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ARTICLE INFO ABSTRACT

In order to investigate top-coal drawing regularity and automated top-coal caving technology in extra-thick coal
seams, an approach coupling the particle element and the block element is presented based on the continuum-
discontinuum element method (CDEM). Then, the constitutive model of hydraulic support is introduced into the
CDEM to simulate the top-coal drawing process. Meanwhile, the Bergmark—-Roos model for coal drawing of
single support is extended into the collaborative coal drawing of multiple supports to optimize the automated
top-coal caving technology. Finally, CDEM models of hydraulic support, armored face conveyer and coal-rock
strata are established according to the field conditions of the “Tongxin Coal Mine”. Then, the top-coal drawing
mechanism is analyzed, and an automated top-coal caving technology is proposed. The results show that under
the interaction between hydraulic support and surrounding rocks, the final drawing body of initial top-coal
drawing appears as an irregular, deflected ellipsoid shape. During different support-moving cycles, the coal-rock
structure affects the coal drawing amount and support resistance. A statistical comparison of the coal-rock
drawing amount based on 100 drawing openings indicates that the standard deviation of the coal drawing
amount in automated, one-round coal caving is 1.83 m? less than that in traditional coal caving (8.23 m?), and
the coal drawing amount from each drawing window is more uniform. For multi-round coal caving techniques,
the average recovery rate remains at 79.4% and the rock mixed rate is less than 1%. Based on a comparison of
several coal caving techniques, automated four-round coal caving technology is the optimal technology, in
which the change rate of the standard deviation of the coal drawing amount as well as the top-coal recovery rate
are both largest.
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1. Introduction drawing opening is closed), which is necessary to artificially control the

drawing opening, and thus, worker operations are heavy and complex.

In China, the reserve and production of thick seam coals accounts
for 45% of underground coal resources and production, and the long-
wall top-coal caving technique (LTCC) is one of the major mining
methods used to extract thick coal seams.' The technique was first
applied in the 1940s in Russia and subsequently used in France, former
Yugoslavia, Hungary, Romania, former Czechoslovakia, Turkey and
India.*> The LTCC technique has been used in industrial trials and
applications in China for more than 30 years, which has gradually en-
tered a mature stage of independent research and innovation.® How-
ever, the coal drawing termination condition of the traditional top-coal
caving technique is “rocks appear, close the opening” (the coal drawing
process is allowed to continue until all broken top-coal is recovered and
waste rock appears, and then, the tail canopies are lowered and the
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Currently, top-coal caving mining has begun to develop toward in-
telligent mining and an automated top-coal caving control system was
developed, which realizes automatic mining of the fully mechanized
top-coal caving mining face.” ' The drawing opening of automated
top-coal caving technology is controlled by automated equipment with
time as a variable, and the operation is simple and orderly. However,
for different coal caving technologies, the difference in the coal drawing
amount from each drawing opening affects the transport efficiency of
the scraper conveyer. Moreover, the rock mixed rate and top-coal re-
covery rate also greatly impact the economic benefits of coal mining.
Therefore, the investigation of automated top-coal drawing in thick
coal seams has important guiding for the development of automated
top-coal caving mining.
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Regarding the theory of top-coal drawing, Chinese scholars used the
ore-drawing ellipsoidal theory in the early stages and put forward the
theory of the coal drawing ellipsoid.''*® Because China adopted sup-
port with a lower opening at the rear for top-coal drawing after 2000,
many scholars have also proposed the loose medium flow field theory,
and then, a BBR research system for top-coal caving mining was de-
veloped.'*™'” With the development of computer technology, numerical
simulation has become an effective means to study the caving me-
chanism. Yasitli analyzed the top-coal caving mechanism at the
Omerler Underground Mine using the finite difference code FLAC®P."
Using PFC,?P Xie proved that arch structures can actually be formed
during the top-coal caving process under gravity conditions, and vi-
bration can easily destroy the arch structure.> Wang studied the top-
coal drawing body with PFC®P and determined that the 3D drawing
body resembles an ellipsoid. Due to the impact of support, the ap-
proximate ellipsoid is incomplete.'® Yang studied the effects of the
upward angle on the drawing mechanism in longwall top-coal caving
mining with PFC®P, and the shape of the top-coal terminated boundary
becomes steeper with an increasing upward angle.” Moreover, a mine-
scale analysis of Longwall Top Coal Caving (LTCC) was performed by
COSFLOW, and various LTCC parameters were evaluated for a mine.'?
The 2D and 3D numerical models were used to improve the under-
standing of the caving mechanics, and a new cavability assessment
criterion for Longwall Top Coal Caving was also developed, which is
included the Top Coal Recovery and (TCR) and the Main Caving Dis-
tance (MCD).%°

Due to the complexity of the top-coal caving mining process in
extra-thick coal seams, observations are difficult, and limited data is
obtained in the field. Moreover, laboratory experiments can only be
used to study the top-coal drawing process under a simplified boundary
of the stope. In the existing simulation methods, FLAC3D and
COSFLOW can accurately calculate the stress of the intact coal-rock
mass but cannot well simulate the fracturing and crushing processes of
the coal-rock mass. PFC does not fully consider the effect of intact coal-
rock mass on the coal drawing process, and the PFC rigid wall does not
truly reflect the interaction between hydraulic support and surrounding
rocks. The continuum-discontinuum element method (CDEM) couples
the finite element method and the discrete element method, which
conducts finite element calculation in the continuous domain and
conducts discrete element calculation in the discontinuous domain.
Currently, CDEM has been applied in various fields of civil and geo-
technical engineering. The simulation results agree well with those of
experiment, theoretical analysis and site monitoring. It indicates that
based on CDEM, not only the deformation and motion characteristics of
the material can be simulated, but also the progressive failure process of
the material from the continuous state to the discontinuous state can be
well studied.”’*” Although the automated top-coal caving in extra-
thick coal seams is a complex three-dimensional space and time evo-
lution process including coal mining and overburden collapse, based on
the continuum-discontinuum element method (CDEM), the interaction
between hydraulic support and surrounding rocks can be considered
through the coupled calculation of particle element and block element.
Moreover, the crushing and drawing processes of top-coal can be si-
mulated using a particle element with an initial strength. In addition,
the rock mixed rate, top-coal recovery rate and difference in the coal
drawing amount can also be statistically analyzed. However, research
regarding the theory and technology of automated top-coal caving in
extra-thick coal seams using CDEM has not been reported in the lit-
erature.

In July 2016, automated, fully mechanized mining equipment was
installed for automated coal mining trials in the Tongxin Coal Mine,
with per panel production of more than 10 million tons. Considering
the Tongxin Coal Mine with an engineering background, in this paper,
brief details of the coupled calculation approach of particle and block
elements based on CDEM are presented and verified, and then, the
numerical and constitutive models of hydraulic support are established.
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Meanwhile, the Bergmark-Roos theory is introduced to optimize the
automated coal caving technology. The variation regularity of top-coal
drawing under the interaction between hydraulic support and sur-
rounding rocks is summarized, and decisive parameters influencing
automated top-coal caving technology are optimized through a statis-
tical comparison of the coal-rock drawing amount based on 100
drawing openings. Further, automated top-coal caving technology is
proposed through consideration of the rock mixed rate, top-coal re-
covery rate and the standard deviation of coal drawing amount. Finally,
the method of determining automated coal drawing time combining
with simulation and in-site test is discussed.

2. Theories of CDEM and top-coal drawing
2.1. Coupled approach of particle and block elements

Top-coal caving mining involves the processes of intact top-coal
fracturing, crushing and drawing. The particle element with an initial
strength can well simulate the processes of top-coal breaking and
moving. The block element can accurately analyze the force and de-
formation of the load rock strata and hydraulic support. The CDEM is
well suited for performing numerical analyses on the coal-rock accu-
mulated state, top-coal drawing process and coal drawing technology.
The block, particle and mutual coupling calculation approach of CDEM
are presented as follows.

The calculation method is a time-stepping, explicit scheme. CDEM
can be used to model static or dynamic problems through dynamic
equations of motion:

mi+cu+F+F+FE=0 (€8]

where u is the node displacement, m is the nodal mass, ii is the node
acceleration, c is the damping force coefficient, u is the node speed, F; is
the node deformation force, and F, is the node external force.

The incremental method is used to calculate the stress and de-
formation of the block element:

A = BrAu
Ac; = D-A,
ol =a? + Ag;
N
= Eizl BiT'cin'wi']i )

where i is the element Gaussian point, A{ is the incremental strain
vector, B; is the strain matrix, Au is the node incremental displacement
vector, Acg; is the incremental stress vector, D is the element elastic
matrix, o7 is the total stress at the current step, o? is the total stress at
the previous step, F; is the node force vector, N is the number of
Gaussian points, w; is the integral coefficient, and J; is the Jacobian
determinant value.

To enable the particle element to characterize the properties of the
continuous medium, the linked bar model is used to simulate the top-
coal caving process from the intact state to the crushed state.””-*® As
indicated in Fig. 1, the linked bar model is similar to the beam element
of the finite element method, which is used to transfer the force and
moment between two particles in contact. The linked bar model has a

Linked bar

Fig. 1. The linked bar model.
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Fig. 2. The Calibration of CDEM: (a) the numerical models; (b) the current work; (c) the simulation results in the reference; and (d) the experimental results in the

reference.

certain size and shape, which is a rectangle. One side of the rectangle is
the sum of the radius of the two contacting particles, while the other
side is the diameter of the smaller particle. The contact between the
particles is a face contact, and the equivalent contact area A, is the
cross-sectional area of the smaller particles.

The formula for calculating the contact force between particles is as
follows:

E,(t + At) = F,(t) — K,Au,
F(t + At) = K(t) — KsAu 3

where Au, and Au, are the normal displacement increment and tan-
gential displacement increment between the contact particles, respec-
tively.

The formula for calculating the moment between particles is as
follows:

M, (t + At) = M, (t) — KJAB, /A,
M;(t + At) = M;(t) — K,IA6/A, (O))

where M, and M; are the torque and bending moment between parti-
cles, respectively; I and J are the moment of inertia and polar moment
of inertia between contact particles, respectively; and A8, and A6, are
the incremental difference in the twist and bending angle between the

particles, respectively.

J=7n[R + R)*/32
I1=17J/2

A. = min(2R,, 2R,)
K,=EA.(R + R)
K,=GA. (R + R)

where R, and R, are the contact particle radius; K, and K; are the
normal and tangential stiffnesses of the contact particles, respectively;
and E and G are the average elastic modulus and shear modulus, re-
spectively.

According to the Mohr-Coulomb criterion and maximum tensile
stress criterion, the contact forces of equations (3) and (4) are modified
(Normal force is positive with pressure).

If—F, > TA., thenF,=FE=0,T=C = 0;

if F; > F, tan(p) + CA,. , then F, = F, tan(¢), T = C = 0; and

if any of the inequalities in (5) are satisfied, the contact between
particles will no longer transmit the moment.

(_F" + %R{M,) >T or(lF| + —"Ra,,e) > (o tan(p) + C)

Ac 5)

where R, = (R + R)/2, T, C and ¢ are the tensile strength, cohesion
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and internal friction angle, respectively.

In the 2D numerical calculation, the essence of the contact between
the block and particle elements is judgment of the relative position
between the particle center and block edge. The creation of the contact
between the particle and block needs to satisfy both of the following:

1 The distance between the particle center and block edge is less than
or equal to the radius of the particle: d = |Vjy-n| < R

2 The projection point of the particle center on the boundary edge of
the block is located inside the body edge of the block:

dlp < dlma dmp < dlm

where [ and m are the two endpoints of the block edge, Vj, is the relative
position vector for the particle center k to the endpoint [, p is the pro-
jection point of the particle center on the boundary edge of the block, n
is the unit normal vector of the block edge, d;,, is the distance between
point [ and point m, dj, is the distance between point [ and point p, and
dyp is the distance between point m and point p.

Once the particles have established a contact relationship with the
block element boundary, contacting normal and tangential springs will
be automatically created. The interpolation coefficient of contact point
p between the block and particle will be automatically determined
through the following formula:

W = dmp/dlmy Wy = le/dlm

where w; and w,, are the interpolation coefficient of point p to point [
and the interpolation coefficient of point p to point m.

In order to verify the correctness and accuracy of the coupled ap-
proach, the simulation of the Brazilian test of phyllite specimen is
carried out by referring to the literature.?® The phyllite specimen is
simulated by particle element method, the numerical model of isotropic
Brazilian disk is generated as shown in Fig. 2a, the diameter of the
particles is 0.4mm, and the space between foliations is 5mm. The
bearing plate is simulated by block element method, the loading velo-
city of top bearing plate is 1 nm/step, and the bottom nodes of another
bearing plate are fixed. The numerical parameters are obtained from
the laboratory testing of the horizontal and vertical foliation specimens,
as shown in Table 1. The simulation results are compared with the
numerical and experimental results from the literature, as shown in
Figs. 2 and 3.

It can be seen from Fig. 2b, c and d that the phyllite fracture patterns
of the simulation are in good agreement with numerical simulation and
laboratory tests in the literature. Moreover, as indicated in Fig. 3, good
agreement in the values of failure strength is found between the nu-
merical and experimental results. Therefore, the coupled approach of
particle element and block element is suitable for simulating the frac-
ture process of the material from the continuous state to the dis-
continuous state.

2.2. Support model and numerical constitutive

To realistically simulate the top-coal caving process, the coupled
method of particle and block elements from section 2.1 is used to si-
mulate the interaction between the rock particles and hydraulic sup-
port. Moreover, the constitutive model of hydraulic support is in-
troduced into the CDEM, which can simulate the variation regularity of
the support working resistance during the coal drawing process.

Table 1
The numerical parameters in the simulation of Brazilian test.
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Fig. 3. Failure strength of simulation in comparison with the reference.

As shown in Fig. 4a, the contact element is introduced into the
support model. The blue contact elements are used to simulate the
contact between inner and outer columns. The inner column is sub-
jected to the normal constraint of the outer column, and thus, the
normal stiffness of the contact element should be considered a penalty
stiffness, which is as large as possible. The tangential stiffness of the
contact element is taken as 0 because the inner column can move freely
along the axis inside the outer column. Meanwhile, red contact ele-
ments of Fig. 4a are used to simulate variation regularity of the support
working resistance by introducing the constitutive model of support in
Fig. 4b. As indicated in Fig. 4b, as the working resistance is in the range
of P; to P,, which is determined by the product of hydraulic stiffness
and axial downward displacement of the inner column. When the
working resistance is greater than P,, which is set as P, to simulate the
adjustment of the working resistance after the relief valve of hydraulic
support is opened.

2.3. The theoretical model of top-coal drawing

Top-coal is crushed into fragments under overburden pressure,
which is drawn out through a drawing opening at the rear of the hy-
draulic support. However, the process of coal drawing on the cross-
section parallel to the coal face is not affected by the support structure.
Therefore, the top-coal drawing theory for a single drawing opening on
the cross-section parallel to the coal face can be referred to as the
Bergmark-Roos theory.**3?

The main hypothesis employed in the Bergmark-Roos model is that
fragments move in straight lines from their resting points to the
drawing opening where they are continuously removed; fragments are
influenced solely by gravity and frictional forces; and the acceleration
of a single fragment is constant during the moving process. The schema
of the Bergmark-Roos model is indicated in Fig. 5.

The boundary equation of the top-coal drawn in the polar co-
ordinates system:

cos 6 — cos B

h= (rmax - rl) 1 — cos GG 6)

Based on Fig. 5, the distance from the coordinate origin to any point
on the drawing opening is as follows:
noo_ D
cos6  2tanB; cos B 7

r=

Density (kg/m®) Elastic modulus (Pa)

Poisson's ratio

Tensile strength (Pa) Cohesion (Pa) Internal friction (° )

Bearing plate 7850 2.0E+11 0.25
Rock matrix 2800 3.0E+10 0.25
Foliation 2519 2.4E+10 0.25

/ / /
11.89E +06 11.89E+06 26
2.16E+06 2.16E+06 26
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Fig. 4. The support numerical models: (a) the distribution of contact elements in the support model and (b) numerical constitutive model of support.
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Fig. 5. The schema of the Bergmark-Roos model.

where

D

n=——
2 tan Og ®

Substituting Equations (7) and (8) into Equation (6), we obtain the
following:

R D cos 6 — cos 6 D
O™ o tan 6;) 1— cosbg 2 tan 6; cos 6 9)

where 7 is the distance from the center of the drawing opening to the
polar origin, m; r, is the distance from any point on the drawing
opening to polar origin, m; 6 is the angular coordinate of the particles;
6c is the maximum allowed angle for displacement, the angle at which
the friction force equals the particle weight; r,,, is the largest distance
from the polar origin to the drawing body boundary, m, which occurs at
6 = 0; and D is the drawing opening size, m.

3. Simulation of the top-coal caving process
3.1. Numerical model and parameters

In this study, the panel 8202 of Tongxin Coal Mine is an engineering
background. The depth of coal seam is 377 m to 517m, the average
thickness of coal seam is about 15m, the length of working face is
200 m, the working face advance length is 2184.5m, and the service
life of panel is 21.1 months. Because the automated top-coal caving in
extra-thick coal seams is a complex three-dimensional space and time
evolution process including coal extraction and overburden caving, it
will be a huge and complex task to study the automated top-coal caving
of panel 8202 by 3D numerical model. This paper decomposes the
complex process of automated top-coal caving into two directions, the
cross-sections parallel and perpendicular to the coal face, respec-
tively.>>*> Moreover, the mechanism of top-coal caving in three-di-
mensional space is obtained by comparing and analyzing the me-
chanism of top-coal caving in two directions. Based on this, the
simulation of automated top-coal caving under the cooperation of 100

coal drawing openings is carried out to optimize the automated top-coal
caving technology.

For the automated top-coal caving research, the support force in the
caving process is the major focus to ensure the safety of the top-coal
caving process.'>>* In the advance direction of the working face, the
top-coal is broken and drawn out under the interaction between hy-
draulic support and surrounding rocks. Therefore, as shown in Fig. 6a
and Fig. 6b, the coal-rock strata and support models are established to
study the mechanism of top-coal caving. As indicated in Fig. 6a, the
coal-rock strata model in the face advance direction is established ac-
cording to the drilling histogram of panel 8202 in Tongxin Coal Mine.
The average thickness of 3-5 # coal is about 15 m (Groups 1-4), above
the coal seam, which is followed by 4.5-m-thick carbon mudstone
(Group 5), 1.33-m-thick carbon mudstone (Group 6), 2.54-m-thick 2#
coal (Group 7), 3.84-m-thick sandy mudstone (Group 8), 0.84-m-thick
1# coal (Group 9), 5.13-m-thick sandy mudstone (Group 10), 4.38-m-
thick coarse sandstone (Group 11), 2.85-m-thick fine sandstone (Group
12) and 5.01-m-thick coarse sandstone (Group 13). As shown in Fig. 6b,
the models of hydraulic support and armored face conveyer in the face
advance direction are also established based on the actual conditions of
the panel. The block element method of section 2.1 is used to simulate
the far-field load rock strata and hydraulic support. The rigid wall is
used to equivalently simulate the scraper conveyer. The particle ele-
ment method with an initial strength discussed in section 2.1 is adopted
to simulate the coal and rock layer structure in a potentially broken
area. At the same time, in order to draw out the more coal resources as
easily and conveniently as possible, the process of top-coal drawing
with multi-support cooperation is also the major focus of automated
top-coal caving research. The average thickness of 3-5 # coal is 15m
and the cutting height is approximately 4 m, so the caving height of top-
coal is 11 m. In the direction of working face, the top-coal has been
broken and accumulated above the coal drawing openings. Therefore, a
coal-rock model is established, as shown in Fig. 6c¢, the particle element
without strength is used to study the coal-drawing mechanism of single
drawing opening, based on this, the simulation of automated top-coal
drawing with multi-support cooperation is carried out.

No complete theory can predict macroscopic behavior based on
microscopic properties and geometry. The numerical parameters are
obtained by inversion, and the coal-rock mechanical properties in the
elastic analysis stage are shown in Table 2. The time-step is assumed to
be 0.0001 s in the simulation of coal drawing. Since the simulation of
the top-coal drawing process is a 2D plane analysis, m? is used in this
paper as a statistical unit for the coal drawing amount.

3.2. The top-coal caving process of the cross-sections perpendicular to the
coal face

In the field, the advance length without coal drawing is 16.2 m after
the initial mining of a panel. To draw out top-coal as soon as possible,
the blasting pre-cracking in the open-off cut is used to accelerate top-



Q. Zhang, et al.

International Journal of Rock Mechanics and Mining Sciences 122 (2019) 104033

Group 14

The hydraulic support

The armored
face conveyor

(I

(b)

Group 13
Group 12

> Group 11
Group 10

~ Group 9
Group 8
Group 7

- Group 6
Group 5
Group 4

- Group 3

> Group 2
Group 1

The length of the coal face advance direction:160 m

>
The immediate

roof:10 m

) The top coal
heiht:11 m

The width of panel:200 m

»
»

(c) !

Fig. 6. Numerical models of the panel: (a) the coal and rock model perpendicular to the coal face; (b) armored face conveyer and hydraulic support model; and (c)

coal and rock model on the cross-section parallel to the coal face.

coal crushing. The coal drawing termination condition is “rocks appear,
close the opening”, and the mining process is simulated by deleting 4-
m-thick particles from the bottom coal seam. Within 5 m of the open-off
cut, the strength parameters of the top-coal and immediate roof are
taken as O to achieve the blasting pre-cracking effect of the top-coal.
After 5m, because of the influence of the initial cracks and mining
disturbances, the strength parameters of the coal-rock mass near the
coal face are reduced to a quarter of the elastic parameters. The coal-
rock layer structure of the panel before mining is shown in Fig. 7a. As
indicated in Fig. 7b, the simulation conducts 50,000 steps after the coal
face is advanced from O m to 5 m. As indicated in Fig. 7c, the simulation
conducts 50,000 steps after the coal face is advanced from 5m to 10 m.
According to Fig. 7d, the simulation conducts 50,000 steps after the
coal face is advanced from 10m to 16.2m. As indicated in Fig. 7e,
hydraulic support is moved into the model after coal face is advanced
from 16.2m to 23.4 m, and the simulation conducts 10,000 steps under
the interaction between the hydraulic support and surrounding rocks.
Subsequently, the top-coal drawing process simulation begins. Mean-
while, the transport process of the scraper conveyer is simulated by

Table 2
The coal and rock mechanical properties in the elastic numerical analysis stage.

deleting the top-coal particles entering into the range of the rigid wall.
When the rock particles begin to enter into the rigid wall after 413543
steps, the process of coal drawing is terminated. The coal-rock layer
structure of the panel after the first coal drawing is shown Fig. 7f.

As indicated in Fig. 7e and f, the top-coal is crushed and accumu-
lated behind the support before the initial top-coal drawing, and it is
subjected to the gravity of the large rock mass of the immediate roof.
However, the top-coal above the canopy of the hydraulic support is in a
relatively intact state. The rock mass of the immediate roof and top-coal
above the canopy are continuously broken during the coal drawing
process. Finally, most of the top-coal above the drawing opening is
drawn out under the coal and rock mass gravities.

The drawing body is the status of the drawn top-coal resting above
the drawing opening, which represents the range of the drawn top-coal
and affects the amount of coal drawing. To study the changing char-
acteristics of the drawing body in the face advancing direction, the
drawn particles are marked in the model shown in Fig. 7e to invert the
shape of the drawing body during different stages. The inversion results
are indicated in Fig. 8.

Group Rock mass Thickness(m) Density (kg/m>) Elastic modulus (Pa) Poisson's ratio  Tensile strength (Pa) Cohesion (Pa) Internal friction (° )
Group 13 coarse sandstone 5 2519 5.80E +08 0.204 9.54E + 06 8.76E + 06 34.66
Group 12 fine sandstone 3 2542 6.70E + 08 0.276 7.34E+06 9.45E + 06 32.81
Group 11 coarse sandstone 4.5 2519 12.0E+08 0.204 9.54E + 06 8.76E + 06 34.66
Group 10  carbon mudstone 5 2500 9.90E+08 0.2124 2.75E+06 3.68E+06 36.4
Group 9 1 # coal 1 1373 6.20E+08 0.348 3.82E+06 2.40E+06 44.82
Group 8 sandy mudstone 4 2500 9.30E+08 0.1884 4.40E+06 3.30E+06 36
Group 7 2 # coal 2.5 1373 6.20E+08 0.348 3.82E+06 2.40E+06 44.82
Group 6 carbon mudstone 1.5 2340 9.30E+08 0.1884 4.40E+06 3.30E+06 36
Group 5 carbon mudstone 4.5 2340 9.30E+08 0.1884 4.40E + 06 3.30E+06 36
Group 4 3-5 # coal 4 1373 6.20E+08 0.348 3.18E+06 2.00E+06 44.82
Group 3 3-5 # coal 4 1373 6.20E +08 0.348 3.18E+06 2.00E +06 44.82
Group 2 3-5 # coal 4 1373 6.20E+08 0.348 2.54E+06 1.60E+06 44.82
Group 1 3-5 # coal 4 1373 6.20E+08 0.348 3.18E+06 2.00E+06 44.82
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(d)

(e) (f)

Fig. 7. The coal-rock structure with different coal face advancing lengths: (a) L = Om; (b) L = 5m; (¢) L = 10 m; (d) L = 16.2m; (e) L = 23.4 m, before initial top-

coal drawing; and (f) L = 23.4 m, after initial top-coal drawing.

As shown in Fig. 8, the drawing body shape resembles an in-
complete ellipsoid, which is cut by the tail beam of hydraulic support
during the initial period of the coal drawing process. Due to the impact
of the intact top-coal above the support, the shape of the drawing body
gradually tilts toward the gob when the coal drawing process proceeds.
Eventually, in the coal wall side, the drawing body is bounded by the
hydraulic support and intact top-coal; the top boundary of the drawing
body presents a flat shape due to the influence of the large rock mass of
the immediate roof; in the gob side, the drawing body tilts toward the
gob. Overall, the drawing body shape for an extra-thick coal seam
presents an irregular shape of a deflected ellipsoid in the face advancing
direction.

References indicate that after the coal seam is mined, the
mining disturbance will cause the surface subsidence. After the surface
subsidence occurs, there will be a period of consolidation in the over-
burden. The subsidence and consolidation of roof strata will affect the
hydraulic support load and the caving of coal-rock masses.'®>* Because
this section is studying the top-coal caving mechanism of the initial
mining stage, there is no instability failure of main roof strata. As to the
effect of subsidence and consolidation on the support load and top-coal
caving, the subsidence of main roof strata is distinct than the surface
subsidence in the initial mining stage. Therefore, the subsidence of

35-41

main roof strata is monitored and analyzed to study the top-coal caving
and drawing. In the study, the top-coal is not drawn out before the
advance length reaches 23.4 m, and the mining process is divided into
the four stages as shown in Fig. 7b—e. The subsidence of main roof strata
at the end of each stage is monitored, and the subsidence curves are
shown in Fig. 9a. After the coal drawing begins, in order to study the
effect of subsidence on the top-coal caving and drawing process, the
particle of main roof strata with the initial largest vertical displacement
is monitored. In the first top-coal drawing process, the vertical dis-
placement curve of the monitored particle is shown in Fig. 9b.

When the coal face advance length increases, the overall subsidence
of main roof strata increases as indicated in Fig. 9a. The subsidence of
the coal face advance length from 10 m to 16.2 m is significantly larger
than the subsidence of the coal face advance length from 5m to 10 m.
Combined with the coal-rock structures of Fig. 7b—d, it can be seen that
there is the severe destruction of immediate roof strata when the coal
face advances from 10 m to 16.2 m. Meanwhile, it can also be found
from Fig. 9a that there is little change in the subsidence of main roof
strata when the coal face advances from 16.2m to 23.4 m. That is be-
cause the hydraulic support is timely used to support the top-coal after
the bottom coal is excavated, there is basically no further destruction in
the top-coal and immediate roof strata as shown in Fig. 7d and e.

(d)

© )

Fig. 8. The drawing body shape at different coal drawing steps: (a) t = 30000 steps; (b) t = 150000 steps; (c) t = 190000 steps; (a) d = 270000 steps; (e) t = 310000

steps; and (f) t = 413543 steps.
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Fig. 9. The subsidence curves of the main roof strata in different mining stages: (a) before the top-coal drawing and (b) during the top-coal drawing.

Because the coal face advance length has reached to 23.4 m before coal
drawing, the max subsidence amount of main roof strata reaches
52.76 mm due to the effect of coal extraction, as shown in Fig. 9b. In the
first top-coal drawing process, the simulation conducts 413543 steps,
and the max subsidence amount of main roof strata is 6.7 mm. The total
subsidence amount of main roof strata is 59.46 mm after coal drawing,
which is not enough to cause the instability of main roof strata. So that
the main roof bears the weight of the overlying strata and the hydraulic
support works safely under lower stress states. The top-coal is caved
and drawn out under the interaction between hydraulic support, top-
coal and immediate roof masses.

The top-coal is drawn out under the interaction between the hy-
draulic support and surrounding rocks, and the support working re-
sistance can impact the crushing result of the top-coal. Therefore, the
study on variation regularity of support working resistance is important
for top-coal drawing. Because the strength parameters of the coal-rock
mass near the coal face are reduced to a quarter of the elastic para-
meters, the setting load (P;) of the front and rear columns in the support
constitutive model from section 2.2 are considered 0 to avoid having a
large dynamic impact and ensuring the stability of the particle model.
The working resistance curves of the hydraulic support front and rear
columns during the simulation process of coal drawing are shown in
Fig. 10.

As indicated in Fig. 10, the working resistances of the front and rear
columns increases along with the coal drawing process, which reach the
peak value after 18000 steps. The front column is subjected to a larger
pressure transmitted by the coal-rock mass and the working resistance
increases to approximately 30 MPa. Then, the working resistance un-
dergoes minor changes as the coal drawing process continues. However,
the rear column is subjected to less pressure and the working resistance
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only increases to approximately 8 MPa, which is because the partial top
coal above the hydraulic support canopy is crushed and drawn out. As
the coal drawing process proceeds, the working resistance gradually
decreases because the crushed top coal above the rear column is con-
tinuously drawn out.

The movement of overburden strata in ordinary mining stages can
induce vast strata pressure and result the cracking, dislocating and
flowing of top-coal. The top-coal drawing characteristics during or-
dinary mining stages are the general and important, which is necessary
to be investigated. Therefore, after the initial top-coal drawing, another
24 cycles of coal drawing simulation are carried out, and the distance of
every support advance cycle is 0.8 m. Based on this, the relationships of
the coal drawing amount, coal drawing steps, support resistance and
coal-rock structure are analyzed.

With increasing support moving, the coal drawing amounts and coal
drawing simulation iteration steps are counted in sequence before the
support is advanced. As shown in Fig. 11, the variation of coal drawing
amount and coal drawing steps shows the basically consistent trend
with increasing support moving. The initial coal drawing amount and
coal drawing steps respectively reach 76.4 m? and 414395 steps, which
is significantly larger than the values of subsequent coal drawing cycles.
Due to the continuity of the coal drawing process, the initial coal
drawing will affect subsequent coal drawing cycles, the coal drawing
amount and coal drawing steps remain relatively low values until the
6th support moving. From the 6th to 25th support moving, the coal
drawing amount and coal drawing steps are in normal periodic fluc-
tuation. In general, the coal drawing amounts of adjacent coal drawing
cycles influence each other, the previous higher drawing amount can
lead to a lower drawing amount in the subsequent coal drawing cycles
and vice versa.

1 L 1 L | L 1 L | L 1 L 1 L

S 10 15 20 25 30

The top-coal drawing steps (led)
(b)

The working resistance curves of the support: (a) working resistance of the front column and (b) working resistance of the rear column.
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Fig. 11. The coal drawing amount and coal drawing steps with different sup-
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Fig. 12. The support working resistances with different support-moving num-
bers.

In different coal drawing cycles, the working resistances of the hy-
draulic support front and rear columns are monitored. The working
resistance peaks are counted in Fig. 12. It can be seen that the working
resistance peaks under different coal drawing cycles indicate the peri-
odic variation. The working resistance peaks of the front column are
larger than the rear column, and the working resistance fluctuation is
greater than the rear column.

In order to investigate the variation mechanism of coal drawing
amount and support resistance, the coal-rock structures under different
support-moving numbers are analyzed in Fig. 13. In general, the coal-
rock masses are cracking, dislocating and flowing under the interaction
between hydraulic support and surrounding rocks. Subsequently, the
top-coal is drawn out by the drawing opening of hydraulic support.
From Fig. 13a and b, the coal drawing processes from the 2nd to 6th
support moving are affected by the large gangue hopper formed in the
initial coal drawing process, therefore, the coal drawing amounts until
6th coal drawing cycle are smaller. As shown in Fig. 13c, after the 12th
coal drawing cycles terminated, the immediate roof above the support
canopy fractures, which may lead the larger working resistance peak of
front column. It can be seen from Fig. 13d that the top-coal above
support canopy is relatively fragmentized, so the working resistance
peaks of front and rear columns are lower in some coal drawing cycles
near the 15th support-moving. From Fig. 13e, the large rock blocks of
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immediate roof are located above the coal drawing opening, moreover,
the blocks are in moving state. Due to the gravity of large rock blocks,
the coal drawing amount in the 19th coal drawing cycle is larger. As
shown in Fig. 13f, most of the broken coal-rock blocks are located in
goaf, the hydraulic support bears the weight of intact coal-rock masses,
so the working resistance peak of the front column is larger in the 23rd
coal drawing cycles.

3.3. The top-coal drawing process of the cross-sections parallel to the coal
face

The drawing body shape on the cross-section parallel to the coal
face is not affected by the hydraulic support structure during the coal
drawing process. Therefore, the numerical model without support is
used to study top-coal drawing, as indicated in Fig. 6¢. Because the
drawing opening width of the support on the cross-section parallel to
the coal face is 1.75m, a layer of particles within the width range of
1.75m in the middle of the model bottom boundary are deleted to si-
mulate the top-coal caving process of a single drawing opening. Before
the top-coal is drawn out, the top-coal is broken into fragments during
mining and resistance generated by movement between fragments.
Therefore, the strength parameters of the top-coal in the simulation are
set to 0. The coal drawing termination condition is “rocks appear, close
the opening”.

As shown in Fig. 14, after the top-coal is drawn out, the interface of
coal and rock shows a hopper shape for a single drawing opening. In
order to study the drawing body shape and the movement trajectory of
the top-coal, the particle marking method is applied. The specific de-
tails are as follows: after the top-coal is drawn out, the ID numbers of all
the released particles are counted, and then all the particles with the
same ID number are marked in the numerical model before coal
drawing. As shown in Fig. 15, the drawing body shape of top-coal is
obtained, which is an approximate ellipsoidal shape on the cross-sec-
tions parallel to the coal face.

The typical particles in the ellipsoid boundary of Fig. 15 are marked
to track the movement trajectory of the top-coal during coal drawing.
At different coal drawing steps, the location of marked particles in
broken top-coal is shown in Fig. 16, and the overall migration trajectory
of all marked particles in the whole drawing process is shown in
Fig. 17a.

Equation (9) of section 2.3 is the boundary equation of the drawing
body theory model. In this section, r; is considered to be the thickness
of the top-coal (11 m); 65 = 30°, D is considered to be the width of the
support (1.75m), and Equation (9) is simplified to Equation (10).

. 11(2 cos 6 — +/3) + 7J3
0= 2-.3 8 cos 0 (10)

According to Equation (10), the theoretical model of the top-coal
drawing body shape on the cross-section parallel to the coal face is
indicated in Fig. 17b.

As shown in Fig. 16, the marked particles at different coal drawing
steps still exhibit an approximate ellipsoid shape in spatial position, and
the top-coal in this ellipsoid can be finally drawn out by the drawing
opening. Moreover, the partial top-coal particles outside the ellipsoid
boundary are loose but not drawn out. As indicated in Fig. 17a, because
of the collision and jamming effect of top-coal particles in the top-coal
drawing process, the marked particles do not move strictly along the
straight lines from the top-coal ellipsoid boundary to the drawing
opening, however, the migration trajectory is in basically accordance
with the theoretical model of Fig. 17b. Therefore, a conclusion can be
obtained through the comparison of Figs. 15, Figs. 16 and 17 that on the
cross-section parallel to the coal face, the simulation of coal drawing for
single support is in accordance with the theoretical model.

The drawing speed of the top-coal affects the coal drawing time and
then affects the coal transportation of the scraper conveyer and the
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Fig. 13. The coal-rock structure with different support-moving numbers: (a) the 2nd support-moving; (b) the 6th support-moving; (c) the 12th support-moving; (d)
the 15th support-moving; (e) the 19th support-moving; and (f) the 23rd support-moving.

Fig. 15. The shape of the drawing body.

advancing of hydraulic support. As shown in Fig. 18, the drawing speed
and horizontal stress of the top-coal fragments near the drawing
opening are analyzed to study the variation regularity.

As indicated in Fig. 18, there are two main stages in the coal
drawing process, and the horizontal stress and drawing speed of top-
coal fragments near the drawing opening both show periodic fluctua-
tions. The curve of the horizontal stress and coal drawing speed changes
almost synchronously during the first stage of coal drawing, and thus,
the horizontal stress promotes the drawing out of top-coal. The hor-
izontal stress and drawing speed show the opposite change during the
second stage, and therefore, the horizontal stress hinders drawing out of
the top-coal.

10

4. Automated top-coal caving techniques

Though the drawing body shape of top-coal is a 3D structure in
space, on the cross-section parallel to the coal face, the overall profile
shapes of the drawing body above all drawing openings can impact the
top-coal recovery rate of the entire working face. The coal drawing
theory of a single drawing opening is also applicable to study the coal
drawing process for multiple drawing openings based on section 3.3.
Therefore, in order to optimize the automated top-coal caving tech-
nology, the Bergmark-Roos model for coal drawing of single support is
extended into the collaborative coal drawing of multiple supports. First,
in this section, the simulation of traditional coal caving and automated
one-round coal caving is performed to analyze the advantages of au-
tomated coal caving technology. Then, the simulation of different au-
tomated coal caving rounds is conducted to optimize the parameters of
automated coal caving. Finally, the top-coal drawing results of different
technologies are analyzed and discussed. In this section, the coal
drawing time of the engineering site is the input parameter of the au-
tomated control device, which determines the opening and closing of
the drawing opening. Therefore, the coal drawing time is the specify
iteration steps of the automated top-coal drawing simulation. Although,
the automated coal drawing time of the engineering site is still under
study, which is necessary to comprehensively consider the relationship
between the field equipment, top coal recovery rate and coal trans-
portation efficiency. However, in the simulation of this section, the total
iteration step of the coal drawing for each coal drawing opening is
taken as 60000 steps by inversion of simulation, which can draw out
most of the top-coal in the working face and achieve better simulation
effect of automated coal drawing.

4.1. Comparison of automated and traditional top-coal caving

In the field, the working face width is 200m and the drawing
opening width of the support is 1.75 m. As indicated in Fig. 6¢, the 2D
model is used to study the overall coal drawing result of 100 supports in
a coal cutting cycle. The coal drawing process of 100 drawing openings
is simulated from left to right in the model. As indicated in Fig. 19a, the
traditional top-coal caving technology adopts “rocks appear, close the
opening”, and no rock is mixed into the top-coal drawn out. Therefore,
rock particles are deleted to simulate the process of top-coal drawing
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Fig. 16. The location of marked particles in broken top-coal at different coal drawing steps: (a) t = 26000 steps; (b) t = 50000 steps; (c) t = 74000 steps; and (d)

d = 98000 steps.

when they enter into the rigid wall of the drawing opening. As shown in
Fig. 19b, during the automated coal caving process, rock particles are
mixed into the top-coal drawn out because time is a control variable of
coal drawing. Therefore, in order to furtherly analyze the coal-rock
mix and top-coal recovery rates, coal and rock particles are collected
through the rigid walls of 100 drawing openings when they are drawn
out. As shown in Table 3, the statistical comparison of coal-rock
drawing amount from 100 drawing openings is conducted to analyze
the results of coal drawing using two technologies.

As indicated in Fig. 19, coal and rock are mixed into each other at
the coal-rock interface of the traditional coal caving. Meanwhile, a
large amount of rocks are mixed into the top-coal drawn during the
automated one-round coal caving. Table 2 shows that the top-coal re-
covery rate of the automated coal caving is 83.7%, which is higher than
the recovery rate (81.6%) of traditional coal caving. However, the rock
mixed rate (7.52%) of automated coal caving is also higher than the
rock mixed rate (0) of traditional coal caving.

As shown in Fig. 20 and Table 3, the top-coal drawing amount from
100 drawing openings are statistically analyzed to further compare the
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advantages and disadvantages of the two technologies.

According to Fig. 20 and Table 4, for automated coal caving tech-
nology, the top-coal drawing amount average of 100 drawing openings
is 16.65 m? larger than the coal drawing amount average (15.01 m?) of
traditional coal caving. Moreover, the coal drawing amount standard
deviation (1.83 m?) is less than that in traditional coal caving (8.23 m?).

Some rocks may be mixed into the top-coal drawn during the au-
tomated one-round coal caving process; however, the coal drawing
amount average of the automated coal caving is larger, and thus, the
top-coal recovery rate is higher than that of traditional coal caving.
Because the standard deviation of the coal drawing amount is smaller in
automated coal caving, and the top-coal drawing amount of each
drawing opening is more uniform than in traditional top-coal caving,
the operation of workers is simpler, and the transportation efficiency of
the scraper conveyer is greater. Overall, the automated top-coal caving
technology is better than the traditional top-coal caving technology.

«——@— The draw body boundry

Top-coal drawing track

30230% — Lhe drawing opening
1 L RS 1 I )
3002 - 0 1 2 3 4

X-coordinate (m)

(b)

The trajectory of top-coal moving: (a) the moving trajectory of simulation and (b) theory model.
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Fig. 19. The results of coal drawing using different technologies: (a) traditional
coal caving and (b) automated one-round coal caving.

4.2. The effects of different rounds on automated top-coal caving

To solve the rock mixed rate (7.52%) problem of the automated one-
round coal caving in section 4.1, in this section, the impact of different
rounds on the automated coal caving process is studied. In the simu-
lation, because the total time of coal drawing is constant, the coal
drawing time of each round is negatively correlated with the total
rounds of top-coal caving.

Under different rounds of automated coal caving, the coal-rock in-
terface and coal-rock mixing of top-coal drawn out are indicated in
Fig. 21.

According to Fig. 21, the coal-rock interface affects the top-coal
recovery rate and coal-rock mixing in top-coal caving. The coal-rock
interfaces of automated one-round coal caving are mixed with each
other, and therefore, large amount of rocks are mixed into the top-coal
drawn out. However, the coal-rock interfaces of automated multi-round
coal caving show an obvious layered distribution, and therefore, a small
amount of rocks are mixed into the top-coal drawn out. Moreover, the
more rounds of automatic top-coal caving, the layered distribution of
the coal-rock interface is more gradual.

Under different coal drawing rounds for 100 drawing openings, the
top-coal recovery and rock mixed rates are statistically analyzed to
optimize the total rounds of coal drawing. The results are shown in
Table 5.

Table 3

As shown in Table 5, the automated one-round top-coal caving has
the largest top-coal recovery amount; however, 7.52% of the rock
mixed rate in the top-coal drawn out is also the largest. The top-coal
recovery rate gradually increases as the total rounds of automated top-
coal caving increase from 2 to 6. The recovery rate reaches the max-
imum when the total rounds increase to 4, and then, the recovery rate
gradually decreases. As the total rounds increase from 2 to 6, the
average recovery rate of top-coal remains at 79.4% and does not in-
crease significantly. Furthermore, the rock mixed rate in the top-coal
drawn out is less than 1%.

The statistical analysis of the total top-coal drawing amount for the
100 drawing openings is performed to further study the influence of the
total rounds of coal drawing. The result is shown in Fig. 22.

As indicated in Fig. 22, the standard deviation of top-coal drawing
amount decreases from 2.21 m? to 1.23m? when the total rounds of
automated top-coal caving increase from 2 to 6, and thus, the difference
in the coal drawing amount for each drawing window shows a de-
creasing trend. Moreover, the standard deviation change rate of the top-
coal drawing amount of four-round coal caving is the largest, and the
trend slows as the total rounds increase to more than 4. Meanwhile the
coal drawing amount average increases from 14.35m? to 14.88 m>
when the total rounds increase from 2 to 4. However, the average
amount of coal drawing begins to decrease as the total rounds increase
from 4 to 6. Therefore, the four-round coal caving is the optimal au-
tomated top-coal caving technology considering the rock mixed rate,
top-coal recovery rate and standard deviation of coal drawing amount.

4.3. Different top-coal caving technologies

The collaborative coal drawing of all supports determines the final
result of coal drawing in working face. Based on section 3.3, the single
drawing opening can draw out the top-coal in an ellipsoidal area above
the drawing opening, and then, a gangue funnel will be formed. Using
traditional coal caving technology, the window of the first drawing coal
will draw out the top-coal in a larger ellipsoidal sphere, and then, a
larger gangue hopper is formed. Due to the impact of the adjacent
drawing opening, the window of subsequently drawing coal can only
draw out the top-coal in the range of a smaller ellipsoid to avoid
drawing out rocks. Then, a smaller gangue hopper is formed. In the

Comparison of top-coal drawing amount in traditional and automated coal caving technologies.

Total coal amount 1839.9m>  Top-coal caving technology

Coal drawing amount (m?)

Rock drawing amount (m?) Top-coal recovery rate (%) Rock mixed rate (%)

1538.78
1500.5

Total rock amount 941.6 m?* Automated coal caving

Traditional coal caving

125.1 83.7 7.52
0 81.6 0

12
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Fig. 20. The coal drawing amount of each drawing opening using different technologies: (a) traditional coal caving and (b) automated one-round coal caving.

Table 4

Statistics of coal drawing amount for each drawing opening in traditional and automated technologies.

Drawing opening number: 100

Automated top-coal caving

Traditional top-coal caving

Coal drawing amount standard deviation (m?)
Coal drawing amount average (m?)

1.83
16.65

8.23
15.01

entire working face, each drawing opening only can draw out the top-
coal in large and small ellipsoids in sequence, and thus, the difference in
the coal drawing amount for each drawing opening is larger. Therefore,
workers operation are heavy and complex. Moreover, the transport
efficiency of the scraper conveyer is lower.

The coal drawing time is a control variable for the automated top-
coal caving, and therefore, the coal drawing operations are simple and
orderly. However, for automated one-round coal caving, each drawing
opening only performs one-round coal drawing at a constant time, and
then, the gangue hoppers are formed. The coal drawing time for the
one-round coal caving technique is larger than the coal drawing time of
the multi-round coal caving technique, and thus, the adjacent drawing
openings fully draw out the top-coal and also release excess rocks.

The increase in the total rounds of automated top-coal caving will
reduce the coal drawing time of each round, which is because the total
coal drawing time is constant. Therefore, the impact of adjacent
drawing openings decreases and the top-coal drawing amount from
each drawing opening will be more uniform. Moreover, the drawing
body shapes of each round will appear as an overall layered distribu-
tion. When the total rounds increase, the coal-rock interface above the
drawing openings gradually smooths and the top-coal is easily draw out
in layers. Thus, the overall top-coal recovery rate is higher and the rock
mixed rate in the top-coal drawn out is lower.

In general, the more rounds of automatic top-coal caving, the better
the results of coal drawing. However, the coal drawing time of each
round is too short to efficiently destroy the arch structure of the rock
particles as the total rounds are more than 4, and therefore, the top-coal
recovery rate becomes small. Moreover, the number of openings and
closings of the drawing opening becomes large as the total rounds in-
crease, which increases the difficulty of automation. In this study,

Table 5
Comparison of automated coal drawing amount for different total rounds.
Total coal  Coal Rock Top-coal Rock
drawing drawing drawing recovery mixed
rounds amount amount rate (%) rate (%)
(m?) (m?)

Total coal 1 1538.78 125.1 83.7 7.52
amount 2 1426.31 8.2 77.6 0.57
1839.0 m? 3 1443.67 1.7 78.5 0.12

Total rock 4 1482.81 4.8 80.6 0.32
amount 5 1478.63 1.13 80.4 0.08
941.6 m? 6 1469.65 1.13 79.9 0.08
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Fig. 22. Statistics of automated top-coal drawing amount for different total
rounds.

(d)

Fig. 21. The results of automated coal caving with different total rounds: (a) n =1; (b)n=2;(c)n=3; (@ n=4; (e)n=>5;and () n = 6.
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Fig. 23. Flow chart for determining automated coal drawing time.

automated four-round coal caving is the optimal technology; however,
the total rounds of automated top-coal caving should be adjusted ac-
cording to the performance of the automated equipment and specific
field conditions.

4.4. Automated coal drawing time

The coal drawing time of the engineering site determines the
opening and closing of the drawing opening, which is the important
control parameter of the top-coal caving mining. In order to make our
research valuable for a practical mining, the correlation between si-
mulation and field coal drawing is analyzed, furthermore, the method
of determining automated coal drawing time is discussed.

The coal drawing simulation is terminated after the specify iteration
steps, and the total coal drawing steps for each drawing opening is
determined by inversion of simulation. The results of Section 4.2 in-
dicate that the simulation under the steps obtained by inversion can
achieve better coal drawing effect of entirely working face, which
comprehensively considers the movement of coal-rock interface, rock
mixed rate, top-coal recovery rate and transport efficiency of the

14

scraper conveyer. Because the shapes of coal-rock blocks in field are
different from the particles in simulation, the top-coal drawing time in
simulation cannot be directly equal to the coal drawing time in the
practical operation. However, the geometric and mechanical boundary
conditions of simulation are basically same to the engineering site, so
the reasonable automated coal drawing time in field can be determined
by the combination of simulation and in-site test. As indicated in
Fig. 23, some specific details are as follows:

(1) The automated top-coal caving technology should be determined by
simulation optimizing. From section 4.2 of the manuscript, the
automated four-round coal caving is the optimal technology, which
comprehensively considers the movement of coal-rock interface,
rock mixed rate, top-coal recovery rate and transport efficiency.
Based on this, the automated coal caving rounds of the engineering
site can be obtained.

(2) The coal drawing test in field should be carried out in the middle of
working face to obtain the coal drawing time of single drawing
opening, which is considered as the maximum value of automated
coal drawing time for each coal drawing opening.
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(3) Based on the principle of “rocks appear, close the opening”, the coal
drawing operations of working face are executed in sequence to get
total coal drawing time of entirely working face. The average coal
drawing time of every drawing opening is determined by the ratio
of total coal caving time to the number of coal drawing supports.
Meanwhile, the average coal drawing time of every drawing
opening should be less than the maximum value of automated coal
drawing time for each drawing opening. Then, the coal drawing
time of single drawing opening in every round is obtained by the
ratio of single drawing opening time to the number of coal drawing
rounds.

(4) The obtained coal drawing time in automated multi-round coal
drawing should be corrected by the field equipment, which not only
to obtain the higher transport efficiency of top-coal, but also to
ensure that the armored face conveyor is not overloaded.
Meanwhile, the total automated coal drawing time should be also
satisfied with the coal production schedule to achieve the more
efficient and coordinated coal mining.

5. Conclusions

The coupled calculation approach of particle and block elements
based on the CDEM is presented and verified, then is used to simulate
the top-coal breaking and drawing processes under the interaction be-
tween hydraulic support and surrounding rocks. The constitutive model
of hydraulic support is introduced into the CDEM to analyze the top-
coal drawing mechanism, and the Bergmark-Roos model is extended
into the collaborative coal drawing of multiple supports to optimize the
automated top-coal caving technology. Furthermore, an automated coal
caving technology is put forward via comparison analyses of decisive
parameters influencing automated top-coal caving. Taking the Tongxin
Coal Mine as an engineering example, the following conclusions can be
drawn:

(1) Based on the calculation approach coupled with particle element
and block element, the continuous-discontinuous phenomena of
top-coal caving and drawing process can be well characterized. In
the initial mining stage, the subsidence amount of overlying strata
is relatively smaller, and no instability failure occurs in the main
roof strata. Factors determining the shape of the drawing body are
the hydraulic support, intact top-coal and large immediate roof rock
masses. The drawing body shape firstly resembles an incomplete
ellipsoid cut by the tail beam in the initial coal drawing process,
while the final drawing body shape presents as an irregularly de-
flected ellipsoid. During different support-moving cycles, the coal-
rock masses are cracking, dislocating and flowing. Subsequently,
the top-coal is drawn out by the drawing opening. Furtherly, the
coal-rock structure significantly affects the coal drawing amount
and support resistance.

(2) On the cross-section parallel to the coal face, the horizontal stress
acting on the broken top-coal near the drawing opening is an ad-
vantage in the first stage of coal drawing, while the stress hinders
the top-coal drawing in second stage. The drawing body shape on
the cross-section parallel to the coal face is not affected by support
and presents an approximate ellipsoidal shape, which is basically in
accordance with the Bergmark-Roos theory model. The top-coal
drawing theoretical model is also available for studying the top-coal
drawing process of 100 drawing openings.

The impact of adjacent drawing openings on automated coal caving

is smaller than traditional coal caving, the standard deviation of the

coal drawing amount in automated one-round coal caving (1.83 m?)

is less than that in traditional coal caving (8.23 m?), and the coal

drawing amount from each drawing window is more uniform.

Therefore, the coal drawing operations are simpler, and the trans-

port efficiency of the scraper conveyer is higher than in traditional

top-coal caving. The coal-rock interface above the drawing opening

3

—
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becomes gradually smoother as the total rounds of automated top-
coal caving increase from 2 to 6, and the layered top-coal is drawn
out. Furthermore, the average recovery rate for the multi-round
coal caving technique remains at 79.4% and the rock mixed rate is
less than 1%. This comparison illustrates that automated four-round
coal caving technology is the optimal technology, because its
comprehensive benefits are the best, which fully considers the rock
mixed rate, top-coal recovery rate and transport efficiency of the
scraper conveyer. Based on this, the method of determining auto-
mated coal drawing time by the combination of simulation and in-
site test is proposed for the practical mining.
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