maximum principle stress. This finding shows that the
hydraulic fracture easily passes through the existing natural
fracture under a high stress difference.

When the principal stress difference△σ is small, the ran-
dom distribution of the crystals and defects in the rock influ-
ence the propagation process. The rupturing of the rock far
from the natural fracture in the model is more notable, and
the shape of the hydraulic fracture is more tortuous. At this

time, the natural fracture is more likely to be opened, and
the hydraulic fracture is more likely to expand along the nat-
ural fracture. With the increase in the principal stress differ-
ence △σ, the propagation form of the hydraulic fracture is
relatively straight and parallel to the direction of the maxi-
mum principal stress σ1. The branch fractures at the tip of
the hydraulic fracture are not significant. At this time, the
hydraulic fracture is more likely to expand after penetrating
the natural fracture.

4.3. Effect of Tensile Strength of the Natural Fracture on the
Hydraulic Fracture Propagation. When the tension strength
σt of the natural fracture is 6MPa, 8MPa, 10MPa, 12MPa,
and 14MPa, the process of the hydraulic fracture propaga-
tion is as shown in Figure 8. The following observations
can be made: (1) When the tensile strength σt of the natural
fracture is small, the hydraulic fracture is more likely to devi-
ate and expand along the natural fracture. Due to the change
in the stress field surrounding the natural fracture, the
hydraulic fracture extends at the end of natural fracture when
the hydraulic fracture approaches the natural fracture or its
tip. The width of the hydraulic fracture in the extension part
is considerably smaller than its initial width. (2) However,
with the increase in the tensile strength, the hydraulic frac-
ture tends to penetrate the natural fracture and expands
along the direction of the maximum principal stress. This
aspect can be explained by the fact that the hydraulic frac-
tures tend to extend in the direction of the least resistance.
When the tensile strength of the natural fracture surface is
large, the hydraulic fracture surface does not undergo shear
and tensile failure, which impedes the opening of the natural
fracture in the process of hydraulic fracture propagation.
However, when the tensile strength of the natural fracture
is small, the weak plane characteristics of the natural fracture
surface are apparent, which facilitates the propagation of the
hydraulic fracture along the natural fracture. This finding
shows that the propagation pattern of a hydraulic fracture
is closely related to the interface material of the natural frac-
ture. The hydraulic fracture easily expands along the direc-
tion of the least resistance instead of along the whole path.
Consequently, the branch fractures occur easily.

4.4. Effect of the Natural Fracture Length on the Hydraulic
Fracture Propagation. The hydraulic fracture may extend
along the natural fracture. After extending for a certain dis-
tance, the branches of the hydraulic fractures tend to deviate,
which is beneficial for the hydraulic fracture expansion. In
some cases, the hydraulic fracture extends through the natu-
ral fracture. Under the same principal stress difference, a
smaller natural fracture length l corresponds to an easier
expansion of the hydraulic fracture from the natural fracture
tip, as shown in Figures 9(A) and 9(B). However, in the case
of a natural fracture with a larger length, the hydraulic frac-
ture tends to directly propagate through the natural fracture,
as shown in Figures 9(C)–9(E). According to Equation (11),
when the principle stress difference is fixed, a smaller natural
fracture can more easily satisfy the mechanical conditions of
the hydraulic fracture propagating along the natural fracture.
In contrast, a longer natural fracture makes it more difficult
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(a)
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(A) 𝜃 = 0° (B) 𝜃 = 30° (C) 𝜃 = 45° (D) 𝜃 = 60° (E) 𝜃 = 90°
(c)

Figure 6: Process of hydraulic fracture propagation under different approach angles. (a) Morphology of hydraulic fracture propagation. (b)
Acoustic emission signal. (c) Cloud map of pore water pressure.
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Figure 7: Process of hydraulic fracture propagation under different horizontal principle stress differences △σ. (a) Morphology of the
hydraulic fracture propagation. (b) Acoustic emission signal. (c) Cloud map of the pore water pressure.
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to satisfy the mechanical conditions of the hydraulic fracture
propagating along the natural fracture.

4.5. Influence of Elastic Properties of the Reservoir Rock on the
Hydraulic Fracture Propagation. The elastic modulus E and
Poisson’s ratio μ are two important parameters to express
the ability of a rock to resist deformation under the action
of an external load. These two parameters are strongly
related to the strength and brittleness of the rock. In general,
a larger elastic modulus of the rock corresponds to a smaller
Poisson’s ratio. The elastic model of sedimentary rock is
characterised by a higher heterogeneity. In the numerical
simulation performed using the RFPA2D-Flow software, both
the nonuniformity of the rock strength and elastic modulus
are considered. Therefore, the initiation and expansion pro-
cesses of a hydraulic fracture under the action of a natural
fracture, simulated using the RFPA2D-Flow software, are
sufficiently realistic.

The relationship between the elastic modulus of the res-
ervoir rock and the opening pressure of the natural fracture
is shown in Figure 10. The following observations can be
made: (1) For a certain approach angle θ, the critical opening
pressure required for a natural fracture gradually decreases
with the increase in the elastic modulus E. This aspect can
quantitatively explain the fact that the effect of perforation
fracturing in a reservoir with a high elasticity and brittleness
is more notable than that in a reservoir with a low elasticity

and high toughness. (2) For a certain elastic modulus E, with
the increase in the approach angle θ, the opening pressure
required for the natural fracture increases. When the
approach angle θ is 90°, the opening pressure of the natural
fracture reaches its maximum value.

The relationship between the Poisson’s ratio μ of the res-
ervoir rock and opening pressure of the natural fracture is
shown in Figure 11. The following observations can be made:
(1) For a certain approach angle θ, when the Poisson’s ratio μ
is small, the opening pressure of the natural fracture is also
small. With the increase in the Poisson’s ratio μ, the opening
pressure of the natural fracture increases. In particular, a res-
ervoir with a higher elastic modulus usually has a smaller
Poisson’s ratio. Therefore, the influence of the elastic modu-
lus and Poisson’s ratio on the opening pressure of the natural
fracture is consistent. (2) For a certain Poisson’s ratio, with
the increase in the approach angle, the opening pressure of
the natural fracture also increases. When the approach angle
θ is 90°, the opening pressure of the natural fracture exhibits
its maximum value.

5. Discussion

The influence of natural fractures on hydraulic fracture
propagation has been always a hot topic. In this paper, only
two natural fractures are chosen. In fact, the number of the
natural fractures is far more than two natural fractures in

(c)
(A) 𝜎t = 6.5 MPa (B) 𝜎t = 8.5 MPa (C) 𝜎t = 10.5 MPa (D) 𝜎t = 12.5 MPa (E) 𝜎t = 14.5 MPa

(a)

(b)

Figure 8: Process of hydraulic fracture propagation under different tensile strengths σt . (a) Cloud map of the pore water pressure. (b)
Acoustic emission signal. (c) Morphology of the hydraulic fracture propagation.
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the fractured reservoir. In the next research, more natural
fractures should be adopted in the numerical model. Of
course, the plane model and propagation mechanism of the
intersection of hydraulic and natural fractures will become
more complex.

RFPA2D-Flow is a good numerical computational soft-
ware, which can realize the visualization of the hydraulic
fracture process. However, the process of the numerical
simulation depends on the increment step, not the time.
Therefore, much more dependent variable, such as water

(a)

(b)

(c)
(A) l = 0.02 m (B) l = 0.04 m (C) l = 0.06 m (D) l = 0.08 m (E) l = 0.10 m

Figure 9: Process of hydraulic fracture propagation under different natural fracture lengths l. (a) Cloud map of the pore water pressure. (b)
Acoustic emission signal. (c) Morphology of the hydraulic fracture propagation.
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pressure, length, and width of the hydraulic fracture and
the like, which regard time as independent variable, can-
not be obtained.

6. Conclusions

(1) Considering the tensile and shear failure mechanisms
of rock rupture, a theoretical model for the hydraulic
fracture propagation under the action of a natural
fracture is established based on the equivalent plane
fracture theory of hydraulic and natural fractures.
The morphology of the hydraulic fracture deter-
mined using the numerical simulation is in agree-
ment with the existing physical experiment results.

(2) In the case of a large approach angle, the hydraulic
fracture directly passes through the natural fracture,
and the initiation pressure of the natural fracture
gradually increases. When the approach angle is 90°,
the initiation pressure of the natural fracture reaches
its maximum value. When the approach angle is
small, the hydraulic fracture expands along the natu-
ral fracture, propagates from one end, and deviates
and continues expanding along the direction of the
maximum horizontal principal stress.

(3) Under a low principle stress difference, the hydrau-
lic fracture tends to expand along the natural frac-
ture, and the development of the hydraulic fracture
is relatively complex. However, with the increase in
the principal stress difference, the hydraulic fracture
tends to penetrate the natural fracture. This aspect
shows that under a low principal stress difference,
the natural fracture is more likely to be opened,
which facilitates the development of the hydraulic
fracture.

(4) When the tensile strength of the natural fracture is
large, the hydraulic fracture cannot induce shear and
tensile failure, which impedes the opening of the nat-
ural fracture and the propagation of the hydraulic
fracture. In contrast, when the tensile strength of the
natural fracture is small, the weak surface features of
the natural fracture are prominent, which facilitates
the opening of the natural fracture.

(5) With the increase in the elastic modulus or decrease
in the Poisson’s ratio, the critical opening pressure
of the natural fracture decreases. Since the reservoir
rock with a higher elastic modulus usually has a
smaller Poisson’s ratio, the influence of the elastic
modulus and Poisson’s ratio on the opening pressure
of the natural fracture is consistent.

Data Availability

The data in the manuscript can be available on request
through Weiyong Lu, whose email address is
489698551@qq.com.

Conflicts of Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgments

The authors would like to particularly thank DalianMechsoft
Co. Ltd for their help in providing the free RFPA2D-Flow
software for three months. This work was supported by the
Transformation of Scientific and Technological Achieve-
ments Programs (TSTAP) of Higher Education Institutions
in Shanxi (No. 2020CG050), the Special Project of 2019 Plan
for the Introduction of High-Level Scientific and Technolog-
ical Talents in Development Zone of Lvliang City (develop-
ment of automatic disassembly platform for hydraulic
support pin shaft) (No. 2019L0002), the Science and Tech-
nology Project of Lvliang City in 2019 (pressure relief and
permeability improvement technology by integrated hydrau-
lic flushing and cutting for low permeability coal seam con-
taining methane) (No. 2019L0008), and the National
Natural Science Foundation of China (Nos. 51774111 and
51974105).

References

[1] W. Lu, B. Huang, and X. Zhao, “A review of recent research
and development of the effect of hydraulic fracturing on gas
adsorption and desorption in coal seams,” Adsorption Science
& Technology, vol. 37, no. 5-6, pp. 509–529, 2019.

[2] S. Tripoppoom, J. Xie, R. Yong et al., “Investigation of different
production performances in shale gas wells using assisted his-
tory matching: hydraulic fractures and reservoir characteriza-
tion from production data,” Fuel, vol. 267, article 117097,
2020.

[3] G. Gunarathna and B. G. Da Silva, “Influence of the effective
vertical stresses on hydraulic fracture initiation pressures in
shale and engineered geothermal systems explorations,” Rock
Mechanics and Rock Engineering, vol. 52, no. 11, pp. 4835–
4853, 2019.

[4] L. Zhai, H. Zhang, D. Pan et al., “Optimisation of hydraulic
fracturing parameters based on cohesive zone method in oil
shale reservoir with random distribution of weak planes,” Jour-
nal of Natural Gas Science and Engineering, vol. 75, article
103130, 2020.

[5] L. Cheng, D. Wang, R. Cao, and R. Xia, “The influence of
hydraulic fractures on oil recovery by water flooding processes
in tight oil reservoirs: an experimental and numerical
approach,” Journal of Petroleum Science and Engineering,
vol. 185, article 106572, 2020.

[6] P. Behnoudfar, M. B. Asadi, A. Gholilou, and S. Zendehboudi,
“A new model to conduct hydraulic fracture design in coalbed
methane reservoirs by incorporating stress variations,” Journal
of Petroleum Science and Engineering, vol. 174, pp. 1208–1222,
2019.

[7] K. Cao, P. Siddhamshetty, Y. Ahn, R. Mukherjee, and J. S. I.
Kwon, “Economic model-based controller design framework
for hydraulic fracturing to optimize shale gas production and
water usage,” Industrial & Engineering Chemistry Research,
vol. 58, no. 27, pp. 12097–12115, 2019.

11Geofluids



[8] J. Wang, Z. Wang, B. Sun, Y. Gao, X. Wang, andW. Fu, “Opti-
mization design of hydraulic parameters for supercritical CO2
fracturing in unconventional gas reservoir,” Fuel, vol. 235,
pp. 795–809, 2019.

[9] X. Wang, X. Peng, S. Zhang, Y. Liu, F. Peng, and F. Zeng,
“Guidelines for economic design of multistage hydraulic frac-
turing, Yanchang tight formation, Ordos Basin,” Natural
Resources Research, vol. 29, no. 2, pp. 1413–1426, 2020.

[10] C. R. Tiedeman and W. Barrash, “Hydraulic tomography: 3D
hydraulic conductivity, fracture network, and connectivity in
mudstone,” Groundwater, vol. 58, no. 2, pp. 238–257, 2019.

[11] X. Zhao, Z. Rui, X. Liao, and R. Zhang, “The qualitative and
quantitative fracture evaluation methodology in shale gas res-
ervoir,” Journal of Natural Gas Science & Engineering, vol. 27,
no. P2, pp. 486–495, 2015.

[12] T. Guo, Z. Rui, Z. Qu, and N. Qi, “Experimental study of direc-
tional propagation of hydraulic fracture guided by multi-radial
slim holes,” Journal of Petroleum Science and Engineering,
vol. 166, no. 3, pp. 592–601, 2018.

[13] Z. Rui, T. Guo, Q. Feng, Z. Qu, N. Qi, and F. Gong, “Influence
of gravel on the propagation pattern of hydraulic fracture in
the glutenite reservoir,” Journal of Petroleum Science & Engi-
neering, vol. 165, no. 7, pp. 627–639, 2018.

[14] Y. He, S. Cheng, Z. Sun, Z. Chai, and Z. Rui, “Improving oil
recovery through fracture injection and production of multiple
fractured horizontal wells,” Journal of Energy Resources Tech-
nology, vol. 142, no. 5, pp. 1–19, 2020.

[15] S. Liu, L. Zhang, K. Zhang, J. Zhou, H. He, and Z. Hou, “A sim-
plified and efficient method for water flooding production
index calculations in low permeable fractured reservoir,” Jour-
nal of Energy Resources Technology, vol. 141, no. 11, article
112905, 2019.

[16] L. Zhu, Y. Shengchao, Z. Weibing et al., “Dynamic loading
induced by the instability of voussoir beam structure during
mining below the slope,” International Journal of Rock
Mechanics and Mining Sciences, vol. 132, no. 6, article
104343, 2020.

[17] H. Zheng, C. Pu, and C. T. Il, “Study on the interaction mech-
anism of hydraulic fracture and natural fracture in shale for-
mation,” Energies, vol. 12, no. 23, p. 4477, 2019.

[18] H. Fatahi, M. M. Hossain, and M. Sarmadivaleh, “Numerical
and experimental investigation of the interaction of natural
and propagated hydraulic fracture,” Journal of Natural Gas
Science and Engineering, vol. 37, pp. 409–424, 2017.

[19] W. Xu, Y. Li, J. Zhao, X. Chen, and S. S. Rahman, “Simulation
of a hydraulic fracture interacting with a cemented natural
fracture using displacement discontinuity method and finite
volume method,” Rock Mechanics and Rock Engineering,
vol. 53, no. 7, pp. 3373–3382, 2020.

[20] W. Xu, J. Zhao, S. S. Rahman, Y. Li, and Y. Yuan, “A compre-
hensive model of a hydraulic fracture interacting with a natural
fracture: analytical and numerical solution,” Rock Mechanics
and Rock Engineering, vol. 52, no. 4, pp. 1095–1113, 2019.

[21] M. M. Rahman and S. S. Rahman, “Studies of hydraulic
fracture-propagation behavior in presence of natural fractures:
fully coupled fractured-reservoir modeling in poroelastic envi-
ronments,” International Journal of Geomechanics, vol. 13,
no. 6, pp. 809–826, 2013.

[22] W. Yao, S. Mostafa, Z. Yang, and G. Xu, “Role of natural frac-
tures characteristics on the performance of hydraulic fractur-
ing for deep energy extraction using discrete fracture

network (DFN),” Engineering Fracture Mechanics, vol. 230,
article 106962, 2020.

[23] S. Han, Y. Cheng, Q. Gao, C. Yan, Z. Han, and X. Shi, “Anal-
ysis of instability mechanisms of natural fractures during the
approach of a hydraulic fracture,” Journal of Petroleum Science
and Engineering, vol. 185, article 106631, 2020.

[24] B. Shen, T. Siren, and M. Rinne, “Modelling fracture propaga-
tion in anisotropic rock mass,” Rock Mechanics & Rock Engi-
neering, vol. 48, no. 3, pp. 1067–1081, 2015.

[25] P. L. Clarke and R. Abedi, “Modeling the connectivity and
intersection of hydraulically loaded cracks with in situ frac-
tures in rock,” International Journal for Numerical & Analyti-
cal Methods in Geomechanics, vol. 42, no. 14, pp. 1592–1623,
2018.

[26] O. Kolawole and I. Ispas, “Interaction between hydraulic frac-
tures and natural fractures: current status and prospective
directions,” Journal of Petroleum Exploration and Production
Technology, vol. 10, no. 4, pp. 1613–1634, 2020.

[27] C. Song, Y. Lu, B. Xia, and H. Ke, “Effects of natural fractures
on hydraulic fractures propagation of coal seams,” Journal of
Northeastern University (Natural Science), vol. 35, no. 5,
pp. 756–760, 2014.

[28] X. Liu, Y. Ding, P. Luo, and L. Liang, “Influence of natural frac-
ture on hydraulic fracture propagation,” Special Oil and Gas
Reservoirs, vol. 2, no. 25, pp. 148–153, 2018.

[29] T. L. Blanton, “Propagation of hydraulically and dynamically
induced fractures in naturally fractured reservoirs,” Society of
Petroleum Engineers, vol. 5, no. 15261, pp. 1–15, 1986.

[30] T. L. Blanton, “An experimental study of interaction between
hydraulically induced and pre-existing fractures,” Society of
Petroleum Engineers, vol. 8, no. 10847, pp. 559–562, 1982.

[31] Y. Lu, C. Song, Y. Jia et al., “Analysis and numerical simulation
of hydrofracture crack propagation in coal-rock bed,” Cmes-
computer Modeling in Engineering & Sciences, vol. 105, no. 1,
pp. 69–86, 2015.

[32] C. Song, Y. Lu, H. Tang, and Y. Jia, “A method for hydrofrac-
ture propagation control based on non-uniform pore pressure
field,” Journal of Natural Gas Science and Engineering, vol. 33,
pp. 287–295, 2016.

[33] W. Song, J. Zhao, and Y. Li, “Hydraulic fracturing simulation
of complex fractures growth in naturally fractured shale gas
reservoir,” Arabian Journal for Science and Engineering,
vol. 39, no. 10, pp. 7411–7419, 2014.

[34] W. Cheng, Y. Jin, M. Chen, T. Xu, Y. Zhang, and C. Diao, “A
criterion for identifying hydraulic fractures crossing natural
fractures in 3D space,” Petroleum Exploration and Develop-
ment Online, vol. 41, no. 3, pp. 371–376, 2014.

[35] W. Lu, Y. Wang, and X. Zhang, “Numerical simulation on the
basic rules of multihole linear codirectional hydraulic fractur-
ing,” Geofluids, vol. 2020, Article ID 6497368, 14 pages, 2020.

[36] W. Lu and C. He, “Numerical simulation of the fracture prop-
agation of linear collaborative directional hydraulic fracturing
controlled by pre-slotted guide and fracturing boreholes,”
Engineering Fracture Mechanics, vol. 235, article 107128, 2020.

[37] C. E. Renshaw and D. D. Pollard, “An experimentally verified
criterion for propagation across unbounded frictional inter-
faces in brittle, linear elastic materials,” International Journal
of Rock Mechanics and Mining Sciences & Geomechanics
Abstracts, vol. 32, no. 3, pp. 237–249, 1995.

12 Geofluids



Research Article
Development and Application of Fluid-Solid Coupling Similar
Materials in Discharge Test of Old Goaf Water

Zhenhua Li,1 Mingxiao Ma,1 and Yongsheng Bao 2

1School of Energy Science and Engineering, Henan Polytechnic University, Jiaozuo, 454000 Henan, China
2Datong Coal Mine Group Co. Ltd., Datong, 037003 Shanxi, China

Correspondence should be addressed to Yongsheng Bao; yongshengbao@126.com

Received 30 April 2020; Revised 11 June 2020; Accepted 24 June 2020; Published 14 July 2020

Academic Editor: Guozhong Hu

Copyright © 2020 Zhenhua Li et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

To study the evolution law of the discharge pathway for the old goaf water in the Datong mining area, a new fluid-solid coupling
similar material was developed based on the fluid-solid coupling similarity theory. In the developed similar material, sand and
barite powder were used as aggregate, polyurethane and white portland cement as binder, and water and silicone oil as
regulator. The effects of different proportions on mechanical properties and water physical properties of materials were obtained
through the experiments. The results show that the strength of the developed material is mainly controlled by cement and
polyurethane, the hydrophilicity is affected by silicone oil, and the permeability coefficient is mainly affected by cement and
polyurethane. For grouting agent, cement can realize the overall control function, and polyurethane can realize the local control
in a certain range. As an ideal fluid-solid coupling similar simulation material, the developed material can simulate rock mass
with different permeability and different strength. Besides, this material has been successfully applied to an experimental study
on the mechanism of old goaf water discharge in an extra-thick coal seam in the Datong mining area, and the development and
evolution characteristics of the old goaf water discharge pathway is obtained. This new kind of fluid-solid coupling similar
material is developed based on the fluid-solid coupling similarity theory, which is suitable for revealing the evolution law of
discharge pathway for the old golf water in the Datong mining area.

1. Introduction

As a large coal mining country, China has rich coal resources
with a vast geographical distribution. However, the hydro-
geological conditions of coal deposits are complex, and China
is also one of the countries with the most serious mine water
disasters [1, 2]. With the continuous increase of mining
depth, major and critical water inrush hazards occur fre-
quently. The old goaf water inrush hazards account for more
than 70% of all kinds of coal mine water disasters [3, 4].
Water inrush in the old goaf has the characteristics of large
water volume, short time, and strong destructiveness. As a
result, serious accidents of casualties and water inrush haz-
ards are easily caused, which seriously threaten the safe pro-
duction of the coal mine [5, 6].

Due to complex causes of water inrush from the old goaf,
the water inrush problem cannot be comprehensively ana-
lyzed by theoretical analysis and numerical simulation. Nev-

ertheless, the fluid-solid coupling model test can intuitively
and comprehensively reflect the disaster-causing mechanism
under the coupling action of a mining-induced stress field
and seepage field [7, 8]. Besides, this test can be mutually ver-
ified with the mathematical model. Different from the tradi-
tional model test of similar materials, the influence of a water
body on a rock mass should be considered in the fluid-solid
coupling model test [9, 10].

The scientific and reasonable nature of hydrophilic simi-
lar simulation material is the premise and foundation of the
fluid-solid coupling model test. Zhang and Hou [11] devel-
oped a solid-liquid two-phase mold material, in which sand
was used as aggregate and paraffin as binder. Then, a model
test on coal mining under water-rich aeolian sand layer was
carried out. Huang et al. [12] studied similar solid-liquid cou-
pling materials in which bentonite and quartz sand were
taken as the aggregate and silicone oil and Vaseline as the
binder for clay aquiclude. Li Shucai et al. [13] and Li Shuzhen
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et al. [14] used Vaseline and paraffin as the grouting agent
and sand and talc as the aggregate and developed the fluid-
solid coupling similar simulation material. This material
can be applied in a tunnel water inrush model test to simulate
low and medium strength rock materials with different per-
meability. Sun et al. [15] and Chen et al. [16] used paraffin
and Vaseline as the grouting agent, river sand and calcium
carbonate as the aggregate, and hydraulic oil as the regula-
tor, then developed a new type of fluid-solid coupling simi-
lar material for the deep water-resisting layer. When
paraffin and Vaseline are taken as the grouting agent in sim-
ilar materials, the problems of water disintegration and
strength change of rock material are solved [17]. However,
these materials need heating treatment in the development
process, the preparation process is complex with high diffi-
culty, and the application process is easily affected. Wang
et al. [18] employed latex and white cement as a grouting
agent and developed a new type of surrounding rock mate-
rial suitable for the fluid-solid coupling model test. Huang
and Hu [19] used soil as the grouting agent and rapeseed
oil and water as regulators and obtained the best similar
proportion of clay aquiclude. Combined with a large num-
ber of data at home and abroad, organic materials are
selected as grouting agents for fluid-solid coupling similar
materials, which can maintain strength without disintegra-
tion. In addition, similar materials must meet two similar
conditions of solid deformation and permeability simulta-
neously [20].

Previous studies mainly focused on the complex cement-
ing agents produced by paraffin. On this basis, a more concise
material which satisfies the hydrodynamic and mechanical
properties is developed. More precisely, polyurethane is
selected as a new type of grouting agent and incorporated
with cement and silicone oil in this paper. According to the
fluid-solid coupling similarity theory, through the propor-
tioning test, a new type of similar material for the fluid-
solid coupling test is successfully developed and applied in
the old goaf water discharge experiment in the Datong
mining area.

2. Similarity Theory of Fluid-Solid Coupling

On the basis of three similar theorems, the similarity relation
between the model and the prototype parameters is derived
by using the fluid-solid coupling mathematical model of the
continuous medium, and the following similarity relation is
derived [21]:

The seepage equation is expressed as

Kx
∂2p
∂2x

+ Ky
∂2p
∂2y

+ Kz
∂2p
∂2z

= S
∂p
∂t

+ ∂e
∂t

+W, ð1Þ

where Kx, Ky, and Kz are the permeability coefficients (cm/s)
in the x, y, and z coordinate directions; p is the water pressure
(MPa); S is the water storage coefficient; e is the volume
strain; W is the source sink term; and t is the time.

The equilibrium equation is described as

σij,i + Xj =
ρ ⋅ ∂2ui
∂t2

, ð2Þ

where σij,i is the total stress tensor, ρ is the density (g/cm3),
and Xj is the volume force.

The effective stress equation is expressed as

σij = σij + αδp, ð3Þ

where �σij is the effective stress tensor, α is the Biot effective
stress coefficient, and δ is the Kronecker sign.

According to Equations (1), (2), and (3), the main simi-
larity between the fluid-solid coupling variable model and
the prototype is deduced as follows:

The model similarity relation is

CG = Cλ: ð4Þ

The geometric similarity relation is

Cu = CeCl: ð5Þ

The gravity similarity formula is

CGCe = CγCl: ð6Þ

The stress similarity formula is

Cσ = CγCl: ð7Þ

The external load similarity formula is

Ch = CγC
3
l : ð8Þ

The similarity formula of the water storage coefficient is

CS =
1

Cγ

ffiffiffiffiffi

Cl

p
: ð9Þ

The permeability coefficient similarity formula is

CK =
ffiffiffiffiffi

Cl

p

Cγ

, ð10Þ

where Cλ refers to the lame constant similarity scale, Cu is the
displacement similarity scale, Ce is the volume strain similar-
ity scale, Cγ is the volume weight similarity scale, CG is the
mass similarity scale, and Cl is the geometry similarity scale.

3. Development of Fluid-Solid Coupling
Similar Materials

3.1. Selection of Raw Materials. For fluid-solid coupling
materials, stability, nonhydrophilicity, and good deforma-
tion characteristics are basic requirements. Therefore,
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nonhydrophilic organic cementitious material should be
selected as the grouting agent. Referring to the domestic
and foreign research, proportion tests, and observation stud-
ies, transparent polyurethane, cement, and silicone oil are
selected as the grouting agent, river sand and barite powder
are used as the aggregate, and then appropriate mixing water
is added to make the nonhydrophilic similar material, as
shown in Figure 1.

(1) Grouting Agent. White portland cement and trans-
parent polyurethane are used as the grouting agent.
White portland cement is a hydraulic cementitious
material. Its mechanical strength, deformation char-
acteristics, and water can be adjusted. However, the
single use of white portland cement cannot fully
adjust the material properties and cannot make the
material have good water physical property. There-
fore, white portland cement is used with another
grouting agent. Transparent polyurethane is a poly-
mer liquid material made of VAE and high polymer
emulsion as a raw material after process modifica-
tion. Its characteristics include homogeneous water-
based material, high polymer, strong adhesion, non-
toxic and pollution-free, short bonding time, stable
performance, and nonhydrophilic. With cement, the
material properties can be improved stably.

(2) Aggregate. Sand and barite powder are selected as the
aggregate. River sand with particle size ≤ 2mm is
selected to ensure uniform distribution of internal
components of the material when it is cemented
together under the action of the grouting agent. Bar-
ite powder with fineness of 625 meshes is selected as
the fine aggregate. The grain size of the river sand is
relatively coarse, and its nonhydrophilicity cannot
be guaranteed. Thus, barite powder is used to fill
the gap between the river sand to ensure the
nonhydrophilicity.

(3) Regulator. Dimethyl silicone oil and water are
selected as the regulators. As the mixing water, water
mainly reacts with cement. The silicone oil can make
the surface of the material more compact, ensure the
adequate reaction of cement and water, and improve
the strength of the material, so that the material will
not collapse when encountering water.

3.2. Experimental Scheme and Sample Making. A large num-
ber of experiments have shown that the properties of mate-
rials are mainly determined by cement and polyurethane.
Therefore, cement content and polyurethane content are
taken as two factors in the experimental design. Each factor
is set at five levels. When the content of other components
is fixed, the cement mass ratio is kept unchanged and the
polyurethane content is changed, or the polyurethane con-
tent is kept unchanged and the cement content is changed.
The experimental scheme is shown in Table 1. 25 groups
of samples were made with a double opening mold with a
diameter of 50mm and a height of 100mm. 10 samples were
made for each group, and 250 samples were made for the

experimental study. The sample making process is shown
in Figure 2.

4. Property Tests of Similar Materials

4.1. Hydrophilicity Test. As an important index of water
rationality of similar materials, hydrophilicity can be mea-
sured by water absorption. The smaller the water absorption,
the stronger the nonhydrophilicity. The water absorption
rate was obtained by comparing the cured dry sample with
the sample soaked for 24 hours, as shown in Figure 3. The
test results show that the average water absorption rate of
the sample is between 1.012 and 1.060%, which indicates that
the material meets the requirements of nonhydrophilicity
and is a nonhydrophilic material.

4.2. Test of Uniaxial Compressive Strength and Softening
Effect. In this test, a WSM-10KN universal testing machine
was used to carry out the uniaxial compression test on samples
after maintenance, so as to determine the total stress-strain
curve of the sample in the process of uniaxial compression.
The slope of the elastic section is the elastic modulus E. The
failure mode of the sample on the test machine is similar to
that of the rock, as shown in Figure 4. Figure 5 shows the
stress-strain curve of 14 groups of samples.

In order to simulate the coupling effect between the
water flow and deformation failure of the surrounding rock,
it is necessary to consider the softening effect of similar
materials under long-term immersion. The water absorption
sample was immersed into water for 7 days, and then the
compressive strength of the immersed sample was com-
pared with that of samples in the natural state. As shown
in Table 2, the effect of immersion on the compressive
strength is within 6%~20.3%, and it can be concluded that
the softening effect of the material basically meets the exper-
imental requirements.

4.3. Uniaxial Tensile Strength Test. The tensile strength of the
sample was indirectly tested by the Brazilian splitting
method, and the tensile strength of the sample is calculated
from the following formula:

σt =
2P
πDt

, ð11Þ

where D is the diameter of the sample, P is the pressure value
when the sample is damaged, and t is the thickness of the
sample. The tensile and compressive strength values of some
samples are shown in Table 3.

As shown in Table 3, the tension-compression ratio σt/σc
range of similar materials is 0.091-0.11, which is very close to
0.1 (the average tension-compression ratio of rock). It indi-
cates that similar materials can well simulate the tensile prop-
erties of rock.

4.4. Brittleness Analysis. To simulate the permeability evo-
lution caused by rock fracture and its influence on the
mechanical properties of rock mass, it is necessary to ana-
lyze and verify the brittleness characteristics of the devel-
oped material, so as to ensure that the material is still
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brittle after coupling with water. In this paper, the method
proposed by Pan et al. [22] was used to define brittle rocks.
In other words, E/λ of the prepeak and postpeak weaken-
ing modulus of the stress-strain curve was analyzed to
determine the brittleness of the material. Materials with
different E/λ have different brittleness characteristics. It is
stipulated that materials with E/λ < 3 are brittle materials;
otherwise, they are not brittle materials. As shown in
Table 4, the developed materials are all brittle materials
with E/λ < 3, which meet the fracture and mechanical sim-
ilarity requirements of rock.

(a) Sand (b) Barite powder

(c) White portland cement (d) Dimethyl silicone oil

(e) Transparent polyurethane

Figure 1: Raw similar materials.

Table 1: Experimental proportioning scheme.

Factor
Level Cement content (%) Polyurethane content (%)

1 2 2 4 6 8 10

2 4 2 4 6 8 10

3 6 2 4 6 8 10

4 8 2 4 6 8 10

5 10 2 4 6 8 10
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(a) Weigh the raw material (b) Evenly mix the material

(c) Weigh the material several times (d) Compact the material into molds

(e) Mold release (f) Natural maintenance

Figure 2: Sample preparation process.

(a) Soak the sample to saturation state (b) Dry the sample

Figure 3: Hydrophilicity test.
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4.5. Determination of Permeability Coefficient. The perme-
ability coefficient is another important property index to
characterize the water rationality of similar materials. The
permeability of the developed material is low. Since the water
flow is small and the water level is difficult to control, the var-
iable head method is used. However, the conventional per-
meameter is only suitable for testing the permeability
coefficient of granular materials, and there is a problem of
lax sealing between the sample and the sleeve side wall of
the sample. To this end, a set of a sealed permeability coeffi-
cient testing device was designed and developed by glue
injection based on the principle of variable water head test

(a) Failure modes of sample 1 (b) Failure modes of sample 2

Figure 4: Typical failure modes of samples.
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Figure 5: Stress-strain curve of 14 groups of similar materials.

Table 2: Strength comparison of some samples in natural state and
after immersion.

Group
number

Compressive
strength
(MPa)

Compressive strength of
material after 7 days of

immersion (MPa)

Strength
reduction
rate (%)

1 0.2 0.167 20%

7 0.73 0.56 13%

14 0.86 0.77 12%

20 1.46 1.36 9%

25 1.99 1.85 6%

Table 3: Tensile strength values of some test blocks.

Group
number

Compressive strength
σc (MPa)

Tensile strength σt
(MPa)

σt/σc

01 0.20 0.020 0.11

02 0.44 0.045 0.10

03 0.68 0.067 0.098

04 0.92 0.084 0.091

05 1.16 0.126 0.108

Table 4: Test results of brittleness characteristics of some similar
materials.

Group no.
Elastic modulus Weakening modulus

E/λ
Prepeak E (MPa) After peak λ (MPa)

1 42 20 2.1

2 68 31 2.2

3 94 36 2.6

4 96 34 2.8

5 123 49.2 2.5
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and Specification of Soil Test SL237-1999 [23, 24]. Then, the
self-developed device was used to test the permeability coef-
ficient of the sample, as shown in Figure 6. The range of the
permeability coefficient measured by the device is 7:12 ×
10−7‐5:18 × 10−5, namely, the simulation has a wide range.
After the cement and polyurethane are added, the permeabil-
ity coefficient of the material decreases integrally. When the
proportionality of cement increases, the gap between the
materials decreases, which has an important influence on
the permeability coefficient of the materials.

5. Analysis of Factors Affecting the Properties of
Similar Materials

As shown in Figures 7 and 8, the compressive and tensile
strengths increase with the increase of cement or polyure-
thane content when the content of other components is fixed.
When the cement content is less than 6%, the tensile and
compressive strengths of the material increase rapidly with
the increase of polyurethane. At this time, the strength of
the material is mainly determined by the cohesiveness of

(a) Test device diagram
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(b) Schematic diagram of test device

Figure 6: Test and test principle of permeability coefficient of similar materials.
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Figure 7: Effect of cement and polyurethane content on tensile strength of materials.
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polyurethane.When the cement content is more than 6%, the
tensile and compressive strengths of the material increase
rapidly with the increase of cement content. As the cement
content increases, the cementitious material produced by
the hydration reaction increases, which affects the cementa-
tion ability of polyurethane. At this time, the strength of the
material is mainly determined by the cement. Comparing
the influence of the two substances, it is found that the

cement content determines the strength of the material com-
prehensively, and the polyurethane content can adjust the
strength within a certain range. When the content of cement
and polyurethane is at 4%, the permeability coefficient
decreases with the increase of silicone oil.

Through a large number of experiments, it is proven that
the amount of cement and polyurethane can adjust the per-
meability coefficient. As shown in Figure 9, with the increase
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Figure 8: Effect of cement and polyurethane content on compressive strength of materials.
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of cement and polyurethane content, the permeability coeffi-
cient of materials decreases. With the increase of cement and
polyurethane content, the small gap between the materials
becomes smaller and smaller, resulting in greater difficulty
for water flow. When the polyurethane content is more than
6%, the permeability coefficient fluctuates from 1:01 × 10−5
to7 × 10−6. As shown inFigure 10,when the content of cement

and polyurethane is fixed, silicone oil, as a regulator, has a cer-
tain influence on the permeability coefficient. Since silicone oil
has water retention and hydrophobicity, it can fully react with
the cement, and a hydrophobic surface can be formed, result-
ing in more difficult water flow. Therefore, the permeability
coefficient can be controlled in a certain range by changing
the content of cement, polyurethane, and silicone oil.
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Figure 10: Effect of silicone oil on permeability coefficient of materials.

Table 5: Proportion of model test.

No. Lithology
Thickness

(m)
Model

thickness (cm)

Compressive strength
(MPa) Material ratio (sand : barite

powder : cement : cement : polyurethane : silicone oil)Actual
strength

Simulation
strength

1 Silty mudstone 12 6 42.5 0.14 1 : 0.125 : 0.011 : 0.017 : 0.024

2 Fine sandstone 17.5 8.75 55.2 0.18 1 : 0.125 : 0.014 : 0.017 : 0.011

3 #14 coal 3.4 1.7 16.5 0.06 1 : 0.111 : 0.009 : 0.001 : 0.046

4
Coarse-grained

sandstone
11.1 5.55 39.5 0.13 1 : 0.125 : 0.012 : 0.017 : 0.048

5
Medium-grained

sandstone
12.2 6.1 40.6 0.13 1 : 0.125 : 0.013 : 0.017 : 0.023

6 Silty mudstone 21.1 10.55 42.5 0.14 1 : 0.125 : 0.011 : 0.017 : 0.024

7 Fine sandstone 14.1 7.05 55.2 0.18 1 : 0.125 : 0.014 : 0.017 : 0.011

8
Sandy

conglomerate
15.1 7.55 54.6 0.18 1 : 0.125 : 0.012 : 0.0177 : 0.24

9 Siltstone 10.3 5.15 40.1 0.13 1 : 0.142 : 0.012 : 0.017 : 0.024

10 Silty mudstone 12.1 6.05 42.5 0.14 1 : 0.125 : 0.011 : 0.017 : 0.024

11
Sandy

conglomerate
16.2 8.1 54.6 0.18 1 : 0.125 : 0.012 : 0.0177 : 0.24

12
Carbonaceous
mudstone

7 3.5 26.4 0.09 1 : 0.142 : 0.01 : 0.014 : 0.024

13 #3-5 coal 21 10.5 16.5 0.06 1 : 0.111 : 0.009 : 0.011 : 0.023

14 Medium sandstone 20.1 10.05 42.5 0.14 1 : 0.125 : 0.013 : 0.017 : 0.024
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6. Application of Similar Materials in Old Goaf
Water Discharge Test

The Datong coalfield is a double system coalfield of Jurassic
and Permo-Carboniferous. The upper 14# coal seam has
been fully mined, and a large amount of old goaf water is
stored in the goaf. When mining the 3-5# coal seams, due
to the development of a fracture zone, the goaf of the upper
coal seam is permeated. As a result, the old goaf water in
the goaf of the upper coal seam flows downward, easily
resulting in a water inrush accident of the 3-5# coal seams.
In this test, water inrush in double series coal seam mining
in the Datong mining area is taken as the research object,
so as to explore the change of water pressure and the law of
pathway formation and evolution when the old goaf is dis-
charged. The geometric similarity ratio of the experiment is
1/200, and the model size is 1000 × 1000 × 200mm. The
model applied a load of 0.03MPa in the vertical direction
and a load of 0.01MPa in the horizontal direction. Then,
water pressure of 0.001MPa is applied according to the
actual calculation. The ratio of rock mechanics parameters
is shown in Table 5, and the physical figure of the model is
shown in Figure 11.

As shown in Figure 12, as the working face moves for-
ward from the open-off cut, the water pressure in the aquifer
does not change significantly because the aquifer is far away
from the mining coal seam, and the strength of the sandstone
in the key layer has a good water isolation effect. In this pro-
cess, the fracture formed by the tensile and shear failure of
each layer in the open-off cut develops obliquely upward at
a certain angle. At the same time, the development height
of the crack also extends outwards. When the working face
advances to about 140m, the aquifer begins to fluctuate. At
this time, the key layer is gradually damaged, and the water
begins to seep out from the small fissures. When the working

face advances to 145m, the key layer collapses, the water
inrush pathway develops and penetrates, and the water pres-
sure of the aquifer drops sharply and tends to 0MPa. There-
fore, the key layer has the function of water separation, which
plays a decisive role in the generation of a water inrush path-
way with the water pressure change [25].

A key layer refers to the strata which control the whole or
partial overburden movement from the overburden to the
surface. The clear location of the water inrush is in the middle
of the key layer, and the period of water inrush occurs after
the key layer is broken. As shown in Figure 13, under the
influence of mining, the fracture of the key layer is a V-
shaped structure. The vertical fracture and the fractures

Model test stand

Confining pressure
loading system

Data collection
system

Water pressure
control system

Figure 11: Multifield coupling simulation test system of old goaf and water discharge.
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formed at the open-off cut and coal wall of the working face
are main water-conducting pathways, while the lead fracture
on both sides of the goaf is not an effective water pathway.
The application of the similar material reveals the damage
characteristics of similar materials and the distribution char-
acteristics of roof water inrush pathways. It is concluded that
there is a high probability of water inrush at the open-off cut
and the middle of the goaf. This finding has certain guiding
significance for solving practical engineering problems.

7. Conclusions

(1) A new type of fluid-solid coupling simulation mate-
rial is developed and tested. The compressive
strength of similar materials is 0.20-1.99MPa, the
tensile strength is 0.02-0.19MPa, and the permeabil-
ity coefficient is 7 × 10−7‐5:18 × 10−5. This material is
suitable for the large-scale simulation test of most
rock masses

(2) The control effect of the new fluid-solid coupling
similar material on the mechanical properties in dif-
ferent proportions is obtained. The tensile and com-
pressive strengths are mainly controlled by cement,
and polyurethane is adjusted within a certain range.
The permeability coefficient is controlled by the
cement and polyurethane. Silicone oil has the func-
tion of water retention. The deformation and water
physical properties can be controlled by the propor-
tionality of cement and polyurethane

(3) The change of water pressure stress and the forma-
tion and evolution of the water-conducting pathway
in the old goaf water discharge are preliminarily
revealed. Mechanical properties and water physical

properties of the material are verified. This study
provides a reference for solving the water inrush
problems in the actual project.
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The salinity, chemical properties, and migration characteristics of groundwater in coal measures are the key factors that affect the
generation, migration, and reservoir of hydrogen sulfide (H2S) in low-rank coal seams. Taking the Jurassic coal and rock strata in
the southeastern margin of the Junggar basin as the research object, according to the hydrogeological characteristics of the coal
measures, the region is divided into 4 hydrogeological units. The coalbed methane contains a large number of secondary biogas.
Along the direction of groundwater runoff, the salinity and the pH value increase gradually. The salinity in the hydrogeological
units is low; it is not conducive to the propagation of sulfate-reducing bacteria and the formation of hydrogen sulfide of the
Houxia, the south of Manasi River, and Hutubi and Liuhuangou area, the western region of the Miquan. The high salinity
center and depressions of low water level (hydrodynamic stagnation zone) in the hydrogeological unit of the Liuhuanggou and
the Miquan are the main areas for the production and enrichment of H2S in the low-rank coal. The high salinity in water is
formed by infiltration, runoff, and drought evaporation. At the same time, the deep confined water environment closed well; in
conditions of hydrocarbon-rich, under the action of sulfate-reducing bacteria, bacterial sulfate reduction will occur and
hydrogen sulfide formed. According to the circulation characteristics of water bearing H2S in the region, imbricate and single
bevel two kind generation and enrichment mode of hydrogen sulfide under the action of hydrodynamic control. The solubility
of hydrogen sulfide in pure water and solutions of NaCl and Na2SO4 with different molar concentrations was calculated. The
H2S solubility of groundwater in coal measures of 4 hydrogeological units was estimated.

1. Introduction

The Xinjiang Uygur Autonomous region is a domestic coal-
producing province with predicted reserves accounting for
about 40% in China. The southeastern margin of Junggar
basin is a typical development basin of coalbed methane of
inland low-rank coal. Hydrogen sulfide (H2S) in coal-
bearing strata in many mining areas is abnormally enriched,
particularly serious in the southeastern margin of Junggar
basin, such as Urumqi, Changji, and Fukang, and there are
many accidents involving death and injury [1]. It is generally
believed that H2S can be formed by biochemical degradation
in the early peat accumulation, the bacterial sulfate reduction

(BSR) in the peat accumulation period and at the stage of coal
formation, thermochemical sulfate reduction (TSR) during
coal evolution, and thermal decomposition sulfides (TDS)
and magma (volcanic eruption) activity, and it is widely
believed that the BSR and TSR are the main origins of H2S
in coal and rock seams [1–5]. Bacterial sulfate reduction
(BSR) is a metabolic process in which sulfate-reducing bacte-
ria absorb sulfate under the condition of no oxygen reduction,
oxidize organic compounds to obtain energy, and reduce
sulfate to form hydrogen sulfide. The chemical properties of
underground fluids and the characteristics of microbial
activity in the groundwater have an important influence on
the generation of biogas-bearing hydrogen sulfide in the
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low-rank coal seams; it is the main controlling factors affect-
ing the formation, migration, and reservoir of hydrogen
sulfide in low-rank coal seams [6, 7]. Based on the anomalous
enrichment of coal and rock strata in the southeasternmargin
of Junggar basin, this paper analyzes the geological overview
of the study area and discusses the effects of salinity of ground-
water in coal measures on the formation, migration, and
accumulation ofH2S in low-rank coal seams. TheH2S solubil-
ity of water bodies in coal measures was calculated. The
research has a certain supporting role in supplementing and
improving the causes, distribution characteristics, occurrence
rules, and disaster prevention of existing coal mine (coal meth-
ane) H2S. At the same time, it provides theoretical support for
atmospheric environmental pollution control. Furthermore,
it provides reference for the exploration and development
of low-rank coal seam coalbed methane containing H2S in
the southeastern margin of Junggar basin, China.

2. Regional Geological Survey

The area is in the binding site of the southernmarginof Junggar
basin, northern Tianshan Mountain, and Bogda Mountain,
China. The coal and rock strata form a series of northwest,
northeast east and southeast east linear fault-fracture zones
[8, 9]. The structural division belongs to the southeasternmar-
gin of the Junggar basin front fold belt, andmost of the surface
is covered by the Quaternary strata, and the Jurassic strata are
widely exposed. The regional coalfield geological map is
shown in Figure 1.

The regional coal-bearing strata are mainly the Badao-
wan formation of lower Jurassic and the Xishanyao forma-
tion of middle Jurassic [10, 11]. In the early Jurassic, the
coal-sedimentary deposits were mainly concentrated in the
area of the Fukang-Shuixigou area east of Urumqi, forming
the Badaowan formation (J1b) coal seam. The coal seams
are thicker in the east of Urumqi, thinner in the west, and
thinner from the bottom up. The coal seam can be collected
in a total of 3~15 layers and available in thickness from
45m to 66m, the coal content is 9%~11%, and the vitrinite
reflectance of coal is generally 0.7%~1.0%.

In the middle Jurassic, the coal-riching effect was
enhanced, and the rich coal belt migrated westward, appear-
ing in the areas of Fukang, Urumqi, and Manasi, forming the
Xishanyao formation (J2x) coal seam. Coal seams become
thinner towards the west to east strata, and the best develop-
ment is in the Urumqi area. The coal seam can be collected in
a total of 11~35 layers and available in thickness from 34.1m
to 151.9m, and the coal content is 11.7%~25%. There are
3~11 layers of coal seams that can be collected in total in
Toutunhe, with a thickness of 25.6m~52.5m which are avail-
able and a coal-containing coefficient of 12.8%~17.6%. The
vitrinite reflectance of coal in the east of Urumqi is generally
less than 0.5%, most of which is in the lignite stage. The vitri-
nite reflectance of coal in the west of Urumqi is generally
0.5%~0.7%, mainly in long flame coal and gas coal.

The burial depth of coal seams in the east of Urumqi is
shallow, generally less than 800m, and the coal seams are
relatively flat. The buried depth of the coal seam in the west
of Urumqi is between 400m and 1200m, which is deeper

and deeper from the southern margin to the basin. The
formation is steeper; the dip angle is 15°~25° in the west of
Urumqi and over 45° in the Miquan-Fukang area.

3. Hydrogeology

The study area has a typical arid andmidtemperate continen-
tal climate. The evaporation is much larger than the rainfall,
and the melting of snow and ice is the main source of coal
measure formation water [6, 12]. According to regional struc-
tural characteristics, hydrodynamic parameters of coal
measure aquifers, salinity, chemical characteristics of ground-
water, etc., and the area can be classified into 4 hydrogeologi-
cal units: Manasi River-Hutubi River (Ma-Hu), Liuhuanggou
area,Miquan area, andHouxia area. This study focuses on two
units of hydrogeology: Liuhuanggou area and Miquan area.

The main flow direction of regional groundwater is a
centripetal movement from south to north and westward,
and it migrates to the deep. In the hydrogeology unit of
Ma-Hu, there are many surface rivers with strong runoff
and the alternation between groundwater and surface water
is frequent. In the hydrogeological unit of Liuhuanggou, the
groundwater is controlled by the south-north small channel
anticline, the Kalaza anticline, and the Xishan anticline in
the Changji tectonic belt, and the groundwater flows from
south to north. In the Miquan hydrogeological unit, the
structural extrusion causes the regional groundwater flow
to run from Badaowan to the oblique south wing to the core
and to the southwest direction along the core. Hydrogeologi-
cal unit division and groundwater migration characteristics
are shown in Figure 2.

3.1. Effect of Salinity on the Formation of Hydrogen Sulfide

3.1.1. Composition Characteristics of Regional CoalbedMethane
δ13C. The methane δ13C value in the regional coalbed methane
mostly falls to -41.8‰~-64.7‰, generally less than -50.0‰,
which is generally light.Among them, theδ13C value ofmethane
in the west of Urumqi is more than -53.3‰~-62.5‰, and the
δ13C value of methane in the east of Urumqi is more than
-62.1‰~-50.7‰ [10, 13, 14]. According to the classification
of coalbedmethane genesis [12], it can be seen that the genetic
type of regional coal seam gas has diverse characteristics, both
biogenetic features and thermogenic features, but most of
them belong to the mixed genetic characteristics.

3.1.2. Characteristics of δ34S in the Region. The range of var-
ious sulfur isotope values ranges from -14.5‰ to 11.6‰,
which is generally low. Among them, the sulfur isotope value
of pyrite in coal is between 8.7‰ and 11.6‰, with an average
of 10.2‰; the δ34S of H2S in the coal seam is negative, and
the range of values is -14.5‰~-9.4‰, with an average of
-12.3‰; the value of δ34S in the coal mine groundwater is
-0.6‰; the value of δ34S measured in crude oil in the Houxia
area of the regional boundary is 14.17‰. The formation of
H2S generally exhibits the characteristics of BSR [2, 4, 5]. It
can be seen that the regional coalbed methane contains a
large amount of secondary biogas, among which methano-
gens and sulfate-reducing bacteria (SRB) are the main micro-
organisms of secondary organisms [2, 15].
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3.1.3. Effect of Salinity on the Formation of Hydrogen Sulfide.
Total dissolved solid (TDS) is the main controlling factor for
microbial reproduction and gas production. When the local

layer water TDS is less than 4000mg/L, the SRB activity is
low and the gas production is very small. When the TDS is
less than 103mg/L, the SRB is not easy to survive. As the

0 2 4km N

Toutunhe. Town

Q

Q

Q

Q
Q

Q

Q

1 2 3

6

9

12

5

8

11

4

7

10

13

Q

Q Q

Q Q

Q

F2 F3

F1

F4

F5

Figure 1: Map of coal geology in the region: 1: Quaternary, 2: upper section of Changji River Group, 3: lower middle section of Changji River
Group, 4: front mountain group, 5: Upper Cretaceous and Lower Tertiary, 6: Lower Cretaceous Tugulu Group, 7: Jurassic, 8: Triassic, 9:
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concentration of TDS increases, the SRB will be significantly
enhanced and the gas production efficiency will increase.
When the TDS exceeds 10000mg/L, especially in the range
of 2 × 104 mg/L ~ 8 × 104 mg/L, it is very suitable for SRB
reproduction. After that, with the increase of salinity, the
amount of SRB bacteria decreases greatly. When the TDS
reaches 3:5 × 105mg/L, SRB is difficult to survive. Under
reducing conditions when the temperature is 37°C and
50°C, respectively, the effects of different salinity on SRB
growth are shown in Figure 3 [16].

The TDS of the groundwater is less than 4000mg/L (low
salinity) as a region that is not conducive to SRB reproduc-
tion and hydrogen sulfide production. The TDS ranged from
4000mg/L to 10000mg/L (medium salinity), as the area
where SRB can reproduce and produce hydrogen sulfide.
And the TDS greater than 10000mg/L (high salinity) is the
most favorable region for SRB reproduction and gas produc-
tion. The statistical results of coal seam water salinity of the
groundwater in coal measures in the four hydrogeological
units in the region are shown in Table 1 [17].

The TDS of the four units of the groundwater in coal mea-
sures in the area varies greatly. The distribution of salinity has
the characteristics of north-south zoning and east-west
section. The salinity gradually increases along the direction
of groundwater runoff. The low salinity zone ismainly distrib-
uted in the southern end of Houxia, Manasi River-Hutubi
River, and Liuhuanggou units. This area has frequent alternat-
ing hydraulic power, and the reduction and sealing environ-
ment is poor. The SRB is not fertile, and the amount of
hydrogen sulfide is small. The medium salinity area is distrib-
uted in most areas of Manasi River-Hutubi River, Liuhuang-
gou, and Miquan units. This area is mostly a weak
groundwater flow area, and the efficiency of SRB production
and hydrogen sulfide production is increased. The high salin-
ity is distributed in the north of the Liuhuanggou unit and the
northwest of theMiquan unit. This area has good sealing con-
ditions and is a low water catchment area (hydrodynamic
retention area). The SRB is highly proliferated and is themain
area for the formation and enrichment of low-rank coal
hydrogen sulfide. According to the degree of mineralization
and the effect of salinity on SRB reproduction and hydrogen
sulfide production, the distribution of salinity and the rela-
tionship between SRB reproduction and hydrogen sulfide
production can be obtained as shown in Figure 4.

3.2. Influence to Hydrogen Sulfide Formation of Groundwater
Chemical Characteristics. The mountains and rivers in the
southeast of the region stand, the snow and ice melt, and
the groundwater flows from the south to the west and north
and gradually flows to the deep. In the direction of runoff,
due to the large hydraulic gradient, the alternating action is
strong; during the process of infiltration and runoff, dissolu-
tion and leaching of calcium feldspar and albite will occur.
The possible chemical reactions are shown in Equations
(1)–(3) [5, 17]:

CaCO3 · 2Al2O3 · 4SiO2 Anorthiteð Þ + 2CO2 + 5H2O
⟶ 2HCO−

3 + Ca2+ + 2H4Al2Si2O9
ð1Þ

Na2Al2Si6O16 Albiteð Þ + 2CO2 + 3H2O⟶ 2HCO−
3

+ 2Na2+ + 2H4Al2Si2O9 + 4SiO2
ð2Þ

CaSO4 ⟶ Ca2+ + SO2−
4 ð3Þ

High salinity water may form under severe drought evap-
oration. And the deep water environment is well sealed. In
the hydrocarbon-rich conditions, under the action of SRB,
BSR action will occur and H2S will be formed. The possible
reaction formula is shown in Equation (4) [3, 17]:

〠CH Cð Þ + SO2−
4 + H2O⟶H2S↑+CO2↑+CO2−

3 ð4Þ

A series of BSR promote the formation of calcium
carbonate crystals in the water by CO2 and soluble calcium
ions, which facilitates the reaction in a positive direction
and leads to a decrease in Ca2+ content. From the south to
the north of the basin, the cation Ca2+ in the deep pressure
water of each coal mine was reduced from 57.8% to 21.2%
[9], and the chemical characteristics such as Ca2+ and H2S
content in the water body met the above rules. H2S is a
dibasic acid that is easily soluble in water, and there are two
ionization balances in H2S in aqueous solution [5]:

H2S + OH− ⟷HS− +H2O
HS− + OH− ⟷ S2− +H2O

ð5Þ

The groundwater is weakly alkaline, and the pH value is
mostly between 7.5 and 9.0. It can be seen that the sulfide
in the groundwater in coal measures mainly exists in the
form of H2S and HS-.

3.3. Influence of Groundwater Control on Hydrogen Sulfide
Formation. The high salinity formation water formed by
the melting of snow in the southeastern mountains, and the
rainfall during the runoff flows into the depression or fault
zone in the front of the mountain, and its Quaternary sedi-
ments are about 400m~1300m thick; a thick layer of loose
sand and gravel is piled up. The geological structure of the
depression or the basal uplift provides a huge space for the
occurrence and migration of groundwater (H2S). Regional
hydrocarbon sources are widely developed. In deep closed
environments, groundwater migration is slow or stagnant,
SRB is highly proliferated, BSR will occur, and hydrogen
sulfide is formed. The regional underground hydrogen
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sulfide-containing water cycle characteristics can be
described as shown in Figure 5.

The regional hydrodynamic gas control is mainly charac-
terized by hydrodynamic closed gas control and hydrody-
namic plugging gas control. The east of Urumqi is affected
by geological structures, and its groundwater in coal measure
monoslanted south wing is recharged by rivers and glacial
meltwater, mostly weak runoff areas, and stagnant areas.
The sealing conditions are good, and the generated H2S
dissolves into the water body or escapes to gas and with the
flow of water to the deep part of the coal seam. Meanwhile,
the poor continuity of the surrounding rock sand body
causes the slowness or the stagnation of the groundwater of
the coal-bearing areas. Therefore, the H2S diffusing upward
in coal rock will be blocked. At the same time, the slowness
of groundwater carries H2S to the deep part and H2S will be
blocked, resulting in anomalous enrichment of H2S in coal
rock and water. The H2S accumulation model of northward
monoclinic is shown in Figure 6 [17].

The west of Urumqi is affected by the Urumqi-Miquan
strike-slip fault, and the thrust nappe tectonic belt is devel-
oped. It is a kind of fracture with a slip motion moving
perpendicular to the fracture surface, and an anticline distri-
bution with a geese shape and imbricate is formed. In the coal
outcrops in the southwestern part of the west of Urumqi,
water is alternately connected, which is the infiltration area
of the formation water. The local zone forms a discharge zone
where the hydraulic power alternates strongly. The reduction
environment is poor, and SRB reproduction and formation
of H2S are not used, and the groundwater body will continu-
ously dissolve and take away the generated H2S during the
migration process, eventually leading to H2S dissipation. It
is not conducive to the enrichment of H2S. In the area of
the Xishan coal mine in the northwestern part of the west
of Urumqi, the deep hydraulic performance is the retention
zone. For H2S generated by the BSR action, some of gas is
integrated into the water body and slowly migrated to the
deep part; some of it is mixed into the gas of the coal seam
and migrates vertically or longitudinally along the gas source

at the depression. The distribution of hydrogen sulfide in the
regional coal and rock layers is extremely uneven. In the
southern part of the west of Urumqi, the hydrodynamic
alternating of the shallow strata is relatively strong, and
H2S is rarely enriched. However, in the hydrological deten-
tion area (Xishan mining area) in the northern part of the
west of Urumqi, hydrogen sulfide enrichment is extremely
serious. The area of the imbricate H2S formation and aggre-
gation mode is shown in Figure 7.

4. Hydrogen Sulfide Solubility of
Groundwater in Coal Measures

The solubility of H2S in water is usually affected by tempera-
ture, pressure, salinity, water chemistry, and mixed gases [18,
19]. Duan et al. [20, 21] and others believe that the solubility
of H2S is essentially a gas-liquid equilibrium problem, and
the gas-liquid equilibrium problem can be calculated by the
equilibrium of H2S in the chemical position μvH2S of the gas

phase and the chemical position μlH2S of the liquid phase.
As shown in

μlH2S T , P,mð Þ = μ
l 0ð Þ
H2S T , Pð Þ + RT ln αH2S T , P,mð Þ = μ

l 0ð Þ
H2S T , Pð Þ

+ RT ln mH2S + RT ln γH2S T , P,mð Þ,
ð6Þ

μvH2S T , P, yð Þ = μ
v 0ð Þ
H2S Tð Þ + RT ln f H2S T , P, yð Þ

= μ
v 0ð Þ
H2S Tð Þ + RT ln yH2S Pð Þ + RT ln φH2S T , P, yð Þ,

ð7Þ

where μvð0ÞH2S is the standardization degree of H2S in the gas
phase, which is the ideal gas chemical position at a pressure

of 1 bar; μlð0ÞH2S is the standardization degree of hydrogen sulfide
in the liquid phase, which is the chemical position of the ideal
solution per unit weightmolar concentration;m is gas solubil-
ity; yH2S is hydrogen sulfide component; γH2S is hydrogen
sulfide activity coefficient; T is temperature; and P is pressure.
When the phase balance μvH2S = μlH2S, it can get

ln
yH2SP

mH2S
=
μ
l 0ð Þ
H2S T , Pð Þ − μ

v 0ð Þ
H2S Tð Þ

RT
− ln φH2S T , P, yð Þ

+ ln γH2S T , P,mð Þ,
ð8Þ

where H2S solubility ðmH2SÞ is a function of the difference inT,
P, yH2S, H2S fugacity coefficient (φH2S),γH2S,μ

vð0Þ
H2S , andμ

lð0Þ
H2S. Let

μvð0ÞH2S be zero; because only a small amount of water vapor is
contained in the gas phase, the difference in the fugacity coef-
ficient of the pure gas is very small, and the fugacity coefficient
ln φH2S determined by the pure gas state equation can be
approximated. Therefore, the molar fraction of yH2S in the

Table 1: TDS distribution of groundwater in coal measures.

Hydrogeological
unit

Layer
Salinity of

groundwater (mg/L)

Manasi River-
Hutubi River

Xishanyao
formation (J2x)

1256-4856

2342

Liuhuanggou area

Xishanyao
formation (J2x)

3489-17527

12925

Badaowan
formation (J1b)

4875-18509

13261

Miquan area

Xishanyao
formation (J2x)

4588-15855

11029

Badaowan
formation (J1b)

5893-18783

12418

Houxia area
Badaowan

formation (J1b)
487-2047

1405
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gas phase can be approximated by

yH2S =
P − PH2O

P
: ð9Þ

In the formula, PH2O can be approximated as the satura-
tion pressure of pure water. The activity coefficient of H2S in
the liquid phase can be derived from the Pitzer model [22]:

ln γH2S =〠
C

2λH2S−Cmc +〠
a

2λH2S−ama +〠
C

〠
a

ξH2S−a−cmcma,

ð10Þ

where λ and ζ are binary and ternary interaction parameters,

respectively, and c and a represent cations and anions, respec-
tively. Substituting Equation (10) into Equation (8) yields

ln
yH2SP

mH2S
=
μ
l 0ð Þ
H2S
RT

− ln φH2S +〠
C

2λH2S−Cmc +〠
a

2λH2S−ama

+〠
C

〠
a

ξH2S−a−cmcma,

ð11Þ

where λ, ζ, and the dimensionless standardized degree

μlð0ÞH2S/RT are all functions of temperature and pressure;
these parameters can be determined by regression of
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solubility experimental data of pure gas. According to the
Pitzer model [22], the H2S solubility calculation model can
be expressed as follows:

Par T , Pð Þ = C1 + C2 +
C3
T

+ C4T
2 + C5

680 − T
+ C6P

+ C7P
680 − T

+ C8P
2

T
:

ð12Þ

Equations (11) and (12) form the basic equation for
the calculation of the solubility of H2S.

The interaction parameters for calculating the solubility
of H2S were shown in Table 2 [20, 21].

According to the gas interaction parameters in Table 3,
the solubility of H2S in pure water and different molar NaCl

and Na2SO4 solutions was obtained by the above formula, as
shown in Figures 8–10 [20, 21, 23–25].

It can be seen that under the same conditions, the solubil-
ity of H2S in pure water is greater than that of aqueous solu-
tion containing salinity, and its solubility decreases as the
temperature of the solution rises. The higher the degree of
mineralization, the lower the solubility of hydrogen sulfide.
With the increase of pressure, the solubility of hydrogen
sulfide can be significantly improved, especially in the initial
stage of 0.1MPa~6.0MPa.

Studies have shown that the variation law of the regional
geothermal gradient is the following [16]: when the buried
depth is less than 1000m, it is between 24°C and 41°C, with
an average of 33°C; the buried depth is 1000m~2000m,
which is between 34°C and 73°C; the average is 53.8°C.
According to the reservoir parameters of the 1000m
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reservoir depth of the four hydrogeological units, the solubil-
ity of H2S in the groundwater in coal measures can be esti-
mated, as shown in Table 3. And the characteristics of SRB
propagation and hydrogen sulfide production in the region
are shown in Figure 4.

5. Conclusions

(1) Four hydrogeological units are divided. The salinity
in the hydrogeological units is low, where hydraulic
power alternates strongly; it is not conducive to the
survival of SRB and the formation of hydrogen
sulfide. The high salinity center and depressions of
low water level (hydrodynamic stagnation zone) are
the main areas for the proliferation of SRB and pro-

duction and enrichment of H2S in the low-rank coal.
The increase in salinity is conducive to the prolifera-
tion of SRB and the formation of hydrogen sulfide

(2) The deep confined water environment closed well;
under the action of SRB, BSR will occur and H2S
can form. Imbricate and single bevel two kind gener-
ation and enrichment mode of hydrogen sulfide
under the hydrodynamic control was obtained

(3) In calculating the solubility of hydrogen sulfide gas in
the groundwater in coal measures, in addition to the
factors mentioned in the paper, it should be consid-
ered in combination with the chemical type of forma-
tion water and the characteristics of mixed gas
components

Table 2: Interaction parameters of H2S solubility.

T‐P coefficient μ
l 0ð Þ
H2S
RT

λH2S−Na ζH2S−Na−Cl

C1 42.564957 8:5004999 × 10−2 −1:0832589 × 10−2

C2 −8:6260377 × 10−2 3:5330:78 × 10−5

C3 -6084.3775 -1.5882605

C4 6:8714437 × 10−5

C5 -102.76849

C6 8:4482895 × 10−4 1:1894926 × 10−5

C7 -1.0590768

C8 3:5665902 × 10−3

Table 3: Reservoir parameters of 1000m depth of coal measures and solubility of H2S in the region.

Hydrogeological unit Formation temperature (°C) Reservoir pressure (MPa) Salinity (mg/L) Solubility of H2S (mg/L)

Manasi River-Hutubi River 32.3 8.9 2100 54200

Liuhuangou area 35.2 9.1 11500 49680

Miquan area 32.6 8.8 10800 50320

Houxia area 28.3 9.8 1210 59840
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