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Replacing protective inter-block coal pillars (PICPs) with cemented artificial

pillars is proposed here to address low coal recovery rates. The use of cemented

artificial pillars also reduces resource waste when PICPs are used in the short-

wall block mining (SBM) process. A coal mine test area in northern Shaanxi,

China, was employed as the study site. Artificial pillar replacement techniques

were developed based on the layout characteristics of a typical SBM workface.

High-strength cemented backfill materials for artificial pillars were

manufactured using innovative material ratio testing, and the optimum ratios

for backfill materials are discussed. A cusp catastrophe model of an artificial

pillar was then developed and used to deduce the conditions and critical widths

necessary to generate catastrophic instability of an artificial pillar. This

theoretical analysis was validated using FLAC3D simulations. Using the test

site conditions, the simulations revealed that when an artificial pillar had a width

of 14 m, the destruction of the pillar and associated stope was gradual and

would not cause catastrophic instability. Field monitoring performed at the test

site verified the theoretical analysis and numerical simulation results, confirming

that it was feasible to replace PICPs with cemented artificial pillars.
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1 Introduction

China produces huge amounts of coal (Fu et al., 2021). The associated high-intensity

longwall mining has resulted in numerous irregular blocks and residual coal pillars being left

behind over the years of operation (Zhang et al., 2018). Due to mining economics, surface

environmental concerns, and other factors, the mining of residual coal areas (e.g., ‘under three’

pressed coal, slope pressed coal) has been limited (Zhang Y. L. et al., 2021). As a new

development in mining, the short-wall block mining (SBM) method provided an effective

technical solution for coal resource mining (Zhang et al., 2020; Zhang Y. et al., 2021). In the

SBMprocess, protective inter-block coal pillars (PICPs) are part of the support system and these
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aid in controlling the distortion and destruction of the wall rock.

However, the SBMmethod has a low recovery rate due to the PICPs

being permanently left in the goaf after mining.

In one recent SBM study, Cao et al. (2014) determined the

failure conditions of isolated coal pillars in a Datong coal mine by

combining data from field-drilled peep-holes with theoretical

derivations. Zhou et al. (2014) studied mine pressure behavior in

an SBM working face layout based on force analysis of the PICPs

and roof movement. Jiang et al. (2016) used an iterative

approximation algorithm to obtain a model of the load-

displacement energy of a hard roof in a short-wall block

stope. Zhang et al. (2017) employed regression analysis to

determine the nonlinear effect of the SBM method’s stope

parameters on the development height of overburden cracks.

Studies on coal pillar recovery have also recently been carried

out. For instance, Zhou et al. (2019) proposed the use of a sand-

based backfilling body to recover the remaining coal pillars and

analyzed the principles involved in the use of sand-based

backfilling bodies to maintain the stability of the stope. Ma

et al. (2017) proposed the use of solid backfill to replace the

coal pillars in the lower part of an industrial square to provide

effective surface-subsidence control. Sun et al. (2018) proposed

the cemented paste backfilling method to recover short-strip coal

pillars and studied the stability conditions of the impermeable

layer. However, there have been few published results describing

the recovery of PICPs generated by the SBM method, hence

further analysis and exploration are needed.

To fill this gap in the literature, we here propose tomaximize coal

recovery through the use of cemented artificial pillars to replace

PICPs. The artificial pillar replacement technology for PICPs was

designed to be compatible with the features of a typical SBMworking

face layout. The optimal composition and characteristics of the high-

strength cemented backfill material for artificial pillar construction

were determined through innovative materials ratio testing. A cusp

catastrophe model of an artificial pillar was developed and used to

determine the necessary conditions and critical widths to prevent

catastrophic instability of the artificial pillars. The theoretical analysis

was verified using FLAC3D numerical simulations of the dynamic

failure process of the artificial pillar and stope. Field monitoring was

FIGURE 1
Details of the test area used in this study.

FIGURE 2
PICP replacement technique. (A) Recovery sequence of
PICP; (B) completed recovery of PICP.
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done to further confirm the theoretical analysis and numerical

simulation results.

2 Engineering background

2.1 Test area

The test area selected was located in northern Shaanxi

Province, China, and had a simple coal strata structure. The

main coal mining seam at the site had five layers, and the No.

2 mining layer was used, with an average dip angle of about 2°.

The test area was located 143 m underground where the

height of the coal stratum was 4 m (Figure 1). The area

dimensions were 152 m × 108 m. The roof was composed

of mudstone and sandstone (18.0 m) and was relatively stable.

The roof upward included mudstone (5.0 m), sandstone

(5.2 m), mudstone (16.7 m), sandy shale (14.1 m), fine

sandstone (5.0 m), mudstone (3.3 m), coarse sandstone

(31.0 m), mudstone (10.7 m), and loess strata (34.0 m). The

TABLE 1 Details of the 16 mixing ratios used in this study.

Mixing ratio Cement Fluvial sand Fly ash Coal gangue Steel fiber Water

A1 1 3.2 0.8 2 0.206 1.272

A2 1 2.4 1.6 2 0.211 1.272

A3 1 1.6 2.4 2 0.215 1.273

A4 1 3.2 0.8 2 0.416 1.308

A5 1 2.4 1.6 2 0.425 1.310

A6 1 1.6 2.4 2 0.435 1.312

A7 1 3.2 0.8 2 0.630 1.346

A8 1 2.4 1.6 2 0.644 1.352

A9 1 1.6 2.4 2 0.659 1.352

A10 1 3.2 0.8 2 0 1.235

A11 1 2.4 1.6 2 0 1.235

A12 1 1.6 2.4 2 0 1.235

A13 1 4 0 2 0.201 1.283

A14 1 4 0 2 0.407 1.307

A15 1 4 0 2 0.620 1.345

A16 1 4 0 2 0 1.235

FIGURE 3
Results of the UCS tests. (A) Average peak strength at each measurement time (days 7, 14, and 28); (B) uniaxial compressive residual strength at
day 28.
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stability of the roof, floor, and roadway of the adjacent

working face in the test area was good, so the SBM

method was adopted in that area. Two blocks were

designed for mining, and the middle of the two blocks was

the retained area of a PICP.

2.2 PICP replacement

The PICP and adjacent areas within the test area were divided

into two columns of several recovery areas on the left and right of

the site (Figure 2A). The inner and outer coal walls were left

around the recovery area as backfilling retaining walls. The

thickness of the inner and outer coal walls was 1.2 m. After

digging the main haulage roadway and auxiliary haulage roadway

in the testing area, a branch roadway with a width of 4.3 m (set

according to the width of the continuous miner) was dug close to

the right side of the PICP.

To reduce stress concentration, ‘leaping’ mining was then

carried out in the recovery area of the right column of the PICP

through a retreat mining sequence, and each recovery area was

backfilled after mining. The excavation and recovery equipment

used were continuous miners (Zhou et al., 2014). After all

recovery areas of the right coal pillar were fully mined,

another branch roadway with a width of 4.3 m was dug close

to the PICP. The recovery areas in the left column were then

mined one by one using the same process and sequence as the

recovery areas in the right column. The recovery sequence is

shown in Figure 2A. The strength of the backfill materials

increased very slowly over 28 days of curing; therefore, the 28-

day strength was taken as the final strength of the backfill

materials and, the recovery areas in the left and right columns

were backfilled and left standing for 28 days. The inner and outer

coal walls were then recovered. Finally, the overall artificial pillar

was obtained by backfilling the empty area formed after the inner

coal wall was recovered (Figure 2B).

FIGURE 4
Effect of steel fiber and fly ash content on peak strength. (A) Steel fiber content; (B) proportion of fly ash; (C) interaction between steel fiber and
fly ash.

Frontiers in Earth Science frontiersin.org04

Che et al. 10.3389/feart.2022.1039478

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.1039478


3 Matching experimental and
mechanical property measurements
of cemented backfilling materials

3.1 Experimental design and uniaxial
compressive strength (UCS) tests

We employed uniaxial compressive strength (UCS) as the final

target property in determining the optimum composition of the

backfill materials. In the cemented backfill body, the cementitious

materials were Portland cement (grade 42.5) and low-calcium

secondary fly ash; fine aggregate (continuous graded fluvial sand

with 0–4.75 mm particle size); and coarse aggregate (5–10mm

continuous graded coal gangue). The added concatenators were

25mm × 0.65 mm crimped steel fiber (tensile strength >600MPa,

density of 7850 kg/m3). Tapwaterwas used formixing the ingredients.

To ensure sufficient liquidity of the slurry for transport and

to produce reliable strength in the backfilling body, the mass

fraction of the slurry concentration was set to 85% in accordance

with multiple earlier tests (Li, 2021). The variable factors in the

proportioning scheme of the backfill material mixtures were the

proportion of fly ash in the sum of fluvial sand and fly ash, and

the proportion of steel fiber. Each variable factor was divided into

four levels, which means that a total of 16 mixing ratios were set

(Table 1). A group of nine samples of cemented backfill materials,

with each sample having dimensions of 100 mm × 100 mm ×

100 mm, were produced for each of the 16 mixing ratios. The

sample was taken out from the mold 12 h later and cured in a

curing box at a temperature of 20 ± 2°C and a relative humidity of

95% until the specified age was reached. We used the mechanical

testing and simulation electro-hydraulic servo rock loading

system (loading rate of 0.6 mm/min) to test the unconfined

uniaxial compression mechanical properties of the backfill

material samples as they cured on day 7, day 14, and day 28.

3.2 Tests results

3.2.1 Peak strength and residual strength
The peak strength at each measurement time and the

residual strengths on day 28 are shown in Figure 3. Among

the 16 mixing ratios, the 28-day peak strength values of

samples of the A5, A6, A9, and A11 ratios all reached

14.7 MPa or more, showing good compressive properties

(Figure 3A). The peak strength of mixing ratio A6 at 7 d

was the highest, reaching 9.02 MPa (Figure 3B). Because of

the addition of steel fiber to the A6 mixture, the bonding force

between the steel fiber and the backfill materials improved

their residual strength (Li, 2021; Ran et al., 2021), and

mixture A6 had the highest residual strength at 5.4 MPa.

3.2.2 Effect of steel fiber and fly ash content on
peak strength

As shown in Figures 4A,C, the steel fiber content had only a

small effect on the peak strength compared to the fly ash, which

had a large effect, showing that when the proportion of fly ash

was larger, the peak strength was higher (Figures 4B,C). When

the proportions of steel fiber and fly ash were 0.8% and 60%,

respectively, the peak strength was the highest. Therefore,

through comprehensive analysis of the influence of steel fiber

and fly ash on peak strength, we concluded that the strength and

durability of artificial pillar backfilling materials was optimal

when the proportion of steel fiber and fly ash were 0.8% and 60%,

respectively.

Based on the above results, we determined that the mixture

ratio in A6 was optimal for these tests. The mass ratios of the

ingredients in this mixture were: cement (1), fluvial sand (1.6), fly

ash (2.4), coal gangue (2), steel fiber (0.435), and water (1.312).

The strength of the 28-day cured mixture was used as the final

strength.

FIGURE 5
The goaf after block mining and the proposed mechanical model of the system. (A) The goaf after block mining; (B) mechanical model of the
rock beam-artificial pillar system.
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4 Catastrophe theory analysis of
artificial pillar instability

The instability and failure of an artificial pillar are affected by

geological conditions and its own anti-failure performance,

which is a discontinuous mutation process with sudden,

instantaneous seismic activity and significant destruction. This

process corresponds to the sudden jump, divergence, and lag

characteristics described by catastrophe theory (Shi et al., 2020).

This theory can effectively explain artificial pillar instability, and

we used it to analyze the stability characteristics of artificial

pillars used to replace PICPs.

4.1 Mechanical model of a rock beam-
artificial pillar system

The goaf shown in Figure 5A is formed by mining in blocks

on the two sides of an artificial pillar. If the size of the coal pillars

between mining tunnels is too small, they will eventually degrade

and fail to support the roof (Cao et al., 2014); thus, we will not

consider the influence of coal pillars between mining tunnels.

According to the theory of material mechanics, it is assumed that

the floor is not deformed, and the roof is deemed to be a rock

beam of length 2l, which is always kept within its elastic range

during the forced flexural displacement process. The flexural

stiffness of the rock beam is given by EI, where E � E0/1 − μ0
2,

I � BH3/12, and B andH represent the roof width and thickness,

respectively. The un-mined coal body is considered to be rigid.

The artificial pillar is relatively narrow, and its supporting effect

per unit length on the roof is deemed to be the support force. The

gravity of the rock beam and its overlying strata is regarded as

load q, and the roof subsidence is u. The rock beam is firmly

embedded in the coal body on both sides so that the whole

structure constitutes a clamped beam. The mechanical model is

summarized in Figure 5B, which was drawn by cutting the

position in Figure 5A I-I (Qin et al., 2006; Zhang et al., 2011).

4.2 Cusp catastrophe model of the
artificial pillar

The bending displacement energy, Vs, of the rock beam,

the compressive displacement energy, Ve, of the artificial

pillar, and the energy of the bending displacement process

of the rock beam, Vp, constitute the total potential energy V

(Xia et al., 2019; Shun et al., 2021), which is expressed as

follows:

V � Vs + Ve − Vp (1)

According to the mechanical analysis presented in the

previous section, and existing research results (Zhou et al.,

2018a; Shi et al., 2020), the total potential energy equation

based on elastic mechanics theory is:

V � EI

2
∫2l

0
f″(x)2dx + k0 ∫u

0
u exp[ − ( u

u0
)

m

]du − q∫2l

0
f(x)dx

� π4EI

8l3
u2 + k0u0{u0 − (u0 + u) exp[ − ( u

u0
)

m

]} − qlu

(2)

where k0 � E′b/h is the stiffness of the artificial pillar

(E′ � E0
′/1 − μ′), u0 is the deformation at the peak strain of

the artificial pillar (u0 � hε0), and m is the index of curve

homology.

According to the static equilibrium condition, the equation of

the equilibrium surface, M, of V = 0 with u as the state variable

can be obtained by:

FIGURE 6
Equilibrium surface and control plane of the system.
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V′ � π4EIu

4l3
+ k0u exp[ − ( u

u0
)

m

] − ql � 0 (3)

At the cusp of the equilibrium surface, there is:

V″ � k0
u0

(2 − u

u0
) exp[ − ( u

u0
)

m

] � 0 (4)

According to this relation, it can be found at the cusp that

u � u1 � 2u0.

A Taylor expansion is now performed at the cusp with

respect to the state variable u1, and the third term is

intercepted to obtain:

V′ � k0u1 exp[ − ( u

u0
)

m

] − π4EI

4l3
(b − u1) − ql + {k0(1 − u1

u
) exp[ − ( u

u0
)

m

] + π4EI

4l3
}(u − u1)

+{ k0
2u0

(u1

u0
− 2) exp[ − ( u

u0
)

m

]}(u − u1)2 + { k0
6u2

0

(3 − u1

u0
) exp[ − ( u

u0
)

m

]}(u − u1)3 � 0

(5)

The state parameter x, where x � (u − u1)/u1, and the

control parameters P and Q are then introduced, where

equation M is given by:

x3 + Px + Q � 0 (6)

Among which:

P � 3
2
(k − 1) (7)

Q � 3
2
(1 + k − ξ) (8)

k � π4EI/4l3
k0 exp(−m+1

m ) �
k2
k1

(9)

ξ � ql exp(m+1
m )

k0u1
(10)

where k is the stiffness ratio, and ξ is a geometrical mechanical

parameter.

Taking the first derivative ofM, the singular value equation is

expressed as:

3x2 + P � 0 (11)

FIGURE 7
Three-dimensional numerical simulation model.

FIGURE 8
Distribution of plastic zones with different widths of artificial pillars (A) b = 13 m; (B) b = 12 m; (C) b = 14 m.
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By eliminating x in combination with Eqs 6, 11, the

bifurcation set Δ is given by:

Δ � 4P3 + 27Q2 � 0 (12)

As shown in Figure 6, when the three-dimensional coordinate

points controlled by P,Q, and x change continuously along path I, the

system is stable; at this time, Δ > 0. When the coordinate points

change continuously along path II, there is a leap from the lower lobe

to the upper lobe, and the system is mutational; at this time, Δ < 0.

When the system is in a boundary pattern, Δ = 0 (Zhou et al., 2018b;

Ma et al., 2019; Wang et al., 2021).

Substituting Eqs 7, 8 into Eq. 12, we get:

Δ � 4[3
2
(k − 1)]3 + 27[3

2
(1 + k − ξ)]2 � 0 (13)

According to this relation, ξ and k determine the stability of

the system. When k < 1, Δ < 0, the system exhibits catastrophic

instability. Therefore, the necessary condition for the

catastrophic instability of an artificial pillar is expressed by:

k � π4EI/4l3
k0 exp(−m+1

m ) �
k2
k1

< 1 (14)

According to this equation, k1 can be altered to improve the

anti-failure capability and avoid catastrophic instability by

changing the bearing capacity of the artificial pillar and

determining a reasonable width. The bearing capacity of the

artificial pillar was determined through the backfill materials

ratio tests presented in Section 3. Here, we determine a

reasonable artificial pillar width appropriate to the conditions

of the test area used in this study. According to the boundary

pattern of catastrophe, Δ = 0 and Eq. 14, the critical width of the

artificial pillar to eliminate catastrophic instability can be

obtained by:

b � π4EIh/4l3
E′ exp(−m+1

m ) (15)

In the test area used in this study, the roof thickness was

18 m, the elastic modulus of the roof rock was E0 = 20.33 GPa, the

Poisson’s ratio of the roof was 0.22, and the roof span was 76 m.

In addition, the elastic modulus E′0 of the A6 backfill materials

group was 1.15 GPa, and the Poisson’s ratio μ′ of backfill

materials was 0.35. The A6 backfill mixture ratio samples had

obvious strain softening characteristics, and their homology

index, m, was 1, and the height of the artificial pillar reached

4 m. Therefore, we calculated that the critical width of an

artificial pillar in the test area when catastrophic instability

occurred would be 13 m.

FIGURE 9
Distribution of vertical stress and plastic zones in branch roadways and the artificial pillar. (A) Vertical stress distribution of the branch roadway
and artificial pillar; (B) distribution of plastic zones of the branches and artificial pillar.

FIGURE 10
Distribution of vertical stress and plastic zones after mining block 1. (A) Vertical stress distribution after mining block 1; (B) plastic zone
distribution after mining block 1.
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5 Stope failure: Numerical simulation
and field verification

5.1 Numerical simulation analysis of stope
failure laws

The FLAC3D (version 5.0) model was set up according to the

field conditions of the test area. The model was then simplified to

a horizontal model, with X, Y, and Z dimensions of 232 m ×

40 m × 91 m, respectively (Figure 7). A 40 m coal body was set on

the boundary of the model to reduce the edge effect. The mining

length of the test area was 152 m, and the lengths of blocks 1 and

2 varied according to the width of the artificial pillar. To speed up

numerical calculations, the weight of the rock strata applied at the

height of 84 m from the top of the model to the surface had an

equivalent load of 1.77 MPa. TheMohr-coulomb failure criterion

was used in the constitutive model. According to the calculations

above, the critical width of the catastrophic instability of the

artificial pillar was 13 m, so the widths of the artificial pillars were

set to 13 m, 12 m, and 14 m for comparative analysis of the stope

failure laws.

5.1.1 Analysis of the failure characteristics of the
artificial pillars

The plastic zone of the artificial pillars after mining the blocks

is shown in Figure 8. There is still a 2 m-wide elastic zone at the

top of the artificial pillar when its width is 13 m, and the width of

the elastic zone accounts for about 15% of the width of the

artificial pillar. Although influenced by the unit division of the

FLAC3D grid, the results are close to the theoretical derivation in

Cao et al. (2014) that stipulated that catastrophic instability can

occur when the width of the elastic area of a PICP is less than 14%

of the total width of the coal pillar.

When the width of the artificial pillar is 12 m, the top is

connected by the plastic zone, and it is very likely to experience

catastrophic instability. However, when the width of the artificial

pillar is 14 m, the large area is in the elastic zone, and only two

sides of the artificial pillar experience compression-shear failure.

Thus, the numerical simulation illustrates the failure

characteristics of the artificial pillar, which verify the

theoretical analysis presented above. The analysis confirms

that an artificial pillar width of 13 m is the critical width for

catastrophic instability under the conditions of the test area.

5.1.2 Analysis of stope failure laws
When the width of the artificial pillar was set to 14 m, the

dynamic evolution process of stope deformation and failure was

simulated for three cases: (1) after artificial pillar replacement of

the PICP; (2) after the mining of block 1; and (3) after the mining

of block 2.

5.1.2.1 Stope failure laws after artificial pillar replacement

of the PICP

Figure 9 shows the distribution of the vertical stress and

plastic zones in branch roadways and an artificial pillar after

replacing the PICP. A rock mass without mining is usually in the

elastic deformation state before roadway excavation (Qian et al.,

2010). The excavation of the branch roadway and recovery pillar

then redistributes the original rock stress. The stress is mostly

concentrated in the upper and lower ends of the branch roadway,

and the maximum vertical stress reaches 6.63 MPa. The roof of

the branch roadway is damaged by tensile and shear stress, but

the overall damage of the branch roadway is small.

5.1.2.2 Stope failure laws after mining block 1

After mining block 1 (Figure 10), the immediate roof was in a

state of tensile failure in a large area of the stope, and the basic roof

plastic zone developed into an inverted funnel shape, while the

whole overlaying rock showed failure in the shape of a saddle. Under

the influence ofmining in block 1, the vertical stress concentration of

the left branch roadway increased and the maximum vertical stress

reached 9.49MPa. The roof tensile stress of the branch roadway

increased continuously. The mining of block 1 aggravated the

destruction of the coal wall and roof of the branch roadway. The

artificial pillar only produced a small range of stresses concentrated

on one side of the goaf and a small range of shear failure occurred on

the immediate upper roof of the artificial pillar. However, the

artificial pillar suffered no damage.

Measuring points were arranged along the roof from the

branch roadway on the left side of the artificial pillar to the

mining boundary of the right goaf to monitor stope roof

subsidence. As shown in Figure 11, there was only a little

movement in the roof of the branch roadway after mining in

block 1 as a result of the load from the overlying rock. After

mining block 1, the roof on the branch roadway on the left side of

the artificial pillar sank only slightly; the sinking curve of the goaf

FIGURE 11
Stope roof subsidence after mining block 1.
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roof had a single peak of parabolic shape. The maximum sinking

position was near the roof span of the goaf 118 m to the left of the

mining boundary, and the peak subsidence was 2.12 m. After the

mining of block 1, the roof gradually began to break, but the

branch roadway and artificial pillar retained good stability.

5.1.2.3 Stope failure laws after mining block 2

The stress on the stope was redistributed after mining block 2,

and an artificial pillar-boundary coal-rock cooperative supporting

system was formed (Figure 12). The stope stress was mostly

concentrated in the roof’s upper artificial pillar and the top of

the artificial pillar. The abutment pressure exerted by the overlying

rock on the artificial pillar presented a bell-shaped distribution, and

the maximum vertical stress reached 19.85MPa. A large area inside

the artificial pillar remained in the elastic state without failure. The

overlying strata failure degree of block 1 was much greater than that

of block 2, and the overlying strata failure of the stope as a whole

presented a large saddle shape.

Measuring points were arranged along the left mining

boundary to the right mining boundary to monitor the

vertical displacement of the stope roof after mining in block

2, as shown in Figure 13. After mining block 2, the stope roof

sank significantly. The maximum sinking position of the right

goaf shifted from 118 m to 102 m away from the left mining

boundary (Figure 11). The maximum sinking position was close

to the artificial pillar, and the maximum sinking distance was

3.41 m. The maximum sinking position of the left goaf appeared

in the roof of the left side branch roadway of the original artificial

pillar, 5 m away from the artificial pillar, and the maximum

subsidence was 2 m. The maximum subsidence position of the

left and right goaf was close to the artificial pillar. As the artificial

pillar limited the roof subsidence of the whole stope, the artificial

FIGURE 13
Stope roof subsidence after mining block 2.

FIGURE 12
Distribution of vertical stress and plastic zones after mining block 2. (A) Vertical stress distribution after mining block 2; (B) plastic zone
distribution after mining block 2.
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pillar bore a large load, and further compression deformation

occurred. The roof subsidence of the whole goaf was large and

gradually showed a trend toward collapse. The movement of the

overlying strata dominated after the PICP was replaced by the

artificial pillar of the new cemented backfill material, and this was

consistent with SBM. Although the stability of the artificial pillar

was affected by mining disturbance, roof breaking, and

subsidence in the goaf, its failure only started after mining

block 2 and the failure was a gradual process that significantly

contributed to the overall stability of the stope.

From the results of the simulations, we know that the damage

to the artificial pillar, the roof of the goaf, and the surrounding

rock of the stope followed similar laws, indicating that it was the

block mined later that affected the stability of the previously

formed goaf and artificial pillar, and that the stability of the stope

was greatly affected by the mining. However, a reasonable width

for the artificial pillar was effective in decreasing the damage

caused by mining.

5.2 Field engineering verification

As shown in Figure 14, the artificial pillar backfilling system

used as a test case in the coal mine consisted of systems for

weighing and transporting the dry materials, mixing them, and

conveying the slurry. The weighing system consisted of a transfer

bin and a support. The transfer bin was installed on the support,

and the weight loss of the support was determined. The main

body of the conveying system for the dry materials was a plate

chain conveyor. Its switch was connected to the weight sensors of

the support for accurate measurement and stable feeding. The

water required to be added to the slurry mixing system for slurry

preparation wasmeasured by using a tank with a controlled water

height. The slurry mixing system was an intermittent operation

two-axle forced mixer. A slurry transfer tank was arranged below

the mixer to hold the prepared backfilling slurry. The slurry

prepared by the mixing system was put into the transfer tank of

the slurry conveying system and transported to the underground

artificial pillar backfilling area at a constant speed through a

conveying pump. The slurry conveying capacity was 30–50 m3/h.

Earth pressure cells were installed during the artificial pillar

pouring process to monitor its internal stresses. These could be

FIGURE 14
Artificial pillar backfilling system.

FIGURE 15
Earth pressure cells layout.

FIGURE 16
Artificial pillar stress–mining date-change curve.
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used to determine whether instability failure of the artificial pillar

occurred. Three rows of earth pressure cells with a height of 2 m

were arranged in the middle column of the artificial pillar. The

height of each earth pressure cell was 2 m, the spacing between

each earth pressure cell was 2 m, and a total of 18 cells were

installed (No. 1-6 from left to right in Figure 15). A stress-mining

date-change curve of the artificial pillar was then drawn using the

monitoring data of the second row of earth pressure cells as it was

relatively complete (Figure 16).

Figure 16 shows that the stress of the artificial pillar increased

during the mining of block 1, and the artificial pillar did not yield

until after mining was completed.With the mining of block 2, the

stress concentration degree in the artificial pillar also rose.

Affected by the mining of block 2, the stress at the No.

6 monitoring point decreased sharply. Therefore, it can be

inferred that the artificial pillar began to yield on the side

close to block 1, but the yield range did not spread to

monitoring point 5. Thus, the yield range was within 4 m.

With further mining at block 2, the phenomenon of a sudden

stress drop also occurred at the No. 1 monitoring point,

indicating that the artificial pillar began to yield on the side

close to block 2, and the yield range in the artificial pillar was

further expanded. It can be inferred that the yield width was less

than 8 m as no sharp decline in stress occurred at monitoring

points 2-5. The artificial pillar with a width of 14 m still had an

elastic area of at least 6 m without catastrophic instability

occurring. Therefore, an artificial pillar with a width of 14 m

was reasonable for the conditions in the test area. The field

monitoring results verified the theoretical derivation and

numerical simulation results presented above.

6 Conclusion

1) This work addresses the low coal-recovery rate and the waste

of resources caused by PICPs in SBM by replacing them with

artificial cemented pillars. A coal mine test area in northern

Shaanxi Province, China, was employed to test the design and

operation of an artificial pillar replacement system for PICPs.

2) Using innovative materials ratio tests, appropriate

combinations of cemented backfill materials for

constructing artificial pillars with reliable strengths were

obtained. Their peak strength and residual strength values

reached 14.7 and 5.4 MPa, respectively. The optimum

mixture mass ratio was cement (1), fluvial sand (1.6), fly

ash (2.4), coal gangue (2), steel fiber (0.435), and water

(1.312).

3) A cusp catastrophe model of an artificial pillar was

established, and the necessary conditions for catastrophic

instability were deduced as the stiffness ratio, k < 1. The

critical width of an artificial pillar in the test area to avoid

catastrophic instability was calculated to be 13 m.

4) FLAC3D numerical simulations were used to verify the

catastrophe theory analysis. The simulation results

showed that when the width of the artificial pillar was

14 m, the failure of the pillar and stope progressed

gradually, and no sudden instability occurred. Field

monitoring results in the test area verified the

theoretical derivation and numerical simulation results,

confirming that it was feasible to replace PICPs with

cemented artificial pillars with widths of 14 m.
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