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To reveal the performance of the stepped subsidence and the strong roof weighting during shallow coal mining, taking the fully
mechanized mining face with large mining height in the Shendong mining area in China as the engineering background,
theoretical analysis and numerical simulation were used to analyze the pressure-arching effect of the hanging roof blocks. -ree
typical pressure-arch models of the roof structure were proposed, such as the symmetrical pressure-arch of two key blocks, the
step pressure-arch of multiple key blocks, and the rotative pressure-arch of multiple key blocks. Results indicate that the
horizontal stress displays a nonlinear distribution at the abutments of the symmetrical pressure-arch, and there is a linear
distribution of horizontal stress with a higher peak value at the midspan of the pressure-arch.-e high horizontal stress at the arch
abutment is necessary to form the rotative pressure-arch of multiple key blocks. -e horizontal stress is relatively less at the arch
abutment of the step pressure-arch structure. -e main key block is easier to slide in this structure as the boundary horizontal
stresses display the nonlinear distribution. -e results are of instructive significance for roof weighting forecast and strata control
during shallow horizontal mining for a thick coal seam.

1. Introduction

-e shallow coal resource is huge in western China, but the
fragile ecological environment and mining-induced disaster
also restricted the development of the mining area seriously.
-e Shendong mining area in western China was charac-
terized by large thickness, shallow buried, and flat dipping
coal seams, which was a typical high efficiency mining
district of shallow thick coal mining and the largest un-
derground coal mining area in the world. -e fully mech-
anized longwall mining with large mining height was widely
used in this district, and the width of the panel can be
reached at 450m.

-e roof weighting and ground subsidence induced by
shallow coal mining also affected the development of similar
mining engineering in the world [1–3]. So it is an important
problem to reveal the performance of the stepped subsidence
and the strong roof weighting during shallow coal mining.
-e large-scale shallow mining for full thickness of coal

increased the failure range of the thin bedrock roof, and the
load of fractured strata was not carried effectively by the roof
block structure, resulting in strong mine pressure. So the
mechanical model was widely used in analyzing the roof
structure and weighting forecast, and the application of the
voussoir beam model, cantilever beam model, Euler beam
model, and hinged arch bar model also proved its practi-
cality in many engineering cases [4]. -e fully mechanized
mining for thick coal with large mining height would ag-
gravate the shallow strata movement, the moving law and
structure types of the roof blocks were special in these cases,
and the weighting step and load intensity were characterized
by alternating with long and short periods. So the slip in-
stability of the roof blocks would cause the movable column
being retracted sharply, and then the supports were being
crushed.

Aiming at these problems, a great deal of research has
been conducted. For examples, Ju and Xu used the cantilever
and voussoir beam structural models to reveal the periodic
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alternating law of the weighting step and strata behavior
through field observation on the longwall face with 7.0m
mining height and pointed out that the key strata broken in
advance and step subsidence would lead to the periodical
changes in gentle and strong roof weighting [5]. Liu et al.
carried out the simulation experiment on large height
mining of the thick coal in a mine by using FLAC3D, and the
results showed that the height of the fractured zones in-
creased with the mining thickness of the shallow coal seam
[6]. -rough physical similarity tests, Ren et al. pointed out
that the bedrock fissure zone conducting surface was the
main cause of the long and short periodical roof weighting
during the shallow mining [7]. Zhang et al. conducted the
numerical simulation on a working face in the Shendong
mining area by using UDEC and proposed that if the basic
roof could form a stable bearing structure, the overlying
strata would present a continuous bending down without
slip instability and whole step subsidence [8]. Huang et al.
found that the inclined step rock beam of the key strata was
a common structure type in the mining field with superlarge
mining height in the Shendong mining area [9].

-e cantilever beam [4, 10] and voussoir beam [11–13]
models were widely applied in analyzing the roof weighting,
but these models in previous studies mostly were to estimate
the horizontal thrust between roof blocks and the action
position by empirical formulas, not taking into account the
effects of the stress distribution on the structure stability.
However, the slip instability and rotational deformation
were usually all affected by the horizontal stress [14]. Bakun-
Mazor et al. indicated that the horizontal stress distribution
along the boundary of the key roof blocks was not necessarily
linear and the exact geometry distribution of that stress must
be determined by the experimental studies [15]. Tsesarsky
studied the arching law of the compressive stress within the
layered sedimentary rocks in shallow mining by using FLAC
and analyzed the effects of block size and joint space on the
horizontal stress distribution [16]. Shabanimashcool et al.
[17] and Helm et al. [18] found that the maximum span of
the voussoir roof beam prior to the first roof caving
depended upon the initial horizontal stress and the roof
beams formed a large stable span when they were subjected
to the high horizontal stress.

Due to the current models of the roof structures being
paid more concerns on the gravity effect on the stability of
the roof blocks, the arching law of the principle stress and
boundary horizontal stress distribution were not well rec-
ognized; ignoring the influence of the pressure-arch struc-
ture on the roof movement behavior, the fractured roof of
the large height working face under shallow mining for thick
coal displayed obvious step subsidence, frequently support
crushing accident, and commonly ground cracks [1, 9], and
these abnormal performances induced by shallow mining
were still not being explained reasonably. In this paper, the
fully mechanizedmining face with large mining height in the
Shendongmining area in China was taken as the engineering
background, and theoretical analysis and numerical simu-
lation were used to analyze the pressure-arching effect and
the distribution of the horizontal stress in the roof block
structure. It was of guiding significance for obtaining the

instability and roof weighting characteristics of the pressure-
arch structure in the key roof blocks to ensure shallow
mining safety.

Since there are still many problems needed to be solved
in the shallow coal mining, this paper would conduct further
study on the roof weighting of a typical shallow coal mining.
Taking the fully mechanized mining face with large mining
height in the Shendong mining area as the engineering
background, theoretical analysis and numerical simulation
were used to analyze the arching law of the principle stress
and the distribution of the horizontal stress in the roof block
structure. Considering that the pressure-arch effect in the
roof blocks can improve the rationality of the mechanical
model, three typical pressure-arch models of the roof
structure were proposed and the related instability criteria
were derived.-e results are of important meaning for safety
mining in the similar engineering.

-e remainder of this study was organized as follows. In
Section 2, structural characteristics of key blocks and their
verification analysis of the typical engineering under shallow
coal mining are conducted. In Section 3, the evolution
process of the pressure-arch in the key blocks during coal
mining is analyzed. In Section 4, the discussion of the results
is provided. Section 5 summarizes the conclusions.

2. Pressure-Arching Characteristics

2.1. Symmetric Pressure-Arch of Two Key Blocks of Initial
Fractured Roof. As shown in Figure 1, with the mining face
advancing from the open-off cut, the cracks were generated
at both ends and the midspan of the basic roof when
reaching its limit span, forming trapezoid and arc blocks.
-e basic roof was periodically broken into multiple re-
movable trapezoid blocks in the middle of the working face.
-e movements of these arc blocks at both sides were
controlled by the trapezoid blocks.

-e original fractured blocks Fa, Fb and periodic frac-
tured blocks Pa, Pb continuously sank and contacted the
waste rocks, and the hanging blocks were squeezed with the
rear blocks to form the fractured structure. -e stability of
the fractured roof structure depended on the movement of
the key blocks, while the slip instability of the main block
over the support was a direct factor to induce roof cutting
and strong strata behavior.

After the full thickness of the coal seam being mined, the
caving immediate roof was not enough to fill the goaf, so the
large mining height technology provided a movable space
for the roof blocks. -e hanging blocks showed the step
structures after separating from the upper strata. -e roof
weighting for sliding blocks was stronger than the normal
height mining [9]. -e middle of the mining face was the
critical control area as roof weighting, so it was feasible to
analyze the movement of key roof blocks by using the plane
model.

-e symmetrical pressure-arch model of two key blocks
was established, as shown in Figure 2. After the basic roof
original breaking, the separated roof blocks rotated under
their weights and were compressed reciprocally at the
abutments in the surface contact state. -e friction and
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horizontal thrust at the abutments directly affected the in-
stability types of the roof blocks, and the internal and
boundary stress distribution of the blocks was essential to
the stability analysis of the roof structures.

-e horizontal stress σxx at the left abutment of the block
(Figure 2(c)) was distributed [15]:

σxx � f(x) � a(x− h)
b
, (1)

where h is the distributed height of the horizontal stress at
the left abutment, f(x) is the distribution function of the
horizontal stress, and x is the coordinate position.

-e horizontal stress σxx at the coordinate origin point
O was the largest value at x � 0; the maximum value of the
stress σm � f(0) � a(−h)b according to the stress distri-
bution law in Equation (1); the horizontal thrust T and its
position XT were, respectively, given by

T � 
h

0
a(x− h)

b
dx �

ah(−h)b

b + 1
�

σmh

b + 1
, (2)

XT �
1
T


h

0
f(x)x dx �

h

b + 2
. (3)

Assuming that the boundary stress distribution of the
contact surface was the same, the horizontal thrust T was
equal. If the pressure-arch structure of key blocks was in the
equilibrium state, taking themoment at the left point O, then
 MO � MQN

−Mw � 0,  Y � 2W−QO −QN � 0.
So the equilibrium equation was given by

QN(2L cos α + 2H sin α)−W(0.5L cos α + H sin α)

−W(1.5L cos α + H sin α) � 0,
(4)

QO + QN � 2W, (5)

where QO, QN are the shear force, H is the block height, α is
the rotating angle, W is the bearing load of the roof block,
namely, cL(H + H1), c is the unit weight of the roof rock,
and H1 is the thickness of the upper loading layer.

Arranging Equations (4) and (5), then

QO � QN � cL H + H1( . (6)

-e roof block Fa was themain key block over themining
working face. -e slip instability of the block Fa would
lead to the roof step subsidence and strong pressure on the

support. However, the instability could be avoided when the
contact friction, T tanφ, was larger than the shear force QO,
namely, T tanφ>QO.

Substituting Equations (2) and (6) into the above-
mentioned inequality, then

σm >
cL(b + 1) H + H1( 

h tanφ
. (7)

2.2. Step Pressure-Arch Structure of Key Blocks of the Periodic
Fractured Roof. As shown in Figure 3, with the mining
face advancing, the basic roof was fractured periodically.
Field observation and simulation experiment showed
that the quantity of removable blocks that affected the
stability of the mining face was limited, so only the mi-
gration of key blocks hanging above the support space was
worth considering.

-e typical step pressure-arch structure of multiple key
blocks is shown in Figure 3(a). -e rotating angle α1 of the
main block Pa was larger than the angle α2 of the rear block,
and the block Pa contacted with adjacent blocks at the hinged
ends, and then a semiarch of stress formed in themain block.
-e rear blocks Pb and Pc with little rotating angle com-
pressed mutually and slid to form a step structure under the
action of the horizontal thrust and shear force.

To analyze the mechanics of the key blocks Pa and Pb,
taking themoment at the left hinged pointA, MA � 0, since
the vertical resultant force was zero, let , sin α1 + sin α2 � A1,
cos α1 + cos α2 � A2, and then the following equilibrium was
given:
T H− LA1 − 2XT( −W 1.5L cos α1 + 0.5L cos α2 + 2H sin α1( 

+ QB LA2 + H sin α1(  � 0,

(8)

QA + QB � 2W. (9)

Combining Equations (8) and (9), then

QB �
W 0.5L 2 cos α1 + A2(  + 2H sin α1 

LA2 + H sin α1

−
T H− LA1 − 2XT 

LA2 + H sin α1
,

(10)

QA �
0.5WL A2 + 2 cos α2(  + T H− LA1 − 2XT 

LA2 + H sin α1
. (11)

For themain block Pa, tanφwas the friction coefficient of
the contacted surface; if T tanφ<QA, the block would slide
along the working face. According to Equations (2), (3), and
(11), let sin α1 tanφ � A3, (2h/(b + 2)) � A4, and then the
following formula was obtained:

σm <
0.5cL2(b + 1) A2 + 2 cos α2(  H + H1( 

h L tanφA2 + H A3 − 1(  + LA1 + A4 
. (12)

Equation (12) can be used as the slip instability criterion
for the main block in this structure.

Initial fracture

FbFaPaPc Pb

Periodic fracture

Advancing

Figure 1: Typical geometry structure of the fractured roof blocks.
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2.3. Rotative Pressure-Arch Structure of Key Blocks of the
Periodic Fractured Roof. -e rotative pressure-arch
structure of the multiple key blocks was shown in Fig-
ure 4(a). -e rotating angle of each block was approxi-
mately equal, and the horizontal thrusts among these
blocks were sufficient to mobilize a frictional resistance to
balance the shear force. -e roof blocks rotated gradually
without slip instability, and the rotative pressure-arch
with bearing capacity produced a protective effect on
the mining space.

-e moment at the left hinged point A  MA � 0, and
the vertical resultant force was zero, and then the equations
were given as follows:

T H− 3L sin α− 2XT(  + QB(3L cos α + H sin α)

−W(4.5L cos α + 3H sin α) � 0,
(13)

QA + QB � 3W. (14)

Combining Equations (13) and (14), then

QB �
W(4.5L cos α + 3H sin α)

3L cos α + H sin α
−

T H− 3L sin α− 2XT( 

3L cos α + H sin α
,

(15)

QA �
4.5WL cos α + T H− 3L sin α− 2XT( 

3L cos α + H sin α
. (16)

-e roof block sliding should be avoided to ensure the
formation of the structure, namely, T tanφ>QA.

Substituting Equations (2), (3), and (16) into this in-
equality, and letting sin α1 tanφ � A3 and (2h/(b + 2)) � A4,
then

σm >
4.5 cos αcL2(b + 1) H + H1( 

h 3L(tanφ cos α + sin α) + H A3 − 1(  + A4 
. (17)

2.4. Stability Analysis of the Main Key Block of the Initial
Fractured Roof. Taking No. 1−2 coal with 7.0m mining
height at the Shangwanmine in Shendongmining area as the
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Figure 3: Step pressure-arch structure of key blocks of the periodic fractured roof. (a) Sketch map of the structure of key blocks.
(b) Mechanical model.
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Figure 2: Pressure-arch structure of two key blocks of the initial fractured roof. (a) Sketchmap of the structure of key blocks. (b)Mechanical
model. (c) Boundary stress distribution at the abutment.
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engineering background, the panel was at an average depth
of 115.4m, which dipped 0–3°. -e thickness of coal was
3.8–9.2m and 7.0m thick in average. -e average thickness
of the ground overburden of alluvial sand was 13.7m, and
the average thickness of the bedrock was 102.1m.

-e length of the fully mechanized mining panel No.
51101 was 3654m, the width was 300m, and the designed
mining height of the panel was 5.2–5.4m. -e total caving
method to manage roof was adopted, which matched the
German Eickhoff SL-500 shearer, and double column shield
hydraulic supports 2× 4319 kN.

-e immediate roof of the mining field was mostly sandy
mudstone or siltstone, whose thickness was 0.5–7.1m, 3.0m
in average. -e basic roof was sandstone, whose thickness
was 6–15.1m, 9m in average, and the compressive strength
of that was 16.6–33.8MPa, 25MPa in average. -e span of
the initial roof weighting step was 53.8m, and there was six
times periodic roof weighting in all during the field ob-
servation.-e span of the roof weighting in the middle of the
mining face was 10.9–32.7m, 20.39m in average.

Based on the technical parameters of panel No. 51101,
the thickness H of the basic roof was 9m, and the block
length L was 26.9m according to the initial roof weighting
step. -e rotating angle α was taken as 4°, the friction co-
efficient tanϕ was 0.5, the bulk density of the roof was
25 kN/m3, and the compressive strength σc was 25MPa. As
shown in Figure 5, the curves were calculated from Equation
(7), which was used to judge the stability of the main block in
the symmetrical stress arch structure. -e slip instability was
avoided when the maximum horizontal stress reached the
curve value σm. -e variable h in Figure 5 was the abutment
thickness of the stress arch.

-e following results were found: (1) When the
boundary horizontal stress displayed the nonlinear distri-
bution, the stable stress σm of the block was higher, so the
block with nonlinear boundary stress was easier to slide
under the same crustal stress condition. (2) When the
abutment thickness h of the pressure-arch was 0.1H for the
nonlinear boundary stress, the maximum horizontal stress
needed to reach 40MPa to ensure the blocks without sliding,
while the stress σm had exceeded the compressive strength of
the blocks under this condition, so the plastic failure at the
hinged end of the blocks occurred, which led to further
rotation of the roof blocks. (3) -e critical stress σm de-
creased with the thickness h increasing, the decreasing trend
was most obvious in the range of 0.1–0.3H, and this trend

indicated that it no longer required a high level of stress to
avoid the slip instability when the pressure-arch abutment
reached a certain thickness.

-erefore, the decreasing stress reduced the plastic failure
of the block ends and prevented further rotation to increase
roof weighting. So the increasing abutment thickness of the
pressure-arch could improve the stability of the key blocks.

2.5. Stability Analysis of the Main Key Block of the Periodic
Fractured Roof. According to Equations (12) and (17), the
rotating angle α1 and α2 of the key blocks in the step
pressure-arch structure was adopted, respectively, as 4° and
1°, and the rotating angle α of the key blocks in the rotative
pressure-arch structure was adopted as 4°. -e length L of
the block was 20m according to the periodic weighting step,
and the other parameters remain unchanged. -e stability
judging curves of the step pressure-arch and the rotative
pressure-arch structure were obtained, as shown in Figure 6.

-e following results were found: (1) -e horizontal
stress needed to maintain the stability of the multiple key
blocks’ structure which was higher than that of the sym-
metrical pressure-arch structure of two key blocks. With the
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Figure 4: Rotative pressure-arch structure of key blocks of the periodic fractured roof. (a) Sketch map of the structure of key blocks. (b)
Mechanical model.
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abutment thickness of the pressure-arch being less than
0.2H, the maximum horizontal stress σm would exceed
the compressive strength σc of the blocks, and the plastic
failure occurred at the hinged end of the block. (2)-e stable
horizontal stress of the rotative pressure-arch was the largest
under the same ground stress condition, and the rotative
pressure-arch was more difficult to form. (3) -e pressure-
arch with smaller abutment thickness required higher stress
to maintain the stability of the key blocks, and the greater
plastic failure would occur at the block ends.

3. Evolution Characteristics of Pressure-Arch

3.1. Building Computational Model. Based on the geological
condition and the mining field in the Shanwan mine, the
discrete element software UDEC was used to analyze the
instability characteristics of the pressure-arch of key blocks
under the shallow coal mining condition. -e numerical test
was to simulate the mechanical behavior of the fractured
strata blocks, considering the vertical and horizontal virtual
joints’ condition, the normal stiffness and tangential stiffness
of each joint can be approximately calculated through the
joint structure and the deformation of intact rock mass, so
the normal stiffness and tangential stiffness were set as
4.0GPa/m.

As shown in Figure 7, the full mining thickness of the
coal seam was 7m, and the thickness of the immediate roof
was 3m. Considering the falling size of the immediate roof,
the virtual joint space was set as 3m. -e thickness of the
basic roof was 9m. Since the periodic weighting length was
10.9–32.7m in the practical engineering, this numerical test
was focused on the stress distribution in the strata blocks
during shallow coal mining, so the virtual block size was set
as 15m in the basic roof according to the weighting length.

-e thickness of the strata over the basic roof was set as
30m to focus on the movement law of the roof strata.
According to the field observation and similar material
experiment results, the thickness/span ratio of the broken

strata decreased with the layer position rising, the fractured
strata block in high position was longer the basic roof block
[4, 10], so the length of a single virtual block was set as 30m,
25m, and 20m in strata ①–③ in Figure 7, respectively.

-e model size was 450m long and 54m high, and the
upper boundary loading was calculated as the bedrock strata
of 70m thickness. -e bottom boundary of the model was
fixed, and the lateral boundaries of the model were fixed in
the horizontal direction.

-e position of start mining was 50m away from the left
boundary, and the advancing distance was 350m. -e
monitoring line was arranged along the Y direction at the
interval of 1m in the range of 15–24m to obtain the evo-
lution law of the stress field and displacement field in the
roof structure during mining. -e physical and mechanical
parameters of the model were listed in Table 1, and Mohr-
Coulomb criteria were used in the numerical calculation.

3.2.EvolutionProcess of thePressure-ArchofKeyBlocksduring
Coal Mining. For mining face No. 51101, advancing 10m
each time was adopted in the simulation. As shown in
Figure 8(a), the compressive stress was positive, while the
tensile stress was negative, and the principle stress showed
an obvious arching effect in the initial stage of coal mining.
As the advancing distance was 30m, the immediate roof
displayed the initial caving, the symmetrical pressure-arch
formed in the basic roof, and the global pressure-arch
formed in the overlying strata. Overall, the roof kept sta-
ble. -e monitoring data showed that the peak value of the
major principle stress occurred at the abutment of the
pressure-arch and the maximum horizontal stress at both
abutments was 1.72MPa and 1.81MPa, respectively.

As shown in Figure 8(b), the initial caving of the basic
roof occurred when the advancing distance was 50m, and
the load of the fallen roof blocks was transferred to the
surrounding rock by the squeezing and clamping between
the blocks. -e principle stress was redistributed and de-
livered through the contacting face. -e step pressure-arch
structure formed in the main key blocks and the fallen roof
blocks moved along the stress transferring trace. -e peak
value of major principle stress occurred at the surrounding
rock of mined-out area, and the maximum horizontal stress
at the right arch abutment was 2.41MPa, but the maximum
horizontal stress on the surface of the sliding block was only
0.41MPa.

As shown in Figure 9(a), the overlying bedrock strata
were moved totally with the mining face advancing 210m,
the coal mining reached the complete mining stage, and the
global pressure-arch structure of the bedrock strata was
transformed into the single pressure-arch structure in each
layer. -e rotating angle of the basic roof block increased
significantly compared with the previous state, the front half
pressure-arch formed in the hanging basic roof at themining
face side, and the pressure-arch top was located in the step
sliding basic roof block at the midspan of the mined-out
area. -e hanging basic roof carried the upper strata load
and was kept stable by the structure effect of the pressure-
arch, and the roof weight was relatively weak in this period.
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It can be seen from Figure 9(b) that, with the mining face
advancing 230m, multiple layers of the bedrock strata rotated
and sank toward the mined-out area, and the sank roof strata
were compacted in the range of abscissa of 190–220m. -e
pressure-arch structure of basic roof produced instability under

the dynamic load of the upper strata during this structure
rotation process, the step sliding basic roof blocks in the
pressure-arch top reached maximum subsidence, and the
rotated instability of basic roof in the front pressure-arch would
increase the resistance of the support at the working face side.

Table 1: Physical and mechanical parameters of the materials.

Name Unit weight
(kN/m3)

Elastic modulus
(GPa)

Poisson’s
ratio

Cohesive strength
(MPa)

Tensile strength
(MPa)

Friction
angle (°)

Coarse sand-stone 24.3 35 0.23 5.5 4 33
Sand-stone 25.0 32 0.24 7.3 4.9 35
Mud-stone 22.4 23 0.15 2.5 1.7 30
Coal 13.1 15 0.29 0.79 0.57 27
Silt-stone 24.6 26 0.22 3.9 2.5 38
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Figure 8: Evolution process of the pressure-arch in the initial mining stage. (a) Initial caving of the immediate roof. (b) Initial caving of the
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Compared with the stable state of the pressure-arch in
the basic roof, the instability of the pressure-arch in the
hanging basic roof led to the load of the upper bedrock strata
losing carrier; the additional load acting on the roof support
caused the strong periodic roof weighting.

As shown in Figure 10(a), with the mining face advancing
250m, the rotative pressure-arch structure was rebuilt in
the basic roof, and the peak value of major principle stress
at the left arch abutment was 50.23MPa. As shown in Fig-
ure 10(b), with advancing 280m, the basic roof sank toward
the mined-out area and compacted at the midspan of the
pressure-arch, and the peak value of major principle stress
was 65.40Mpa, the bearing load of the pressure-arch structure
of the basic roof was transferred to the caved zone behind the
mined-out area of the mining face side.

3.3. Structural Characteristic Analysis of the Symmetrical
Pressure-Arch of Key Blocks. To explore the distribution
characteristics of the symmetrical pressure-arch and the
block size effect, different models were built considering the
block length ranging from 10m to 20m, and the length L of
the single block was increased 1m for each time. As shown
in Figure 11, the major principle stress distributed as the
obvious symmetrical pressure-arch in the basic roof when
the roof span reached 2 L gradually.

As shown in Figure 12, it was found that the horizontal
stress at the pressure-arch abutments in the basic roof
displayed the nonlinear distribution characteristics with
quadratic function law. -e stress σxx decreased from the
bottom to the top along the direction of the distributed
height hx, and the maximum horizontal stress was located at
the lowest position of the arch abutments at hx � 0.

-e horizontal stress at the midspan of the pressure-arch
increased linearly from the bottom to the top along the
direction of the height hx, and the maximum horizontal
stress σm at the midspan was greater than that at the
abutments. -e horizontal compressive stress was distrib-
uted in the range of hx�4–8m, and the midspan thickness of
the arch was less than that of the abutments.

-e peak value of the boundary horizontal stress in-
creased with the block length increasing, and the maximum
horizontal stress was 1.12MPa, 1.81MPa, and 2.38MPa
when the block length was 10m, 14m, and 20m, re-
spectively, while the abutment thickness of the pressure-arch
reduced gradually with increasing span.

4. Discussion of the Results

-e shallow coal mining with a large height would induce
roof collapse, support crushing, and ground subsidence. -e
structure instability of the basic roof and overlying bedrock
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Figure 9: Evolution process of the step pressure-arch structure of the basic roof. (a) Step pressure-arch. (b) Instability of the pressure-arch of
the basic roof.
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strata were the main cause of these mining damage, so it was
very important to reveal the structure instability character-
istics of the hanging roof blocks. Before the roof caving, the
arching law of the principle stress made the roof block
structure to have the capacity of bearing loading. -e in-
stability of the arch structure induced by mining often leads to
the roof weighting. -e load bearing structure of the roof
blocks could be formed after the fullymechanizedminingwith
large mining height, and the structural characteristic of the
hanging blocks were more remarkable and the roof weighting
would be unusually strong in the large mining space.

-e symmetrical pressure-arch structure of the basic
roof formed after the initial mining, and the horizontal stress
at both sides of the arch displayed the nonlinear distribution,
which was consistent with the findings of the literature [15].
But the horizontal stress was linearly distributed at the
midspan of the arch, and the peak value of the horizontal
stress was greater than that at both abutments, while the
midspan thickness of the arch decreased.

Different views on the thickness of the arch were pro-
posed [16]: (1) When the ratio of the arch thickness h to the
roof height H was 0.75, the arch structure was at equilib-
rium, and the ratio h/H� 0.3-0.4, which was near failure. (2)
When the ratio h/H� 0.3, the arch structure was in the
equilibrium state, while the ratio h/H� 0.1, which was near
failure. -e results indicated that as the pressure-arch

reached a certain thickness at the abutments, the required
horizontal stress avoiding slip instability obviously reduced,
and the increasing thickness of the pressure-arch could
improve the stability of the key blocks. In addition, the
distribution of the principle stress in blocks showed the size
effect. With the block length increasing, the abutment
thickness of the pressure-arch decreased and the midspan
thickness kept unchanged; however, the peak value of the
horizontal stress increased in all.

During the periodic fracture phrase of the roof, the
pressure-arch structure still existed in the key blocks of the
large height mining face, mainly behaving as the step
pressure-arch structure of multiple key blocks and the ro-
tative pressure-arch structure of multiple key blocks.
-rough mechanical analysis and numerical simulation, it
was found that the sufficient horizontal stress was necessary
to form the rotative pressure-arch structure, and the high
horizontal thrust at the arch abutments made the load
transfer along the arch trace in the blocks. -is structure
would not be maintained without strong horizontal con-
straint, and the horizontal stress on the surface decreased
dramatically after the structure instability.

-e horizontal stress was relatively lower at the arch
abutment of the main key block in the step pressure-arch
structure, the main key block was easier to slide under the
nonlinear distributed boundary stress, and a step structure
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Figure 10: Evolution process of the rotative pressure-arch structure of multiple key blocks. (a) Rotative pressure-arch structure. (b) Sinking
of the pressure-arch of the basic roof.
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was formed by the sliding block and the rear blocks.When the
semiarch formed again in the main key block over the mining
face, the basic roof evolved into a new step pressure-arch
structure. Filed observation showed that step subsidence and
strong roof weighting were common, which were induced by
shallow mining for the large height working face [4, 9], and
the cyclic evolution of the step pressure-arch structure was the
main reason to produce these mining performances. -e
continuous mining in the large space would weak the arching
effect of the compressive stress in the overlying bedrock strata,
and the pressure-arch of the bedrock developed upward with
the arch abutments moving backward. Moreover, the global
pressure-arch structure of the bedrock strata was transformed
into the multiple single-layer hinged arch structure and the
long periodic roof weighting was produced.

5. Conclusions

Taking the fully mechanized mining face with large mining
height in the Shendong mining area as the engineering
background, theoretical analysis and numerical simulation
were used to reveal the pressure-arching effect and the
mechanical evolution characteristics of the key blocks under
shallow coal mining. -e conclusions are listed as follows:

(1) -ere are three typical structures, such as the sym-
metrical pressure-arch of two key blocks, the step
pressure-arch of multiple key blocks, and the rotative
pressure-arch of multiple key blocks during shallow
coal mining. -e stability of the pressure-arch is af-
fected by the horizontal stress distribution, the roof
block is easier to slide as the boundary horizontal
stresses display the nonlinear distribution, and the
increasing abutment thickness of the pressure-arch
can improve the stability of the structure.

(2) In the symmetrical pressure-arch structure, the hor-
izontal stresses show the nonlinear distribution at
both abutments and the linear distribution with
a higher peak value at the midspan of the arch. -e
boundary horizontal stresses produce an obvious size
effect. With the block length increasing, the peak
stress increases and the abutment thickness of the
pressure-arch decreases gradually.

(3) In the period of the periodic fracture of the basic roof,
the sufficient horizontal stress is necessary to form the
rotative pressure-arch of multiple key blocks. -e in-
stability and evolution of this structure are the main
causes to induce the common step subsidence and
strong roofweighting.-e long periodic roof weighting
is the outcome of the instability of the global pressure-
arch structure of the multiple layered bedrock.

Due to the complexity of engineering geological con-
ditions and diversity of the roof under shallow coal mining,
the bedrock thickness is an key influence factor to the roof
weighing; thus, the characteristics of the pressure-arching
effect in the roof blocks under different conditions need to be
further studied in the future.
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