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Isolated overburden grout injection (IOGI) is a green mining method to control
surface subsidence. Slurry water significantly influences grouting effectiveness
and mining safety. This study establishes a three-dimensional visualization
experimental system for slurry “diffusion-bleeding-seepage” to investigate
the seepage law of slurry water. The system is composed primarily of a
transparent box (1.2m X 0.5m X 0.25m) and support, with the solid-liquid
coupling seepage similar material and modules for mining, grouting injection,
slurry pressure and displacement monitoring, overburden saturation
monitoring, and water leakage monitoring of the working face. A similar
material with good permeability and non-disintegration is obtained by
hydrophilic, water absorption, and permeability tests. Grouting and mining
are simulated by pulling acrylic sheets and pumping slurry. With the fly ash
slurry entering the injection layer, the slurry undergoes water—cement
separation, and the water bleeding is formed to seep into the similar
material. The volumetric water content of the similar material is obtained by
arranging multiple groups of volumetric water content sensors into the similar
material. The corresponding saturation is obtained by theoretical calculation.
The experimental system is used to simulate the seepage of slurry water in a
high initial saturation overburden, and the characteristics of injection slurry
diffusion and water bleeding are obtained. The profile distribution of seepage of
slurry water is found to possess a semi-elliptical shape. Under the condition of
high initial saturation, slurry water appears in the working face. The system
provides a convenient method for further research of IOGI slurry water
seepage.
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1 Introduction

The isolated overburden grout injection (IOGI) is a key
technology for surface subsidence control (Xuan et al, 2014;
Xuan and Xu, 2014; Xu et al, 2015a; Xu et al, 2015b). Under
the action of pumping pressure, slurry mixed with fly ash (Horiuchi
etal,, 2000) and water is transported to the mining-induced fracture
below the key stratum (Xu et al,, 2019; Wang et al., 2022) along the
surface
Subsequently, the slurry diffuses along the mining-induced space,

grouting borehole connecting the and fracture.
and water-cement separation occurs. Portions of the slurry water is
bleeding, whereas some consolidate to form a wet compacted
injection body (Xuan et al, 2016) which supports the overlying
strata to reduce its subsidence and control the surface subsidence.

The amount of water contained in the slurry is large; the
specific amount of water is closely related to the mining length of
the working face, typically at 100,000 m® or more. The amount of
bleed water accounts for approximately half of the total volume
(Zhang et al., 2017). This is because the injection layer is close to
the working face, and collapse and hydraulic fracture zones exist
between them. After a large amount of water bleeds from the
slurry, it goes through the pore space of the underlying rock. The
seepage of bled water in the underlying rock and its leakage into
the working face are key issues that gained substantial attention.
However, studies have focused primarily on the effectiveness of
grout injection (Xuan et al., 2015), injection ratio control (Xuan
etal, 2016) and rock reinforcement in mining engineering (Chen
et al.,, 2022; Chen et al., 2023).

IOGI is affected by different geological and mining
conditions. Therefore, studying seepage through mathematical
and mechanical methods is challenging. Owing to the “dark box”
characteristic of the stratum, field test research also has
limitations. Therefore, numerical simulation is a more suitable
method to study seepage problem presently, the literature
contains numerous seepage simulation studies. For example,
COMSOL software was used to study water inrush in fault
zones (Yu et al, 2020; Yu et al, 2021; Wu et al., 2022), and
the seepage and stability of embankment dams (Tulus and
Marpaung, 2018; Wang and Yu, 2021; Zhang et al, 2021).
The SEEP/W software was used to study seepage in the
landfill leachate layers (Gang et al, 2020), and the smoothed
particle hydrodynamics method is efficient and capable of
seepage analysis, particularly for the problems with complex
geometries (Fadaei-Kermani et al., 2019). Moreover, the UDEC
software was used to simulate mining stress of coal seams (Xuan
et al., 2014; Fadaei-Kermani et al., 2019), and the FLAC3D was
widely used in the study of seepage problems, such as saturated
and unsaturated seepage (Li et al., 2012), mined rock seepage (Ma
et al,, 2006), and slope seepage (Zhang et al.,, 2020; Zhang et al.,
2022). Research on the slurry water bleeding and seepage
problem of IOGI involves mining, grouting, slurry flow, and
other factors, which renders complexity to analysis. The above
numerical methods have limitations in simulating the slurry
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of IOGL
experiments have high reliability, strong intuitiveness, and
2018). Thus,
simulation is expected to be an effective way of solving the

water seepage problem Physical simulation

good repeatability (Yang et al, physical
slurry bled water seepage of IOGI.

Similar simulation materials are necessary for the physical
simulation of seepage (Sun et al, 2019). Traditional similar
simulation materials are used in physical similarity
experiments. However, these materials disintegrate easily when
they come in contact with water (Wen et al., 2021). The new
fluid-solid coupling similar simulation materials can meet solid
deformation and penetration at low strength, with sand as
aggregate; additionally, it can be adjusted by paraffin and
talcum (Li et al, 2010). High water resistance materials with
sand, paraffin, calcium carbonate, petroleum jelly, and gypsum as
raw materials have been used to simulate the waterproof layer
(Lian et al,, 2015). They are used as water-proof materials with
low water permeability to simulate the slurry diffusion law at the
non-pressure stage (Li ] et al., 2020) and the longwall overburden
isolated grout injection (Xuan et al, 2020). Polyvinyl alcohol
(PVA) is added with river sand, paraffin wax, talcum powder,
hydraulic oil, and straw to adjust the permeability. Which does

not disintegrate with water and has a specific water storage and

|Grouting holel |Pressure sensor| |Displacement sensor| |Experimenta| box

Saturation
monitoring
module

FIGURE 1

Three-dimensional visualization experimental system of
“diffusion-bleeding-seepage” for overburden isolated grout
injection. (A) Design diagram, (B) physical setup.
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FIGURE 2

Grouting module. (A) Slurry pump, (B) slurry mixer, (C) slurry storage tank, (D) grouting pipe, (E) grouting hole, and (F) pipe hole connector.

TABLE 1 Hydraulic properties of specimens with different ratios of similar materials.

Proportion Sand Talcum powder Paraffin (%)
1 7 1 15
2 7 1 12
3 7 1 1.0
4 7 1 0.8

permeability capacity (Zheng et al., 2022). Mountain sand,
laterite, cement, and water are used as raw materials for
different low- and medium-strength fractured rock masses
(Guo et al., 2022). Sand and barite powder are used as
aggregates; polyurethane and white silicate cement as binders;
and water and silicone oil as conditioners to simulate similar
materials for rocks of different permeabilities and strengths (Li Z
et al,, 2020). The material with river sand and clay as aggregate
and engine oil and low temperature grease as binder is suitable
for coal excavation and seepage (Yang and Zhang, 2020).

In recent years, numerous studies on 3D physical simulation,
including simulation of asymmetric destabilization of mine-void
rock masses (Lai et al., 2016), large-scale physical simulation
experimental system of coal and gas co-mining (Li et al., 2019),
and large-scale 3D physical simulation experimental platform of
rock strata movement (Zhu et al., 2020; Yang et al., 2021) have
been conducted. However, none of these studies involved
grouting. For the physical simulation of IOGI, the subsidence
problem of grouting injection was studied by injecting water into
water bags arranged in similar materials in the early stage (Xuan
et al,, 2016; Xuan and Xu, 2017). Although grouting could be
realized, the slurry water bleeding and seepage of grouting
could not be realized. ~With
improvements, a visual experimental system that can simulate
the flow of IOGI was established (Li | et al., 2020; Xuan et al.,
2020). Although this system can more adequately respond to the
actual slurry diffusion, slurry diffusion studies were performed

injection technological
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Water absorption/% Permeability Hydrophobicity
coefficient/cm-s™

5.60 1.05E-04 Good

5.82 1.66E-04 Good

6.00 3.24E-04 Good

6.50 7.18E-04 Poor

under the condition of predefined regular injection space.
Moreover, none of these studies involved seepage. Locating
water in the overburden for visualization and to determine
the relationship between the mining layer and water is
essential to the experimental system for the seepage of slurry
bled water. Fan et al., 2016 applied a fluorescent leak detection
agent and experimental ultraviolet lamp to the physical
simulation system and developed a new visualized simulation
system for solid-liquid two-phase migration in mining-induced
overburden. However, it is a two-dimensional system, and thus,
the method is unsuitable for three-dimensional models. Based on
the current research status, the experimental system cannot fully
meet the requirements of monitoring the seepage of slurry bled
water and water leakage to the working face.

In this study, a three-dimensional visual and physical
simulation experiment system of “diffusion-bleeding-seepage”
of IOGI was developed to study the seepage problem of IOGI
slurry bled water. The system can simulate coal mining, grouting,
slurry diffusion, the slurry bleeding and seepage, the water
leakage to working face, and other problems.

2 Experimental system and method

I0GI involves working face mining, grouting injection, slurry
diffusion, slurry water bleeding, bled water seepage, and rock
strata movement. The experimental system used in this study
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Schematic of the production process of similar material specimens. (A) Raw materials, (B) thermostatic heating, (C) test piece forming, and (D)
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FIGURE 3
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Data collection
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System diagram of monitoring data transmission. (A) Pressure, (B) displacement, and (C) saturation.

(Figure 1A) adopted a modular design. The similarity ratio
between (Figure 1B) and actual slurry injection working
conditions was 1:400. The system was composed primarily of
a transparent box and support, with the solid-liquid coupling
seepage similar material and modules for mining, grouting
injection, slurry pressure monitoring, the injection body
thickness monitoring, overburden saturation monitoring, and
water leakage monitoring of the working face. The box is made of
high-strength acrylic plates with a thickness of 2 cm, which are
spliced together by means of high-strength special glue.

2.1 Mining module

The coal seam mining process and the characteristics of its
mining space were considered to effectively realize the mining
function of the experimental system. Coal seam mining is a
process of mining fixed-size rectangular coal blocks along the
inclination direction and along the strike direction cyclically and
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accumulatively. The three-dimensional mining space presents
small rectangular spaces formed per unit time and a large
rectangular space composed of small rectangular spaces
formed cyclically and accumulatively. Therefore, based on this
characteristic, several equal volume acrylic sheets were selected as
the mining layer. The sheets were placed inside the system, and
the bottom end of the front side plate of the experimental box was
slotted to meet the requirements of acrylic sheets pulling. The
coal seam mining conditions were simulated by pulling the
acrylic sheets.

Acrylic sheets with thickness of 1 cm and width of 10 cm
were used for mining unit of the mining module. Each piece of
acrylic sheet was pulled out to simulate 40 m of coal seam mining
along the strike direction. The length of coal seam mining along
the inclination and strike directions can be controlled by the
number and length of acrylic sheets pulled, respectively. The
strike boundary pillar of the model was 15 cm, the inclination
boundary pillar was 7.5 cm, acrylic sheet pulling spaces in the
system is 90 cm X 35cm x 1cm (length x width x height,
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FIGURE 5

(A) Relationship between the value measured by the moisture
sensor (0') and actual volumetric water content (6) and mass
moisture content (w) of similar materials, and (B) Schematic of the
moisture content sensor calibration process.

respectively), and the actual mining range of the simulated coal
seam was 360 m x 140m x 4m (length x width x height,
respectively).

2.2 Grouting module

The grouting module consists of a slurry pump, a slurry
mixer, slurry storage tank, grouting pipe, grouting hole, and
pipe hole connector (Figures 2A-F). The experimental system
did not consider the overlying rock of the injection layer
considering the visualization of slurry diffusion and the ease
of sensor placement. The injection layer was located at the
interface between the top plate of the system and the top of the
simulated similar material.

During the construction of the simulation system, the
grouting pipe connector was inserted into the prefabricated
grouting hole location of the top plate and the interface was
sealed with hot melt adhesive. Subsequently, one end of the
grouting pipe was inserted into the prepared slurry in the slurry
storage tank. The other end was drawn out from the slurry in the
slurry storage tank and is connected with the slurry pump and
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pipe hole connector on the top plate of the model. The slurry
pump was a constant rate peristaltic metering pump with a pump
volume range of 0-380 ml/min.

2.3 Similar simulation material

The the
requirements of slurry water seepage while possessing good

similar simulation material should meet
permeability and not disintegrate water. Therefore, river sand,
talcum powder, and solid paraffin were selected as raw materials.
The river sand and talcum powder were used as aggregate, and
paraffin was used as the cementing material. Different similar
material proportioning schemes were tested. Considering the
length of the article, this study considered only four similar
material proportioning schemes (Table 1), focusing on the non-
hydrophilic property, water absorption, and permeability of the
similar materials in different proportions.

The material specimens were obtained, as shown in
Figure 3, and tested for hydrology. The specimens were
soaked for 2days. The integrity of the specimens after
soaking was observed to determine their non-hydrophilicity.
The molds were opened and the specimens were taken out and
put into the drying oven to be weighed and marked as the drying
mass m;. The specimens with different ratios were put into
different hydrostatic pressure barrels according to the program,
and the specimens were put into the barrels and taken out after
every certain time interval to weigh the specimen mass m,, at
which time the water absorption rate of the specimens was (m,-
m;)/m;. The measurement results of the variable head
permeability coefficient of specimens were calculated based
on the expression of the variable head permeability
coefficient K, expressed as follows: (Tao et al., 2018):

H,;
H,

alL

K=23———
At —ty)

log (1)
where a is the sectional area of the variable head pipe (cm?), 2.3 is
the change factor of In and log, L is the height of the sample (cm),
t; and t, are the start and end times of measuring the height of the
water column of the pressure measuring tube (s), respectively. H;
and H, are the start and end head (cm), respectively.

Table 1 presents the hydrologic results of different
proportions of similar materials. Proportion 3 did not
disintegrate with water and had good permeability.
Therefore, proportion 3 was used as the solution for this
experiment to permeate similar simulated materials. Because
the experiment was performed in a pressurized state for
approximately 90 min, the water absorption rate of similar
materials should be considered for both time and pressure.
The results of different hydrostatic pressures for 90 min of
the selected proportions of similar materials were tested
before the experiment performed to better show the real
conditions of the experiment.
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T LR A

FIGURE 6

Water leakage monitoring module of the working face. (A) Silicone pad and silicone aqueducts, (B) measuring cylinders, (C) strainer, and (D) PVC

casing pipes.

According to the test results, the water absorption rate of
similar materials at normal temperature conditions under
different hydrostatic pressure for 90 min could be expressed as:

ws, = 9exp (—5h) +0.0209 2)

2.4 Pressure and displacement monitoring
module

The slurry pressures at different locations of the injection
layer could be monitored in real time. Pressure sensors were
installed on the holes of the top plate of the system. The interface
was sealed with hot melt adhesive to monitor the slurry pressure
at different locations in the injection layer in real time during the
grouting process; the range of the pressure sensor was 0-100 kPa.
To study the thickness distribution of the injection body during
the grouting process, holes were punched in the top plate of the
system and displacement sensors were installed on the hole
locations. The displacement sensors were used to monitor the
displacement of the bottom interface of the injection body to
obtain its thickness. Figure 4 shows the pressure and
transmission and data

displacement monitoring data

acquisition systems.

2.5 Saturation monitoring module

To study the porosity saturation of overburden during the
grouting process, sensors (Figure 4C) were arranged at different
locations along the strike direction in the central location of the
internal inclination of similar materials. This was performed to
realize the dynamic monitoring of the moisture content of the
underlying overburden in the horizontal and vertical directions.
Not that the output data of the sensor is volumetric water
content. The relationship between the actual volumetric water
content of the similar materials and that of the sensor were
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established through experiments to ensure the accuracy of the
sensors. The materials used in the sensor calibration experiment
were consistent with the similar seepage materials in this study.
According to the production process of similar materials, similar
cylindrical material specimens with mass moisture contents of
0%, 1.5%, 3%, 4%, 5%, 7%, 10%, 13%, and 15% were made. The
dry density of similar materials selected in the calibration
experiment was consistent with that of similar materials laid
in practice. Figure 5B shows the specific calibration process.

First, river sand was sieved into particle size of less than
1.7 mm. The sieved river sand was dried using a drying baker
such that the initial moisture content of the material was zero.
Subsequently, the river sand and talcum powder were weighed
according to the material proportion (Table 1, proportion 3),
added into the water bath thermostatic heating device to mix, and
stirred thoroughly. The required water was added according to
the predetermined mass moisture content to ensure that the
moisture uniformly distributed.

Second, the material was heated by the water bath
thermostatic heating device. When the heating device reached
the water bath state, the weighed paraffin was added to the
material and stirred repeatedly. The water bath temperature was
controlled between 50 and 120°C for the paraffin to melt into the
material evenly. Subsequently, the similar material was poured
into the prepared measuring cup and compacted. The
compaction was performed according to the calculated
volume. Finally, the measuring cup was sealed with plastic
wrap to prevent moisture evaporation. The experimental
material was left to cool for approximately 1h. Sensor
measurement was performed only after the material had
cooled down and the paraffin and material were completely
mixed and solidified. During the experimental measurement,
the sensor probe was inserted into the similar material in the
measuring cup to read the measured volumetric water content.
Three specimens of each mass moisture content were used for the
Each
#1-12 moisture content sensors.

sensor calibration. specimen was measured with
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TABLE 2 Distribution of experimental lithology.

10.3389/feart.2022.1101371

Lithology Material Ratio Thickness/cm Layers Strength/kPa
Permeable layer Paraffin: river sand: talcum powder 0.08: 7: 1 20 17 71
Filter layer Strainer — 1 —
Seepage layer Silicone pad — 1 —
Non-seepage layer Sand: calcium carbonate: gypsum: water 6:7:3:2 4 4 78
Coal seam Acrylic sheets 1 1 —
S§=0.7353 ln(G’) —-0.9967 (5)

@

(28

FIGURE 7
Slurry diffusion. (A) Radial fast diffusion (0—2.5 min), (B) strike
direction diffusion (2.5-45 min).

As shown in Figure 5A, the scatter relationship between
the actual volumetric water content (6) and the volumetric
water content (8') measured by the sensors could be obtained.
The relationship between the actual and measured volumetric
water content determined through fitting can be expressed as
follows:

6 = 8.88871In (') - 12.05 3)

According to the relationship between mass moisture
content and volume moisture content, The relationship
between the actual mass moisture content (w) of similar
materials and volumetric water content (6') measured by the
sensors could be expressed as:

w =5.77191n(6') - 7.8247 (4)

According to the definition of saturation, the relationship
between the saturation (S) of the overburden and the volumetric
water content (§') measured by the sensors is as follows:

Frontiers in Earth Science

where 6 is the volumetric water content of similar materials
(%), €' is the volumetric water content measured by the
sensors (%), w is the mass moisture content (%), and S is
the saturation (%).

2.6 Water leakage monitoring module of
working face

The working face water leakage monitoring module
comprised four parts: silicone pad and aqueducts, measuring
cylinder, strainer, and PVC casing pipes (Figures 6A-D). To
monitor the leakage of slurry bled water in the working face in
real time, the rock layer was simplified, and the water flowing
fractured and collapse zones (non-seepage layer) were not
considered. Bled water was expected to enter the working face
through the non-seepage layer. Therefore, the bled water at the
upper interface of the non-seepage layer was regarded as the
water leakage at the working face.

Silicone pad were arranged at the interface of the water
flowing fractured zone. Subsequently, the silicone aqueducts
were connected to the outside of the experimental box by
drilling holes in the silicone pad to pass into the measuring
cylinders to monitor water leakage to the working surface.
Eighteen holes with a diameter of 6 mm were made on the
silicone pad, representing 18 measuring points. The
aqueducts were connected to the silicone pad using quick-
setting adhesive. Since the aqueducts are soft silicone pipes,
PVC casing pipes were inserted on the outside of the
aqueducts as protective pipes to prevent similar materials
moving during mining from compressing the aqueducts so
that the water did not flow through the aqueducts. Therefore,
PVC casing pipes that are not easily deformed were placed on
the outside of the silicone aqueducts. Sealing material was
used to prevent bled water from flowing out from the inner
wall of the experimental box. A strainer was laid on the upper
part of the silicone pad to prevent the similar material on the
upper part of the silicone pad from blocking the silicone
aqueducts.
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diffusion boundary to the grouting hole.

Slurry diffusion distance (from the grouting hole to slurry diffusion boundary) vs. time. Here, r indicates the radial diffusion radius, L, indicates the
distance from the front end of the strike diffusion boundary to the grouting hole, and L, indicates the distance from the front back of the strike

30
Time (min)

FIGURE 9

Distribution of slurry water bleeding. (A) Radial fast diffusion,
(B) strike direction diffusion (early stage), and (C) Strike direction
diffusion (later stage).
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FIGURE 10
Degree of saturation for #1-12 vs. time. Here, S, indicates
initial saturation and S; indicates complete saturation.

3 Application of experimental system

Before the experiment, the experimental similar material was
made according to the predetermined initial saturation. After the
production was completed, the traditional similar material was
partially placed to meet the experimental requirements. The
monitored saturation was stable, and the initial saturation was
obtained as 73%. The layering of similar materials is shown as
Table 2. The other modules were assembled to complete the
experimental system and ensure good confinement of the
experiment. The injection layer was located 25 cm above the coal
seam. During the experiment, the acrylic sheet was pumped out
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FIGURE 11

Strike profile contour of saturation for a = 0%—-55% along the central location of the inclination during grouting. (A) 0%, (B) 15.6%, (C) 25%,

(D) 30%, (E) 38%, and (F) 55%. Here, « is the injection ratio.

35 cm at an interval of 11 min with a volume of 350 cm® each time.
The total number of acrylic sheets was nine, with a total volume of
3,150 cm’. The sequential relationship between mining and grouting
in the modelling is completely based on the field grouting injection
condition. Grouting began after the third acrylic sheet was pumped
out. The fly ash slurry was made in accordance with the 2:1 water-
cement ratio. The grouting flow rate was 75 ml/min. The slurry
diffusion was monitored during the grouting process. The grouting
was stopped when the working face was mined completely.

3.1 Slurry diffusion

Under the condition of predefined regular injection space,
slurry diffusion with and without pressure were studied. In the
non-pressure stage, the slurry exhibited radial and bidirectional
diffusion. By contrast, the slurry diffused along the main
dominant channel in the pressure stage (Li Z et al., 2020; Li,
2021). The test effectively revealed the basic law of IOGI slurry
diffusion. However, no reserved fracture was observed in the
actual grouting condition. Figure 10 shows the slurry diffusion at
different times under no reserved mining-induced fracture
condition (consistent with the actual mining and grouting).

In combination with the grid reference line on the top plate of
the experimental system, the distance was measured at different
times from the grouting hole to the slurry diffusion boundary
(Figure 7). The figure shows that the slurry diffusion was divided
into the following two stages. The first stage was the radial fast
diffusion stage (Figure 7A), characterized by circular diffusion
centered on the grouting hole. Herein, the diffusion radius
increased with time and exhibited a power function distribution.
The second stage was strike direction diffusion accompanied by
radial slow diffusion (Figure 7B) and characterized by elliptical
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diffusion. As shown in Figure 8, the distance (L,) from the front end
of the strike diffusion boundary to the grouting hole increased with
time and was distributed as a power function. Moreover, the radial
diffusion was accompanied by the radial diffusion during the radial
diffusion process. The radial diffusion speed in the second stage was
slower than that in the first stage. The distance (L,) from the back
end of the strike diffusion boundary to the grouting hole coincided
with the radius (r) of the radial diffusion, thus indicating that radial
diffusion exists during the strike diffusion process.

3.2 Slurry bleeding

When fly ash slurry diffuses, water-cement separation occurs;
the process is known as slurry water bleeding. When the slurry
diffused rapidly in the radial direction, the diffusion speed of the
slurry was high, and the amount of bled water was small
(Figure 9A). When the slurry diffused in the strike direction,
the diffusion speed of the slurry was reduced, and the amount of
bled water increased. The bled water is distributed primarily in
the front end of the slurry in the early stage (Figure 9B) and in the
front and both sides of the slurry in the late stage (Figure 9C).

3.3 Bled water seepage

The saturation curves (Figure 10) of different measurement
points in the overburden were obtained, according to the method in
Section 2.4. The saturation of the overburden was shown at four
stages: before grouting, during grouting, during leakage, and after
leakage. Before grouting, the initial saturation (S,) of the overburden
was 73%. This value did not change with time and was uniform in
different locations. During grouting, the saturation of the
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overburden increased from 73% to 100%; this value remained
unchanged, thus indicating that the slurry bled water seeped into
the overburden from the injection layer, and the saturation finally
reached complete saturation (Sy). After grouting, the locations of
measuring points #3 and #6 (Figure 11F) did not reach complete
saturation, whereas the rest of the points reached full saturation state
(Sp. When the water leakage monitoring for 120 min, grouting was
stopped immediately. When the bled water entered the working
face, the saturation of measuring point locations #1-#3 and #12 did
not change significantly, whereas that of other measuring point
locations decreased significantly. The saturation decreased faster,
and the amount of reduction was larger at the location closer to the
water leakage point of the working face. By contrast, the decrease
was slow, and the amount of reduction was small at the location
farther from the water leakage point of the working face. After water
leakage, the saturation of all measuring point locations in the
overburden remained unchanged.

Based on the saturation monitoring method in Section 2.5,
the strike profile contour (Figures 11A—F) of the overburden
saturation with different injection ratios (¢ = 0%-55%) in the
grouting process was obtained according to Eq. 5. The profile
revealed that the overburden full saturation range increased with
an increase in the injection ratio. This indicates that the amount
of the bled water increased with an increase in the amount of
grouting slurry in the injection layer. Moreover, the bled water
continued to seep into the overburden and to a more distant
location, thereby increasing the overburden full saturation range.
The distribution pattern of the slurry bled water seepage in the
overburden was semi-elliptical. Its dynamic distribution pattern
was not always centered on the grouting hole instead, but the
center of its pattern continued to move in the mining direction as

the grouting fracture expanded to the mining direction.

4 Conclusion

A physical simulation experimental method was used to study the
slurry bled water seepage problem of IOGI. Considering the actual
IOGI technical conditions and their interrelationship, an experimental
simulation method for the slurry bled water seepage of IOGI was
established to realize the visualization study of slurry diffusion and
water secretion, and locating water in the overburden for visualization
and to determine the relationship between the mining layer and water
is essential to the experimental system for the seepage of slurry bled
water. The experimental method can be used to further develop the
water leakage in working face and other related problems.

Based on this experimental system, physical simulation
experiments of IOGI under the initial saturation of 73% were
performed. The slurry diffusion was divided into two stages: radial
fast diffusion and strike direction diffusion accompanied by radial
slow diffusion. When the slurry diffused radially and rapidly, the
slurry diffused faster, and the amount of bled water was very small.
When the slurry diffused in the strike direction, the diffusion speed
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of the slurry was reduced, and the amount of bled water increased.
The bled water was distributed primarily in the front end of the
slurry in the early stage and in the front end and both sides of the
slurry in the late stage. The relationship between the dynamic
change in saturation and grouting condition was obtained. The
seepage process of slurry bled water in the overburden and the
strike profile contour saturation distribution was obtained; its
distribution pattern was semi-elliptical.

The influence of factors, such as grouting volume, grouting
pressure, initial saturation, and permeability coefficient, on the
seepage law of bled water was not studied. Therefore, the
following research focuses on these factors and establishes the
seepage boundary model under different mining and geological
conditions to build the seepage prediction method of working
face to evaluate the risk of slurry water.
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