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ABSTRACT

The prevention and forecast of coal and gas outburst has always been one of the key issues in coal mining safety. By simulating the process of tunneling in
coal seam with different dip angle through FLAC3D soft- ware, the dangerous zone in which outburst may occur and the probability of outburst near the
working face were predicted through the distribution of stress, displacement and plastic zone. Then we discussed the size of unstable area in the
surrounding rock through the distribution of stress and the variation curve of the displacement on the roadway wall. The results show that, with an
increase of the coal seam dip angle, the risk of outburst in the working face rises gradually. And the dangerous areas in which may out- burst occur moves
to the upper part of coal seam. The size of unstable area in the surrounding rock increases with the increase of coal seam dip angle.

1. Introduction

Every coal mine accident may cause a large number of
casualties, property losses and environmental damage, in which
coal and gas outburst is the most serious one [1—3]. And with the
continuous increase of mining depth in coal mines, the threat of
coal and gas outburst accidents becomes more and more serious
[4—6]. So the prevention and forecast of coal and gas outburst
has always been one of the key issues in coal safety.

Many experts had done a lot of research on it, Ou et al. [7—9]
studied the instability mechanism of gas outburst; Du et al. [10]
analyzed the variation correlation between prediction index of coal
and gas outburst and tunneling speed; Zhang et al. [11] believed
that engineering factors play a leading role in coal and gas out-
burst. However, coal and gas outburst is extremely difficult to be
predicted and prevented [12,13]. The mechanism of coal and gas
outburst has not been found fully up to now [14—-16].

In order to predict and prevent gas outburst, Liu et al. [17—20]
put forward suggestions on gas outburst from safety supervision,
work management and other aspects. Researches show that
hydraulic technologies, such as hydraulic fracturing [21—23],
coalflooding [1,24—27], hydraulic cutting [28-30], hydraulic
punching [31—33], can be used to reduce the risk of coal and gas
outburst. Wang et al. [34] established the electromagnetic
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radiation warning criteria for coal and gas outbursts. Jiang et al.
[35] proposed a real-time monitoring and early warning method
for coal and gas outburst.

As a powerful numerical simulation software, FLAC3D is very
suitable for large-scale numerical simulation. Shu et al. [36] used
FLAC3D to calculate and analyze the distribution characteristics
of mining stress and failure zone of working face under various
conditions, then the main controlling factors and influencing
mechanism of outburst danger in coal driving are studied. Guo
et al. [37] used FLAC3D to compare and analyze the deformation
law of surrounding rock under different support schemes, and
chose the best support mode for different coal mine. Through
numerical simulation, Li et al. [38,39] studied the influence of in-
situ stress and roadway layout on the coal seam gas extraction
and the mechanical characteristics of roadway. Yang [40] estab-
lished a stope spatial distribution model and a safe and efficient
mining model for coal seams with FLAC3D. And then he solved
the technical problems of pressure relief gas control in close-
distance and long-distance coal seam group.

All the above studies can explain the mechanism of gas outburst
from some aspects, and reduce the risk of gas outburst to a certain
extent. But there are few studies on the effect of coal seam dip
angle on gas outburst.

In order to solve these problems, it is necessary to explore the
effect of coal seam dip angle on gas outburst. The objective of this
work was to quantitatively evaluate the effect of coal seam dip
angle on gas outburst through FLAC3D numerical simulation.
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2. Model establishment

Rigorous investigation of coal tunneling with different coal
seam dip can be a difficult task due to several complicating factors:
(1) it is almost impossible to find a group of coal seams with differ-
ent dip angles, but with the same mechanical and physical proper-
ties [41]; (2) the presence of materials (coal and rock mass) with
distinct mechanical properties [1]; and (3) the anisotropy of the
in situ stress in the ground [38]. To reproduce accurately the effects
of the dip angle on coal roadway excavation, the analysis cannot be
treated as a two-dimensional (2D) problem using plane strain or
axisymmetric analysis but requires the use of three-dimensional
(3D) modeling [40]. As a 3D explicit finite-difference program,
FLAC3D is suitable to solve the above problems. Therefore, FLAC3D
was used in the study to perform numerical analyses.

In this study, seven simulation models of tunneling in coal seam with coal
seam dip angle being 0°, 5°, 10°, 15°, 20°, 25° and 30° respectively, were
established by the simulation software FLAC3D. The ground stress of the
model was set as 20 MPa according to the
measured ground stress in the Pingdingshan Coal Mine, and the mechanical
parameters of coal seam are listed in Table 1. The model, divided into
three layers, was in a size of80m 80 m 8o m.

Thg middlg layer of the model is coal seam. The upper and lower
layers of the model are rock layers, which are the roof and floor of
coal seam respectively. The thickness of the coal seam is 4.2 m. The
roadway was drilling in the middle of the coal seam, and the road-
way was 5 m wide with a height of 3.2 m in the center of the
roadway.

The mechanical constitutive model used in the model was
Mohr-Coulomb criterion. Roller boundaries were used for the ini-
tial response along the sides and bottom of the model. The ground
stress 20 MPa was applied at the top of the model. 61 measuring
points were arranged along the direction perpendicular to the
roadway, the distance between adjacent measuring points was
1 m. The measured points can record the changes of stress and dis-
placement in real time. The boundary conditions, element types,
and mesh density of the model were selected based on several sen-
sitivity analyses to eliminate their influence on the results. Numer-
ical model with a dip angle of 20° is shown in Fig. 1.

3. Effect of coal seam dip angle on outburst of driving face
Stress analysis of driving face

Fig. 2 shows the maximum principal stress nephogram of driv-
ing face. The red area in the figure represents the part with small
stress, while the blue area represents the part with large stress.
It can be seen from the figure that stress concentration areas exist
in the coal seam on the two sides of the driving face. And the stress
in the part of the driving face is very small because the surrounding
coal and rock is affected by mining, which causes loosening and is
not easy to carry out stress concentration. The distance between
the stress concentration area and the roadway wall, as well as
the maximum stress value, under different coal seam dip angle
are recorded and plotted as Fig. 3. As can be seen from Fig. 3, the
distance between the stress concentration area in the upper side
of roadway and the roadway wall increases gradually while the
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Fig. 1. Numerical model with a dip angle of 20°.

distance between stress concentration area in the lower side
decreases gradually with the rise of coal seam dip angle. That is
to say, the stress concentration areas in the coal seam around the
roadway show a trend of migration along the coal seam to the
upper side of roadway.

With the rise of coal seam dip angle, the maximum stress in the
driving face increases gradually from-29.87 MPa to —31.27 MPa,
with an increase of about 4.7%, which means that the risk of out-
burst around the roadway goes up as well.

Fig. 4 shows the curves of maximum principal stress of two
measuring points (A and B), which are 6 m and 8 m away from
the roadway wall in the driving process, respectively. The location
choosing of the two measurement points A and B is because the
stress concentration area in the coal seam is about 5-10 m away
from the roadway wall. The abscissa in Fig. 4 represents the dis-
tance between the section of heading face and the measuring
point, and the negative value indicates the distance of driving after
the heading face exceeds from the measuring point. As can be seen
from Fig. 4, the stress at the measuring point goes up gradually at
first and then drops dramatically at a certain point with the driving
of coal roadway. This is because when the coal roadway drives near
the measuring point, the stress balance around the point was
destroyed. The comparison of stress curves under different coal
seam dip angle indicates that the greater the coal seam dip angle
is, the later the stress at the measuring point begins to decline,
and the greater the maximum stress will be. This also proves that
the greater the dip angle of coal seam is, the greater the outburst
risk is.

Displacement analysis of driving face

In the process of roadway excavation, the original stress state of
coal seam is destroyed, and a certain degree of displacement often
occurs in the coal seam. If the displacement of a part is too large,
the danger of outburst will be great, so the analysis of displace-
ment around the heading head is also an effective method to judge
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the danger of outburst.

Table 1
Mechanical parameters of coal and rock.

Group Modulus (GPa) Poisson ratio Friction angle (°) Cohesion (MPa) Density (kg/ms3)
Coal 2 0.35 20 0.3 1350
Rock 10 0.3 25 2500
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Fig. 2. Nephogram of maximum principal stress in driving face.
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Fig. 3. Statistical chart of dates in stress concentration area.

Fig. 5 exhibits the displacement nephogram of driving face pro-
file, from which it can be seen that the large displacement area
around the roadway is mainly concentrated in the coal seam near
the roadway floor and the roadway walls, but the displacement of
rock layer is very small. With the rise of coal seam dip angle, the
total area of large displacement area around the roadway gradually
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increases, and so does the large displacement area near the upper
side of roadway and the floor. On the contrary, the large displace-
ment area near the lower side of roadway gradually decreases.

The range of large displacement area can reflect the location of
outburst, and the maximum displacement can reflect the probabil-
ity of outburst. By observing the displacement nephogram under
different coal seam dip angle and comparing its maximum displace-
ment, we can find that the maximum displacement increases with the
increase of coal seam dip angle, but the increment of
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displacement is not obvious. When the dip angle of coal seam is
0°, the maximum displacement is 15.08 cm, while the dip angle of
coal seam increases to 30°, the maximum displacement increases
to 15.25 cm, which increases only 0.17 cm. That is to say, the
change of coal seam dip angle has some influence on the
maximum displacement around the roadway, but the effect is not
obvious.

Fig. 6 is the displacement curves of seven groups of measuring
points near the upper side of roadway. It can be seen from the
observation of single curve that the displacement of coal seam
declines gradually, and the extent of its decline decreases
gradually with the increase of the distance from the roadway wall.
When the distance from the roadway exceeds a certain number,
the displace- ment tends to be stable. This is because roadway
excavation mainly affects the coal seam around the roadway, so
the displace- ment of the coal seam near the roadway wall is
always greater than that of other areas. As the distance from the
roadway increases gradually, the influence of excavation
decreases, and the displace- ment tends to be stable.

It can be seen from the comparison of the displacement curves
under different coal seam dips that the displacement curves of
coal seams show a gradual upward trend with the increase of coal
seam dips, which means the displacement in coal seams has been
gener- ally increased.

Through the displacement analysis of driving face, it can be
found that the displacement of coal seam generally increases with
the rise of coal seam dip angle, and the probability of outburst
goes up. Meanwhile, the large displacement area gradually
migrates to the upper side of roadway, and the outburst-prone
area focuses on the upper side of roadway and the floor.

Plastic zone analysis of driving face

Most materials have an elastic limit, when the stress is less
than the elastic limit, the material is in the state of elastic
deformation. Although deformation can also occurs in the
materials under the
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state of elastic deformation, the materials will restore to its original
shape once the stress is removed. When the stress on the material

Fig. 4. Stress curve of measuring points.
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Fig. 5. Displacement nephogram in heading face.

There are also elastic limit and plastic state in coal. The coal area in
the plastic state is called plastic zone, which is the area with high
stress, large deformation and is prone to occur outburst. Therefore,

exceeds the elastic limit, the material is in a plastic state. The statistical analysis of the plastic zone around coal road- way is also an

deformation of material in plastic state cannot be completely

restored even if the stress is removed.

effective means to predict the location and risk of outburst.
The plastic zone nephograms of coal seam profile and driving face
profile are displayed in Figs. 7 and 8. The blue, green and

IJESPR
www.ijesonline.com
122



International Journal of Engineering Sciences Paradigms and Researches (IJESPR)
(Vol. 39, Issue 01) and (Publishing Date: 21% February, 2017)
(An Indexed, Referred and Impact Factor Journal)
ISSN: 2319-6564
www.ijesonline.com

red zones represent the non-plastic zone, the original plastic
zone and the plastic zone, respectively. Non-plastic zone is
mainly located in the coal and rock seam far away from the
roadway, which belongs to the safe area with small stress, small
deformation and small risk of outburst. Original plastic zone is

in the early stage of roadway excavation, the stress balance of coal
and rock around the roadway is suddenly destroyed, resulting in a
large number of stress concentration, which makes the stress of coal
and rock around the roadway quickly reach the elastic limit. Then
the stress induces the deformation of coal seam, and the stress is
decom- posed and transferred at the same time. When the coal
seam

the area which has been in a plastic state, but it has restored to
an elastic state when stress has been withdrawn. This is because
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Fig. 6. Displacement curve of measuring points.

reaches the stress balance again, the stress value of most coal and
rock areas decreases greatly and recovers from the plastic state to
the elastic state. This kind of area distributes evenly in the coal and
rock seam around the roadway, but the range of distribution in the
coal seam is slightly larger than that in the rock seam. Although the
stress in this kind of region is relatively small temporarily, the elas-
tic limit of the material after entering the plastic state decreases, so
it is easier for this region to re-enter the plastic state, which makes
it belongs to the warning area that needs attention. Plastic zone is
the area where the stress of coal and rock is still in plastic state
after equilibrium is destroyed and rebalanced. This area mainly
distributes in the coal seam around the roadway, and hardly exists
in the rock seam. Plastic zone is the dangerous area with concen-
trated stress, large deformation and high risk of outburst around
roadway.

It can be seen from Fig. 7 that the surrounding rock of roadway
relatively far from the working face is basically in a plastic state
and is less affected by the dip angle of coal seam. However, affected
by the dip angle of coal seam, the coal seam near the working face
exhibits more obvious plastic state.

As presented in Fig. 8, the ranges of non-plastic zone and orig-
inal plastic zone rarely vary with coal seam dip angle, while that of
plastic zone is significantly affected by coal seam dip angle.
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Firstly, in terms of area, when the dip angle of coal seam is 0°,
the plastic zone is scattered around the roadway, and the area of
the plastic zone in coal seam is less than 5% of the total area of
the original plastic zone and the plastic zone. With the increase
of coal seam dip, the original plastic zone gradually transforms into
plastic zone. When the dip angle of coal seam increases to 25°, the
area of plastic zone in coal seam is almost 50% of the total area of
original plastic zone and plastic zone.

Then from the position of the plastic zone, it is observed that
when the dip angle of the coal seam is 0°, the plastic zone disperses
around the roadway. With the increase of coal seam dip, the plastic
zone gradually gathers to the upper side of coal and floor. When
the coal seam dip is 25°, the upper half of the upper coal seam
and the floor area of the roadway are all in plastic state.

This indicates that the risk of outburst in roadway driving face
increases gradually with the rise of coal seam dip angle, and the
dangerous area moves to the upper side of roadway gradually.

4. Effect of coal seam dip angle on unstable zone of roadway
surrounding rock

Affected by coal roadway driving, the surrounding rock of road-
way is prone to the outburst accident because the original stress
balance is destroyed. However, with the increase of distance from
the heading face, the surrounding rock gradually restores balance.
By comparing the unstable state of surrounding rock under differ-
ent coal seam dip angle, the influence of coal seam dip angle on the
unstable area of surrounding rock can be obtained.

Stress analysis of roadway surrounding rock

Fig. 9 is a maximum principal stress nephogram of coal seam
profile, it can be seen from Fig. 9 that the stress nephograms under
different coal seam dip angle present a “weak-strong-weak” semi-
elliptic distribution from the roadway outward.

Draw a straight line at the heading face along the coal seam and
mark it as the o horizontal line, and the 0 horizontal line is perpen-
dicular to the roadway. Then another 6 straight lines parallel to o
horizontal line were made every 3 m from the heading face down
to the internal roadway, and the lines were marked as —3, —6, —o9,
—12, —15, —18 horizontal lines. A total of 61 sets of measuring
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Fig. 7. Plastic zone in section plane of coal seam.
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Fig. 9. Stress nephogram in section plane of coal seam.

points were arranged on each horizontal line, as exhibited in Fig. 1.
Then the stress values were recorded and the horizontal stress
curves were plotted, as presented in Fig. 10.

Fig. 10 demonstrates that the maximum principal stress of each
measuring point generally increase with the rise of the distance
from the heading face, while the increasing trend gradually
declines. According to the estimation of curve variation trend,
when the distance between a measuring point and the driving face
exceeds 20 m, the stress changes slightly so that the stress state of
coal seam tends to be in balance.

Displacement analysis of roadway surrounding rock

Fig. 11is a displacement nephogram of coal seam profile. It can
be observed from Fig. 11 that the displacement distribution of sur-
rounding rock is a semi-elliptic multi-layer structure, and the dis-
placement decreases gradually from the roadway to the outward.
By analyzing the roadway wall area, it is found that the displace-
ment of coal seam increases gradually along the roadway direction
with the rise of distance from the driving face, which is consistent
with the stress distribution.
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Fig. 11. Displacement nephogram in section plane of coal seam.

The roadway wall displacements at different distances from the
driving face are recorded, as displayed in Fig. 12. Analysis of a sin-
gle curve in Fig. 12 shows that the displacement curve of roadway
wall presents an upward trend, and the increment of displacement
is large near the driving face. However, it becomes smaller and
smaller far away from the driving face, and the displacement curve
gradually tends to level off. Comparison of displacement curves
under different coal seam dip angle indicates that the displacement
curves gradually climb with the increase of coal seam dip angle,
that is, the displacement of roadway surrounding rock rise as a
whole. By curve fitting, it is revealed that the displacement curves
under all the coal seam dip angle tend to level off within the range
of 18—25 m from the driving face. This means that balance is basi-
cally restored around the roadway about 20 m away from the driv-
ing face, but the distance for balance also increases with the rise of
coal seam dip angle.

5. Conclusions

In this study, the outburst risk of driving face in the driving pro-
cess was discussed by comparatively analyzing the stress distribu-
tion, displacement distribution and plastic zone distribution of
driving face under different coal seam dip angle. Besides, the range
of unstable area of roadway surrounding rock during roadway
driving was investigated through the comparison and analysis on
the distribution law of stress and displacement in roadway sur-
rounding rock under different coal seam dip angle. Based on the
above research, the following conclusions were drawn:

(1) Regardless of the change of coal seam dip angle, the stress
concentration area, displacement concentration area and
plastic area are invariably located in the coal seam and the
rock layer is relatively stable.
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Fig. 12. Displacement curve of roadway wall.
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(2) With the increase of coal seam dip angle, the risk of
outburst around the heading face rises, and the area with
high risk of outburst gradually moves upward along the
coal seam.

(3) The wunstable area of roadway surrounding rock
concentrates near the driving face. With the increase of
distance from the driving face, the instability of roadway
surrounding rock gradually declines. At about 20 m away
from the driving face, the roadway surrounding rock
reaches balance. In addi- tion, the distance for balance goes
up gradually with the increase of coal seam dip angle.
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