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Abstract: Because of the problem of gangue discharge and surface subsidence during coal mining,
the current research on underground filling mainly focuses on the paste filling, solid filling, and
grouting filling of the overburden separation layer after scaffolding. We proposed the technology
of fluidization gangue grouting for filling the collapse area based on our previous research. The
prediction method of residual space in the collapse area and the diffusion law of gangue fluidization
filling slurry are two essential points for successfully implementing the technology and maximizing
the use of goaf for gangue backfilling and reducing overburden settlement. To further explore the
remaining space distribution law of the collapsed goaf in thick seam fully mechanized top coal
caving mining and the effect of coal gangue fluidization filling, the caving goaf of the 3307 fully
mechanized top coal caving face in Sangshuping No. 2 coal mine in the Weibei mining area was
detected by the transient electromagnetic method. We studied the distribution law of the measured
abnormal area in the caving goaf, which reflects the distribution law of the remaining space from
one aspect. The coefficient of the remaining space was calculated to be 19.5%. Then, we applied
COMSOL simulation software. The diffusion law of coal gangue fluidized slurry in the caving goaf
was simulated and analyzed. It shows that the most obvious diffusion direction of the coal gangue
slurry is the trend of the gradual expansion of the “cavity pore” multi-type residual space, indicating
that with the increase in the diffusion distance, the diffusion resistance gradually increases, and the
slurry morphology gradually presents the “claw” form. According to the space theory and fractal
dimension theory, the prediction method of the remaining space in the caving goaf is given, and
the design basis of the filling drilling parameters is determined. Finally, the field-filling test was
carried out. The results show that the high- and low-level fluidized filling in the caving goaf can
safely and efficiently handle the gangue in the mine, and the residual space characteristics and slurry
diffusion law in the caving goaf are consistent with the above. The research results provide theoretical
support for the fluidization filling technology of coal gangue in thick seam fully mechanized top coal
caving areas.

Keywords: fully mechanized caving mining; caving goaf; fluidized filling; diffusion law; residual
space; diffusion influencing factors

1. Introduction

Coal accounts for approximately 26.5% of the world’s primary energy consumption.
In the energy market of developing countries and regions in Asia, coal is the main resource.
China, for example, produced 4.13 billion tons of raw coal in 2021, up 5.7% from the
previous year. Large-scale mining of coal resources causes surface subsidence, soil erosion,
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damage to surface buildings, and a large amount of solid waste of coal gangue [1,2]. In
recent years, China has accumulated more than 4.5 billion tons of coal gangue piles, forming
more than 2600 coal gangue mountains, covering an area of 13,000 hectares. The casual
landfilling or disordered heaping of coal gangue not only occupies vast land resources,
but also triggers a series of environmental threats, such as soil deterioration, geological
disaster, and leaching and diffusion of heavy metal ions into underground water [3]. Even
worse, massive coal gangue dumps are inclined to suffer spontaneous combustion and
release toxic gas consisting of SO,, CO, NOy, HjS, etc. [4], arising from a continuous heat
generation by exothermic oxidations of pyrite (FeS,), unburnt coal, and organic matter
when exposed to the atmosphere [5], and these pose a continuous hidden danger to people’s
lives and their environment [6,7]. Thereby, the disposal of coal gangue waste has become a
worldwide concern, especially in China.

At present, domestic and foreign scholars have organically combined gangue under-
ground treatment with coal mining methods, forming a variety of coal filling methods such
as comprehensive mechanized solid filling [8], paste filling [9], and overburden separation
grouting filling [10,11], which have effectively solved the problem of water resource losses
in mining area caused by gangue discharge and overburden subsidence [12]. However, the
current filling method has higher requirements in terms of filling equipment and material
properties, which leads to an increase in filling cost. In addition, the filling process of
mining with filling and the combination of mining and filling is relatively complex, which
makes the application and promotion of the current filling technology more difficult [13].
With the increase in mining depth, the availability of grouting and filling technology in
overlying strata also decreases.

The fluidized filling technology of goaf coal gangue is mainly aimed at treating
coal gangue, and the method is a new technology of filling by simply cementing the
broken gangue or directly adding water to the pulping pump and filling it into the goaf
underground. Compared with the traditional paste-filling method, the filling technology is
simple, the material preparation is simple, and the investment is small. This technology
has a broad application prospect in low-cost scale treatment of gangue, reduction of over-
burden subsidence, and protection of water resources in mining areas [14,15].

The caving goaf is formed after the overburden above the goaf caves; it includes
irregular rock mass, rock block, and the void formed by the caving. In the application
process of gangue fluidization backfilling technology in a goaf, the study of residual
space size, shape, and slurry diffusion law of the caving goaf is an essential point for the
smooth implementation of gangue fluidization backfilling technology and guarantees the
filling effect. Given such problems, some scholars at home and abroad have done much
research on the subsidence law of overlying strata in stopes [16]; the fracture morphology of
overlying strata in caving goaves [17,18]; and the law of crushing, swelling, and compaction
of fractured rock mass by using similar material simulation and numerical simulation
methods [19,20]. For example, Qian et al. [21] showed that the overburden fracture in
the caving goaf would form an “O” ring pattern. Guo et al. [22] proposed four structural
types of fractured rock mass in an old goaf and pointed out the inhomogeneity of pore
distribution in the fractured rock mass. In addition, some scholars have made the latest
progress in the ratio of coal gangue slurry, slurry flow transport, and mechanical properties,
as well as the permeability law of slurry in rock mass fractures [23,24]. The free diffusion
of slurry in the goaf under different flow conditions and the influencing factors of the
diffusion state have been analyzed [25,26]. More importantly, the coal mining technology
of gangue filling has a good effect in reducing the development of cracks in the overlying
strata and protecting the surface and groundwater resources in the mining area [27,28].

Until now, great achievements have made been in coal gangue filling mining technol-
ogy in the field of the mining industry, but the mechanism of coal gangue fluidized goaf
filling technology still needs further study; in particular, the study of the goaf caving with
residual space calculation method and gangue slurry in the diffusion rule of the caving
zone will provide theoretical support for the application of coal gangue fluidized packing
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technology. In Section 2, the residual space of the 3307 caving goaf is presented. In Section 3,
the diffusion law of slurry in a caving goaf under different conditions is studied. Section 4
presents the results of an industrial test carried out on the filling process of convective
gangue. The fifth part summarizes the conclusion of this study.

To carry out the fluidized filling of gangue in the caving goaf to realize green mining,
this paper studies the residual space in the caving goaf and the diffusion law of gangue
slurry and presents the results of an industrial test implemented in Sangshuping No. 2 coal
mine, providing technical support for the fluidized filling of gangue in the caving goaf.

2. Measurement of Residual Spatial Distribution in the Caving Goaf
2.1. Layout of Measuring Points

The coal mine stratum is usually continuously deposited, and its resistivity is generally
stable or continuously changing in the transverse direction. When the coal mine stratum
collapses due to the influence of mining, there will be relatively complete coal pillars,
goaf filled with water, goaf not filled with water, and three other areas. The original
stable and continuous apparent resistivity characteristics will be broken, showing the
different characteristics of local relative high resistance, low resistance, or high resistance.
This kind of stratum electrical difference will provide a good geophysical premise for
the application of the transient electromagnetic method in detecting goaf. Therefore,
the transient electromagnetic method was selected to measure the caving goaf of the
3307 working face of the Sangshuping No. 2 coal mine in the Weibei mining area [29-31].

The mining of this working face has been completed, and the collapse of the goaf tends
to be stable. Through field survey and actual terrain conditions, 21 transient electromagnetic
main survey lines were designed on the 3307 working face, and 23 side survey lines were
arranged near the main survey line. There were a total of 44 transient electromagnetic
survey lines and a total of 1806 brief electromagnetic physical points. The FCTEM100-
1 towed high-resolution transient electromagnetic system was used for detection. The
detection diameter was set according to D = H/10, and the actual detection total area was
40,484.5m?. The surface survey line layout and detection range are shown in Figure 1.
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Figure 1. Plan of surface survey lines and detection range in the caving goaf of the 3307 working face.

2.2. Exploration Results and Analysis

The apparent resistivity cross-section results were obtained for all transient electro-
magnetic survey lines (TMP-Z1~TMP-Z21, TMP-P1~TMP-P23) in the detection area. The
results of the transient electromagnetic apparent resistivity of the survey lines TMP-Z14
and TMP-Z19 are shown in Figures 2 and 3.

The evident resistivity values of all measuring points at 250 m elevation were extracted,
and the noticeable resistivity slice results at 250 m depth of the working face were drawn
according to the total detection range, as shown in Figure 4. The 3307 working face
geological interpretation floor plan is shown in Figure 5. For the detection principle
and detection equipment of the transient electromagnetic method, and in the process of
interpretation of results, this paper will not repeat the anomaly identification features of
Quaternary overburden, bedrock, coal, water-bearing voids, and non-aqueous voids.
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Figure 2. Section results of the transient electromagnetic apparent resistivity of survey line TMP-Z14.
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Figure 3. Section results of the transient electromagnetic apparent resistivity of survey line TMP-Z19.
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Figure 4. Results of apparent resistivity slice at 250 m depth of the caving goaf.
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Figure 5. Geological interpretation floor plan at 250 m depth of the caving goaf.

According to the above distribution law of abnormal area, the roof caving form of
goaf shows the principle of empty on both sides and dense center, and the shape conforms
to the distribution law of the “O” ring. The residual space in the caving goaf is mainly
concentrated on both sides of the gateway, and most of them are hollow. The actual
detected residual space in the caving goaf accounts for 23.5% of the entire study area. The
distribution law of the above-mentioned abnormal areas also represents the accumulation
state of caving rocks at different positions in the caving goaf. The void-type residual space
is mainly in a natural caving state without compaction, and the bulking factor is relatively
significant, generally between 1.2 and 1.65. However, this coefficient will not cause the
caving rock to fill the goaf under normal circumstances, so there will still be a specific space
between the caving zone and the bedrock interface. The formula for calculating the stay
height hv of this space is as follows [32]:

hy = (h—hw)(n— 1)y )

In the above formula, & is the mining height, 6 m; h, is the direct roof caving height,
taking the average value of 4m; n is the caving zone bulking factor, taking the value of
1.45; v is the residual factor, which is related to the lithology and mining method of the
caving rock, and is taken as 1.3 here. The stagnant height of the goaf of the mining face
is calculated as 1.17 m. The residual coefficient of goaf is characterized by the ratio of
the residual space of goaf to the theoretical space of goaf, the residual space coefficient is
calculated to be 19.5%.

3. Numerical Simulation Test on the Diffusion Law of Gangue Slurry in Caving Goaf
In terms of grouting in the caving zone, there are mainly porous medium theory,

equivalent continuous medium theory, discrete fracture network medium theory, and

fracture-pore dual-medium theory. In terms of grouting in the caving zone, there are
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mainly porous medium theory, equivalent continuous medium theory, discrete fracture
network medium theory, and fracture-pore dual-medium theory. The dual-medium theory
is the most widely used in slurry; it objectively reflects the seepage mechanism of fractured
rock mass and is more suitable for problems in regions with large spatial and temporal
scales [33-35]. The schematic diagram of the porous medium and fracture model is shown
in Figure 6 below.

Figure 6. Schematic diagram of pore media and fractures.

Based on the actual situation of gangue caving in the caving goaf and the dual-medium
theory, the COMSOL simulation software [36-38] was used to simulate and analyze the
slurry diffusion law within 200 m around the pipeline with the pipeline position as the
center. The basic assumptions are as follows:

(1) The slurry is a homogeneous, isotropic, incompressible fluid, and the flow pattern
remains unchanged during motion.

(2) The fissures are distributed horizontally, the opening of the gap remains unchanged,
and the rock mass on both sides of the crack is an isotropic porous medium.

(3) The fissure network cuts the rock mass, and the fissures have strong water conductivity.

(4) Neglecting the influence of the partial flow of the grout perpendicular to the crack
on the grout crack flow, it is considered that the grout in the crack is centered on the
grouting hole and diffuses in a radial circle, and the flow direction is parallel to the
crack surface.

(5) The influence of the slurry flow on the mechanical properties of the surrounding rock
mass is ignored, and the surrounding rock structure and geometric characteristics
remain unchanged.

The slurry can be regarded as a Newtonian fluid, and the slurry constitutive equation
based on the Newtonian fluid is as follows:

T=pu(t) -y

where T is the fluid shear stress, u(t) is the liquid viscosity coefficient, and y is the fluid
shear rate; y = —dv/dh, where v is the fluid flow velocity and # is the spatial distance.
The boundary conditions of the model are as follows:

(1) The left and right boundaries of the model are defined as the maximum critical
boundary of slurry diffusion.

(2) The bottom boundary of the model is the wall boundary (the slurry cannot penetrate).

(3) The upper boundary of the model is the coal pillar boundary, and the middle is the
grouting hole, which is set as the inflow boundary.

A 2D Bingham fluid infiltration diffusion model was established. The model size is as
follows: The geometric center of the grouting pipe is taken as the center, and the radius
of the grouting pipe is 0.1 m. The grouting slurry diffusion radius should be taken as an
unlimited range in the theoretical model. However, for the convenience of modeling and
calculation, according to the data and field tests, the slurry diffusion radius is about 30-60.
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For the convenience of modeling and calculation, the range of the slurry taken in this model
is within 100 m. A simple Bingham fluid diffusion model was established.

3.1. Slurry Tendency Diffusion Law

According to the shape and scope of the slurry diffusion, cavities will appear at the
nozzle when the slurry extends along the inclination direction of the working face. The
slurry also flows in the form of slop. The diffusion radius becomes smaller until the
middle of the caving zone, the gangue tends to be compacted in the caving zone, and the
slurry gradually penetrates the pores; that is, the slurry tends to diffuse along the working
face with the “cavity—void—pore” multi-type residual space slowly. At the same time, the
diffusion resistance and slurry morphology changed considerably. The diffusion radius of
the slurry is about 50 m. The diffusion cloud map of the slurry in the direction of tendency
and the attenuation curve of the volume fraction of the slurry with the diffusion radius are
shown in Figures 7 and 8.

concentration

(mol/m?)
1.0

0.9
0.8
0.7
10.6
0.5
0.4
0.3
0.2
0.1
0.0

20 400 60 80 100 120 140 160 180 200
Slurry strike diffusion distance/m

Figure 7. Diffusion cloud diagram of slurry tendency direction in caving goaf.
50 1 A ———

o g

30 -

20

104 /
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04
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Figure 8. Attenuation curve of slurry volume fraction with diffusion radius.

3.2. Slurry Strike Diffusion Law

When the slurry spreads along the working face direction, the longitudinal direction
of the caving zone is supported by the coal wall, the caving goaf is primarily hollow, the
slurry diffuses in the form of flowing in the longitudinal direction, and the diffusion is the
most obvious. The diffusion radius is about 52 m; comparing the diffusion patterns of the
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slurry at 30 min and 60 min, we found that the longitudinal diffusion distance of the slurry
in the matrix pore medium increases with the increase in the grouting time. The increase
rate is shown in Figure 9. At the same time, because of the coal wall, in the process of slurry
diffusion, the slurry diffusion along the trend is slower than the trend diffusion, and the
change curve of the slurry trend diffusion distance with the slurry trend diffusion distance
is shown in Figure 10.

concentration

(mol/m?)
z2 10
3 | 0.9
o} Coal wall | 0.8
5 support area 0.7
(3]
= 0.6
= 0.5
wr
g 0.4
& 0.3
g 0H! n n n : . n n : n n n " ] 02
= 0 20 40 60 80 100 120 140 160 180 O 20 40 60 80 100 120 140 160 180 0.1

Slurry strike diffusion distance/m 0.0

Figure 9. Diffusion program of slurry strike direction in the caving goaf.
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Figure 10. The increasing curve of slurry trend diffusion distance with slurry tendency diffusion

distance in the caving goaf within 60 min.

3.3. Influencing Factors of Slurry Diffusion Radius

Under constant filling concentration, the diffusion range of slurry under the state
and gradient change of inlet pressure was studied. However, when the limit value is
reached, the slurry diffusion radius does not change significantly with the pump pressure.
When the filling orifice pressure is 2 MPa, the maximum diffusion radius of a single hole is
51.58 m. The cloud map of the slurry diffusion radius under the isobaric gradient is shown
in Figure 11.

Under the constant pressure of 2 MPa, the diffusion range of slurry density under
the gradient concentration state was studied. The study found that the larger the slurry
concentration under continuous pressure, the smaller the diffusion radius. However, the
effect of attention is small, and the radius is maintained at about 47~52 m. Figure 12 shows
the cloud diagram of the impact of concentration on slurry diffusion.
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Figure 11. Slurry diffusion program of goaf: (a) pressure 0.5 MPa, radius 42.38 m; (b) pressure 1 MPa,
radius 46.63 m; (c) pressure 2 MPa, radius 51.58 m; (d) pressure 3 MPa, radius 52.02 m.
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Figure 12. Concentration affects the slurry diffusion program: (a) concentration 73%, radius 49.45 m;
(b) concentration 75%, radius 51.34 m; (c) concentration 78%, radius 50.89 m; (d) concentration 80%,
radius 47.23 m.
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3.4. Diffusion Rule of High and Low Pore Filling Slurry

When the high-position hole is filled with slurry, because the final spot is located at
the top of the caving zone, after the slurry enters the filling hole, the pump pressure and
gravity will help the slurry to spread in the inclination direction. The volume of the slurry
that can be filled is also significantly better than that of the low-position hole; the diffusion
radius of the filling slurry of the high-position hole is about 51 m. When the low-position
hole is filled with slurry, the slurry mainly flows in the cavities along the strike in the caving
zone, and the diffusion pattern slows. The low-position hole grouting slurry has a diffusion
radius of about 40 m. Figure 13 shows the diffusion cloud diagram of the grouting slurry
in high- and low-position holes. Figure 14 shows the trend relationship between the filling
slurry diffusion radius and the slurry diffusion time of the caving zone’s high and low
filling holes.

concentration
(mol/m?)
100 T . . . ) . i : : . - 1.0
90| 0.9
80r H 0.8
70 1 240 .
70 void 0.7
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Slurry strike diffusion distance/m
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Figure 13. Nephogram of filling slurry diffusion in low and high filling holes in goaf: (a) grouting
slurry in a low position; (b) grouting slurry in the high position.
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Figure 14. Trend curve of slurry diffusion radius and slurry diffusion time in high and low filling
holes in caving zone.

4. Fluidization Filling Space in the Caving Goaf
4.1. Overview of Working Face

Taking the 3305 working face in the third mining area of Sangshuping well 2 as an
example, the residual space in the caving goaf is calculated. The working face is a result
of the comprehensive mechanized top coal caving mining process, with a coal thickness
of 6 m and an overall inclination of 1°. The working face is arranged along the coal seam.
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The designed length of the two lanes is 920 m, the cutting width is 165 m, the recoverable
length is 870 m, and the recoverable area is 143,550 m2. The coal seam floor elevation of
the working face is +218~244 m, with an elevation difference of 26 m. There are 50 m coal
pillars left in the east stoping line and the central auxiliary transportation main roadway,
and there are 10 m coal pillars left in the south air inlet roadway and the return air of the
3304 fully mechanized top coal caving face; the north is adjacent to the design 3306 fully
mechanized top coal caving face. The overview of the top and bottom plates is shown in
Table 1 below.

Table 1. Overview of top and bottom plates of 3305 working face.

Category Component Thickness (m) Nature
False Roof Mudstone-sandy 0.05-0.5 Soft, broken, joint development, easy to collapse
mudstone
Sandv mudstone_fine Thick layered, horizontal bedding, plant stem and
Direct Roof y 2.5-55 leaf fossils can be seen on the bedding surface, joints
sandstone .
and fissures are developed
Old Roof Medium and 25.55 Medium sorting, poor roundness, calcium and mud
fine-grained sandstone D cementation, parallel bedding, oblique bedding
First Roof Siltstone .or argillaceous 1325 Mec!lum—thlck layered, clayey cemented, with plant
siltstone fossils

4.2. Theoretical Prediction of Residual Space

According to [39], the 3307 working face is subcritical mining. It can be simplified as
the superposition of two critical minings when subcritically mined. Then the simplified
calculation formula of the residual voids and voids in the goaf is as follows:

hy = M — MogMncose x<D/2 @
hk:M—W(D—X) x>D/2
D
n=/mnz  ny/n3 :kﬁo 3)

In the formula, M is the mining thickness, m; q is the subsidence coefficient; # is the
coefficient of mining influence; « is the coal seam angle, °; s is the distribution range of
voids, s = Hy/tanp, where Hj is the average mining depth and ¢ is the angle of complete
subsidence. D is the working face inclination and strike length D7 and Dj; k is a coefficient
related to the lithology of the overlying rock, taking the values 0.9, 0.8, and 0.7 for the soft,
medium-hard, and hard rock layers, respectively.

According to the geological data, the mining thickness M is 6 m; the subsidence
coefficient q is 0.85; the coal seam angle o is 0°; tan¢ is the tangent of the main influence
angle, which is 2.2; D is the working face inclination and strike length D and D3, 155 m
and 868 m, respectively; k is 0.7. D, D3, k, and Hj are substituted into Equation (2) to
obtain n1 = 0.34, n3 = 1.90, and n = 0.80; M, g, n, a, and s are substituted into Equation (2) to
obtain the following;:

{ hy = 6 —0.013x x<D/2 @)
hy=6—-0.013(D—-x) x>D/2

When x = D/2, the residual void in the goaf and the void height /i = 0.358 m are
calculated. Then the residual holes and invalid volumes in the goaf are obtained.

Considering that the fillable space utilization rate of the remaining voids and void
volumes in the goaf is about 0.4, the actual fillable space is V; = 171,000 m3. The calculated
residual space coefficient is 19.8%.
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4.3. Calculation of Residual Space in Caving Zone by Fractal Dimension Theory

The voids inside the caving zone are usually irregular and disordered. According to
the relationship between fractal dimension and porosity of caving rock blocks [40], the
relationship between porosity and fractal dimension D is obtained as follows:

_V-M/p_, PTax

P
v MG

©)

H-h
P=—f Fo (6)

Fmax = VBHL @)

where P is the porosity, %; pg is the density of the caving rock block, kg/m?; 7, is the
diameter of the most severely broken, most numerous, and most minor rock blocks in
the caving heap, m; p is the loose bulk density in the caving goaf, kg/ m?; D is the fractal
dimension; H is the height of the caving zone, m; & is the mining coal seam height, m; b is
coal seam inclined length, m; L is coal seam strike length, m.

According to the stratum conditions of the test working face and the sampling obser-
vation of the gangue in the caving goaf, the false roof and the direct roof of the working
face are easy to collapse, and the mudstone, sandy mudstone, fine sandstone, and medium
sandstone in the gangue in the caving goaf are seriously broken, as shown in Figure 15.
According to the step-by-step distribution law of “cavity void pore” in the residual space in
the caving goaf of the working face, the goaf is divided into zones I, II, III, and IV according
to the caving amount of the roof rock layer and the density of gangue. According to the
Menger sponge fractal model, the statistical fractal dimension D of gangue in the caving
goaf is calculated to be 2.765, and the corresponding porosity in areas I, I, III, and IV can
be calculated from Equation (2): 32.6%, 20.27%, 12.33%, and 8.60%, respectively.

main roof

4 o A AT Y K =

immediate LSl @ = s )

roof o %53%7 3 PEOSOLIN I 0er §

- scavin ZOHC%%

roadwa f orere

2z O O 0-0-0-0.)

I | I ||V

Figure 15. Schematic diagram of strike profile of residual space in caving goaf.

It can be known from the fissures in the caving goaf and the height of the stagnant
space in the caving goaf [41] that after caving in the caving zone, the pore volume is
mainly distributed in the caving zone and fracture zone, and the residual space height k; is
obtained by integrating the porosity in the vertical direction from the caving zone floor to
the top of the fracture zone, as shown in the following formula:

pz=——"%00 8

hy = A Pzd; 9)
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The above equations are combined to obtain the following:

+ pH(e—1)

The residual space in the caving goaf is obtained as follows:
V = Shy (11)

The formula includes the working face area, m?; the residual height, m; and V, which
is the residual space volume of the caving site, m3. Substituting the calculated porosity of
the caving zone into Equation (6), it can be obtained that the retention heights at different
positions in the caving zone are 2.47 m, 1.54 m, 0.94 m, and 0.65 m, respectively.

According to theoretical calculation, the volume of residual space in the caving goaf
of the whole test working face is about 20,0970 m?3, the residual space coefficient is 23.3%,
and the filling volume of the slurry within 1 m on one side of the goaf strike direction is
represented by the linear meter filling volume, so the filling volume of the single side of
the working face is 97.1 m>.

4.4. Filling Borehole Design

The backfill drilling design is mainly based on the research results of the “two belts”
development law in the mine. The position of the final hole of the high-level hole is
determined at the upper limit of the caving zone, the low-level horizontal hole is designed
to pass through the coal pillar, and the end hole is located at the top of the coal seam. To
thoroughly investigate the slurry diffusion law and ensure the effectiveness of filling holes,
the three low-level horizontal filling holes are #1, #2, and #3, and the spacing is 12 m; the
high-level hole group is #5, #6, and #7, with a spacing of 6 m and elevation angles of 31°,
45°, and 40°. The actual construction hole depths are 18 m, 20 m, and 40 m, respectively,
and the final hole heights are 15.3 m, 20.1 m, and 31.7 m for holes #1, #2, and #3, respectively,
and 5.1 m, 2.6 m, and 19.1 m for holes #5, #6, and #7, respectively. The #12, #13, and #4
horizontal holes are used as emergency waste holes, and the others are spare holes. The
overall arrangement of the drilling holes is shown in Figure 16.

3306 ventilation roadway ’ _ ‘
A & &4
R

|

3305working face
stopping line

central auxiliary

haulage roadway

machine h%& d chamber
central belt conveyor roadway

central return roadway

N

1

Figure 16. Design plane drawing of backfill drilling in test working face.

The depth of the on-site hole sealing shall not be less than 10 m. During the construc-
tion, steel pipes shall be used to protect the holes. After the holes are sealed, the casing shall
be drilled to the design level. Each hole shall be equipped with valves and flanges [42—-44].

5. Test Verification
5.1. Test Plan

In this test, the caving goaf of the test face was filled with grouting by filling the
drilling holes in the adjacent roadway across the coal pillar. To simplify the test process,
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the gangue slurry used in the test was prepared in the commercial mixing station and
then transported to the ground pump station by a tanker. The test used a KOS25100HP
industrial filling pump, the maximum pumping pressure was 14 MPa, the entire delivery
volume was 150 m3/h, the main filling pipeline was DN245 x 22Q345B (16 MN), the total
length was 1840 m, and the real elevation difference was about 175 m. The process flow of
the field-filling test is shown in Figure 17.

Concrete mixer truck —  Loading platform —  Lower ___ Filling pump
hopper

l Goaf I
A

Filling <— Filling line
hole

Figure 17. Process flow of field-filling test.

Two kinds of slurry, H-2 and S-1, were selected on-site to fill the caving goaf, the
gangue aggregate used was for mine gangue discharge, and the crushed particle size was
less than 5 mm. To avoid pipe blockage, a certain amount of additives were added to the
test, and mortar was configured to lubricate the pipes before and after filling. The slurry
ratio parameters are shown in Table 2. The depth of the on-site hole sealing was not less
than 10 m. During the construction, steel pipes were used to protect the holes. After the
holes were sealed, the casing was drilled to the design level. Each hole was equipped with
valves and flanges.

Table 2. Slurry proportioning parameters.

Mass Fraction (%) Mass

Group Other Concentration Slu(;(r; 3?;?1’(}’ Characteristic
Gangue Materials Water (%)
Hoo 555 205 o1 76 1850 The slurry has high viscosity, good fluidity,
and low amount of gangue
Poor fluidity and viscosity, moderate
1 & 2 23 76 1820 diffusivity, high amount of gangue
Y-1 76 0 0 76 1800 Ppor fluidity, weak diffusivity, and the
highest amount of gangue
mortar 0 60 40 60 Homogeneous slurry, used for lubricating

and flushing before and after filling

5.2. Test Result

The field test lasted 15 days, with a total of 4949 m3 slurry filled and about 6414 t of
gangue treated. The high-level holes were filled with 2421 m3, and the low-level horizontal
holes were filled with a total volume of 2545 m? slurry, of which the maximum amount
of gangue slurry filled in the #5 hole reached 2183 m3. The filling test data are shown in
Table 3.
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Table 3. Statistics of filling test.

yqs yqs . 113 Fill rtar rifi
sFllhng Filling Hole Frequency Proportion  Filling Slur3ry Voll\ﬁfnza Averagse Flow Pcr)ess;:e Remark
equence Number Number Volume (m?) (m3) (m>/h) (MPa)

I #1 1 H-2 285 24 60 0.2 debugging
11 #2 1 S-1 1103 60 120 0.2

I #5 1 S-1 1063 49 101 0.3

v #7 1 Y-1 221 48 100 7 plugging holes
\% #5 2 H-2 1120 24 100 0.3

VI #13 1 S-1 540 12 110 3.5

VII #12 1 5-1 617 36 120 4 plugging holes

(1) Low-Level Horizontal Hole Filling Test

According to the filling test data, there is no pressure feedback at the orifice during
the filling process of the #2 hole, and the filling is completed at 1103 m>. A small amount of
slurry overflows in the retraction channel. At this time, the diffusion distance is 42 m. After
the high-level hole filling test, the #13 and #12 holes were filled, the pump was stopped
when the orifice pressure increased to 3.5~5 MPa, and a total of 1157 m> of slurry was filled.
Except for the #1 test hole, the average flow rate during the filling test of the low-level
horizontal hole was 120~130 m? /h.

The characteristics of low-level horizontal hole slurry filling are as follows: () The
no-pressure stage lasts for a long time. It is mainly dominated by no-pressure flow diffusion
in the strike direction. Due to the zoning characteristics of the roof caving shape and rock
mass porosity in the caving goaf, there is a “channel effect” in the slurry diffusion. That is,
when filling, the slurry is more likely to diffuse in the direction of small diffusion resistance,
which is the “cavity” area connected along the path of the coal pillar, resulting in insufficient
power for the slurry to diffuse to the depths along the inclination, as shown in Figure 18,
@ According to the test results of H-2 and S-1 slurry, the proportion of slurry gangue
parameters in the pressureless filling stage has little effect on the diffusion distance. At
the same time, the significant influencing factor is the filling flow. During the pressing
step, full play is given to the fluidity of the slurry so that it can quickly fill the “void” area
in the direction of the trend and rapidly accumulate in the vertical order. Q) Because the
non-pressure filling slurry is expanded in the form of a cone when a single hole is used
for filling, the slurry directly below the orifice accumulates faster. The thickness is more
significant, but the slurry on both sides is thinner. Going to the “void” area, a porous
arrangement should be adopted to make the slurry fill the weak spots on both sides of
the orifice as soon as possible. @ The low-level horizontal holes are filled with 2545 m? of
slurry and 132 m® of mortar. The rice filling volume is 31.9 m?.

(2) High-Position Hole Filling Test

The #5 head hole was filled with 2183 m® accumulatively, during which the pressure
at the orifice did not increase sharply, and the actual diffusion distance of the slurry was
about 47 m. The diffusion radius is basically the same as that of the COMSOL simulation
slurry. Because the #7 hole was filled with high-parameter gangue slurry, the pump was
stopped when the orifice pressure increased to 7 MPa.

In contrast, the characteristics of high-level hole filling are as follows: () According to
the test data of the #5 and #7 hole filling, it is believed that high-level hole filling is more
suitable for slurry filling with medium flow and good fluidity, and slurry diffusion also
has a “channel effect”. ) Due to the increased vertical height of the high-level hole, the
diffusion time in the vertical and horizontal directions is longer, and the scope is more
comprehensive. 3 Due to the gravity effect of the high-level hole slurry, the slurry cannot
easily accumulate in and block the cracks of the rock mass after the pump is stopped
halfway, facilitating on-site construction management. @ According to the field test, the
cumulative grouting volume of high-level holes is 2404 m3, and the mortar is 132 m3.
According to the actual diffusion range of 94 m, the filling volume of high-level spots is
27.0m°.
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To further reduce the influence of the “channel effect” and ensure the filling effect,
the following principles are followed: First, the high-position filling holes are preferred
to increase the utilization rate of the residual space in the direction of the caving zone.
Second, when high-level and low-level holes are co-filled, a small number of low-level
horizontal holes should be used to fill the “cavities” along the strike in the caving goaf,
and the “channel effect” should be reduced or eliminated through high-level filling holes.
“Void-pore” and other residual spaces are efficiently filled.

fracture
zone

3306 intake roadway

high filling hole

low filling hole

filling form of|

1 high hole
filling form of =
low hole — ]

Figure 18. Profile of slurry diffusion and filling direction of high-level hole and low-level hole.

(3) Test Conclusion

In summary, it can be concluded that gangue slurry can be filled safely and efficiently
through high- and low-level filling holes. According to the slurry diffusion law of high-
and low-level hole filling, considering that the high- and low-level hole collaborative
filling method is often used in the engineering scale, it can be preliminarily concluded that
the linear meter filling volume on one side of the caving goaf of the test working face is
31.9~58.9 m3. Since the test filling amount is far less than the residual space in the caving
goaf of the test working face, the test area is equivalent to no boundary constraint. During
the filling test, the slurry only diffuses in the horizontal direction. In addition, in theory,
the slurry diffusion range is controlled by pressure, but the actual filling port pressure
is low, and there is no obvious pressurization stage. The slurry diffusion in the vertical
direction does not play the role of slurry lifting. The residual space in the caving goaf of
this test is not fully utilized. Therefore, the actual linear meter filling amount is less than
the theoretical calculation amount.

Considering the actual situation of gangue fluidization filling in the caving goaf, when
giving full play to the advantages of pumping equipment and ensuring the effect of gangue
slurry filling under pressure, the influence of coal seam angle on slurry distribution can
be ignored; that is, the difference of diffusion radius in strike direction and tilt direction is
not considered.

6. Conclusions

(1) Based on the results of transient electromagnetic exploration, there were four empty
abnormal areas (containing water) and five empty abnormal areas (containing no
water) in the study area. The actual residual space area of the detected caving goaf
accounted for 23.5% of the whole study area. The detection results provided guidance
for the accurate use of the residual space in the caving goaf.

(2) The COMSOL simulation software was used to simulate and analyze the diffusion
law of gangue slurry in the caving goaf. It is concluded that the gangue slurry spreads
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most obviously in the direction of the caving zone during the filling process, and
diffusion in the inclination direction extends step by step in the multi-type residual
space of “cavity-void—pore”. It is manifested that with the increase in diffusion
distance, the diffusion resistance and slurry shape change significantly.

(3) The industrial filling test was carried out. The test verified that the high and low
filling holes in the caving goaf can safely and efficiently fill the gangue slurry. The
technological characteristics of filling high- and low-level filling holes were summa-
rized. Comprehensive numerical simulation and industrial tests were conducted. It
is considered that there is a significant “channel effect” in the progressive extension
of the multi-type residual space of “cavity—void—pore” in the gangue slurry, and
reducing or removing the “channel effect” is an effective way to make efficient use of
the residual space in the caving goaf.

This study has practical guiding significance for the application of gangue fluidization
filling technology in thick seam caving goaves and enriches the research results of gangue
fluidization filling technology.
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