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In order to improve ground control of the longwall mining, ground response and mining-induced stress in the longwall panel of a
kilometer-deep coal mine are investigated in this study. Field measurements on abutment stress, roof displacement, and fracture
development indicate that the region influenced by the longwall mining reaches 150m ahead of the longwall face. Failure scope of
the coal seam, where mining-induced fractures are well developed, ranges from 10 to 13m inward the face line. Vertical stress
concentration coefficient reaches 2.2. Based on the field measurements, a numerical model is moreover developed and utilized to
examine the response of the principal stress to the longwall mining. -e concentration coefficient, peak point location, and
influence scope of the principal stress gradually become stable with an increase in face advancement. Regarding the major
principal stress, the concentration coefficient and influence scope are 2.4 and 152m, respectively, and the peak point locates 13m
inward the face line, which are consistent with the field measurements. With respect to the minor principal stress, the referred
coefficient and scope are 1.5 and 172m, respectively, and its peak point location is 21m ahead of the face line. -emajor principal
stress in the coal seam rotates from vertical to horizontal direction in the vertical plane parallel with face advance direction. -e
maximum rotation angle reaches 20°. -e minor principal stress first rotates into the referred vertical plane and then it rotates
from horizontal to vertical direction at the same speed with the major principal stress in the same plane. Rotation angle of the
principal stress in roof strata is greatly enlarged, the rotation trace of which is influenced by the longwall mining and vertical
distance above the seam. Based on the relation between rotation trace of the principal stress and face advance direction, the
influence of stress rotation on the stability of roof structure is discussed.

1. Introduction

In the past decade, the depth of underground coal mining
increased by 10 to 20m per year in China [1, 2]. As a result,
the mining-induced stress becomes increasingly large and
the stability of the surrounding rock is dramatically dete-
riorated [3]. Such changes in mining conditions cause
continuous growth in the frequency of mining accidents,
such as face fall, roof fall, support failure, or even dynamic
disasters [4–6]. It is widely accepted that serious ground
responses are closely related to the stress environment,
which is important to the design of the ground control

system in the longwall mining. -us, the distribution of
mining-induced stress and associated ground responses
have been extensively studied with many methods in deep
coal mines.

Field measurement serves as the most fundamental
method of examining ground response and mining-induced
stress. Xie et al. investigated mining-induced stress distri-
bution in the longwall panel of a kilometer-deep coal mine
with borehole stress monitoring method [7]. -e results
indicated that the influence scope of front abutment stress
reaches about 100m, and peak point of the abutment stress
locates about 10 to 20m inward the face line. Chang et al.
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studied the influence of the adjacent gob on the distribution
of the abutment stress [8]. Peak stress in the unmined coal
seam showed an increasing trend with decrease in the
distance from the gob edge. Song et al. proposed an elec-
tromagnetic radiation-based method in assessing the min-
ing-induced stress [9]. -e intensity of the electromagnetic
signal was positively related to the stress magnitude. With
vibrating wire stress meters, mining-induced stress distri-
bution in coal pillars was monitored in sixteen underground
coal mines. It was revealed that the influence region and
peak value of the vertical stress are positively related to the
cover depth and hardness of the overburden [10]. By in-
stalling stress sensors in the inclined borehole, Guo et al.
found that the influence scope of the longwall mining
reached 300m [11]. -e vertical stress experienced a peak
point at a distance of 28m ahead of the face line while
horizontal stress maintained a continuous decreasing trend.
With the specifically designed stress cells, the stress path
undergone by the surrounding rock at Winston Lake Mine
in Canada has been monitored. During the mining process,
the principal stresses in different directions experienced a
concentration phenomenon consistently. Based on the stress
path, two types of failure modes in the surrounding rock
were recognized at the mine site [12]. Recently, the compact
conical ended borehole monitoring system has been ex-
tensively used in long-term investigation of full stress tensor
changes in cooperation with the seismicity monitoring
system. A positive relation between the stress level and
seismic signal frequency has been achieved [13, 14].
According to such a relation, it was found that the mining-
induced stress showed an increasing trend with the face
length [15]. With respect to the relationship between the
stress magnitude and cover depth, the mining-induced stress
increased linearly and the ratio between horizontal and
vertical stresses decreased nonlinearly from a large value of
3.5 to 1.0 with an increase in the cover depth [16, 17].

Based on the field measurements, a series of empirical
models have been established to predict the distribution of
mining-induced stress. By simplifying the coal into infinite,
elastic, isotropic, and homogeneous material, Salamon first
proposed an empirical equation for stress distribution at the
edge of the longwall panel [18]. However, this empirical
equation could not match subsequent field measurements,
which were illustrated in a nomograph by Whittaker and
Singh [19]. -e nomograph proved to be accurate for the
stress distribution around the longwall panel, but it was
difficult to be mathematically expressed. Wilson separated
the unmined coal seam ahead of the longwall face into two
zones, namely, the failure and intact zones [20]. Accordingly,
the distribution curve for vertical stress was also divided into
two pieces, where the cover depth, mining height, and
material properties of the surrounding rock were taken into
account. Recently, Xue et al. discussed the mining-induced
discontinuous stress drop observed in deep coal mines [21].
A damage index was defined for the failure zone based on
fracture development in the unmined coal seam. -e peak
stress in the failure zone decreased with the damage index,
causing onset of the stress drop at the boundary between the
failure and intact zones ahead of the longwall face.

-e field measurement and theoretical equation are
applicable in analyzing the stress distribution along specific
lines. However, quantitative evaluation of mining-induced
stress in three dimensions is of more interest in dealing with
surrounding rock stability. Numerical simulation provides
an effective way for analyzing the mining-induced stress
more precisely. Shabanimashcool and Li proposed a
methodology for simulating progressive underground
mining with continuum-based software, where the move-
ment of overburden strata was considered [22, 23]. -us, the
mining-induced stress could be realistically reproduced. Ju
et al. adopted a continuum-based discrete element method
to simulate the evolution of mining-induced stress in a
longwall panel [24]. -is method was capable of charac-
terizing the heterogeneity of coal measure rocks, bedding
separation, dislocation, as well as caving of the multilayered
rock strata. Basarir et al. simulated the stress distribution
around the gate during longwall top-coal caving [25]. It
turned out that the maximum magnitude of the abutment
stress increased to about 3 times the initial value. Besides, the
orientation of the principal stress changed frequently. By
including a discontinuous interface in the numerical model,
the dynamic disaster resulting from mining-induced stress
and tectonic stress was investigated, and the mining ar-
rangement at the near-fault region was optimized [26].
Numerical modeling of 3D stress rotation ahead of an ad-
vancing tunnel face indicates that the rotation angle of the
principal stress was so large that its influence on the stability
of the surrounding rock should be underlined [27, 28]. -e
rotation phenomenon led to a more complex propagation
path of mining-induced fractures. Such stress rotation also
occurred in the top coal during longwall top-coal caving.-e
rotation trace depended heavily on the panel layout, which
influenced top-coal cavability to a large extent [29–31]. In
deep coal mines, stress-relief measures were commonly
carried out to control problems related to mining-induced
stress. Kang et al. greatly decreased the front abutment stress
by using the hydraulic fracturing method [32].

-e ground response and mining-induced stress of
longwall mining has been extensively investigated. However,
the study associated with longwall mining in kilometer deep
coal mine is limited. In such a longwall panel, ground re-
sponse and stress distribution become more complex. In
order to improve the surrounding rock control, ground
response and mining-induced stress in a longwall panel with
cover depth of more than 1000m is thoroughly analyzed in
the present study. -e emphasis is placed on the rotation of
the principal stress and potential influences provided by the
stress rotation.

2. Engineering Background

2.1. Geological and Mining Conditions. -e Kouzidong coal
mine is located in Huainan city of Anhui province, China.
-e high reach single pass longwall mining method is uti-
lized to extract a thick coal seam. -e target panel of this
study is 121304, as shown in Figure 1(a). On its right side is a
gob remaining after the extraction of panel 121303. -e
other side is unmined coal seam. Several faults exist within
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the region between panel 121303 and panel 121304. -us, a
large coal pillar, 100m wide, is left between the referred two
panels to protect the tail gate of the target panel. -e
longwall face, 350m in length, is installed at the face start
line and advances toward the mains until the face stop line is
reached. -e longwall face advances in the direction of
S30°W. -e extracted coal seam is 5.6m thick with average
cover depth of 1080m. It is a flat seam with dip angle smaller
than 8°. According to rock core logging, a simple geological
column is obtained and illustrated in Figure 1(b). In panel
121304, the immediate roof is composed of mudstone and
siltstone, which are thin and soft.-emain roof is composed
of siltstone and sandstone, which are thick and hard. -e
immediate roof caves timely behind the longwall face, so that
the gob left behind is partially backfilled. -e main roof is so
hard that it fails in the form of bending rupture. Periodic
rupture of the main roof leads to roof weighting in the
longwall face.

2.2. Initial Ground Stress and Rock Properties. Initial ground
stress has been in situ measured at the Kouzidong coal mine.
-e results reveal that the major principal stress is ap-
proximately in the vertical direction, whose magnitude is
equal to 24MPa. -e angle between the major principal and
vertical directions is smaller than 12°. -e intermediate
principal stress, 21.2MPa in magnitude, is parallel with
N30°W-S30°E direction in the horizontal plane. -e minor
principal stress, with the magnitude of 15MPa, is perpen-
dicular to the immediate principal stress in the horizontal
plane. -ere is an angle equal to 30° existing between the
minor principal and face advance directions (see
Figure 1(a)).

According to Figure 1(b), the overburden strata of panel
121304 are mainly composed of mudstone, siltstone and
sandstone. Accordingly, both cylindrical and disk samples of
the coal and roof rocks are prepared for compression and
Brazilian tests. Rock properties are deduced from the ex-
perimental results and listed in Table 1, where E and v are
elastic modulus and Poisson ratio, respectively.

2.3. Problems in the Surrounding Rock Control. Under the
geological and mining conditions of the Kouzidong mine,
surrounding rocks in both longwall face and gate way ex-
perience serious damage after influenced by the longwall
mining. A series of rock instabilities observed at the mine
site are presented in Figure 2. A large coal block falls to the
floor from the longwall face in Figure 2(a). Large-scale face
fall causes subsequent roof fall and even instability of the
hydraulic support (Figure 2(b)). Both roof fall and face fall
drastically threaten the safety of the mining environment in
the longwall face. In addition, the gateway presents large
deformation characteristics. Initial cross section of the tail
gate of panel 121304 reaches 12.6m2. After being influenced
by the longwall mining, the cross section decreases to about
2.1m2 (Figure 2(c)). Material transport and panel ventilation
are dramatically influenced by the large deformation. In
order to prevent such bad influences, both rib expanding and
floor dinting are executed in the tail gate of panel 121304
(Figures 2(d)–2(e)). In fact, surrounding rock instabilities
presented in Figure 2 are attributed to the stress redistri-
bution resulting from the longwall mining. -us, mining-
induced stress should be investigated for optimizing the
ground control.
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Figure 1: Mining conditions. (a) Plane view of the panel. (b) Geological column.
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3. Field Investigations on the Ground Response

3.1. Monitoring Method. In order to achieve ground re-
sponse characteristics, a series of field measurements have
been carried out at the Kouzidong coal mine. -ree mon-
itoring stations are installed in the head gate. -e location of
the first station is 150m ahead of the longwall face. -e
interval between different monitoring stations is 20m. At the
station, one horizontal and two vertical boreholes are drilled
in the side rib and roof strata of the gate, which are 15m in
depth. -e borehole stress sensor, which is widely used to
investigate vertical stress distribution in underground coal
mine, is buried at the bottom of the horizontal borehole. An
oil pump, connected to the stress sensor with flexible
pipeline, is left outside of the borehole (Figure 3(a)). Hy-
draulic oil is injected into the stress sensor through the oil
pump to make the sensor contact tightly with the borehole
wall. Note the largest oil pressure that the stress sensor can
bear commonly ranges from 20 to 25MPa. In the longwall
mining, the concentration coefficient of the vertical stress at
its peak point commonly falls between 2 and 4. -us, the
initial value of the stress sensor should not be larger than a
quarter of the largest value. -e load-bearing capacity of the

borehole stress sensor used in this study is 20MPa. -e
initial pressure of the injected oil is accordingly set to be
5MPa, which is much smaller than the initial ground stress
(24MPa). One vertical borehole is utilized to install the
displacement sensor (Figure 3(b)), which in fact is the two-
point extensometer. -e extensometer is composed of two
anchors. One anchor (A) is fixed at the bottom of the
borehole, which locates in the main roof. -e other anchor
(B) is fixed at the location 6m inside the borehole, which
locates in the immediate roof. Borehole camera detection is
carried out in another vertical borehole. -e data from the
stress sensor and displacement sensor are recorded with the
same data collector.

3.2. Vertical Stress Distribution. Vertical stress distribution
obtained from the borehole stress sensor is presented in
Figure 4. -e vertical stress at three monitoring stations
shows a similar evolution process. Initial magnitude is equal
to the initial pressure of the hydraulic oil injected into the
stress sensor, which ranges from 5 to 6MPa. At the location
150m ahead of the face line, the vertical stress shows an
increasing trend. -at means the coal in the vicinity of the

Table 1: Rock properties from the experimental test.

Rock type E (GPa) v Cohesion (MPa) Friction (°) Tensile strength (MPa) Uniaxial compressive strength (MPa)
Coal 3.6 0.20 5.2 33 1.8 20
Mudstone 18.6 0.25 8 35 3.2 31
Siltstone 20.6 0.25 12 40 6.4 52
Sandstone 32.0 0.16 18 42 11.2 80

(a) (b) (c)

1.5m

(d)

1.
0m

(e)

Figure 2: Surrounding rock instabilities. (a) Face fall. (b) Roof fall. (c) Large deformation of the gate. (d) Rib expanding. (e) Floor dinting.
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monitoring station is influenced by mining operations at the
longwall face. Shrink of the borehole wall causes an increase
in the oil pressure. During the growing process, the vertical
stress experiences local fluctuation due to frequent crushing
of the borehole wall. Such an increasing stage ends at the
location 11 to 13m inward the face line, where a peak point
is reached by the vertical stress. -e peak point arrives at 10
to 12MPa, and the stress concentration coefficient is ap-
proximately equal to 2.2. After the peak point, the coal fails.
Development of mining-induced fractures leads to contin-
uous loss of the load-bearing capacity in the coal. -us, the
vertical stress starts to decrease. At the face line, vertical
stress decreases to about 2.5 to 3.5MPa, which is consistent
with residual strength of the coal in the uniaxial compression
test. According to the vertical stress distribution, the region
of the coal seam influenced by mining operations expands to
150m ahead of the face line. Due to the large cover depth, the
width of fracturing area reaches 11 to 13m, much larger than
that in the longwall panel with a small cover depth [33, 34].
Note, due to the small installation pressure (5 to 6MPa), the
vertical stress obtained from the borehole stress sensor is
much lower than the real value. However, the evolution
trend is reliable and extensively utilized to evaluate the

distribution of mining-induced stress. -e vertical stress is
commonly named as the abutment stress. Its evolution trend
is consistent with the abutment stress distribution in situ
observed by Chang [8].

3.3. Roof Displacement. Evolution of the roof displacement
is shown in Figure 5. Note anchor A, in the main roof,
locates 15m above the coal seam, and anchor B, in the
immediate roof, is 6m above the coal seam. According to
Figure 5, vertical displacement of the immediate roof is
larger than that of the main roof. -e immediate roof starts
to subside at about 150m ahead of the face line. -e initial
subsidence position of the main roof locates 10m behind
that of the immediate roof. After that, an increasing rate of
the vertical displacement in the immediate roof is larger than
that in the main roof. In addition, an increasing rate of the
vertical displacement in the immediate roof keeps relatively
stable in the monitoring process. However, an increasing
rate of the vertical displacement in the main roof changes
continuously. -at is attributed to relatively low sensitivity
of the main roof to the longwall mining. At 1# and 3#
monitoring stations, the main roof subsides abruptly at the
location 5m ahead of the face line. Such a quick increase in
vertical displacement is attributed to bending rupture of the
main roof.-e abrupt increase in the vertical displacement is
not experienced by the anchor at station 2, which means that
the main roof does not fracture when the longwall face
approaches to this station. At the face line, vertical dis-
placements in the immediate roof are 110mm, 116mm, and
130mm at 1#, 2#, and 3# monitoring stations, respectively.
In contrast, at the referred stations, vertical displacements
underwent by the anchors installed in the main roof are
62mm, 70mm, and 75mm. -at means the bedding sep-
arations between immediate and main roof strata reach
48mm, 46mm, and 55mm, respectively. Such an evolution
in the vertical displacement is consistent with that observed
by Xie [2].

3.4. Fracture Development in Roof Strata. Fracture devel-
opment in roof strata is presented in Figure 6. When the
monitoring station is 50m ahead of the face line, the coal
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Figure 3: Installation of the monitoring apparatus. (a) Stress sensor. (b) Displacement sensor.
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located 12m inside the borehole is intact, where a thin layer
of coal seam is observed. At the depth of 6m in the borehole,
a close fracture intersects with the borehole wall, the dip

angle of which reaches about 75°. In the vicinity of the
borehole end, a series of horizontal fractures are formed.
But, the fracture size is small. Such fractures are a result of
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Figure 5: Vertical displacement of roof strata. (a) 1# station. (b) 2# station. (c) 3# station.
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Figure 6: Fracture development in roof strata. (a) 50m ahead of the face line. (b) 20m ahead of face the line. (c) 10m ahead of the face line.
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gate extraction. As the stations move to a position 20m
inward the face line, small horizontal fractures initiate in the
vicinity of the thin coal seam at the location 12m inside the
borehole. But the borehole wall still remains intact. As the
location moves to 6m inside the borehole, the close fracture
starts to open. But, the aperture is small as shown in
Figure 6(b). At the depth of 1.2m, the small horizontal
fractures coalesce into a large fracture, leading to bedding
separation of roof strata. When the station locates within the
failure region of the seam, roof strata become strongly
influenced by the longwall mining. As shown in Figure 6(c),
bedding separation and small fractures appear in the vicinity
of the thin coal seam. -e aperture of the fracture located
6m inside of the borehole reaches about 5mm. At the
borehole end, the immediate roof is sheared into small
fragments. Without bolt support, immediate roof within the
region 1.2m above the coal seam would cave under its own
gravity.

4. Numerical Modeling of the Mining-
Induced Stress

4.1. Model Configuration. -e information on the stress
distribution covered by the field measurements is limited. In
order to reveal more information of the mining-induced
stress, a large-scale numerical model is developed in this
section, which is presented in Figure 7. -e model is 1080m
in length and width, and its height is 130m.-e bottom and
four sides of the numerical model are fixed displacement
boundaries. -e top surface is set to be stress boundary
through applying a compressive load of 22.5 MPa. -is load
is equal to the gravity of rock strata which are not included in
the numerical model. -e initial ground stress is assigned to
the model in accordance to the field measurements. -e
major, intermediate, and minor principal directions are
parallel with z, y, and x axes, respectively. -ere are two
longwall panels being included in the model, which are
separated by a 100m wide coal pillar. -e longwall face, with
the length of 350m, is installed at the face start line. -ere is
an angle of 30° existing between face advance and minor
principal directions, which is consistent with the mining
condition plotted in Figure 1. In the numerical model, panel
121303 is first mined, followed by panel 121304. -us, the
influence of the gob left by the extraction of panel 121303 is
taken into account. Note that the thick coal seam is extracted
by 2m per step. With face advancement, a monitoring line is
installed in the coal seam, as shown in Figure 7.

In order to simulate mechanical behavior of the sur-
rounding rock in a realistic way, the constitutive model
developed by Wang et al. is assigned to the coal measure
rocks included in the numerical model [35]. Rock mass
properties, as listed in Table 2, are estimated from the intact
rock properties (listed in Table 1) by using the geological
strength index system proposed by Hoek and Brown [36]. In
Table 2, parameters m, n, and k are strain-softening indexes
of the referred constitutive model, which are determined
according to method proposed by Wang et al. [35]. In order
to simulate the influence of roof rupture on stress distri-
bution, the largest tensile stress of the main roof is tracked in

the modeling process. If the largest tensile stress reaches the
tensile strength of the main roof, namely, the zone fails in
tension, both tensile strength and cohesive strength of this
zone are set to be zero. In this way, the failure zone plays a
similar role with real discontinuous fracture in cutting off
the transfer path of mining-induced stress. -us, fracturing
behavior of the main roof can be simulated implicitly, and its
influence on mining-induced stress is taken into account.
With respect to cavingmaterials in the gob area, double yield
criterion is utilized to simulate the consolidation behavior
[37, 38]. -e properties for gob materials are determined by
comparing the predicted data with the empirical equation
proposed by Salamon [18], which are listed in Table 3. Note
that evolution of the cap pressure composed of the double-
yield model is controlled with the model proposed by Wang
et al. [31]:

p � a ebεps
m − 1  + cεps

m , (1)

where p is the cap pressure, εps
m is the volumetric plastic strain

of caved materials, and a, b, and c are the cap pressure model
parameters.

4.2. Model Validation. Spatial distribution of the vertical
stress in panel 121304 is extracted from the numerical model
and displayed in Figure 8. It is obviously revealed that the
vertical stress in the vicinity of the gob area is significantly
increased due to the influence provided by the longwall
mining. Two peak values appear on two sides of the face wall
ahead of the longwall face. -at is attributed to the roadways
on two sides of the longwall panel. In the gob area, the
vertical stress is drastically released because the load-bearing
capacity of the caving materials is small. But, the caving
materials are gradually compacted by roof strata movement
with enlargement in the face advancement. -us, vertical
stress shows increasing trend with the growth in the distance
between the longwall face and gob materials. As the longwall
face advances 300m from the face start line, the largest
vertical stress increases to about 20MPa in the gob area,
which means about 67% of the initial ground stress is re-
covered. Such distribution of the vertical stress is consistent
with the field measurements illustrated in Figure 4. In order
to conduct quantitative comparison, vertical stress along the
monitoring line is extracted from Figure 8 and presented in
Figure 4, which shows a similar evolution trend with the in-
situ data. -e peak point locates about 13m ahead of the
longwall face and the influence range of the vertical stress
reaches 150m. Such data from the numerical model agree
well with the field measurements, indicating that the de-
veloped model is reliable.

4.3.8eEvolution of the Principal Stress. -e evolution of the
major principal stress along the monitoring line with face
advancement is plotted in Figure 9(a), which shows a similar
trend with the vertical stress. Initial value of the major
principal stress in the coal seam uninfluenced by the
longwall mining is about 24MPa, equal to the field mea-
surement. -e concentration and recovery phenomenon are
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also experienced by the major principal stress in front and at
the rear of the longwall face, respectively. -e major prin-
cipal stress recovers to about 18MPa in the gob when face
advancement reaches 280m, reaching 75% of the initial
value. Besides, main roof rupture leads to local decrease in
the major principal stress. -e region influenced by the
longwall mining ahead of the longwall face reaches 152m,
which is approximately equal to that influenced by the
vertical stress.

-e evolution of the minor principal stress on the
monitoring line with face advancement is plotted in

Figure 9(b). -e stress concentration and stress recovery
phenomenon also occur to the minor principal stress under
the influence of the longwall mining. In the unmined coal
seam uninfluenced by the longwall mining, initial value of
the minor principal stress is equal to 15MPa, which is
consistent with the field measurement. After being influ-
enced by mining operations, the concentration degree of the
minor principal stress is lower than that of the major
principal stress. However, the influence provided by the
main roof rupture on the minor principal stress is more
obvious than that on the major principal stress. Besides, the
recovery ratio of the minor principal stress in the gob area is
smaller than that of the major principal stress. When the
longwall face advances 280 m from face start line, the minor
principal stress only recovers to about 6 MPa in the gob area,
accounting for 40% of the initial value. Local decrease is also
experienced by the minor principal stress due to periodic
rupture of the main roof. Regarding the minor principal
stress, the region ahead of the longwall face influenced by the
longwall mining increases to 172m.

Based on Figure 9, the variation in the peak stress
concentration coefficient and peak point location with face
advancement is moreover achieved and displayed in Fig-
ure 10. According to Figure 10(a), the concentration coef-
ficients of the major and minor principal stresses present a
similar increasing trend in the advancing process. -e
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X

Figure 7: Numerical model including two longwall panels.

Table 2: Rock mass properties.

Rock mass E (GPa) v Cohesion (MPa) Friction (°) Tensile strength (MPa) m n k
Coal 2.8 0.20 1.3 30 0.2 0.0035 0.40 270
Mudstone 14.7 0.25 2.4 32 0.6 0.0021 0.56 320
Siltstone 17.5 0.25 5.0 33 1.3 0.0015 0.65 400
Sandstone 21.2 0.16 10.0 38 2.0 0.0010 0.70 750

Table 3: Gob material properties.

Property Density Bulk modulus Shear modulus Cohesion Friction Tensile strength a b c
(kg/m3) (GPa) (GPa) (MPa) (°) (MPa) (MPa) — (MPa)

Value 2000 1.2 0.6 0 30 0 60 15 20

60

50

40

30

20

10

0 (MPa)

Advance
direction Gob area

Figure 8: Spatial distribution of the vertical stress in panel 121304.
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increasing speed declines gradually with enlargement in the
advancing distance. As the longwall face advances about
240m from the face start line, the stress coefficient becomes
insusceptible to the face advancement. Regarding the major
and minor principal stresses, the stable coefficient magni-
tudes are 2.4 and 1.5, respectively. -e value corresponding
to the major principal stress agrees well with that of the
vertical stress in situ monitored. Periodic rupture of the
main roof leads to local decease in the concentration
coefficient.

-e peak point location means that the distance from the
peak point to the face line, as shown in Figure 10(b). Regarding
the major and minor principal stresses, this distance shows an
opposite evolution trend. With face advancement, the peak
point of themajor principal stressmoves far away from the face
line. In contrast, the peak point of the minor principal stress
moves closer to the face line. As the longwall face advances
about 140m from the face start line, the peak point location
becomes insusceptible to the face advancement.-e peak point
of the major principal stress locates about 13m inward the face
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Figure 9: -e evolution of the principal stress with face advancement. (a) Major principal stress. (b) Minor principal stress.
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Figure 10: -e variation in (a) stress concentration coefficient and (b) peak point location with face advancement.
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line, which is in accordance to the field measurement. -e
stable peak point of the minor principal stress stays 21m ahead
of the face line, significantly larger than that of the major
principal stress. Besides, periodic rupture of themain roof leads
to the enlargement in the distance between the face line and the
peak point of the principal stress. However, with respect to the
major principal stress, this distance becomes insusceptible to
roof rupture as the face advancement increases to 140m.

4.4. Principal Stress Rotation. In order to investigate the
rotation process experienced by the principal stress in the coal
seam ahead of the face line, the stress data on the monitoring
line are extracted from the numerical model. -e principal
stress, the stress in the initial principal direction, namely,
vertical stress (σv), and the stress in x-axial direction (σx), and
their differences are presented in Figures 11(a) and 11(b).-e
principal direction is presented in the stereonet in
Figures 11(c) and 11(d). Note that the lower hemisphere
projection method is utilized to create the stereonet in this
study. -e y-axial and x-axial directions in the numerical
model orientate to 0° and 90° on the stereonet. -at means
that the longwall face advances from 60° to 240° on the
stereonet. According to Figures 11(a) and 11(b), the coal seam
is initially uninfluenced by the longwall mining. -us, the
major and minor principal stresses stay in vertical and x-axial
directions, respectively, at point O. As shown in Figure 11(a),
from point O to point A, the difference between the major
principal and vertical stresses shows an increasing trend. It is
easy to understand that the increase in the difference between
the principal stress and the vertical stress implies the deviation
of the principal stress from its initial direction. -us, the
major principal stress gradually deviates from the vertical
direction and tilts toward the gob in this stage. At point A, the
dip angle of the major principal stress decreases to 75°. After
that, the stress difference starts to decrease until point B is
approached. In this process, the major principal stress rotates
reversely and nearly goes back to the vertical direction at point
B. From point B to point C, the stress difference increases
again, which means an increase in the rotation angle of the
major principal stress. But, the major principal stress rotates
toward the face advance direction in this stage. At point C, the
angle between the major principal stress and face advance
directions decreases to 83°. -en, the major principal stress
rotates back toward the vertical stress once again. At point D,
the difference between the major principal and vertical
stresses vanishes. As a result, point D and point O coincide on
the stereonet. From point D to the face line (point E), the
stress difference presents an increasing trend and the major
principal stress tilts toward the gob area again. At point E, dip
angle of the major principal stress decreases to 70°. Rotation
process of the major principal stress nearly remains in the
vertical plane parallel with the face advance direction.

Regarding the minor principal stress in Figures 11(c) and
11(d), its difference with x-axial stress also shows an increasing
trend from point O to point J. In this process, the minor
principal stress rotates toward the vertical direction in the
vertical plane parallel with the x-axial direction. Dip angle of
the minor principal stress increases to 10° at point J. -e

increasing rate of the stress difference rises abruptly from point
J to point K and then to point F. In the referred process, the
minor principal stress deviates from the vertical plane parallel
with x-axial direction, and it rotates gradually toward the
vertical plane parallel with the face advance direction. From
point J to point K, rotation angle experienced by the minor
principal stress in the horizontal plane reaches 20°. However,
the dip angle of theminor principal stress decreases to 0°. From
point K to point F, the angle between the minor principal and
x-axial directions and the dip angle of the minor principal
stress show an increasing trend consistently. Within the region
from point F to the face line (point N), the difference between
the minor principal and x-axial stresses drops quickly. From
point F to point M, the angle between the minor principal and
x-axial directions is enlarged while the dip angle of the minor
principal stress decreases to 0° again. At point M, the minor
principal stress rotates into the vertical plane parallel with the
face advance direction. After that, rotation process of theminor
principal stress remains in this plane. From pointM to point N,
the dip angle of theminor principal stress increases to 20° at the
same speed with the major principal stress.

In addition to the principal stress in the coal seam, the
rotation phenomenon is also experienced by the principal
stress in roof strata. As shown in Figure 12, the principal
stress orientation along three lines parallel with the moni-
toring line are presented, which are 15m (line 1), 60m (line
2), and 100m (line 3) above the coal seam in roof strata,
respectively. In comparison with the principal stress in the
coal seam, rotation angle of the principal stress in higher
overburden strata is greatly enlarged. -at means the
principal stress orientation in roof strata is more sensitive to
the longwall mining. -us, the major and minor principal
stresses deviate from vertical and x-axial directions at point
O far away from the face line. With a decrease in the distance
from the face line, the major principal stress tilts to the gob
area in the vertical plane, parallel with 45° −225° direction,
deviating at an angle of 15° from the face advance direction
due to the influence of the gob left by extraction of panel
121303. At the face line, the rotation angle experienced by
the major principal stress on line 1 is relatively larger than
that on lines 2 and 3. -e rotation traces of the major
principal stress along three lines are similar except for local
differences. Regarding the minor principal stress, it rotates
gradually from horizontal to vertical direction. At the face
line, the dip angle of the minor principal stress on three lines
increases to about 45°, equal to the rotation angle of the
major principal stress. -ough the minor principal stress
rotates toward the vertical plane, parallel with 45°–225°
direction, consistently in the horizontal plane, rotation angle
experienced by the minor principal stress along three lines
varies a lot, leading to different rotation traces on the
stereonet. Rotation angle experienced by the minor principal
stress on line 1 in horizontal plane is much larger than that
experienced by the minor principal stress on line 2 while
such rotation angle of the minor principal stress on line 3
becomes negligible.-e difference in the rotation trace of the
minor principal stress on three lines is attributed to vertical
distances from the coal seam. -e larger distance from the
coal seam leads to the weaker influence of the longwall
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mining. As a result, rotation angle of the minor principal
stress in the horizontal plane shows a decreasing trend from
line 1 to line 3. Besides, in the vertical direction, the rotation
angle experienced by the minor principal stress on line 1 is
relatively larger than that on lines 2 and 3.

5. Influence of Stress Rotation on
Roof Structure

In the longwall mining, mining-induced fractures tend to
propagate in the direction perpendicular to the minor
principal stress direction, which means the bending rupture
plane is closely related to rotation trace of the minor
principal stress. Besides, the orientation of the fracture
formed by the rupture of the main roof provides great

influence on roof structure stability. According to voussoir
beam theory proposed by Qian [39], broken blocks of the
main roof form a balance structure above the longwall face,
which is defined as the voussoir beam structure (Figure 13).
-e broken blocks are composed of the structure contact at
points A, B, and C, and a temporal balance state is achieved.
-e structure greatly weakens the roof load applied on the
hydraulic support in the longwall face. According to the
voussoir beam theory, the structure remains stability when

R

T
≤ tan(φ + θ), (2)

where R and T are shear and normal forces at the contact
point on the fracture plane, θ is the angle between the
fracture plane and the vertical direction.
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Figure 11: Stress rotation along the monitoring line. (a) Difference between the major principal and vertical stresses. (b) Rotation trace of
the major principal stress. (c) Difference between the minor principal and x-axial stresses. (d) Rotation trace of the minor principal stress.
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If the fracture plane tilts toward the face advance di-
rection, as shown in Figure 13, the value of θ is positive and
the stability of the voussoir beam structure is greatly im-
proved. However, if the fracture plane tilts toward the gob
area, the value of θ is negative, indicating a bad roof
structure condition. In both scenarios, the stability of the
roof structure is closely related to the angle θ. In fact, angle
θ is equal to the final dip angle of the minor principal stress.
-us, if the rotation trace of the principal stress can be
determined, the roof structure stability can be evaluated.
-ough the rotation trace of the minor principal stress is
more complex than that of the major principal stress, it is
also influenced by face advance direction. For the minor
principal stress in roof strata, its rotation trace is also
related to the vertical distance above the coal seam. Based
on such an understanding, fracture orientation in the main
roof can be determined. Moreover, the stability of the
voussoir beam structure above the longwall face can be
evaluated to guarantee the stability of the hydraulic
support.

6. Conclusions

With an increase in the cover depth of the longwall mining,
the difficulty in the surrounding rock control is greatly

improved. -e distribution of mining-induced stress is
important to the surrounding rock stability. -us, in the
present study, stress analysis is carried out in a longwall
panel with a face length of 350m and a cover depth more
than 1000m. Based on the field measurements and nu-
merical modelling results, the following conclusions are
drawn:

(1) Borehole stress monitoring indicates that the vertical
stress shows an increasing trend at about 150m
ahead of the longwall face. -e peak point is reached
at the location 10 to 13m inward the face line. After
that, the coal seam fails and the vertical stress shows a
decreasing trend. At the face line, vertical stress
drops to 2.5 to 3.5MPa. Multipoint displacement
meter-based roof subsidence measurement reveals
that immediate roof and main roof start to subside at
about 150 m and 140 m ahead of the longwall face,
respectively. Borehole camera detection shows that
roof fracture development increases rapidly within
the failure region of the coal seam.

(2) -e modelling results show that the magnitude and
influence scope of the principal stress show a rising
trend with the enlargement in face advancement.
-ey become stable when the advancement reaches
240m. -e stable concentration coefficients of the
major and minor principal stresses are 2.4 and 1.5,
respectively. Corresponding influence scopes are 152
and 172m ahead of the face line. -e distances
between the face line and peak points of the major
andminor principal stresses initially show increasing
and decreasing trends and then, they become stable
with the advancement of 140m.-e stable values are
13 and 21m, respectively.

(3) Longwall mining results in stress rotation, which
influences the stability of the roof voussoir beam
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Figure 12: Principal stress rotation in roof strata. (a) Major principal stress. (b) Minor principal stress.
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structure. In the coal seam, the major principal stress
rotates from vertical to horizontal direction. -e
maximum rotation angle reaches 20° and the rotation
trace remains in the vertical plane (β) parallel with
the face advance direction. -e minor principal
stress first rotates into plane β and then it rotates
consistently with the major principal stress. Its ro-
tation angle in the horizontal plane is equal to the
angle between face advance and initial minor
principal directions. Rotation angle of the principal
stress in roof strata is greatly increased and its ro-
tation trace is influenced by the longwall mining,
adjacent gob area, and the distance above the coal
seam.
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