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Abstract: A method of paste backfill recovery for residual room coal pillars is hereby proposed.
The principles and processes of this method are systemically explained to address issues such
as mining-induced earthquakes from spontaneous destabilization, surface subsidence, and low
recovery rates. These are caused by the instability of residual coal pillars due to their spontaneous
combustion in room-and-pillar mining in medium-to-small coalmines in the northern Shaanxi area.
This method is based on the local abundance of surface aeolian sand and solid wastes to be used as
paste-backfilling materials in coalmines in the northern Shaanxi area. Uniaxial compressive strength,
bleeding rate, and slump tests were performed on paste-backfilled samples constituted at different
ratios based on the types of materials involved in paste backfilling in the northern Shaanxi region,
thereby helping to confirm the optimal ratios for paste-backfilling materials for the Ershike coal mine.
A simulation was conducted to investigate the failure, goaf vertical stress distribution, and surface
deformation properties of paste-backfilled pillars and coal pillars, where paste backfilling was used
with paste-backfilling materials constituted at different compressive strengths. This was to verify the
experimental results that would be obtained with paste-backfilling materials constituted at different
ratios, and reveal the mechanism by which paste backfilling of residual room pillars can maintain the
mine’s surrounding rock stability. These study results are of great instructive significance to the safe
recovery of residual room pillars in China’s western mining areas.

Keywords: paste-backfilling mining; residual room pillars; backfilling material ratios; surrounding
rock stability

1. Introduction

The coal resources of the Jurassic coalfield in northern Shaanxi, China, are widely distributed
across the Yulin area. With excellent occurrence, simple structure, and high quality, they are reputed by
experts as “environmental coal”, and are high-quality coal resources for power, liquefaction, and the
chemical industry, which are rarely found inside or outside China [1–3]. However, as in the past,
this area has featured quite a large number of medium-to-small-scale mines. Most of the coalmines
have adopted room or room-and-pillar mining, given various economic, technical, and equipment
limitations, with recovery rates under 30%. This has led to significant quantities of high-quality coal
resources being left in the mines and becoming idle. According to incomplete statistics, there are as
many as seven billion tons of resources contained in the residual room mining pillars in Ordos City,
Inner Mongolia, and more than two billion tons in the residual room mining pillars in Shenmu County,
Yulin City, Shaanxi Province [4–7]. This has not only created mining losses of coal resources, but the
residual coal pillars are also highly prone to destabilization failure under the effect of long-term load,
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leading to severe mining catastrophes such as large-area roof collapses, and even mining-induced
earthquakes. Therefore, the problem of how to recover residual room pillar resources safely has
become a major issue [8–10].

Considerable research has been undertaken by scholars in China and other countries regarding
the recovery of residual room mining pillar resources. Singh et al. [11] carried out an analysis of
the state of coal pillar recovery in India, studying the impact factors on the stability of deep-seated
room-and-pillar mine pillars under the condition of high stress; Gan et al. [6] examined the prudent
allocation of mining gateways underneath room-and-pillar goafs; Ghasemi et al. [5] proposed a new
coal pillar design method to reduce support stress concentration and coal pillar sizes; Haibo et al. [12]
studied roof stress on room mining residual pillars and analyzed the critical factors influencing roof
stability; Jixiong et al. [13,14] analyzed the impact pattern of compression ratio on coal pillar stability,
establishing a mechanical model for solid-filled recovery room pillars, and designed a corresponding
coal pillar recovery process; Yun et al. [14] investigated the safe recovery of residual room pillars
below an aquifer, proposed a method of short wall block mining, and established a water-conducting
fracture zone development height model based on this method. According to the above studies, at
present, the recovery of residual room mining pillars mainly involves the methods of solid-filled
mining, short wall block mining, and other measures. Although these methods may be applicable to
some coal mines in the northern Shaanxi region with certain modifications and improvements, for most
coal mines they can hardly accommodate the actual technical conditions and the geological factors of
mining. Therefore, developing a more suitable recovery measure of residual room pillars is an urgent
issue [15]. The ground surface in northern Shaanxi’s mining area is covered with considerable natural
aeolian sand, which is an excellent paste-backfilling material, and the cemented paste backfill (CPB)
technology for coal mining is currently a major direction of green mining. It can not only achieve the
recovery of residual room pillar resources, but also dispose of surface aeolian sands, fly ash, and other
solid wastes, and has become the first choice for the recovery of residual room coal pillar resources,
the control of surface subsidence, and the protection of the ecological environment in the northern
Shaanxi region [16–22].

This paper proposes the principles and processes for the use of paste backfilling to recover residual
room coal resources, and shows the tests performed to optimize the ratios at which paste-backfilling
materials are constituted, while shedding further light on the stability of the surrounding rock in the
stope of residual room coal pillar recovery by paste backfilling under the engineering backdrop of the
residual room pillar recovery at the Ershike coal mine. This paper has major instructive significance
pertaining to the safe recovery of room mining residual pillars in mine areas in western China.

2. Overview of the Study Area

The Ershike coal mine is located in Hengshan County, Yulin City, Shaanxi Province, at the
southern edge of the Maowusu Desert, at a distance of 33 km from the city. The minefield is
located in the Mesozoic northern Ordos basin, and forms a regular quadrilateral, with a length
of approximately 1.9 km, width of approximately 1.6 km, area of 3.04 km2, and recoverable reserves
of 4.34 Mt. The stratum, a coal bed with a simple structure, is a monoclonal stratum inclined to the
southwest at an inclination angle of around 1◦, and lacks large fractures and folds. Coal seam No. 3,
the primary mineable seam of the minefield, is a stable medium-thick coal seam that is mineable across
the whole area, and has an average thickness of 2.5 m. The coal seam has a buried depth of 115–125 m.

The minefield currently employs the method of room-and-pillar mining, which involves mining
the coal seam with a blasting mining process. The depth of the explosive hole is 1.5 m, and ammonium
nitrate explosives are used. The recovery rate of the coal resources is under 40%, and the application
of room-and-pillar mining has led to large quantities of high-quality coal resources remaining in
the goaf. Moreover, as shown in Figure 1 (insert b is the local magnification of the working face in
insert a), there are three columns of residual coal pillars on the working face. The pillar-to-room
width is consistently 9 m. The safety factor of the residual coal pillars is 1.25, while the generally
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accepted critical value for the safety factor is 1.5. Moreover, based on the engineering practice studies
of room-and-pillar mining under similar conditions [23,24], the failing and unstable coal pillars account
for 50% of the coal pillar group which has width-to-height ratio of 3.6 in the Ershike coal mine due
to loading. Furthermore, the phenomenon of stress concentration is prevalent at the corners of the
coal pillars. Within the minefield, there are Quaternary sandy-porous phreatic aquifer, Middle Jurassic
Zhiluo Formation sandstone aquifer, as well as a Middle-Lower Jurassic Yan’an Formation fissured
aquifer layer. The aquifuge layers are siltstone and mudstone between the aquifer layers. There is no
water contact between the aquifer layers. The mine field drill hole histogram is shown in Figure 2.
The question of how to recover room residual pillars safely and efficiently has become a major issue
facing the Ershike coal mine.
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Figure 1. (a) Working face layout. (b) Local magnification of working face.
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3. Paste Backfill Recovery Method for Residual Room Pillars

3.1. Principles Underlying Paste Backfill Recovery of Residual Room Pillars

In essence, paste backfill recovery of residual room pillars is the utilization of the supporting
strength of a paste-backfilled structure in place of the supporting strength of the residual coal pillars,
thereby achieving the recovery of the residual coal pillars [25–27], the CPB system is shown in
Figure 3. The paste-backfilling material is mixed and processed according to the optimal ratio of
surface aeolian sand, fly ash, and other filling materials that have been determined by laboratory
tests. These materials are transported through filling pipelines to the room mining goaf for backfilling.
Because the paste-backfilled structure can support the load of overburden rock, it effectively shares
the residual coal pillars’ supporting strength and is thereby able to achieve the recovery of the room
residual pillars.
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Figure 3. Principles behind paste backfill recovery of residual room pillars.

3.2. Process for Paste Backfill Recovery of Residual Room Pillars

The process proposed herein for paste-backfill recovery of residual room coal pillars based on the
technical properties associated with paste backfilling and parameters such as solidification time and
the mine’s periodic weighting pace is as follows: starting from the distal boundary of the working
face, use the construction of a backfilling retaining wall between two adjacent room coal pillars (the
backfilling retaining wall is prepared by immobilizing the backfilling bag made of rubber between
the two coal pillars and the paste-backfilling materials are transported to the backfilling bag through
the backfilling pipelines; the paste-backfilling materials are prepared according to the optimal ratio
determined by laboratory tests) to form a closed area with dimensions of 9 × 9 × 2.5 m. Then,
we use the backfilling pipeline to transport the paste-backfilling material to the closed area to form
paste-backfilling columns supporting the roof, as shown in Figure 4a. With three backfilled pillars
forming one row, four rows of backfilled pillars are formed in the working face direction, as shown
in Figure 4b. Following the working direction starting from the distal boundary of the working face
and advancing toward the working face, three rows of residual coal pillars are recovered in sequence
using the blasting mining. The coal is then loaded onto a loader and transported with a trackless
rubber-tyred vehicle until the recovery of all three rows of residual coal pillars is complete. At this
point, one fill-recover cycle is completed, as shown in Figure 4c. Recovery of the residual coal pillars
of the entire room mining goaf is achieved in the same manner. For each cycle, the time needed for the
recovery of three rows of coal pillars is nine days, and it takes three days to finish the backfilling (the
first cycle lasts for four days).
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4. Selection and Optimization of Paste-Backfilling Materials

4.1. Selection of Paste-Backfilling Materials

The Ershike coal mine is located at the border of the Maowusu Desert in northern Shaanxi and the
Huangtu Plateau. Its surface is covered by large quantities of natural aeolian sand, which is resistant
to weathering, hydrolysis, and stress concentration, and can transmit and carry pressure quite well
due to the fineness and uniformity of its particles. Therefore, aeolian sand is an ideal paste-backfilling
material. Furthermore, power plants near the mine can provide fly ash, which can also be used
as a paste-backfilling material [28–30]. With comprehensive consideration of the backfilling costs,
quality, and other factors involved in CPB, the materials to be prepared for this mine’s paste-backfilled
structure are determined as aeolian sand, power plant fly ash, cement, and quicklime.

4.2. Optimizing the Ratio of Paste-Backfilling Materials

This paper incorporates different designs for paste-backfilling materials at varying ratios to help
select a suitable ratio of paste-backfilling materials and guarantee the strength and effects of backfilling,
with a total of nine experimental plans proposed with the ratios shown in Table 1. In accordance with
these experimental plans, the samples were prepared based on each plan’s ratios for paste-backfilled
structures with dimensions of 0.0707 × 0.0707 × 0.0707 m and with 28-day-aged standard curing.
Uniaxial compressive strength, bleeding rate, and slump tests were carried out on the samples under
each plan, with the testing results shown in Table 2.

Table 1. Paste-backfilling material-ratio plans.

No. Concentration (%) Fly Ash (%) Aeolian Sand (%) Cement (%) Quicklime (%)

A1 72 47.5 44.5 8 0
A2 72 47.5 39.5 8 5
A3 72 47.5 34.5 8 10
A4 72 52.5 34.5 8 5
A5 72 42.5 44.5 8 5
A6 72 47.5 41.5 6 5
A7 72 47.5 43.5 4 5
A8 74 47.5 39.5 8 5
A9 76 47.5 39.5 8 5

According to the test results obtained, the higher the quicklime, fly ash, and cement contents,
the higher is the strength of the paste-backfilled structure and the lower is the bleeding and slump
rates. With a comprehensive consideration of the costs of backfilling materials, plan A9 was finally
confirmed as the right paste-backfilling material ratio for the Ershike coal mine.
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Table 2. Paste-backfilling material ratios test results.

No. 28 d Strength (MPa) Bleeding Rate (%) Slump Rate (mm)

A1 1.76 13.80 220
A2 2.23 12.07 214
A3 1.91 10.06 210
A4 2.55 10.54 203
A5 2.29 13.83 199
A6 1.56 11.67 208
A7 1.15 15.39 215
A8 2.76 7.68 201
A9 3.02 5.84 178

5. Stability Analysis of Surrounding Rock of the Stope under Recovery of Residual Coal Pillars

5.1. Building a Numerical Model

To verify the rationality of the ratio of paste-backfilling materials outlined in Section 4, and to
reveal more about the stability of the surrounding rock of the stope under a paste-backfill recovery
of residual room pillars, a numerical model with geometric dimensions of 265 × 103 × 121 m was
established. This was based on the geological mining conditions pertaining to the Ershike coal mine.
Horizontal displacement was constrained at the model’s surrounding boundary, vertical displacement
was constrained at the lower boundary, while the upper boundary was free. The Mohr–Coulomb
principle was employed for the yield criterion of the rock strata, with the physical and mechanical
parameters of each stratum sourced from mine drilling data, as shown in Table 3. Protective coal
pillars 20 m in width were, respectively, placed at the surrounding boundary to eliminate the impact
of the boundary effect, and coal pillars in three columns and 12 rows at a volume of 9 × 9 × 2.5 m
were formed by excavating a coal room with a width of 9 m. The model was then used to simulate
and study the failure, stope vertical stress distribution, and surface deformation properties of the
paste-backfilled pillars and coal pillars when one fill-recovery cycle (advancing 54 m), two fill-recovery
cycles (advancing 108 m), and three fill-recovery cycles (advancing 162 m) were completed at the
working face using backfilling materials of compressive strengths of 1, 2, or 3 MPa. The physical and
mechanical parameters of the filling materials under different compressive strengths are shown in
Table 4. The numerical model is shown in Figure 5.

Table 3. Physical and mechanical parameters for coal and rock strata.

No. Rock Stratum Name Bulk Modulus
(GPa)

Shear Modulus
(GPa)

Tensile
Strength

(MPa)

Cohesion
(MPa)

Internal
Friction

Angle (◦)

Density
(kg/m3)

1 Clayey silt 0.08 0.05 0.05 0.1 16.0 1670.0
2 Silica sand 0.12 0.08 0.1 0.5 18.0 1800.0
3 Sandy clay 0.8 0.31 0.8 0.7 25.0 1600.0
4 Mudstone 0.6 0.32 0.8 0.6 27.0 1600.0
5 Medium-grained sandstone 1.60 1.14 1.0 2.3 32.0 2100.0
6 Sandy mudstone 0.63 0.50 0.6 1.0 28.0 2200.0
7 Mudstone 0.6 0.32 0.8 0.6 27.0 1600.0
8 Siltstone 1.87 1.12 1.0 2.0 30.0 2615.0
9 Mudstone 0.6 0.32 0.8 0.6 27.0 1600.0
10 Coal seam 0.80 0.41 1.86 0.3 25.0 1400.0
11 Sandy mudstone 0.63 0.50 0.6 1.0 28.0 2200.0
12 Siltstone 1.87 1.12 1.0 2.0 30.0 2615.0

Table 4. Physical and mechanical parameters of backfilled pillars.

Compressive
Strength (MPa)

Bulk Modulus
(GPa)

Shear Modulus
(GPa)

Tensile
Strength (MPa)

Cohesion
(MPa)

Internal Friction
Angle (◦) Density(kg/m3)

1 0.07 0.03 0.145 0.23 21.0 1670.0
2 0.09 0.04 0.175 0.31 24.0 1760.0
3 0.12 0.06 0.211 0.59 28.0 1736.0
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Table 4. Physical and mechanical parameters of backfilled pillars. 
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1 0.07 0.03 0.145 0.23 21.0 1670.0 

2 0.09 0.04 0.175 0.31 24.0 1760.0 

3 0.12 0.06 0.211 0.59 28.0 1736.0 
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5.2. Results and Analysis

5.2.1. Paste-Backfilled Pillar and Coal Pillar Failure Properties

The changing plastic zone development properties in the backfilled pillars and coal pillars with
changing recovery distances of the working face at the backfilled pillars’ compressive strengths of 1, 2,
and 3 MPa are highlighted in Figure 6. The greater the compressive strengths of the backfilled pillars,
the lower is the degree of damage to the backfilled and coal pillars.
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A backfilled pillar-coal pillar row in the center of the working face was selected, and the ratio of
the elastic core area to the cross-sectional area (hereafter core-area ratio) for each backfilled pillar and
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coal pillar’s interstitial cross-section was extracted. Furthermore, the differing compressive strengths
of the backfilled pillars and core-area ratios under varying recovery distances were obtained, as shown
in Figure 7.
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Figures 6 and 7 show that:
(1) There was a significant increase in the core-area ratios for backfilled pillars as the compressive

strengths of the backfilled pillars were sequentially changed from 1 MPa to 2 MPa and then to 3 MPa,
and these were located within three typical threshold intervals. There was a minor increase in the
core-area ratios of the coal pillars in the 0.4−0.6 range.

(2) The core-area ratios of the backfilled pillars located at the very front and very back of the
fill-recovery working face were relatively large when the compressive strengths of the backfilled pillars
were 2 and 3 MPa. The plastic zone of the first row of the coal pillars at the front of the fill-recovery
working face was quite developed compared to the other coal pillars. Moreover, there was a trend that
coal pillars at greater distance from the fill-recovery working face had greater core-area ratios.

(3) All values of the core-area ratio of the backfilled pillars were 0 when the compressive strengths
of the backfilled pillars were 1 MPa, showing that the backfilled pillars experienced general plastic
failure. The rate for the core-area ratios of the backfilled pillars was basically less than 0.5 when their
compressive strength was 2 MPa, showing that the backfilled pillars experienced partial plastic failure.
The core-area ratios of the backfilled pillars when the compressive strengths of the backfilled pillars
were 3 MPa were all greater than 0.8, showing that the backfilled pillars experienced local plastic
failure, but still had excellent stability.

5.2.2. Vertical Stress Distribution Properties of the Stope

Figure 8 shows the changing vertical stress properties of the stope’s surrounding rocks along with
changes in the working face recovery distance when the compressive strengths of the backfilled pillars
were 1, 2, or 3 MPa.

Figure 8 shows that the stress experienced by the backfilled pillars was 0 when the compressive
strength of the backfilled pillars was 1 MPa, showing destabilization failure; the distribution pattern
for vertical stress on the backfilled pillars presented a “pointy wave-like peak” when the compressive
strength of the backfilled pillars was 2 MPa, showing that the backfilled structure was in an unstable
state; the distribution pattern for vertical stress on the backfilled pillars presented a “central platform”
when the compressive strength was 3 MPa, and this state did not change with increased fill-recovery
working face distance, showing that the backfilled pillar possessed good stability. The stope’s stress
distribution properties put greater stress on coal pillars in central locations and less stress on those at
ends when the compressive strengths of the backfilled pillars were 1 and 2 MPa and the fill-recovery
working face was recovering in the first and second fill-recovery cycles. However, there was a clear
increase in stress on the first row of coal pillars at the front of the working face when recovery reached
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the third fill-recovery cycle, and its stress distribution pattern gradually evolved toward a “single
peak”, showing a tendency toward gradual destabilization failure. Stress distribution over the stope
constantly presented greater stress on centrally located coal pillars and less stress on coal pillars at ends
when the compressive strength of the backfilled pillars was 3 MPa. Moreover, the stress distribution
pattern for each coal pillar was in a “ringed peak type”, showing that the coal pillars possessed
good stability.Energies 2019, 12 FOR PEER REVIEW  10 
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Figure 8. Surrounding rock stress under different backfilled pillar compressive strengths and different
recovery distances.

5.2.3. Surface Deformation Characteristics

Figure 9 shows changing surface subsidence properties above the working face alongside the
changing recovery distances where the compressive strengths of the backfilled pillars were 1, 2,
and 3 MPa.

To investigate the average surface subsidence rates with backfilled pillars of different compressive
strengths, and based on the simulation results shown in Figure 9, the ratio between the variation in
the maximum surface subsidence values of two before and after fill-recovery cycles and the length
of time required for one fill-recovery cycle were calculated together to forecast a period of 30 days.
This was necessary for the completion of one fill-recovery cycle in this fill-recovery plan and based on
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relevant fill-recovery engineering experience. Changing properties of the average surface subsidence
rates were plotted accordingly, as shown in Figure 10.
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(1) Figure 9a shows that the ground surface in the area on the right side of the model boundary
tends to be horizontal when the working face is recovered to be 54 m, with no obvious subsidence
deformations, showing that it is yet to be impacted by the fill-recovery working face mining.
The surface subsidence value at this time is the original surface subsidence value caused by room and
pillar mining (10 mm). Additionally, the maximum surface subsidence value at this time is found at
the model’s boundary behind the fill-recovery working face, and its value is the sum of the surface’s
original subsidence value and fill-recovery subsidence value.

(2) Figure 9b−d show that there is a progressive increase in maximum surface subsidence values
under different backfilled column compressive strengths when the fill-recovery working face is
recovered to 108, 162, and 216 m, and there is a gradual shift in subsidence peak values toward
the working face direction, which also gradually tends toward the center of the goaf. When the
working face is recovered to 162 m, maximum surface inclinations of 0.37 mm/m, 0.49 mm/m,
and 0.63 mm/m are reached under the backfilled column compressive strength of 1, 2, and 3 MP,
respectively. Furthermore, a secondary subsidence basin appears on the surface above the goaf under
the impact of residual coal pillar fill-recovery mining activities when the fill-recovery working face is
recovered to 162 and 216 m.

(3) Figures 9 and 10 show that the maximum surface subsidence values and average subsidence
rates decrease with an increase in the backfilled pillars’ compressive strengths. As the working
face recovery reaches 216 m, when the backfilled pillars’ compressive strengths are 1, 2, and 3 MPa,
the corresponding maximum surface subsidence values are 104, 89, and 58 mm, respectively, and
their corresponding subsidence coefficients are 0.043, 0.037, and 0.024. Furthermore, the average
surface subsidence rates at this moment are 13, 11, and 2 mm/month, respectively. This indicates that
when the backfilled pillars’ compressive strengths are 1 MPa and 2 MPa, and when the fill-recovery
working face is still advancing, the surface would continue to experience subsidence. However, the
surface would approach a full mining state without further subsidence when the backfilled pillars’
compressive strength is 3 MPa.

In summary, paste-backfilled pillars during the residual pillar recovery process can not only reduce
coal pillar failure and prevent stress concentration, but may also help to control surface subsidence.
The controlling effects of the paste-backfilled pillars are improved with greater compressive strength
of the backfilled pillars. As regards the specific working conditions of the Ershike coal mine, backfilled
pillars with a compressive strength of 3 MPa are entirely capable of satisfying the safety requirements
as regards residual room pillar recovery.

6. Conclusions

(1) A method of paste backfilling to help recover residual room coal pillars is proposed;
the principles underlying the paste backfill recovery of residual room coal pillars are explained;
and the paste-backfill recovery processes for residual room coal pillars are provided.

(2) Uniaxial compressive strength, bleeding rate, and slump tests are carried out on
paste-backfilling materials at different ratios to optimize the ratio of backfilling materials. Furthermore,
plan A9 (47.5% fly ash + 39.5% aeolian sand + 8% cement + 5% quicklime) is finally decided upon as
the right ratio of paste-backfilling materials for the Ershike coal mine.

(3) Modeling is used to simulate and study the failure, stope vertical stress distribution, and surface
deformation properties of paste-backfilled pillars and coal pillars when paste-backfilling materials are
constituted at different compressive strengths and advanced to different distances, verifying the results
of the ratio of backfilling materials and shedding more light on the ways in which paste backfilling
helps to maintain the stability of the stope’s surrounding rock throughout the residual room pillar
recovery process.
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