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Abstract: Owing to the shortcomings of blindness and inaccuracy when backfilling in goafs and
based on the key stratum theory, we propose the “multi-arch pier-column” backfilling method. This
method involves drilling holes at specific locations on the surface to inject filling and slurry materials
into the goaf and separation area under the key stratum. This allows the broken gangue to be
cemented to form a stone body, to improve its overall strength. This process, along with filling in
the separation area under the key stratum, ensures that the key stratum does not break, forming
a joint medium of “separation area filling body + backfilled pier-columns + key stratum + coal
column”, which prevents new subsidence on the surface layer. Using the Gaojialiang coal mine as
an example, the effects of the proposed method on controlling surface subsidence were determined
using a numerical simulation based on FLAC3P simulation software. The results indicate that this
method can effectively control the key stratum and ensure that the surface subsidence is within a
safe range. The multi-arch pier-column backfilling method utilises the self-bearing capacity of the
overburden structure and greatly reduces the backfilling workload and the cost of backfilling for
controlling surface subsidence. At present, the multi-arch pier-column system of the new backfill
method is an unexplored and new area of research.

Keywords: multi-arch pier-column; key stratum; backfill; strata control; surface subsidence

1. Introduction

During mining activities, if the goaf is left behind it will lead to a series of secondary
disasters, such as groundwater depletion, surface collapse, house cracking, road cracking,
ecological deterioration, and it can destroy the balance of the geological environment
in the coal goaf [1-6]. The management of the goaf and its secondary disasters is an
extremely complicated problem [7,8]. After the underground ore body is extracted, the
original mechanical equilibrium state of the ore body endowment is destroyed, and gravity
causes fractures and interlayer slip to be generated between the rock layers. Groundwater
penetrates into the goaf through the fractures, which accelerates the damage and eventually
causes rock layer misalignment and surface subsidence, forming a mine collapse area.
Therefore, it is critical to know the range and degree of the influence of the underground
goaf on the overlying strata, for mining subsidence management.

At present, the main technical methods used to control overburden and surface
movement are coordinated, partial, and backfill mining. Coordinated mining involves
two or more adjacent working faces which are used to maintain a certain relationship in
time and space to partially offset surface movement deformation. The area can be divided
into two seams with coordinated mining and symmetrical mining of multiple working
faces of the same coal seam. Partial mining refers to methods that effectively control
overburden and surface movement, primarily including strip mining, thickness-limited
mining, and room and pillar mining [9]. The essence of backfill mining is replacing the
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coal with backfill material. Based on the backfill volume and the proportion of the backfill
area to the extracted coal seam, backfill mining methods can be divided into total or partial
backfill. Total backfill mining means that after the coal seam has been mined, the entire
goaf is filled before the roof falls, and the backfilling volume and range are roughly the
same as the mined out coal volume. This method completely relies on filling the body of
the goaf to support the overlying rock layer and control mining subsidence [10-16].

Partial backfill mining is similar to total backfilling; however, the backfilling volume
and range are only a part of the extracted coal volume and only fill part of the separation
area of the goaf and the roof fall area [4,17-21]. This method relies on the overburden key
stratum structure, filling body, and part of the coal column to support the overburden
rock and control mining subsidence. Based on the different backfilling locations, partial
backfilling can be subdivided into three methods: backfilling of paste strips in the mining
void area, isolated slurry backfilling in the overburden delamination zone, and slurry
backfilling in the strip mining subsidence area [4,22-24]. Paste strip backfilling uses a
paste material to fill part of the space in the goaf before the roof falls after the coal seam
has been mined, to construct interphase backfilling strips, which are used to support the
overlying rock [21]. Overburden offset slurry backfilling uses the offset cavity formed in the
overburden during rock movement, and fills the offset cavity with foreign material from the
borehole to support the overburden and slow the propagation of the overburden movement
to the surface [25]. In strip mining, slurry backfilling is used to fill the broken gangue
in the extraction strip by drilling holes on the surface or underground to fill the broken
gangue in the extraction strip, reinforce the broken rock, and allow the collapsed extraction
strip to bear the load [26]. It effectively reduces the load and reduces the compression
deformation on the coal column and the rock column above it within a certain range,
slowing the propagation of overburden rock movement to the surface. The full backfilling
injected slurry method has many advantages, such as being economical, simple, and
reliable, making it an effective goaf control measure. However, it is difficult to construct,
expensive, and has poor operational safety. Partial backfilling is a good solution to the
problem of high cost and high backfilling volume. In partial backfilling, the “backfilling
body-key stratum-coal pillar” is formed as a common load-bearing structure to support the
overburden load.

This thesis, based on a summary of previous experience, proposes to inject slurry into
the goaf from the surface, thus forming a pier structure and a “multi-arch pier-column”
backfilling support structure between the pier and key stratum overlying the goaf. The
most critical factor of this structure is to choose the corresponding backfilling method
according to the specific overburden breaking situation of the specific goaf, and to target
the precise backfilling of the goaf.

2. Principles of the Multi-Arch Pier-Column Technique
2.1. Role of Key Stratum

After the working face has been mined, the overlying rock layers are subject to move-
ment and damage, such as collapse, fracture, fissure, separation, and bending, from the
bottom to the top, and they continuously develop upwards, causing surface subsidence
and building damage. The coal stratum is a typical stratified sedimentary rock layer with
a variety of rock layers of different thicknesses and strengths depending on the time of
rock formation and mineral composition, among which, one to several layers of thick, hard
rock layers (both key stratums) play a controlling role in the movement of the rock layer.
Studies have shown that this key stratum plays a controlling role in the dynamic process of
surface movement, and the breakage of this stratum plays a controlling role in the dynamic
process of the surface movement, leading to rapid subsidence of the surface [20,27-29].
Therefore, ensuring that the key stratum of the overburden does not break and destabilize
is crucial to the design of surface subsidence control. Figure 1 shows a diagram of the roof
development in the goaf.
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Figure 1. Breaking Structure of Overburden Rock Migration in Stope Roof. (a) Immediate roof
breakage; (b) Inferior key stratum breakage; (c) Primary key stratum breakage.

2.2. Technical Process

The roof of the working face can be reduced to a “plate” structure for mechanical
analysis and is consistent with the actual force characteristics. The mechanical calcula-
tion of the four-sided solid support plate can be calculated using the Galerkin method.
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According to the literature, as the working face advances, the breakage of the high key
stratum is predominantly in the form of “horizontal O-X" breakage and “vertical O-X”"
breakage [13,30-33]. Owing to the characteristics of these two forms of breakage, after the
working face is pushed and before the key stratum is broken, different forms of piers are
used for slurry backfilling, so that the “separation area backfilling body + backfilling piers
+ key stratum + coal pillar” form a “multi-arch pier-column” stabilization structure. With
this combination, the surface stability is maintained, and no residual subsidence occurs.
Figure 2 shows the breakage form of the high key stratum.
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Figure 2. Breakage form of key stratum: (a) “Horizontal O-X" break; (b) “Vertical O-X" break.
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2.2.1. Judgment of the Top Slab Overburden of Each Hard Rock Layer

Based on the methods of discriminating the key strata, such as those described by Xu
and Qian [10,27,34-36], the location of the overlying key strata on the 20,107 working face
of the Gaojialiang coal mine was determined. First, the overburden load of each hard rock
layer was calculated. The layer 1 and layer m + 1 rock beams in the upper part of the coal
seam were set as the hard rock layer.

i E;h3? 1)

m
2
Em+1hm+12hivi > Vint
i=1 i=1

where E; is the modulus of elasticity of the i-th rock formation; &; is the thickness of the i-th
rock formation, m; and V; is the bulk weight of the i-th rock formation, m.

Starting from the first rock layer on the top of the coal seam, the parameters of each
rock layer were substituted into Equation (1), and when the equation was satisfied, the m +
1 rock layer was marked as the first hard rock layer. The calculations were continued to
determine the overlying rock layer of the first hard rock layer, until all hard rock layers
were identified.

2.2.2. Calculation of Breakage Distance for Each Hard Rock Layer

After coal seam mining, the overlying strata continuously collapse from bottom to
top. As the coal seam develops to the key strata, the key strata break periodically, resulting
in the breakage of all or a part of the overlying strata, thus causing an extensive range of
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strata movement. The hard rock formation can be simplified by a solid support beam at
both ends with a collapse step of:

my
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where, [} is the breaking distance of the k-th layer rock beam, m; ¢y is the tensile strength of
the k-th layer rock beam, MPa; and gy is the load applied to the k-th layer rock beam, MPa.

It is necessary to master the position and breaking step of the key strata, which has a
guiding role for the partial filling mining method, based on the key strata theory.

2.3. Technical Principles

When backfilling and managing the goaf, after the working face has been pushed
through, the key stratum is identified before it is broken to fill the pre-fracture location.
Holes are drilled in the surface to inject the backfilling injected slurry material into the
goaf so that the broken gangue is cemented together and the separation layer is filled (with
separation layer injected slurry), forming two or more types of “pier-column” structures.
The structure is filled to the key stratum, and together with the key stratum, it forms a
“multi-arch pier-column” stabilization structure to maintain the ground surface and prevent
further subsidence. The backfilling location should be chosen at the pre-fracture line of
the key stratum to prevent fracturing the key stratum and thus achieve the purpose of
preventing surface subsidence.

The process of backfilling and supporting the key strata after the workings have been
pushed can be divided into five stages.

In stage 1, as shown in Figure 1b, after the coal seam has been excavated, with the
advance of the working face, the immediate roof first falls and fills the goaf, and the basic
roof bends and sinks under the self-weight load, generating separation fissures between it
and the key stratum.

In stage 2, as shown in Figure 1c, the roof break height in the goaf develops upwards,
the key stratum bends and sinks to produce deflection, and when its ultimate sinking
amount is reached, the overlying key stratum breaks, swivels, and sinks.

Stage 3, as shown in Figure 3a, is achieved by drilling holes in the surface of the goaf
above the pre-fracture line of the key stratum before the key stratum reaches its ultimate
settlement value.

In stage 4, as shown in Figure 3b, slurry backfilling is carried out by drilling holes in
the goaf to strengthen the bearing capacity of the gangue.

In stage 5, as shown in Figure 3c, slurry is injected through the boreholes into the
lower part of the key stratum in the separation area, to improve its stress state and ensure
that the key stratum is not fractured.

The slurry backfilling material and the gangue in the goaf are glued together to form
a “pier-column” structure, as shown in Figure 3c. The pier-column and the key stratum
under the separation layer area between the filling body, together constitute a “multi-arch
pier-column” backfilling support structure, which maintains the stability of the key stratum.
This ensures that the key stratum does not break, and the surface subsidence value is within
a safe range.

The control of surface subsidence is mainly reflected in two aspects. The first is the
addition of backfilling materials, which cement and solidify the broken gangue in the
goaf, forming two or more pier-column structures to improve the strength of the gangue
in the goaf and reduce the subsidence of the roof. The second aspect is the backfilled
pier-columns support the overburden rock to ensure that the key stratum is not subject
to initial fracturing. This ensures the long-term stability of the key stratum and forms the
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“separation layer filling body + key stratum + backfilling pier-column + coal pillar” joint
medium to maintain the surface layer and prevent new subsidence in the surface layer.
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Figure 3. Schematic diagram of multi-arch pier-column backfilling method. (a) Immediate roof
breakage; (b) Backfilling of the void area; (c) Separation layer injected slurry and backfilling.
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3. Evaluation of the Effectiveness of the Multi-Arch Pier-Column Strata Control
3.1. Research Methodology

The numerical simulation software FLAC®P was used to analyse the strata control ef-
fect of the multi-arch pier-column backfilling method and reveal the process of overburden
movement and stress-displacement transfer in the shallow buried coal seam goaf. Taking
the 20,107 working face of the Gaojialiang coal mine as the object of study, the physical and
mechanical parameters of coal and rock are listed in Table 1.

Table 1. Physical and mechanical parameters table of coal and rock seams.

Rockiness Height/m Bulk Shear {:I;:Str::;;l Internal Tensile Compressive
8 Modulus/GPa Modulus/GPa Angle/® Cohesion/MPa Strength/MPa  Strength/MPa
mudstone 40 6.27 6.21 26 2.80 3.77 29
CO&%IC‘)’II;‘;;;“Q 20 16.9 12.5 31 2.20 6.4 44
sandstone mudstone 55 6.50 6.32 28 3.12 4.15 23
siltstone 11 15.1 10.8 321 3.05 6.00 42
coal 4 3.58 1.45 30 2.00 0.65 18
coarse-grained 23 13.56 113 31 8.90 7.60 40.15
.sandst(_me
fine-grained 65 11.80 8.20 31 2.20 5.70 28.78
sandstone
backfill — 2.50 0.54 35 1.30 0.75 2.5

The model adopted an ideal elastic-plastic model, leaving a certain boundary influence
area on both sides of the working face and in the direction of advancement, and finally
determined that the numerical model length x width x height = 360 m x 300 m x 218 m,
respectively. Horizontal constraints were applied to the front, rear, left and right bound-
aries of the model, with the upper boundary free and the bottom boundary fixed. The
compressive stress of 5 MPa was applied to the upper surface of the model to simulate the
pressure of the overlying strata on the numerical model. On the contrary, the horizontal
stress on the model was assigned based on the lateral pressure coefficient of 1.0. The range
of the collapse zone rock mass (except for the pier-column) used a double-yield intrinsic
model for filling, to realize the simulation of the collapse zone compaction and transference
of the roof force.

In the numerical model, the piers shown in Figure 4 were established, and the key
strata were backfilled for support. In the calculation, the parameters of the piers were set
(considering that the piers were mainly formed by the slurry material cementing the gangue
in the goaf, the parameters of the piers were set as the average value of the overburden rock
parameters in the goaf), in order to simulate the overburden rock backfilling support in
the goaf. The piers and the key strata together formed a multi-arch pier-column structure,
which together maintained the stability of the surface of the goaf.

3.2. Results of Numerical Simulation

The model surface section (z = 218 m) was selected, and the displacement settlement
of the model surface was recorded for different numbers of filled piers (density) after the
working face was pushed, and the contour cloud of displacement settlement of this section
was plotted, as shown in Figure 5.
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Figure 4. Numerical simulation of multi-arch pier-column backfilling and support model: (a) FLAC3P
numerical simulation; (b) backfilling and support model.

Settlement/ m

Figure 5. Stress distribution map of backfilling support model for multi-arch pier-column numer-
ical simulation: (a) No infill; (b) two pier-columns; (c) four pier-columns; (d) six pier-columns;

(e) eight pier-columns.

When there was no backfilling in the legacy goaf, the vertical displacement of the
model surface (z = 218 m) reached the maximum settlement of 16 cm in the middle and
decreased in dispersion, and the influence range roughly presented a concentric ellipse
shape. After the simulation of the number of filled piers, it was found that the maximum
settlement was 14 cm, 12.5 cm, 12.3 cm, and 12 cm when two, four, six, and eight piers
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were filled and supported, respectively. With the increase in the number of filled piers, the
surface subsidence value gradually decreased.

The changes in the distribution of vertical stresses in this cross-section with the exca-
vation of the working face were analysed for the change in stress distribution caused by
the number of filled piers on the support of the key stratum on the contact surface of the
piers and the key strata, as shown in Figure 6.
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Figure 6. Stress distribution map of backfilling support model for multi-arch pier-column numerical
simulation: (a) No pier-columns; (b) two pier-columns; (c) four pier-columns; (d) six pier-columns;
(e) eight pier-columns.

After coal seam mining, when the remaining goaf is unfilled, the vertical stress of the
overlying strata above the goaf is less; the minimum is 5.93 MPa, which expands from
inside to outside, and the stress increases divergently. Stress concentration appears above
the boundary coal pillar, and the vertical stress is 13.35 MPa. The simulation of the filling
quantity of piers showed that when the number of piers in the remaining goaf was two,
four, six, and eight, the minimum vertical stress of the roof was 5.93, 5.13, 3.69, 3.45, and
3.22 MPa, respectively. The vertical stresses above the coal pillar were 10.84, 9.40, 9.11, and
9.02 MPa, respectively. With the increase in the number of filling piers, the vertical stress



Energies 2022, 15, 5845

10 of 16

Subsidence value/cm

above the goaf and coal pillar decreases significantly, which shows that filling piers can
effectively improve the stress conditions of the overlying strata and coal pillars in the goaf.

After four piers were filled, with the increase in the number of filled piers, the max-
imum settlement value of the surface layer and the vertical stress on the roof and coal
column in the goaf tended to decline and began to flatten, as shown in Figure 7. The analy-
sis suggests that the backfilling improvement effect decreased because the filling tended
to be saturated. All things considered, the best support state is when four pier-columns
are filled.

0, 16) 60F_ .

= T8, 12) L

(0, 5.93)

—=&—  Vertical stress
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—a—Settlement |
55k
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No. of piers
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Figure 7. Stress/displacement variation curve of the numerical simulation backfilling support model
of a multi-arch pier-column: (a) Displacement variation curve; (b) Stress variation curve.

No. of piers

4. Design of Goaf Filling Control Engineering
4.1. Drilling Process and Techniques

On-site drilling should be staked out using measuring instruments, such as a theodolite
and level gauges, according to the design hole position (the vulnerable point of the key
stratum), and the actual position of the borehole should not exceed 0.5 m from the designed
position. The diameter of the borehole should be ®150 mm. After drilling to 10 m below
the key stratum, a ®146 mm casing is run, and the entire section of the casing should be
solidified using a single cement slurry with a quick-setting agent. The diameter should
be changed to $118 mm to the final position of the borehole at the bottom of the working
face (the hole slope should not exceed 1.5° per 100 m). This is filled to the key stratum,
where the slurry and gangue solidify as one. Together they play a supporting role in the
key stratum that helps to maintain the stability of the surface and prevent the occurrence of
subsidence. The configuration of the single cement slurry is shown in Table 2.

Table 2. Single cement slurry formulation table.

Water to Ash
Ratio W:C

Cement/bag

Specific

Pulping Stone
Gravity/(g/cm?3)

Volume/m? Triple B/kg Rate/%

Water/kg Salt/kg

0.6:1
0.75:1
1:1

22
19
15

1.76
1.62
1.49

1.0 0.550 55 98
0.475 4.75 97
0.375 7.75 85

660
712 1.0
750 1.0

The greater the water—cement ratio of the single-liquid cement slurry, the longer the
setting time and viscosity of the slurry, and the smaller the stone rate and compressive
strength. Based on the performance parameters of the slurry and the different formation
types, the slurry with the corresponding water—cement ratio is selected to meet the require-
ments of field grouting. In the field grouting process, most grouts with a water—cement
ratio (mass ratio) of 1:1 are selected, which can not only meet the strength of the grout stone
body but also meet the requirements of grout injectability.
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Compared to all other filling methods, the pier-type multi-arch filling method reduces
the relocation cost of surface villages, and thus, the workload of the pier-type multi-arch
filling method is reduced significantly. The practice has proved that the pier-type multi-arch
filling method is a high-efficiency and low-cost filling coal mining technology, and its filling
cost per ton of coal is only 40-80 yuan.

4.2. Injected Slurry Materials and Their Preparation

The injected slurry material consists of four ingredients: water, cement, fly ash, and
coarse aggregate (sand). The cement is Po42.5 cement in accordance with the national
GB175-2007 standard; the fly ash is national third-grade ash; the quick-setting agent is water
glass, modulus 3.1-3.4, specification 40 Be. The cement—fly ash slurry with a water-solid
ratio is 0.8:1-1:1. The fly ash to cement ratio is 3:1 [37-39]. If the amount of single-hole
injected slurry is excessive, a quick-setting agent of 5-10% of the weight of the cement can
be added to the slurry so that the slurry in the goaf solidifies quickly to prevent the loss
of slurry. To ensure the backfill effectively limits the ground pressure and maintains the
safety of the mining area, based on a thorough understanding of geological conditions, the
strength requirements of the backfill comprise a uniaxial compressive strength of 2.5 MPa
and a shear strength of 0.35 MPa.

After pouring cement and fly ash into the primary mixing plant separately, water is
added to each and mixed separately. They should be mixed well and sent to the secondary
mixing plant for mixing. The quick-setting agent should be added as appropriate, according
to the onsite slurry leakage. A flow chart of the slurry making process and a photo of the
mixing plant are shown in Figure 8.

| Cement I | Fly ash |

Y Y
First-class mixing First-class mixing
plant plant

A

Y y

Second-class mixing plant (mixing)
A

| Accelerator |

(a) (b)

Figure 8. Schematic diagram of the slurry-making process and the mixing plant: (a) Slurry-making

process flow diagram; (b) Mixing plant.

5. Multi-Arch Pier-Column Infill Support and Results Analysis
5.1. Shallow Stope Overburden Fracture Zone Detection

Detecting the development height and influence range of the overburden fracture zone
after backfilling can not only reveal the overburden damage and transport of the shallow
buried stope, but also reflect the filling effect. For the test group, we chose to set up the
detection station in the filled working face, which contained two boreholes, namely I-1#
and I-2#. For the control group, we chose to set up the detection station in the unfilled
working face, which contained two boreholes, namely II-1# and II-2#. The overburden
fracture zone of the stope was mainly detected using a double-end plugger device. Table 3
lists the borehole characteristics. The profile of the survey point arrangement is shown
in Figure 9.
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Table 3. Borehole Characteristics.

Hole

Testing Station Hole Number Diameter mm Azimuth Location Azimuth Hole Depth m
Experimental I-1# 89 See borehole layout a1 55° 122.5
group L-2# 89 drawing 9 Filling area 65° 1135
- II-1# 89 See borehole layout . 55° 122.5
Control subjects 0% 89 drawing 9 Unfilled areas 65° 1135

-—————— Hole grouting —_— P \ \
\

QNI

pler
% 20 107 working face
i @ 500 é i j C50s

Figure 9. Profile of survey point arrangement.

As shown in Figure 10, the leakage from the borehole is low in the drilling depth
range of 0-15.6 m, indicating that the borehole has not yet entered the zone of separation
or fracture areas. The leakage from the borehole increases in the drilling depth range of
15.6-56.1 m, indicating that this range is in the range of fracture zone development. The
leakage after filling is significantly smaller than that without filling, and the volume of
leakage after filling reduces first, indicating that the size and scope of separation after
filling is reduced. In the drilling depth range of 56.1-78.2 m, there is less borehole leakage,
indicating that the rock formation is in the bending and sinking zone, and the fissure
has not developed. In the drilling depth range of 78.2-96.7 m, the leakage of the unfilled
borehole suddenly increases, which is believed to be caused by separation between the
key stratum and its underlying bedrock. The volume and extent of leakage after filling
are smaller than that of the unfilled borehole, which indicates that the separation area
between the key stratum and the underlying bedrock has been injected with slurry and is
functioning, and the key stratum has been effectively controlled.

As illustrated in Figure 11, the leakage from the borehole is less in the drilling depth
range of 0-13.1 m, which indicates that the borehole has not yet entered the separation
or fracture areas. The leakage from the borehole increases in the drilling depth range of
13.1-59.3 m, which indicates that this is in the range of fracture zone development. The
leakage after filling is significantly smaller than that without filling and the leakage after
filling decreases first, which indicates that the size and extent of the separation layer after
filling are both reduced. In the drilling depth range of 59.3-82.5 m, the leakage of the
drill hole is less, which indicates that the rock is in the range of the bending and sinking
zone, and the fracture has not developed. In the drilling depth range of 82.5-102.9 m, the
leakage of the unfilled drill hole suddenly increases significantly, and the leakage of the
filled drill hole increases a little, which indicates that the separation layer area between the
key stratum and the bedrock below it has been injected with slurry and is functioning, and
the key stratum has been effectively controlled.
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Figure 10. I-1# and II-1# Borehole Leakage Histogram.

Post ston] II-11#
I-11#
Sandy
Mudstone
Siltstone
Medium-
grained
— NS
1
.em ston 3
NS
2%
[Post stone]
R
Sandy . SR R ) <
mud N T
R '—————————————%‘
o = o
em ston Vo _65 10 ZG‘\N&\J
> [~ Q\O

pe € 20,107auxiliary channel
Sandy '\ \

Coal cou

10m
20,107 belt conveyor roadway

Figure 11. I-2# and II-2# Borehole Leakage Histogram.

5.2. Surface Subsidence Detection

The measurement points were arranged at the surface along the direction of the
working face, and numbered from Z1 to Z30, with two adjacent measurement points
approximately 30 m apart on average, as shown in Figure 12a. Through field surface
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observations, the test filling area towards the surface subsidence was plotted and is shown
in Figure 12b. When the goaf was filled, the maximum point dropped to approximately
50 mm, and the surface subsidence control effect was better.
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Figure 12. Surface Profile Subsidence Prediction Map: (a) Surface station layout plan; (b) Surface
subsidence profile.

6. Conclusions

(1) Based on the overlying rock key stratum on the surface subsidence control mecha-
nism, we proposed a multi-arch pier-column filling method. The basic principle is to drill
holes in specific locations on the surface and inject a slurry material into the goaf and the
separation area between the key stratum and underlying rock layer, to cement the broken
gangue in the goaf to form a stone body, improving its overall strength, and to fill the
separation layer (the separation layer is injected with slurry) to form two or more types of
pier structures, which together with the key stratum form a stable multi-arch pier-column
structure. Controlling the key stratum and ensuring it does not break effectively reduces
surface subsidence, ensuring that it remains in a safe range.

(2) In the multi-arch pier-column backfilling method, the filling body in the separation
area is combined with the broken gangue in the goaf to form a stone body, and the remaining
coal pillars share part of the overburden load on the key stratum and improve the stress
state of the key stratum. In addition, the filling body in the separation layer can also limit
the rotation and subsidence of the key stratum, ensuring that the key stratum does not
break, and form a “separation area filler + filler pier-column + key stratum + coal pillar”
joint medium to control the amount of surface subsidence.

(3) Numerical simulation analysis based on the nephogram of stress and displacement
reveals that after coal seam mining, the stress of the overlying strata above the goaf
decreases, and the stress concentrates above the boundary coal pillar. Thus, the pier-type
multi-arch filling method effectively reduces the vertical stress above the goaf and the
boundary coal pillar, implying that filling the pier-column improves the stress conditions
of the overlying strata and the coal pillar in the goaf.

(4) Taking the Gaojialiang coal mine as a real-life example, through the detection of
overburden rupture zones and surface subsidence monitoring it was found that the multi-
arch pier-column backfilling structure effectively reduced the amount of separation and



Energies 2022, 15, 5845 15 of 16

surface subsidence between the key stratum and its underlying rock layer. This indicates
that the multi-arch pier-column filling technique can effectively control mining subsidence.
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