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As the national energy strategy is to mine westward, the deep coal resources under the super-thick and weak cementation
overburden in the western mining area will play a critical role in China’s sustainable economic growth. The super-thick and weak
cementation overburden has weaker lithology, thicker strata, no large joints, bedding development, and better integrity. Therefore,
its movement rule is inevitably different from that of the weak overburden and the middle hard overburden in Central China and
Eastern China. However, lack of studies on the movement of the super-thick and weak cementation overburden has led to severe
constraints for the large-scale exploitation of coal resources under the super-thick and weak cementation overburden in the
western mining area. This study explored the surface movement rule and the influence of overburden characteristics on strata
movement with field measurement and numerical simulation. The findings indicate that the surface reaches full mining and the
subsidence coefficient is about 0.9 when D, (width in the dip direction) and Dj (length in the strike direction) are 3 times Hy, (the
mean mining depth) or more. The strike mining degree has a certain influence on the surface movement law, the maximum
difference of the surface subsidence coefficient is 0.35, and the maximum difference of the horizontal movement coeflicient is 0.05.
In addition, the control effect of the Zhidan group sandstone is stronger. Thus, its first breaking results in surface sinking in a
fractured manner when D, is about 1.3 times H, and D5 is 3 times H, or more. The above results can provide reference for the safe
mining and control of the super-thick weak cementation overburden.

overburdens have been known as weak cementation strata

1. Introduction

The weak cementation overburden is mostly distributed in
Western China, and because of the special diagenetic en-
vironment, diagenetic age, and sedimentary process, the
overburden is dominated by mudstone, sandy mudstone,
and glutenite. Due to their low strength, poor cement-
ability, and easy weathering and cementation, these

[1]. Although the lithology of these strata is weak, its
thickness is great with no large bedding and joints found. In
the meantime, there is hardly any development in the folds
and faults, and their integrity is generally good. All of these
make their movement rule different from that of the weak
overburdens and the hard strata, which are featured by
stronger strength and are distributed in Central China and
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Eastern China. With the westward shift of the national
economic strategy and the depletion of shallow coal re-
sources, deep coal mining under the super-thick and weak
cementation overburden is imperative. In deep mining, the
process of strata movement and mine pressure behavior
and surface deformation are more complicated [2].
However, the existing strata movement control theories,
methods, and techniques are based on shallow mining,
which are partially or entirely invalid in deep mining. These
result in a significant increase in the intensity and fre-
quency of geological disasters in deep mining [3-8]. Deep
mining with super-thick and weak cementation overbur-
den not only involves the problem of strata movement in
deep mining but also is associated with the problem of the
super-thick strata movement. Thus, the movement rule of
the super-thick and weak cementation overburden is
complex and needs to be urgently resolved.

Currently, considerable achievements of the strata
movement rule in deep mining have been made. Many
scholars have conducted exploratory research studies on
the strata movement rule of deep mining areas with the
middle hard overburden. For instance, Gao and Bai ana-
lyzed the strata movement mechanism in deep mining and
believed that deep mining is characterized by small surface
subsidence value, minor sinking speed, unobvious active
period, and expanded influence range. In addition, the
overburden sinks as a whole within a certain area [9]. Wang
reviewed the related literatures and deduced that the
surface subsidence rate was slowly increasing when the
mining degree was small and then increased sharply when
the mining degree increased to a certain value. Finally, the
surface subsidence rate gradually slowed down as the
mining degree increased and stopped increasing until it
reached full mining [10]. Cope found that when the deep
mining area was small, the surface movement is contin-
uous, slow and long-period, and did not exist the active
period [11]. Wang and Zhang demonstrated that there was
a sudden change in the surface movement of deep mining.
Before that point, the surface was a curved subsidence,
while after that point, the surface sunk in a fracture manner
[12]. Wang et al. studied the surface movement rule caused
by deep multi-working face mining based on the mea-
surement data of Zhangxiaolou mining area in Xuzhou.
Their work has shown that the subsidence rate, subsidence
coeflicient, and mining depth indicated a logarithmic re-
lationship [13]. Zhang found that the surface subsidence
coefficient increased slowly in the extremely adequate
mining, then sharply increased in inadequate mining, and
finally increased in full mining [14]. Li applied physical
simulation and numerical simulation methods to investi-
gate the movement rule of the internal strata in deep
mining. This study indicated that under the conditions of
full mining, the subsidence coefficient of the overburden at
different depths was in accordance with the power function
model in deep mining [15]. Fan and Shuang employed
numerical simulation to study the strata movement rule of
deep mining and considered that the coupling effect be-
tween the curved zone and the fall zone had some influence
on the surface subsidence [16].
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Some scholars have conducted research studies on the
movement rule of weak overburden in deep mining. For
instance, Li et al. worked on the surface movement rule caused
by the exploitation of deep mineral resources. The results have
showed that the influence scope of deep mining expanded, and
the growth rate of horizontal movement was faster than that of
surface subsidence [17]. Yang studied the surface movement
rule of Xiagou mine through the actual measurement. It was
believed that the surface subsidence was small because of the
control effect of Luohe formation sandstone and the insuffi-
cient mining [18]. Based on the measurement data of working
faces 204 and 205 in Tingnan mine, Yu et al. indicated that the
Luohe formation sandstone played a major role in controlling
the surface subsidence [19].

From the above research studies, it can be seen that the
current research on the strata movement rule in deep mining
is mainly concentrated in the middle hard and hard strata,
and we basically grasp its movement rule. However, the
research on the deep mining of the super-thick and weak
cementation overburden chiefly focuses on the character-
istics and causes analysis of the strata movement in inad-
equate mining. Under such geological conditions, there is a
lack of research on the regional strata movement rule caused
by the large-scale mining.

Therefore, through on-site measurement and numerical
simulation, this paper deeply analyzed the movement rule of
the super-thick and weak cementation overburden caused by
large-scale mining. It revealed the failure mechanism of the
super-thick and weak cementation overburden in deep
mining and provided a theoretical basis for deep mining
with super-thick and weak cementation overburden.

2. Analysis of the Surface Measurement Data of
Deep Mining with Super-Thick and Weak
Cementation Overburden

In the deep mining area of Dongsheng coalfield, there
universally exists super-thick and weak cementation over-
burden. We take the Yingpanhao mine in Ba’yan Chaidamu
mining area of Dongsheng coalfield as an example to study
the movement rule of the super-thick and weak cementation
overburden. Yingpanhao mine is located in the Ordos
Plateau, the middle of the Mu Us Desert, with a relatively flat
terrain and beaches interspersed with sand dunes and sandy
land, which are shown in Figure 1.

Most of the mine field surface is covered by modern
aeolian sand and fluvial sand. The quaternary loess is
exposed in sporadic areas. Based on the borehole, the
strata from the old to the new are as follows: the Yanchang
formation of Triassic upper system, the Yanan formation
of Jurassic middle and lower system, the Zhiluo formation
and Anding formation of Jurassic middle system, and the
Zhidan group of Cretaceous lower system. The Quater-
nary upper Pleistocene system comprises the Malan
formation, the residual slope, the Holocene alluvial de-
posits, the swamp sediments, and the aeolian sand. The
stratigraphic division and coal seam conditions are de-
tailed in Figure 2.
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FiGgure 1: Landform of Yingpanhao mine.

Currently, Yingpanhao mine is mining coal seams 2-2 in
the third section of the Yan'an formation, and working face
2201 of mining areas 22 and working face 2101 of mining areas
21 have been mined. The working faces 2201 and 2101 are
about 300 m in the width and 1806 m and 1983 m in length,
respectively. The coal seam is a near horizontal coal seam and
about 6m in thickness. The distance separated between
working surfaces 2201 and 2101 is about 300 m. To monitor the
surface movement, two strike observation lines (observation
lines 1 and 2) and two dip observation lines (observation lines
3 and 4) are arranged on the surface of the mining area. Due to
the passage of two oil-gas pipelines in the study area, two oil-
gas pipeline observation lines (observation lines 5 and 6) were
installed. The relative positions between the observation lines
and the working faces are shown in Figure 3.

The measurement results showed that the maximum
subsidence value of observation line 1 was 326 mm, and
309 mm was the maximum subsidence value of observation
line 2. In addition, after investigation, we have obtained the
measurement data of some deep mines near the Yingpanhao
mine. For example, the surface maximum subsidence value
was 520 mm when working face 31101 of Nalinhe-2 mine
was 1648 m in length. The surface maximum subsidence
value was 2064 mm when working faces 311101, 311102, and
311103 of Ba’yan’gaole mine was mined. Based on the given
data, we have inverted and compared the corresponding
surface subsidence coefficient with that of deep coal mines
with middle hard overburden in Eastern China such as
Tangkou mine (Table 1).

In Table 1, Ba311101~Ba311103 represent working faces
311101, 311102, and 311103 in Ba’yan’gaole mine, and Y2201
denotes working face 2201 of Yingpanhao mine. T1301,
T1302, T1304, T1305, T2307, T4305, and T5301 denote
working faces 1301, 1302, 1304, 1305, 2307, 4305, and 5301 of
Tangkou mine, T1301-1302 refer to working faces 1301 and
1302 of Tangkou mine, and so on. Based on the data in
Table 1, the diagram of mining degree and surface subsidence
coeflicient in Eastern China and Western China was drawn
(Figure 4). It can be seen from Figure 4 that under the same
mining degree, the surface subsidence coefficient of the super-
thick and weak cementation overburden mining is clearly
small. The surface of the super-thick and weak cementation

overburden still exhibits the characteristics of extremely in-
adequate mining when the surface of the deep mine with
middle hard overburden in Eastern China is close to full
mining, and it takes more mining space to achieve full mining.

Based on the measurement data and the synthetic his-
togram of mining area 22 (Figure 2), it is preliminarily
concluded that the 300-meter-thick Zhidan group sandstone
and the 120-meter-thick Zhiluo formation sandstone show a
strong control effect, which can effectively hinder the strata
moving upward to the surface. We call it Guess 1. The large
thickness and no large joint development make their overall
stiffness high. In Sections 3, 4, and 5 the space-time evolution
rule of the overburden movement in the case of deep multi-
working face mining with super-thick and weak cementation
overburden was investigated, and the role of thick sandstone
structure in the process of the overburden movement was
discussed by physical simulation and numerical simulation.

3. Strata Movement and Energy-Polling in the
Super-Thick and Weak
Cementation Overburden

To study the movement rule of the super-thick and weak
cementation overburden in the case of large-scale mining, the
initial three-dimensional numerical model was established
based on the synthetic histogram of mining area 22 in
Yingpanhao mine (in Table 2). The model was 4075m in
length, 4000 m in width, and 763 m in height. The constitutive
model of this numerical model was the Mohr-Coulomb
Model. The mechanical parameters of the strata in the model
were determined from the mechanics experiment of the rock
mass in the laboratory. The bottom boundary of the model
was determined as u=v=w=0 (u was the displacement in
the x direction, v was the displacement in the y direction, and
w was the displacement in the z direction). The top was the
free boundary, and the left and right boundaries were fixed in
the horizontal displacement.

3.1. Strata Movement Rule of the Super-Thick and Weak
Cementation Overburden. To check the reliability of the
model, we mined two working faces based on the actual
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FIGURE 2: Synthetic histogram of mining area 22.
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TaBLE 1: Goaf parameters of deep coal mine.

Mining Advancing

Mining

Mining

Working face Width (m) Length (m) Height (m) Depth (m) Loose (m) Bedrock ply (m)
Ba311101~Ba311103 810 2600 5.3 650 118 532
Na31101 240 3030 5.5 650 78 572
Y2201 300 1800 6.0 725 45 680
T1302 210 1560 3.6 960 212 748
T1301 215 1320 3.4 1000 212 788
T1301~T1302 420 1440 3.5 1000 212 788
T1304 150 1457 49 910 212 698
T1305 130 1540 4.9 920 212 708
T2307 210 1320 3.6 865 212 653
T4305 120 1255 3.1 1040 212 828
T2307~T2310 825 1263 4.1 825 212 613
T5301~T5303 510 1541 4.8 965 212 753

situation of Yingpanhao mine. The working face was 300 m
in width and 2000 m in length, and the two working faces
were separated by the 300-meter-wide coal pillar. Based on
the simulation results, three-dimensional contour map of
surface subsidence was drawn (Figure 5). Based on the
measurement results of the surface, the subsidence of Point
C52 was 326 mm, and the subsidence of the corresponding
position in the numerical simulation was 350 mm. As one
working face of Yingpanhao mine was 1800 m in length and
the other was 1900 m in length, both of them were shorter
than that of working face in the numerical simulation. Thus,
the simulation result was faintly larger than the actual

subsidence value. The simulation results were basically
consistent with the actual situation, and the established
model was reliable.

To study the movement rule of the super-thick and weak
cementation overburden in the case of large-scale mining
and to grasp the relationship between the mining degree and
the surface subsidence coefficient, this paper firstly inves-
tigated the surface movement rule of the super-thick and
weak cementation overburden in the case of single working
face mining (Figure 6). The working face was 300 m in width.

In Figure 6, with the continuous advancing of working
face, the surface subsidence remained increasing. The strike
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TaBLE 2: Three-dimensional numerical model.

Thickness

Strata Diagram
(m) §
Loess 86
gandy mudstone 27
Zhidan group 300
sandstone
Coarse
sandstone 14
Sandy mudstone 2
4
Anding group
40
sandstone
Anding-Zhiluo
50
group sandstone
Zhiluo group 120
sandstone
gandy mudstone 23
Medium 10
sandstone 1
Sandy mudstone 13
2
Coal 6
Sandy mudstone 3

1

direction reached full mining, and the surface subsidence
was 296 mm when the working face was 2200 m in length. It
means that in the case of deep single working face mining
with the super-thick and weak cementation overburden, the
strike direction reached full mining when D; was three times
H, or more. Ds is the goaflength in the strike direction. H is
the mean mining depth.

To get the mining range that can ensure the full mining
of the surface of deep mining with the super-thick and weak
cementation overburden fully mine, the law of surface

Mathematical Problems in Engineering

movement in deep multi-working face mining with the
super-thick and weak cementation overburden was studied.
Table 3 reflects the relationship among the goaf parameters,
the mining degree, the surface subsidence coefficient, etc. In
Model By, the pillar width is 25 m and the strike length of the
working face is 1500 m. In Model B,, the pillar width is 25 m
and the strike length of the working face is 2500 m.

In order to systematically and intuitively analyze the
movement and deformation law of deep multi-working face
mining, this paper drew the relationship between mining
space and surface subsidence coefficient (Figures 7 and 8).

From Figure 7(a), when the strike distance is 1500 m (D, /
H, =2), the surface subsidence coefficient increases gradu-
ally with the increasing degree of dip mining. The rela-
tionship between the dip mining degree and the surface
subsidence coefficient is displayed as a Boltzmann function,
and the correlation coefficient (R?) is 0.997. In Figure 7(b),
when the width-depth ratio is 2, the horizontal movement
coefficient decreases gradually with the dip mining degree.
There is a sinusoidal relationship between the dip mining
degree and the horizontal movement coefficient, and the
correlation coefficient is 0.989. The detailed functional re-
lationship is shown in the following formula:

D,/H, +1.51
b=0.38+0.07 sin<”(1/°+)>

3.65

0.86

D1/Hy-1.2000.72

=0.73 -
1 1+

According to Figure 8(a), when the strike distance is
2500m (D;/H, > 3), the surface subsidence coeflicient in-
creases gradually with the dip mining degree, and the change
rate of the surface subsidence coeflicient increases and then
decreases. The relationship between the dip mining degree
and the surface subsidence coefficient is displayed as a
Boltzmann function, and the correlation coefficient is about
0.993. In Figure 8(b), when the width-depth ratio is larger
than 3, the surface horizontal movement coefficient de-
creases gradually with the dip mining degree. The rela-
tionship between dip mining degree and horizontal
movement coefficient is sinusoidal, with correlation coef-
ficient of 0.987. The detailed functional relationship is shown
in the following formula:

D,/H, + 3.47
b= 042+ 007 sin[ TP/ Ho +3:47)
5.03
(2)
0.89
q=0.87 - — 5 g 3031

l+e

In order to study the influence of the strike distance on the
surface movement and deformation law of multi-working
face mining, this paper obtained the difference of the surface
subsidence coefficient and horizontal movement coefficient in
Models Bl and B2 under the same dip mining degree (Ta-
ble 4), and Figure 9 was depicted.

It can be seen from Figure 10(a) that with the dip mining
degree, the difference of surface subsidence coefficient
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FIGURE 6: Surface movement rule of single working face mining.

between Models B, and B, first increases, then decreases, and
finally approaches to a constant value. The maximum dif-
ference of the surface subsidence coeflicient is 0.35, ac-
counting for 76.1% of the corresponding subsidence
coefficient of Model B;. The final stable difference of the
surface subsidence coefficient is about 0.2.

In Figure 10(b), with the mining degree, the difference
of the horizontal movement coefficient increases grad-
ually and tends to be stable. The maximum difference of

the horizontal movement coefficient is about 0.05, ac-
counting for 16.1% of the corresponding horizontal
movement coeflicient in Model B;.

In order to prove Guess 1 mentioned in Section 2, this
paper compared the subsidence value of the Zhidan group
sandstone with that of the surface (Figure 9). In Figure 9, the
Zhidan group sandstone and the surface were bent syn-
chronously when the width-depth ratio in the dip was 0.41.
Because the mining scope was too small, the Zhidan group
sandstone was not destroyed. The Zhidan group sandstone
and the surface were still bent synchronously when the
width-depth ratio in the dip was 0.86. Although the Zhidan
group sandstone was slightly damaged, it could still support
the overburden and control the surface deformation at this
time. The surface sunk in a fracture manner when the width-
depth ratio in the dip was 1.31. In this case, the Zhidan group
sandstone was destroyed, and it could not support the
overburden. With the expansion of mining range, the
Zhidan group sandstone was further destroyed, and the
surface moved downward continuously. These phenomena
showed that the Zhidan group sandstone was so strong that
it could control the surface movement.

3.2. Energy-Polling Rule of the Super-Thick and Weak Ce-
mentation Overburden. The rationale for surface deforma-
tion is the overburden failure caused by the mining. In order
to deeply study the strata movement rule and to reveal the
failure mechanism of deep mining with the super-thick and
weak cementation overburden, we deduced the failure
pattern by describing the energy distribution rule caused by
the mining.

In Figure 11, the energy accumulation was dominated by
the compression strain energy when the width-depth ratio in
the dip was 0.41. The compression strain energy in the Zhidan
group sandstone was released slightly, and the Zhidan group
sandstone was not destroyed. The Zhidan group sandstone
and the overburden above it were bent synchronously.

In Figure 12, the compression strain energy was still the
main energy accumulation when the width-depth ratio in the
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TaBLE 3: Characterization parameters of surface movement and deformation rule in deep multi-working face mining with the super-thick

and weak cementation overburden.

Pillar width Strike length  Mining width ~ Width-depth ratio in the ~Width-depth ratio in W inax Upnax b
(m) (m) (m) strike the dip (mm) (mm) 1
300 3.45 0.41 295 139 0.09 0.47
625 3.45 0.86 1499 691 0.3 0.46
950 3.45 1.31 3689 1596 0.61 0.43
25 2500 1275 3.45 1.76 4849 2052 0.81 0.42
1600 3.45 2.21 4899 1958 0.82 04
1925 3.45 2.65 5154 1975 0.86 0.38
2250 3.45 3.1 5296 1957 0.88 0.37
2575 3.45 3.55 5400 1929 0.9 0.36
300 2.07 0.41 265 120 0.08 0.45
625 2.07 0.86 1000 435 0.2 0.44
950 2.07 1.31 1942 815 0.32 0.42
25 1500 1275 2.07 1.76 2748 1098 046 04
1600 2.07 2.21 3420 1283 0.57 0.38
1925 2.07 2.65 3652 1241 0.61 0.34
2250 2.07 3.1 4001 1295 0.67 0.32
2575 2.07 3.55 4207 1306 0.7 0.31
0.7 4 0.46
£ 0.44 -
0.6 4 i:j
B £ 042 4
5 054 g
é,_{ é 0.40
g 047 § 038 .
(o)
§ 0.3 g 0.36 -
3 E
2 02 4 § 0.34 1 .
w o—
3 4
01 4 e 0.32
0.30 -
0‘0 T T T T 1 T T T T 1

T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
width-depth ratio

m  Relationship between width-depth ratio and
surface subsidence coefficient

—— fitting
(@)

T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
width-depth ratio

m  Relation between width-depth ratio and
horizontal movement coefficient

—— fitting
(b)

FIGUre 7: Influence rule of mining space on surface movement and deformation (Model B;). (a) Influence of mining space on q.

(b) Influence of mining space on b.

dip was 0.86. The compression strain energy accumulation
occurred in the upper part of the Zhidan group sandstone
above the goaf. Because the Zhidan group sandstone was
seriously bent, the upper part of it was compressed. At this
time, the tensile strain energy occurred in its low part. As the
tensile strain energy was small, the Zhidan group sandstone
was slightly damaged. The Zhidan group sandstone and the
overburden above it were still bent synchronously.

In Figure 13, the large-scale energy accumulation oc-
curred in the Zhidan group sandstone, even in the surface
above the goaf when the width-depth ratio in the dip was
1.31. The energy distribution was significantly different from
that shown in Figures 12 and 13. These phenomena indi-
cated that the Zhidan group sandstone was destroyed for the

first time, and a great deal of energy was released. However,
the Zhidan group sandstone and the overburden above it
moved violently towards the goaf where they squeezed each
other and generated energy accumulation again. In this case,
the arch energy dissipation zone appeared in the energy
accumulation area of the Zhidan group sandstone. Because
the failure pattern of the Zhidan group sandstone was
similar to the arch structure, its compressed upper sandstone
would lead to the energy accumulation, while there was no
squeezing phenomenon inside the arch structure in the
Zhidan group sandstone, so no energy accumulation would
occur. In this case, the surface sunk in a fracture manner.

In Figure 14, the energy accumulation range in the Zhidan
group sandstone and the overburden above it was further
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Figure 8: Influence rule of mining space on surface movement and deformation (Model B,). (a) Influence of mining space on q.
(b) Influence of mining space on b.

TaBLE 4: Differences of surface movement and deformation parameter between Models B, and B,.

Width—depth ratio 0.41 0.86 1.31 1.76 2.21 2.65 3.1 3.55
Surface subsidence coeflicient 0.01 0.1 0.29 0.35 0.25 0.25 0.21 0.2
Horizontal movement coefficient 0.02 0.02 0.01 0.02 0.02 0.04 0.05 0.05
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F1GURE 9: Influence of the super-thick weak cementation overburden on the surface movement rule of deep multi-working face mining
when D,/H, > 3.
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FIGURE 13: Energy distribution after mining the third working face.

expanded, and the scope of the arch energy dissipation zone
was narrowed. These phenomena indicated that the Zhidan
group sandstone was destroyed ulteriorly, and the Zhidan
group sandstone and its overburden moved towards the goaf
continuously. The interaction between the strata was more
intense, and the interspaces in the overburden were nar-
rowing. In this case, the surface deformation was still active.

In Figure 15, the energy accumulation range in the
Zhidan group sandstone and the overburden above it was
further expanded, and the arch energy dissipation zone
disappeared. It indicated that the movement towards the
goaf was continuous in the Zhidan group sandstone and its
overburden. The strength of the interaction in the strata was
almost at its peak, and the interspaces in the overburden
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FIGURE 15: Energy distribution after mining the fifth working face.

were closed. In this case, the surface movement was in the
recession stage.

Figures 16-18 show that the scope of the energy accu-
mulation in the Zhidan group sandstone and the overburden
above it was further expanded, and the scope of the high
energy accumulation became smaller and then disappeared.
These demonstrated that the movement state of the Zhidan
group sandstone and its overburden above the goaf tended
to be stable, and the interaction between the strata became
weakened. In this case, the sinking basin gradually formed in
the surface.

In conclusion, in the case of deep mining with the super-
thick and weak cementation overburden, there was the
inadequate mining characteristics even if the surface reached
full mining. The surface reached full mining and the sub-
sidence coefhicient was about 0.9 when D; and D; were 3
times H, or more. The Zhidan group sandstone has strong
control effect. Its first breaking resulted in the surface
sinking in a fractured manner when D; was about 1.3 times
H, and D; was 3 times Hy or more. The failure pattern of
thick Zhidan group sandstone was “arch” failure, which is
obviously different from the “beam” failure of hard strata.
The failure mode of the super-thick and weak cementation
overburden further supported the reliability of the nu-
merical simulation results [20].

4, Influence of Overburden Characteristics on
Strata Movement

From the above study, we know that both the Zhidan group
sandstone and the Jurassic sandstone formations have a
certain control effect to the overburden movement. But their
working mechanism is not clear. The principal reason
resulting in the small surface subsidence of the study area
may lie in the joint control effect of the Zhidan group
sandstone and the Jurassic thick sandstone formations. In
this section, we discuss their role in the overburden
movement and the influence of their spatial position in the
strata on the overburden movement to understand the

interaction mechanism. Four three-dimensional numerical
models were established (Figure 19). In Figure 19, the in-
formation of the main rock was marked.

In Figure 19, not only the spatial position of the thick
sandstone in the strata was changed but also their relative
sequence in the strata was reversed. For improving the
calculation efficiency of the numerical model, each of these
four models was 3000m in width, 3000m in length, and
763 m in height. The mining parameters were that working
face was 300 m in width and 1500 m in length, the coal pillar
was 25 m in width, and five working faces were continuously
mined. The numerical simulation results are shown in
Figures 20-25 and Tables 5 and 6. One working face is
denoted as One-WF. Two working face is denoted as Two-
WE. Three working face is denoted as Three-WF. Four
working face is denoted as Four-WF. Five working face is
denoted as Five-WF.

Based on the simulation results in this section, the
distribution of the plastic zone in Model 1 was U-shaped,
the plastic zone diffusion in Model 3 was changed from the
U shape to W shape, and the plastic zone range in Model 3
was wider than that in Model 1. With the mining of
working faces 2201-2205, the difference between the
maximum subsidence values of Models 1 and 3 was
190 mm, 650 mm, 1164 mm, 1817 mm, and 1742 mm, re-
spectively. It increased rapidly, which had a positive re-
lationship with the rapid expansion of the plastic zone in
the Zhidan group sandstone in Model 3. These phenomena
indicated that the failure patterns of the Zhidan group
sandstone and the Jurassic sandstone formations were
different. The ultimate fracturing length of the Zhidan
group sandstone was longer than that of the Jurassic
sandstone formations. The control effect of the Zhidan
group sandstone was superior to that of the Jurassic
sandstone formations.

Based on the simulation results in this section, there was
no significant difference in the plastic zone diffusion of
Models 3 and 4. In addition, the maximum subsidence of
Model 3 was smaller than that of Model 4 in the same mining
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FIGURE 18: Energy distribution after mining the eighth working face.

degree. These phenomena indicated that the control effect of
the Jurassic sandstone formations was superior to that of the
Zhiluo formation sandstone.

Based on the simulation results in this section, the plastic
zone range of Model 2 was wider than that of Model 1 in the
same mining degree. With the mining of working faces
2201-2205, the difference between the maximum subsidence
values of Models 1 and 2 was 50 mm, 249 mm, 379 mm,
514 mm, and 516 mm, respectively. There was no significant
difference between the plastic zone diffusion of Model 1 and
Model 2 because only the spatial position of the thick
sandstone in the strata was changed, and their relative se-
quence in the strata was not reversed.

From the above comparative analysis, it was found that
the control effect of the Zhidan group sandstone was superior
to that of the Jurassic sandstone formations. The control effect
of the Jurassic sandstone formations outdid that of the Zhiluo
formation sandstone. Although their relative spatial position
had little influence on the overburden movement, their rel-
ative sequence had a great influence on the overburden
movement. When the Zhidan group sandstone was located
above the Jurassic sandstone formations, the Jurassic sand-
stone formations effectively hindered the damage speed of the
overburden and larger mining space was required to destroy
the Zhidan group sandstone and to make the surface reach
full mining. When the Jurassic sandstone formations were
located above the Zhidan group sandstone, the Zhidan group

sandstone was rapidly destroyed with the expanded mining
range, which resulted in the surface being fully mined.
Therefore, the relative sequence of the strong-control and the
secondary-control strata in the overburden directly deter-
mines the failure pattern of the overburden and is the main
factor to affect the overburden movement. The relative spatial
position of the strong-control and the secondary-control
strata in the overburden has little influence on the failure
pattern of the overburden and is the secondary factor to affect
the overburden movement.

5. Discussion

Due to the strong control effect of the Zhidan group
sandstone, the surface subsidence value is small when the
goaf is large, and much strain energy accumulates in the
overburden. When the goaf range increases to a certain
extent, the Zhidan group sandstone will be destroyed. The
surface will sink in a fractured manner releasing a lot of the
strain energy, which will lead to the occurrence of rock burst,
mine earthquake, and other accidents. These seriously
threaten the safety of mining workers. Through similar
material model, we also got a similar result [20].

In Figure 26, with the mining of working faces 2203 and
2204, the moving range of the overburden of similar material
model expanded, and the coal pillars between working faces
2201 and 2202 and working faces 2202 and 2203 lost the
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FIGURE 19: Schematic diagram of the strata position. (a) Model 1. (b) Model 2. (c) Model 3. (d) Model 4.
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FIGURE 20: Plastic zone distribution after mining the first working face (working face 2201). (a) Model 1. (b) Model 2. (c) Model 3. (d) Model 4.
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FIGURE 21: Plastic zone distribution after mining the second working face (working face 2202). (a) Model 1. (b) Model 2. (c) Model 3.
(d) Model 4.
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FIGURE 22: Plastic zone distribution after mining the third working face (working face 2203). (a) Model 1. (b) Model 2. (c) Model 3.
(d) Model 4.
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FiGure 23: Plastic zone distribution after mining the fourth working face (working face 2204). (a) Model 1. (b) Model 2. (c) Model 3.
(d) Model 4.
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FIGURE 24: Plastic zone distribution after mining the fifth working face (working face 2205). (a) Model 1. (b) Model 2. (c) Model 3. (d) Model 4.
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FiGure 25: Comparison analysis of the maximum subsidence values in these models.
TaBLE 5: Proportion of plastic zone in the model.
Model  One working face (%) Two working faces (%) Three working faces (%) Four working faces (%) Five working faces (%)
Model 1 1.36 4.55 14.45 28.20 40.66
Model 2 1.59 6.20 19.95 33.75 42.77
Model 3 2.61 10.65 29.95 44.41 48.03
Model 4 2.62 11.28 31.14 45.84 49.22
TaBLE 6: Maximum surface subsidence of these models (mm).
Model One working face Two working faces Three working faces Four working faces Five working faces
Model 1 -269 -1015 -1965 —2743 —3432
Model 2 =320 -1264 —2344 —3258 —3948
Model 3 —459 —-1665 -3129 —4560 —-5174
Model 4 —463 -1677 -3162 —4616 —5199

bearing capacity because of their instability and failure.
However, the coal pillar between the 2203 and 2204 working
faces was still in a stable state and restricted the overburden
to move downward. Therefore, the shape of the X obser-
vation line was like a “w.”

Based on the physical simulation, it could be found that the
first breaking span of the immediate roof reached 120 m, the
cyclic fracturing length was about 60 m, and the first weighting
interval and the cyclic weighting interval were much larger
than the those of the middle hard overburden in the Car-
boniferous Permian coal seam in the eastern mining area of
China. The height of the caving zone was about 33 m, and the
height of the water suture zone was about 112 m, which was
noticeably larger than that of the middle hard and weak
overburden in Central China and Eastern China. The Zhidan
group sandstone and the Jurassic sandstone formations had a
certain control effect on the overburden movement.

In this paper, we reveal the failure mechanism of the
super-thick and weak cementation overburden and basically
grasp the space-time evolution rule of its movement and its
failure characteristics, which has an important reference to

control the failure of the super-thick and weak cementation
overburden and the surface movement. Although this paper
has done some work on the movement rule and failure
mechanism of the super-thick and weak cementation
overburden, there are still the following deficiencies. (1) The
surface measurement data are not sufficient. The surface
measurement data of deep large-scale mining with the su-
per-thick and weak cementation overburden are not
available. Relevant data will be continuously collected to
optimize the research results. (2) The research results of this
paper only refer to the geological and mining conditions of
Yingpanhao mine, and the study area is too small. Relevant
data of other deep mines with super-thick and weak ce-
mentation overburden will be constantly collected to opti-
mize the research results.

So far, the national filling mining technology has been
relatively mature, which has a significant effect in the control of
rock movement. In the future research, we will focus on de-
signing a reasonable filling mining plan to effectively control the
damage of the super-thick and weak cementation overburden
while rationally utilizing the waste rocks in the working face.
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FIGURE 26: Subsidence curve of observation line X during mining.

6. Conclusions

In this paper, based on the measurement results in the field,
we analyzed the differences of the surface movement rule of
deep mining between the middle hard overburden in Eastern
China and the super-thick and weak cementation over-
burden in Western China. Then, we applied the numerical
simulation method to deeply study the surface movement
rule and the influence of overburden characteristics on strata
movement and revealed the failure mechanism of the super-
thick and weak cementation overburden. The following
findings were obtained:

(1) Under the same mining degree, the surface subsi-
dence coefficient of deep mining with the super-thick
and weak cementation overburden in Western China
is much smaller than that of deep mining with the
middle hard overburden in Eastern China. It shows
the particularity which is seriously inconsistent with
the weak lithology of the weak cementation
overburden.

(2) It still shows the characteristics of the inadequate
mining when the surface reaches full mining. The
surface reaches full mining and the subsidence co-
efficient is about 0.9 when D; and Dj are 3 times H,,
or more. The relationships of the dip mining degree,
the surface subsidence coeflicient, and the dip
mining degree, the horizontal movement coefficient,
are displayed as Boltzmann and sinusoidal functions.

(3) The Zhidan group sandstone has strong control
effect. Its first breaking results in surface sinking in

a fractured manner when D, is about 1.3 times H,
and Dj is 3 times Hy or more. The failure pattern of
thick Zhidan group sandstone is “arch” failure,
which is obviously different from the “beam” failure
of hard strata.

(4) The control effect of the Zhidan group sandstone is
superior to that of the Jurassic sandstone formations.
The control effect of the Jurassic sandstone forma-
tions is above that of the Zhiluo formation
sandstone.

(5) The relative sequence of the strong-control and the
secondary-control strata in the overburden is the
main factor to affect the overburden movement. The
relative spatial position of the strong-control and the
secondary-control strata in the overburden is the
secondary factor to affect the overburden movement.

This paper deeply investigates the surface movement rule
of deep large-scale mining with the super-thick and weak
cementation overburden, explores the reasons for the spe-
cialty of the overburden movement, and reveals the failure
mechanism of the super-thick and weak cementation
overburden. It has great potential applications and scientific
significance in green mining, environment-damage control,
and scientific mining of deep resources with the ultrathick
and weak cementation overburden.

Data Availability
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