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Abstract: Paste composite filling mining (PCFM) is one of the effective ways to achieve water-
preserved mining (preservation of the waterproof strata). To investigate the laws of fracture propaga-
tion of the overlying strata in the PCFM stope, a kinematic model of overlying strata in the PCFM
was established, which identified the major determinants to the development of overlying strata
fractures. Taking the 112,201 working face of the test mine as the research background, the physical
similar simulation, numerical computation, and theoretical analysis were combined to analyze the
development characteristics of overlying strata fractures in the PCFM under the reaction between
many factors (mining height, filling ratio, burial depth). The results show that the larger the mining
height of the working face, the larger the development degree of overlying strata fractures. When
the mining height is smaller, fractures are mostly distributed on both sides of the coal wall; when
the mining height is larger, overlying strata fractures are mostly distributed on both sides of the
coal wall and the upper part of overlying strata. The larger the paste filling ratio of the working
face, the smaller the development degree of overlying strata fractures. Overlying strata fractures
are mostly distributed in overlying strata on both sides of the coal wall. When the filling ratio of
the working face increases, it is possible to effectively control the development of overlying strata
fractures. The shallower the burial depth of the working face is, the faster the fractures are developed.
With the increase of the burial depth, the development of overlying strata fractures is reduced, and
overlying strata fractures will finally tend to be a stable value. The research results provide an
important theoretical foundation for the application of the localized paste filling mining technique in
the water-preserved mining, and also complement the theories of filling mining.

Keywords: overlying strata fracture; paste composite filling; filling ratio; mining height; burial depth

1. Introduction

The edge of the Maowusu Desert in western China holds abundant coal reserves
and the precious water-bearing strata (water-bearing strata in Salawusu Formation of
coal series in Yushenfu Area Shaanxi Province) are severely polluted and lost by under-
ground coal mining, resulting in increasing conflicts between coal mining and environment
protection [1-4]. Over recent years, paste filling technique has been widely applied for all
mines, which can not only effectively control the stability of overlying strata and reduce
the development degree of fracture zone, but also migrate strata behaviors and improve
the stability of the “support-surrounding rock” system. It is one of the effective ways to
thoroughly solve water-preserved mining problems [5-9].
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Scholars at home and abroad have conducted much research on the stability of over-
burden in filling mining and the properties of filling materials. A wide range of research
works have reported the stability of overlying strata in the filling mining by domestic
scholars. Xu J.L. et al. [10] analyzed the fundamental theories of filling mining for coal
mine structures and the stability of the composite load bearing structure for the filling
mine of column structures, and applied them in the field, achieving the purposes of partial
filling mining and providing an important guarantee for green and efficient mining. To
solve strata movement and deformation, as well as surface subsidence related problems in
gangue filling mining, Zhang P.F. et al. [11] provided an analysis of movement and defor-
mation of roof strata and characteristics of overlying strata fracture distribution in filling
mining by using the combined method of physical simulation and numerical computation.
Chen S.J. et al. [12] taking the 2351 working face of paste filling mining in Daizhuang
Coal Mine as an example, studied the spatio-temporal structure model and movement
laws of overlying strata in the paste filling mining of strip coal pillar. Guo G.L. et al. [13]
investigated the laws of strata movement for depth solid filling mining. The results indicate
that filling mining can effectively control the failure of its overlying strata and propose
that improving the filling rate of coal wastes and initial density can effectively improve
the movement control effects of filling strata. Li J. [14] built the mechanical calculation
model of laminated composite beams on elastic foundations of overlying strata in the
coal waste filling mining, and represented the compactness characteristics of solid filling
materials by the coefficients of elastic foundations to deduce the bending moment and
deflection equations of overlying strata and identify the critical conditions of bedrock
failure, obtaining the number of strata and height of overlying strata failure under different
filling rate conditions. Yang G. et al. [15] applied FLAC3D software to study the roles of
filling mining in inhibiting the failure of overlying strata and reducing the surface subsi-
dence. Lv W.Y. et al. [16] built the mechanical model of overlying strata movement and
deformation in the local filling stope of steeply dipping coal seam and investigated the
laws of overlying strata migration. Helinski M. et al. [17] applied the numerical method to
build the cement characteristic model for sensitivity study, which revealed the complicated
interaction mechanisms between all properties and analyzed the laws of strata behaviors.
Russian scholars [18,19] studied the impact of a large amount of waste gangue produced
in the mining process on the environment and human activities, and examined the cost
and quality of these waste gangue as new backfilling materials. Poland scholars [20,21]
investigated and studied various backfilling methods used by modern mining enterprises,
and studied the influence of particle size, water content, and adhesion of waste gangue
on backfilling quality through experiments. The development system applied in mineral
extraction was analyzed, and a method of selecting deposit development technology and
reasonable filling mixture composition under given filling parameters was proposed. Saudi
Arabian scholars [22,23] studied the effects of cement and air-entraining doses on the
strength, fresh density, and dry density of mine backfilling materials through a uniaxial
compressive strength test. The research results showed that the air-entraining admixture
can effectively improve the strength of the backfilling material and improve its filling
fluidity. The experiment of other mine filling materials replacing cement in paste was
studied, and the influence of different content on the strength of paste filling materials
was analyzed. Canadian scholars [24,25] studied the effect of polycarboxylate ether-based
superplasticizer (PES), time, and temperature on the strength of paste filling materials
through experiments. The results showed that adding the PES can significantly improve
the strength of paste filling materials and affect the microstructure and hydraulic properties
of paste filling materials, and the yield stress and viscosity of cemented paste backfill (CPB)
increased with the increase of time and temperature. Turkey scholars [26,27] studied the
effect of the content of fine ground construction and demolition waste (CDW) on the filling
material of sulfide tailings paste through experiments, and the influence of fine ground
CDW as filling material on groundwater pollution is studied. The results showed that the
strength of CPB increased with the increase of fine ground CDW.
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As understanding the occurrence and propagation of cracks in the overlying strata is
fundamental to preserving the water-protective stratum, the associated study appears very
important for water-preserved mining. Remarkable research results have been achieved in
the movement and migration of overlying strata in the complete filling mining, roadway
filling mining, and strip filling mining. However, no deep research has been made on the
development of overlying strata fractures in the paste fillings-caving roof composite filling
mining, nor have its mechanisms been known. In this regard, the purpose of this work was
to investigate the laws of fracture propagation of the overlying strata in the paste composite
filling mining (PCFM) stope. To achieve the goal, it is necessary to solve the following
tasks: (1) overlying strata stability criterion, (2) main influencing factors of overlying strata
fracture development, and (3) development law of overlying strata fractures. In this paper,
taking the 112,201 working face of test mine as the research background, the physical similar
simulation, numerical computation, and theoretical analysis were applied to investigate
the development characteristics and evolution laws of overlying strata fractures under
the reaction between many factors (mining height, filling ratio, burial depth), based on
the analysis of determinants to the evolution of overlying strata fractures in the PCFM
stope. This study provides an important theoretical basis for determining the occurrence
conditions of mine water inrush, predicting water inrush, and formulating mine water
hazard prevention and control measures.

2. Methods

PCEFM is to support the overlying strata by the composite filling body that is formed by
paste filling body and caving roof and combined with the bulking force of loose rocks. The
traditional mine paste filling technology is a process of processing coal gangue, construction
waste, fly ash, cement, and a small amount of additives, then mixing them with water
according to a certain proportion, and making filling slurry on the ground and transporting
it to the underground goaf through ground grouting system and transportation pipeline.
The layout of the working face of PCFM is the same as that of conventional paste filling
mining. The laying and filling pipeline moves with the movement of the support. The
support adopts the filling hydraulic support and drags the filling formwork under the tail
beam of the support. The filling formwork and the overlying caving roof would achieve
composite filling mining, as shown in Figure 1. Compared with other filling methods, this
method can also effectively reduce filling costs, simplify the filling process, reduce the
dosage of filling materials, improve the filling speed, and minimize the impacts on the
production [28,29].

Curved subsidence
zone

Fracture zone

Collapse zone

\Caving roof \Pastc filling

Figure 1. Schematic diagram of PCFM.
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2.1. Engineering Background

The test mine is approximately 15.5 km in length from south to north and about
14.5 km in width from east to west. The well field covers an area of 219.8 km?. The
mine well is divided into 2 levels. The average burial depth of 112,201 working face is
277.75~387.99 m, and the elevation of coal floor is 920~980 m. The thickness of coal seam
is 3.58~8.06 m, and the average thickness is 6 m, with the thick coal seam prevailing. The
length of the working face is 300 m, and the maximum and minimum dip angles of the
coal seam are 3° and 1°, respectively, with an average dip angle of 2°. The coal seam
contains 1 layer of dirt band with a thickness of 0.10~0.56 m. The main lithologies of
the roof are siltstone and fine sandstone, followed by medium sandstone; the same of
the floor is siltstone, followed by fine sandstone and sandy mudstone, locally distributed
with medium sandstone. According to the results of rock mechanical experiment made in
the laboratory, physical and mechanical parameters of coal seams and main strata were
obtained, as shown in Table 1.

Table 1. The physical and mechanical parameters of coal seam and overlying strata.

B . Modulus of Shear . , Compression . Internal
Name ulk Density Elasticit Modulus Poisson’s Strength Cohesive Friction Angle
(kg/m®) y Ratio & Force (MPa) 8
(GPa) (GPa) (MPa) ©)
Sand 1860 0.05 0.0176 0.31 0.21 0.126 35
Laterite 1920 0.02 0.0176 0.31 0.29 0.019 26
Mudstone 2430 8.73 741 0.21 20 1.2 20
Fine sandstone 2530 4.52 2.62 0.27 42.1 2.0 32
Siltstone 2630 8.36 9.1 0.32 36.0 2.5 38
Fine sandstone 2520 4.52 2.63 0.27 32 2.0 32
Siltstone 2630 8.36 9.12 0.32 36.0 25 38
Medium
grained 2510 42 3.10 0.29 35.0 22 20
sandstone
Siltstone 2630 8.36 3.72 0.32 36.0 25 38
Fine sandstone 2520 4.52 2.63 0.27 42.1 2.0 32
Siltstone 2630 8.36 7.68 0.32 36.0 2.5 38
Medium
grained 2510 6.9 7.31 0.29 35.3 2.2 35
sandstone
Fine sandstone 2520 4.52 2.62 0.27 421 2.0 32
Siltstone 2630 8.36 10.81 0.32 36.0 25 38
272 coal 1420 1.52 0.38 0.15 12.2 1.0 37

The filling paste material is mainly composed of coal gangue, fly ash, cement, and early
strength agent. Coal gangue is used as aggregate, fly ash and cement as cementing agent
and early strength agent as paste additive. Based on the experimental results, the maximum
slump of the paste is 245 mm and the 28 days strength of the specimen is 9.99 MPa, when
the cement, fly ash, sand ratio and early strength agent content are 8%, 13%, 50% and 1.3%
respectively. The generated paste can be used for filling the goaf of the working face.

2.2. Theoretical Analysis

A mechanical model of overlying strata movement and migration in the PCFM was
built, combined with the mechanics characteristic of the filling body in the localized paste
filling mining and based on the basic hypothesis of elastic beams, as shown in Figure 2. As
shown in Figure 2, O is the coordinate origin, X is for the inclination direction of working
face, Y is for the vertical direction; P, is the load on main roof, (Pa); A1 is the subsidence of
main roof before the composite filling body reaches the strength, (m); A, is the compression
amount of caving roof,(m); Az is the compression amount of paste filling body, (m); H is
the mining height, (m); &, is the filling height, (m).
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Figure 2. Mechanical model diagram for PCFM.

According to E. Winkler’s hypothesis on foundation compaction and deformation: the
subsidence at any point on the surface of the foundation is positively associated with the
pressure per unit area at this point [30,31]:

q=kif @

Wherein: g is the pressure per unit area, (Pa);

f is the foundation settlement, (Pa);

kq is the foundation coefficient.

The analysis combined with the mechanical model diagram in Figure 3 finds that the
subsidence value Z of main roof, load P, and counterforce of composite filling body meet
the mechanics equation:

4
EI%—I—k(Z—Al):PZ )

Wherein: E is the elastic modulus of main roof, (Pa);

I is the moment of inertia of main roof (m*);

z is the deflection curve of main roof;

k is the foundation coefficient of composited filling body.

Figure 3. Monitoring equipment. (a) Optical total station, (b) high-speed camera.

Given B = y/ %, it can be deduced that main roof rock beams in the mined-out area
under PCFM conditions apply to the subsidence curve equation:

y = eﬁx(cl cos Bx + co sin fx) + e_ﬁx(c3 cos Bx + cysin Bx) + A + I;{Z 3)

Wherein: ¢y, ¢y, c3, ¢4 are the constant.
As shown in Figure 3, the models on both sides of the coordinate axis were symmetric,
and the part x < 0 was analyzed. The model is the mechanical model of local elastic
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foundation beams, so x cannot be infinitely large. In other words, if x is infinitely large,
eP* = 0. Thus, its analytical solution is obtained from:
Pz

z = eP* (c1 cos Bx + cp sin Bx) + Aq + 4)

According to the boundary conditions of the model: Z—i 0= 0, z|y—g = Zmax, by
e

substituting them into the Equation (4), we can get c; = ¢3. The subsidence curve equation
of main roof rock beams is as follows:
P
z = Zmax€P*(cos Bx + sin Bx) + Ay + f (5)
Through the analysis of the overlying strata stability in the paste filling mining, the
major determinants to the overlying strata stability in the PCFM are: the subsidence of main
roof Ay, compression amount of caving roof A, compression amount of paste filling body
Az. The maximum subsidence of main roof applies to the constituent relation formula:

Zmax = A1 + AZ + A3 (6)

Due to the elasticity, the paste filling body will be compressed and deformed by dual
actions of gravity of the caving immediate roof and subsequent roof pressure [9,32,33]. The
amount of compression of paste filling body can be obtained by:

AthCXS (7)

Wherein: ¢ is the compressive modulus of paste filling body.

The breakage of caving roof leads to volume expansion, so the piling height of caving
coal wastes on the immediate roof is more than the original height of immediate roof. The
falling mass is gradually compacted under the dead weight and the pressure of overlying
strata and the bulking coefficient of rocks is reduced, so that failing rocks are compacted
and deformed [34-36]. The amount of compression for the falling immediate roof can be
expressed by:

A3 = (H—he) —h(k, —1) ®)

Wherein: / is the collapse height of immediate roof, m;
ky the residual dilatancy coefficient of caving immediate roof.
We get the expression of the maximum subsidence value for main roof:

Zmax:A1+H+hc(€_1)_h(kﬁ7—1) (9)

The difference between the height after the remaining immediate roof bulking is
broken and the thickness of complete strata before the immediate roof does not fall can be
approximately equivalent to the amount of compression and deformation of caving strata
height (A;). We can get the following relation formula:

kpy—1=A, (10)

Following the compression experiment made on broken immediate roof rocks, the
compaction curve of broken immediate roof rocks is obtained. The research results show
there are non-linear relations between the deformation amount A and compacting force ¢
in the course of rock compaction.

o= e (11)

Wherein: #1 and b; represent the proportionality coefficient of compaction curve of
broken immediate roof rocks, representatively.
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After the logarithm operation, we can get:
1 o
v =g () 12
The compacting force can be seen as the load on the main roof overlying strata, that is:
1 Yh )
ky—1=—In( — 13
b by ( a1 (19
Wherein: v is the bulk density, N/m?.
We get the expression of the maximum subsidence value for main roof:
1 h
Zonax —A1+H+hc(s—1)—h1n<7> (14)
by \m
The solution is:
1 h P
z= {Al +H+h(e—1)— hb— ln(Z)}eﬁx(cosﬁx +sinfx) + A + f (15)
1 1

As such, after the analysis and computation of the model on the part x > 0, we can
get:

zZ= [Al +H+h(e—1)— h% ln(zlﬂe_ﬂx(cos Bx +sin fx) + A1 + % (16)

Only when the mined-out area is fully compacted with composite filling body, the

main roof strata can be stabilized and not be destroyed. For the main roof of different

lithologies, the allowable maximum subsidence is different. The defined maximum subsi-

dence corresponds to the only allowable maximum subsidence value. It is assumed that

the allowable maximum subsidence value corresponding to the main roof is Mmax, the
following formula can be used to judge the stability of overlying strata:

Zmax S Mmax

The solution is:

A1 < Mmax — H —he(e—1) +h11n(7h> (17)
by \m
As shown in the Equation (17), because b;. and ¢ are constants, the major determinants
causing the instability of overlying strata in the PCFM include the mining height, burial
depth and filling ratio.

2.3. Physical Similarity Simulation Experiment
2.3.1. Model Establishment

This experiment took the geological conditions of the 112,208 working face of test coal
mine as the research background, and used the two-dimensional similar simulation experi-
mental frame to simulate the distribution characteristics of advance bearing pressure of coal
wall, movement and deformation of roof rock stratum and the development law of overbur-
den fractures in the process of advancing the working face. The length was selected accord-
ing to the purpose of the experiment x wide x high = 3000 mm x 200 mm x 1800 mm.
According to the size of the physical similarity simulation experiment frame, the geometric
similarity constant was determined to be C = 150, and other similarity constants were
selected according to the three similarity theorems and similarity criteria (see Table 2).
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Table 2. Model similarity constants.

Geometric Similarity Constant 150
Model size 3000 mm x 200 mm x 1800 mm
Bulk density similarity constant 1.6
Stress similarity constant 240
Time similarity constant V240

By analyzing the geological data of the working face 112,208 and the occurrence
characteristics of coal strata, combined with the characteristics of similar materials, coal
ash is selected as the main simulation material of coal seams, river sand, gypsum, and
white powder are selected as the main aggregates of rock strata, and mica powder is used
as the layered material to simulate the primary fractures between different rock strata.
The proportion of similar materials is determined through calculation. Table 3 shows the
proportion of similar materials.

Table 3. Proportion of physically similar simulated materials (1:150).

. Model . Consumption of Each Material (kg/cm)
Name Formation Thickness Matching Biz Whi
Thickness (m) (cm) Number River Sand Plaster 1g White Fly Ash
cm Powder

Laterite 20 13.3 673 8.23 0.96 0.41

Mudstone 22 14.7 928 8.53 0.32 0.75

Fine sandstone 9 6 746 8.40 0.48 0.72

Siltstone 9 6 728 8.40 0.24 0.96

Fine sandstone 16 10.7 746 8.40 0.48 0.72

Siltstone 9 6 728 8.40 0.24 0.96

Medium grained 36 24 737 8.40 0.36 0.84
sandstone

Siltstone 8 53 728 8.40 0.24 0.96

Fine sandstone 10 6.7 746 8.40 0.48 0.72

Siltstone 15 10 728 8.40 0.24 0.96

Medium grained 25 16.7 737 8.40 0.36 0.84
sandstone

Fine sandstone 10 6.7 746 8.40 0.48 0.72

Siltstone 2 1.3 728 8.40 0.24 0.96

20:1:5:20
2-2 coal 6 4 (Fly ash) 6.78 0.34 1.7 6.78

According to Table 3, the corresponding quality of experimental materials was weighed,
and the materials were fully mixed by manual mixing. After mixing, ingredients were
filled immediately before conducting joint prefabrication for the simulated rock stratum
after manual leveling and compaction, and finally, mica powder was sprinkled on the rock
stratum surface to realize the stratification between the rock strata, directly top to the sub
key layer, the filling thickness of the rock stratum was 1 cm each time, and the paving
thickness of the remaining rock stratum was 1.5 cm each time. After the model was laid, it
was placed for one week, then the channel steel outside the model was removed and the
model was placed for 14 days to facilitate the rapid increase of model strength.

2.3.2. Experimental Monitoring Scheme and Equipment

The simulated stratum thickness was 253 m in total. The soil layer near the surface
was replaced by an equivalent load. Twelve displacement measuring lines were arranged
on the front of the model. The displacement value of the top measuring line during
coal seam excavation was recorded by pentaxr-400nx total station, and the distribution
characteristics and forms of transverse and longitudinal fractures of overburden during
the whole experiment were recorded by high-speed camera. The experimental monitoring
equipment is shown in Figure 3.
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The specific survey line layout position is: 12 survey lines were arranged above the
roof of 2-2 coal seam, and survey line A was arranged 1.5 cm above the roof of coal seam;
6 cm layout of survey line B; 10 cm survey line C; 24 cm layout survey line D; 45 cm layout
survey line E; 50 cm layout survey line F; 60 cm layout survey line G; 72 cm survey line H;
80 cm layout survey line I; 90 cm layout survey line J. Among them, survey lines A and
B were arranged at the lower and upper part of the basic top, survey lines C and D were
arranged at the lower and upper part of the sub key layer respectively, and survey line G
was arranged at the main key layer, as shown in Figure 4.

[ 30em | 240 cm l 30cm l

Figure 4. Layout of physical model displacement measuring line.

A total of 29 measuring points were arranged for each measuring line, corresponding
to A1~A29 to L1~L29, and the horizontal spacing of measuring points was 10 cm. The total
station was used to observe the displacement of measuring points during excavation.

2.4. Computer Numerical Simulation Experiment

UDECS6.0 numerical simulation software was used to establish the numerical model
under different mining height, filling ratio and burial depth conditions to analyze the
development process of overlying strata fractures during the advance of the working
face. Origin software was used to fit the maximum development height of fractures under
different mining conditions to obtain the function with respect to the development height
of fractures under different mining heights, filling ratio, and burial depth conditions.

2.4.1. Model Establishment

In order to analyze the development characteristics of overlying strata fractures in the
localized PCFM under different mining heights, filling ratio, and burial depth conditions,
the geological conditions of 112,201 working face of the test mine was taken and based on
the mechanical parameters of coal and rock mass in the working face, the control variate
method was used to build the numerical computation model as shown in Figure 5. The
development laws of overlying strata fractures were investigated by using mining height,
filling ratio, and burial depth as the determinants.

2.4.2. Boundary Conditions and Model Excavation

The bottom, left and right boundaries of the model were fixed to limit the boundary
movement. In the research of the PCFM, vertical and downward stress at 1.25 MPa, 2.5 MPa
and 3.75 MPa were applied on the surface of the model to stimulate the burial depth of
300 m, 350 m and 400 m, respectively. The constitutive model of coal and rock mass selected
the Mohr-Coulomb model, and the corresponding joint fracture model was also the Mohr—
Coulomb model [37]. A 100 m coal pillar was left on either side of the model separately
to reduce the boundary effects caused by the excavation of the model. The working face
was filled while it was being mined, and the overall excavation distance of the model was
300 m, with an excavation of 5 m per time.
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Figure 5. The numerical computation model.

3. Results and Discussion
3.1. Physical Similarity Simulation Experiment Results

Figure 6 illustrates the physical similarity simulation experiment for the development
characteristics of overlying strata fractures in the PCFM and caving mining. It can be
seen from Figure 7 that for the caving mining, as the roof strata are stable, overlying
strata fractures are barely developed longitudinally at the early stage of working face
advance. When the working face was advanced to 40 m, transverse fractures occurred
on the immediate roof, which is in the rapid fracture rise area when it is at the middle
stage of working face advance (working face advance within 120-200 m). In this area, the
height of overlying strata fractures increases in a linear manner. At the end of the working
face advance, as the upper overlying strata in the mined-out area are fully disturbed, the
lower overlying strata fractures are gradually compacted to form a closure. This makes
the upper overlying strata fractures slowly developed and their height tends to be of a
stable value. After the whole working face was completed, the development height of
longitudinal overlying strata fractures was 152 m. Under the conditions of 2/3 filling
mining, the curve pattern of fracture development height was similar to that of caving
mining, showing an apparent fracture development at the early stage of advance, rapid
fracture expansion stage, and slow rise and stabilization stage. However, different from
the caving mining, the working face had a lower fracture development height, and the
location where the fracture reached the maximum height is close to the open-off cut. When
the working face was advanced to 51 m, the fracture height of the separation layer was
4 m. When the working face was advanced to 147 m, the height of the overlying strata
fracture drastically increased to 40 m. Further, in the case of the advance from 147 m to
220 m, the height of overlying strata fracture slowly increased from 40 m to 41.5 m. Under
the conditions of 2/3 filling mining, overlying strata fractures can only penetrate through
the sub-key stratum to form the dominant longitudinal fracture in the mined-out side.
From the above analysis, it can be seen that due to the addition of fillings in the mined-out
area, a new “support-surround rock-composite filling body” dynamic working space was
formed in the filling stope where the morphology of overlying strata development has new
characteristics and fracture height is significantly reduced [38—40].
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Figure 6. Development characteristics of overlying strata fractures. (a) PCFM; (b) Caving mining.
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Figure 7. Overlying strata fracture development height. (a) PCFM; (b) Caving mining.

3.2. Computer Numerical Simulation Results
3.2.1. Development Characteristics of Overlying Strata Fractures under Different Mining
Height Conditions

To analyze the effects of the mining height of working face on the development of
overlying strata fractures during the PCFM, numerical simulation analysis was made by
changing the mining height. The results were reported in Figure 8. From this Figure 6,
we can see that the fracture evolution has similar characteristics during the advance of
working face under different mining height conditions (4 m, 5 m, 6 m, 7 m, 8 m), and the
distribution of overlying strata fractures is extended and expanded forward and upward as
the working face is advanced. The fracture evolution process can be divided into 3 stages.
Stage I is the occurrence of fractures, Stage 1l is the expansion of fractures, and Stage I1I
represents the compaction of fractures. Before the main roof is initially broken, the roof
fractures are mainly transverse separation fractures. During the advance of the working
face, the subsidence occurs in the separation roof, with partially longitudinal fractures in
the middle of the roof. After the main roof is initially broken, a separation layer occurs in
the overlying strata, and a large number of fractures that are evenly distributed are formed
above the coal wall on both sides of the mined-out area. At the middle stage of working
face mining, the periodic failure occurs in the main roof, and the overlying strata fractures
continue to be expanded upward, with the separation fracture always higher than the
longitudinal fracture. At the end stage, the fractures in the middle of overlying strata were
compacted to form a closure, which are mainly located on both sides of the mined-out area.



Minerals 2022, 12, 654

12 0of 19

wwwwww I T T T YOO N S

L

I

I N D
[T T T TTTTT

L TTTTT

[T TTTT
T

! \\lllll‘l\\\\\\\\\\\\\\\

T TTTTT
I - : LT 1

S N A

I
T 1

T

LI

L
ITITIT 1T

T T TTIT

- I = L:]JJJ¢<|H>

T
TIITTITTIJII1]T = o .

[IIIT
L_ ?-""'-"' TTITITITTTTIIITTTIITITIITITTT
[TITTITITT] TTTTTTTTTTITTITTITTITITITTITTITT
T llllllllIlllllll LI LTI e T LT T T T
1 [TTTIITTITTITITIITTT]
LTI

[ITITITT1]
L L1 .-.==.-.=--

.--------....

EEEENENE NN NN NN NN NN

L1 11
-
T

I
CTTTTTTTT

e
TTTTTTTT
T i

LI e e e

[TIT111]
T 11

(d)

LI
L T T

R s e
TITTT Jrr [T l-lﬁl
iy S L

Figure 8. Development characteristics of overlying strata fractures under different mining height
conditions. (a) Mining Height 4 m; (b) Mining Height 5 m; (c) Mining Height 6 m; (d) Mining Height
7 m; (e) Mining Height 8 m.

Figure 9 shows the fit curve of the development height of overlying strata fractures
under different mining height conditions. It can be seen from Figure 9 that the development
height of overlying strata fractures increases linearly as the mining height of working face
increases. When the mining height of coal seams is smaller, the unfilled space is narrow,
but its volume will be enlarged after the roof is broken, with the whole mined-out area
being filled with broken coal wastes. This enables a small scope of caving zone formed
above the roof after the coal seam is mined to better support the overlying strata, so that
the movement scope of overlying strata will be reduced and the development height of
fractures will be lowered accordingly. When the mining height of coal seams increases, the
unfilled space is larger. The whole mined-out area will not be filled with falling roof, and
thus the height of the caving zone increases, so that the height of overlying strata fractures
also increases accordingly, and the fractures are mainly distributed on both sides of the coal
wall and the upper part of overlying strata.
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Figure 9. The fit curve of the development height of overlying strata fractures under different mining
height conditions.

3.2.2. Development Characteristics of Overlying Strata Fractures under Different Filling
Ratio Conditions

Figure 10 illustrates the development characteristics of overlying strata fractures under
different filling ratio conditions (0,1/5,1/3,1/2,2/3,3/4, 1). In Figure 10, the development
process of overlying strata fractures is similar under different filling ratio conditions, and
the fractures are mainly distributed in both sides of coal wall and within overlying strata.
When the filling ratio is larger, the development height and distribution range of overlying
strata fractures are smaller. As the working face was advanced, overlying strata slowly
subsided, separation fractures were generally developed, and few longitudinal fractures
were formed in the bending and subsidence of strata. After the overall working face was
completed, the roof had a smaller scope of breakage and failure, and overlying strata
fractures were mainly distributed in overlying strata on both sides of the coal wall to form
the dominant water-flowing fractures with the horizontal fractures substantially being
compacted and closed. When the filling ratio reaches 100%, the bending and subsidence
occurred at 2~6 m above the roof of the mined-out area, fine longitudinal fractures were
generated on rock beams but not formed into penetrating fractures.

According to Figure 11, as the paste filling ratio of working face increases, the de-
velopment height of overlying strata fractures is generally reduced. The development
height curve of the fractures is divided into 3 stages. Stage I is the slow reduction area of
the fracture height. At this stage, when the filling ratio is smaller than 1/3, the height of
the overlying strata fractures is slowly reduced, and the degree of reduction is small and
21.4%. Stage Il is the rapid reduction area of the fracture height. When the filling ratio
of the working face is 1/3~3/4, the development height of the overlying strata fractures
is quickly reduced, and the degree of reduction increases to 65.2%. Stage III is the slow
reduction area of the fractures. At this stage, the degree of reduction of the fracture height
is 13.4%. Theoretically, when the filling ratio reaches 100%, fewer fractures will occur in the
overlying strata. However, in the actual production, the filling ratio of the working face
cannot reach 100% due to the limitation of various reasons. The above analysis indicates
that when the filling ratio is 1/3~3/4, the development of the overlying strata fractures is
better controlled and the economic rationality is also better.



Minerals 2022, 12, 654 14 of 19

I T T T I T T T I LT T LT L L L LT I T LTI T T T T I T T T T I T T T T 1T

\HHHHH\HHHHHHHHHHHHHHHHHHH\HHHHHHHH
T TIT L L L I S

L L L L L
T T [IITITT TTITITTIT

(c)
B e e R S R RS
\ I ‘\‘\‘\‘\‘\I\‘\‘\‘\‘\‘I‘ IT \I\‘\‘\‘\‘\‘I’\‘\‘\‘;\_{ﬂ T T T I T T T I I TITITITTITITTTITTITT

-
] 1 [TTTT O

TTITTTTTT
e
I

P
:

T

T
T

vayn\vw!\
LI

5
e e e e
T T T T
T T T T T IO LT
T T T
T t i
T T
T T

T e

T T T
T T T T
T T T T
T T T .

T

T
T

T
T

LT e
l‘\
:

T

HHH e HIT
L D P
| ‘\‘\‘\‘I‘\‘\‘\‘\‘\‘{II‘\‘\‘\‘\‘\lll\‘\‘\‘\‘\‘II}‘\‘\‘\‘\‘ [TT
[T '\’\I\III}‘\‘\‘\‘\‘]II[\[\‘ \‘\‘III‘\‘\ T V [TTTTTT

T T O O LT

r LA L L LT
f HHHHT I
T T T TIITrTT
T T T

T
T
t
T
T

s O

(e) (f)

1 O O

T T T T T T T T T T T T T T T T T T T T T T TI T T T T TITTI T IITTITT
T T T I T T T T T T T I T T T T T T T I T T T T I TTTTIITTTITITITIIITITITTITT
|IIIII[lI[I[IllI[IIIlIlllll!IIIIIIIII][]IH[[]I[IIII|Il|

R | O D | o
IIIIII|IIIIIIII[l]lI[l]lllllllllllllllllll
{ 96 8 28 5 Y s o D 5 1 O 6 [ D P I A S B Y o
| N N I

I]l[lI]I]lIlI]lI[I[]Ill[l[]Ill[l[][ll[[l[ll[][]lll
m LTI T T T I I T T LI LY

T
o ITT
T I 451 24 i N 0O B8 B4 BV B4 B2
TITTTTITIITT 1111111111””“” IIIJII‘IIIIJIIIII [11 lenlnlllnlxxnlxljlnl TLLTTTTTT

[1TITTT
IIII]HIIIIII]HI]II[II][I]IIIIII[I]II
i ) ] 6 ) 6 6 6 B
[TTITI] [TITITTITI | ) O TITTTI

IlIIIII[II[[I[lIlI
TITIITITTITITITIIT

(®)
Figure 10. The development characteristics of overlying strata fractures under different filling ratio
conditions. (a) Un-filling; (b) Filling 1/5; (c) Filling 1/3; (d) Filling 1/2; (e) Filling 2/3; (f) Filling 3/4;
(g) Filling 100%.
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Figure 11. The fit curve of the development height of overlying strata fractures under different filling
ratio conditions.

3.2.3. Development Characteristics of Overlying Strata Fractures under Different Burial
Depth Conditions

Figure 12 displays the development characteristics of the overlying strata fractures
in different burial depth conditions (200 m, 250 m, 300 m, 350 m, 400 m). It can be seen
from Figure 12 that the development laws of overlying strata fractures are similar in the
working face under different burial depth conditions. As the working face is advanced,
the overlying strata are first developed with the horizontal separation fractures and then
vertical fractures prevailing. The shallower the burial depth is, the faster the fractures are
developed to the maximum height. As the burial depth increases, the development of the
overlying strata fractures to the maximum height gradually slows down.

As shown in Figure 13, as the burial depth of working face increases, the overlying
strata fractures are increasingly developed. When the burial depth of working face is
shallower, the rocks within the caving zone are applied with small overlying strata pressure,
and the degree of compaction on the caving roof is lower, together with the small separation
interval, leading to the small development height of overlying strata fractures. When the
burial depth of coal seams in the working face is larger, the overlying strata are applied
with a large pressure, and the degree of compaction on the caving roof is higher, leading to
large fractures within the caving zone and leaving a large movement space for the overlying
strata. This provides the large development height and scope of overlying strata fractures.
The height of overlying strata fractures will not infinitely increase with the increase of
the burial depth of the working face, because the space resulting from the PCFM and
the compressibility of caving rocks are fixed values. Therefore, as the burial depth of the
working face continues to increase, the overlying strata fractures will gradually tend to be
a stable value.
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Figure 12. The development characteristics of overlying strata fractures under different buried depth
conditions. (a) Buried depth 200 m; (b) Buried depth 250 m; (c) Buried depth 300 m; (d) Buried depth
350 m; (e) Buried depth 400 m.
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Figure 13. The fit curve of the development height of overlying strata fractures under different buried
depth conditions.

4. Conclusions

(1) By analyzing the stress characteristics of the filling body during the PCEM, the
mechanical model of the roof movement is established. Through the analysis of the
overburden stability, it is determined that the mining height, filling ratio and buried depth
of the working face are the main influencing factors.

(2) By analyzing the experimental results of unfilled mining and filling 2/3 mining
through physical similarity simulation experiments, it can be seen that the fracture de-
velopment processes are similar, which include four stages: fracture initiation—rapid
expansion—slow extension—compaction and closure. When the caving method is used to
mine the coal seam, the maximum development height of overburden fracture after the
mining of the working face is 150.5 m. Compared with the caving method when the filling
ratio of the working face is 2/3, the maximum height of overburden fracture is 40 m. The
PCFM can effectively reduce the overburden collapse height and fracture development
height.

(3) Through the UDEC numerical simulation, the influence characteristics of mining
height, filling ratio, and buried depth on the development of overburden fractures in PCFM
are studied. The research results show that mining height, filling ratio, and buried depth
have a great influence on overburden fractures. With the increase of mining height, the
fracture height of the overburden increases linearly with the mining height. When the
mining heights of the coal seam are 4 m and 5 m, the fractures are mainly distributed on
both sides of the coal wall; when the mining heights of the coal seam are 6 m, 7 m and 8 m,
the overburden fractures are mainly distributed on both sides of the coal wall and the upper
part of the overburden; when the filling ratios are 1/2,2/3, 3/4 and 100%, the development
height (64.4 m, 47.6 m, 21 m and 5 m) and distribution range of overburden fractures
are small. With the increase in the filling ratio of the working face, the fracture height of
overburden decreases. The shallower the buried depth is, the faster the crack develops to
the maximum height. With the increase of buried depth, the range of overburden fracture
zone is also expanding.

(4) For a specific mine under the conditions of certain mining height, buried depth and
filling ratio, the development height of the overburden fracture can be determined through
a physical similarity simulation experiment, numerical simulation experiment, and field
measurement to judge whether the height of overburden fracture reaches the height of
overburden water resisting layer. This study provides an important theoretical basis for



Minerals 2022, 12, 654 18 of 19

examining the conditions for water burst occurrence and water burst prediction during the
mining and for developing countermeasures for mine water disaster prevention.
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