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There are a large amount of steeply dipping coal seams deposited in China, the safe and effective extraction of which are the
challenge for coal operators due to the complicated geological characteristics, in particular, when the underground roadway is
excavated in the steeply dipping coal seams with limited seam distance. The Universal Distinct Element Code (UDEC) was
adopted in the present research to explore the stress distribution of surrounding rock of the roadway. Based on the numerical
simulation, the damage coefficient was proposed and then used to classify the roof conditions into four groups. After that, the
asymmetric support technique was proposed and put into practical applications. It is indicated that the stress concentration on the
floor is the main feature of the extraction of steeply dipping coal seams. Moreover, the distributions of the maximum vertical stress
and horizontal stress which are much different from each other mainly attributed to the effect of the large dip angle. This research
also verified the feasibility of using the asymmetric and partition support technique to maintain the integrity of the surrounding

rock, as from the case study conducted at the 12032 longwall coal face of Zhongwei coal mine.

1. Introduction

The development of the mining industry in Xinjiang, one of
the largest coal fields in China, is currently in the rapid and
sustainable progress. The large thickness and shallow depth
are the two attractive features of the coal seams in Xinjiang,
which make it the ideal mining field to build the huge coal
mines. Different from its counterparts exposited in other
coal fields, however, the steeply dipping coal seam accounts
for over 25%; the proven reserves in China attributed to the
unique diagenetic environment [1, 2]. It has been well noted
that the extraction of steeply dipping coal seams is difficult
due to its unique geo-mechanical condition. The movement
of the overlying strata upon the steeply dipping coal seam is
much different with the increase of the dip angle. In par-
ticular, the large abutment pressure applied on the sur-
rounding rock will significantly affect the stability of the
roadway. This situation will be more serious when the

adjacent coal seams with close distance are extracted [3, 4].
How to effectively control the unexpected deformation of
surrounding rock and maintain the integrity of the roadway
is now the hot research topic to be considered either from
the insight of the underground coal operators or the sci-
entific scholars.

Various studies have been conducted to obtain an in-
depth understanding of the underground pressure distri-
bution characteristics during the excavation of steeply
dipping coal seam. As reported by Wu et al. [5-7], the
excavation of upper coal seam will significantly affect the
stability of the “R-S-F” system of the lower coal seam. Their
research also indicated that both the underground pressure
and the migration law of the steeply dipping coal seam is
much different from other coal seams with small dip angle.
The development and establishment of the asymmetrical
structure is closely related to the stability of the longwall,
which agrees well with the research carried out by Tu et al.
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[8, 9]. Based on the geological and mining condition of
Huainan mining zone, Yang and Kong studied the mutual
superposition and evolution mechanism of underground
pressure during the excavation of the steeply dipping coal
seams as well [10-12]. It can be found from their research
that the failure mechanism and stress distribution of the
mining floor will be affected with the increase of the dip
angles. In general, most studies did pay attention to the stress
distribution and deformation failure of the surrounding rock
with the excavation of two-layer coal seams.

Against this background, this paper presents a com-
prehensive research to obtain a better understanding on the
mechanical mechanism and deformation characteristics of
the surrounding rock for the roadway located in the steeply
dipping coal seam. It starts with a concise introduction about
the research area, followed by the detailed numerical
modelling of the excavation procedure of the roadway in the
steeply dipping coal seams. This paper ends up with the filed
investigation to verify the proposed controlling technique.
The meaningful research outcomes can be used as the
guideline for other underground coal mines in Xinjiang coal
fields where there are similar geological and mining
conditions.

2. Geological and Mining Conditions of the
Research Area

Zhongwei Coal Mine, which is operated by Henan Energy
and Chemical Industry Group Co., Ltd., is located in Bai-
cheng, Xinjiang. The single-entry longwall operation is
adopted to excavate the IV13 coal seam. The coal seam
featured with its large dips ranging from 25° to 50°, with the
average value of 35°. Except for the large dip angle, the
variable thickness of the IV13 coal seam is the other concern
to be accounted for. As depicted in Figure 1, the normal
thickness of the IV13 coal seam is within 0.87 to 10.92m,
with the average thickness of 3.67 m. Note that the IV13 coal
seam has to be mined separately (see Figure 1(a)). For ease of
reference, these spilt coal seams are termed as IV13* and
IV13P, respectively. Currently, the upper subsection termed
IV13® has been totally extracted and the preparation of
12032 longwall is still in progress.

As the first longwall located in the lower subsection (i.e.,
IV13P), the strike length and the trend length of the 12032
longwall are 691 m and 161.7 m, respectively. The ground
elevation is +2730~+2900m and the elevation of 12032
longwall is +2315 + 2400 m. As depicted in Figure 1(b) , the
coal resource around the 12032 longwall has been com-
pletely extracted. The 2.07 m thickness IV13® coal seam is
fully excavated. More detailed information about sur-
rounding rock is shown in Table 1.

3. Numerical Modelling of the Excavation of
Steeply Dipping Coal Seams

3.1. Setup of the Numerical Model. The redistribution of the
underground pressure will result in the development of
fissures of surrounding rock, generally associated with the
large deformation of the excavated zone [13, 14].
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Considering that the distribution and transmission law of
surrounding rock is the foundation to further investigate the
damage process of the surrounding rock, the two-dimen-
sional numerical program, Universal Distinct Element Code
(UDEC), was applied to simulate the extraction progress of
coal resource in the 12032 longwall.

As shown in Figure 2, the length and height of the UDEC
Trigon model are 250 m and 150 m, respectively. Herein,
both the coal seam and surrounding rocks are all simply
defined with the dip angle of 35°, equivalent to the average
dip angle of the coal seam. The boundaries of the numerical
model were fixed according to the practical conditions. Note
that the vertical stress applied on the upper boundary is
7.2 MPa based on the average mining depth of 300 m. The
Mohr-Coulomb yield criterion was given to the interface,
while the elastic model was applied for block element
[15, 16]. Four monitoring lines were distributed along the
floor of IV13® coal seam to record the value of stress. The
uniform space between each monitoring line is 1 m.

Different from the conventional finite element modelling
method (FEM), the critical parameters for the UDEC Trigon
model cannot be directly obtained from the calibration of
experimental tests. Thus, the micromechanical parameters of
layered polygonal block and contact interface were obtained
from existing open literature [17-21]. The values of these
critical input parameters including the internal friction angle
(¢), the cohesive force (C), and the tensile strength (T) of the
contact surface are summarized in Table 1. In addition, the
micromechanical parameters of polygonal block are also
shown in Table 1.

3.2. Stress Distribution of Floor. In accordance with the
practical mining process, the upper coal seam (i.e., IV13®) was
firstly excavated with a 15 m-width coal pillar left. Figure 3
presents the stress Mises distribution around the gob and the
floor of the coal pillar. Herein, the stresses including the
vertical stress, horizontal stress, and shear stress were plotted
in Figure 4, the values of which were obtained from the
embedded monitoring lines mentioned earlier.

As can be seen from Figures 3 and 4, there is an obvious
stress concentration under the coal pillar after the excavation
of the IV13® coal seam, whereas, the monitored stresses
around the gob floor exhibit somewhat reduction. For ease
of reference, the ratio between the monitored stress and the
in situ stress is defined as stress concentration factor (SCF).
Note that the initial horizontal stress and vertical stress are
10.8 MPa and 9.0 MPa, respectively. The maximum vertical
stress was obtained from the center line of the coal pillar
(larger buried depth side) with the value of 25.2MPa
(SCF =2.8). It can also be found that the peak value of the
horizontal stress is 22.7 MPa (SCF = 2.1), which is obtained
from the upper side of the center line. If the vertical distance
between the floor and the coal pillar is within 4.0 m, both the
vertical stress and the horizontal stress concentration co-
efficients will experience the gradually increase with the
enlargement of the vertical distance.

With the increased horizontal distance apart from the
center line in the coal pillar, both the vertical stress and the
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FIGURE 1: Geological survey of research object: (a) geological section of coal seam no. IV13 and (b) roadway layout of 12032 coal face.

TaBLE 1: Micromechanical parameters of each layered rock of the model.

Block parameters Contact surface parameters

Lithology Density ~ Elastic modulus Bulk modulus ~ Shear modulus Friction Cohesion  Tensile strength

(kg~m_3) (GPa) (GPa) (GPa) angle (°) (MPa) (MPa)
Carbonaceous 2 500 5.30 24.40 9.70 18 1.5 0.5
mudstone
Coal seam 1 300 2.60 11.50 4.60 14 0.8 0.32
Mudstone 2 500 3.80 24.40 9.70 18 1.3 0.4
Sandstone 2 500 10.04 28.70 9.50 21 0 0
horizontal stress experience the obvious decline, which are It is interesting that the peak shear stresses recorded

approximately in accordance, with a normal distribution,  from each side are much different from each other. The peak
with each other. However, the attenuation speed for vertical ~ shear stress upon the center line with the smaller mining
stress and horizontal stress is much different. In detail, the ~ depth is generally larger than that obtained from the other
attenuation trend of the vertical stress nearby the upper side  side. In particular, the value of SCF will also experience the

of the central line is more obvious compared to its coun-  reduction with the increase of the depth, when the distance
terpart. Differently, the attenuation of the horizontal stress  between the floor and the coal pillar is within 4 m.
nearby the upper side of the central line seems to be Based on the above discussions, it can be summarized

significant. that there exists the stress concentration on the floor of the
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FiGURE 2: Numerical calculation model.

residual coal pillar. The maximum vertical stress is generally
below the centerline of the coal pillar, while the maximum
horizontal stress is above the centerline of the coal pillar. In
general, the peak shear stress above the centerline of the coal
pillar is generally larger than that obtained from the other
side.

4. Damage Regulation of the Floor

4.1. Definition of the Damage Coefficient. A large number of
laboratory tests have revealed that the microstructure will
affect the mechanical properties of intact rock and coal mass
[22-24]. Although the coal/rock mass are heterogeneity in
natural from the microscopic insight, it can still be evaluated
and presented by the Weibull statistical distribution. Herein,
the damage coefficient is defined with the following con-
siderations: (1) it should sufficiently reflect the character-
istics of rock mass damage and (2) it is feasible to obtain the
value by the actual measurement technique.

In this research, the damage coefficient was adopted in
the respect of the numerical simulation. That is, the ratio

between the contact length (e.g., shear or stretch) of the
failed block and the total length of all blocks is used to
evaluate the development density and penetration of frac-
tures in coal/rock masses.

4.2. Damage Characteristics of the Floor. Figure 5 presents
the damage characteristics of floor rock after the excavation
of the upper IV13* coal seam, in which the types of the
failure are marked in different colors. It is apparent that the
floor rock is featured with the shear failure. Moreover, many
shear cracks and tensile cracks were observed from the
affected zone within 6 m apart from the central line of the
coal pillar. With the increase of the distance, apart from the
coal pillar, the number of cracks nearby the edge of coal
pillar exhibit a significantly decrease. In addition, the floor is
generally dominated by the tension cracks. The tensile cracks
are widely distributed around the edge of the coal pillar
within the 20 m zone. Both the number of cracks and the
crack penetration experience the reduction when the dis-
tance apart from the center line is over 20 m.
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FIGURE 3: Stress distribution characteristics in the floor of goaf and coal pillar: (a) vertical stress, (b) horizontal stress, and (c) shear stress.

With the consideration of the rock damage at different
locations (e.g., coal pillar, floor, and lower coal seam), the
additional monitoring line was arranged along the per-
pendicular side to the surrounding rock. The distribution of
the damage coefficient can be found from Figure 6, in which
the values of the damage coefficient were theoretically cal-
culated according to its definition. It can be seen from
Figure 6 that the damage coefficient of the floor under the
coal pillar ranges from 12% to 50%. In addition, the damage
coefficient of the surrounding rock above the center line is
generally larger than its counterpart. Because the com-
pressive strength of coal seam is much smaller than that of
surrounding rock, the damage of the lower coal seam seems
to be serious than that of the floor, which is about 19~64%, as
shown in Figure 6.

5. Classification of the Roof Conditions
Based on the Damage Coefficient

The predicted distances between the IV13* and IV13® coal
seams in the 12302 longwall are listed in Tables 2 and 3, the
values of which are obtained from the actual exposure of the

strata as well as the exploration data. Compared with the
predicted values (e.g., 0.85-3.90 m), the damaged depth of
surrounding rock (e.g., 1.50-3.50m) are generally larger,
indicating that most surrounding rocks are damaged due to
the mining activities. Thus, the roof of the roadway can be
correspondingly classified into four groups, as listed in
Table 4.

Type I (broken and loose roof): the coal pillar is failed
with the shear slip at its bottom edge, mainly attributed
to the combined effects of the abutment pressure and
the front strata pressure. The roof will be completely
crushed if the distance between two coal seams is within
1.5m. The main feature of this type roof is its loose
structural after the drilling of the roadway in the lower
coal seam.

Type II (crack-extended roof): under the combined
influence of front strata pressure and the abutment
pressure, there will be lots of cracks and fissures.
However, the integrity of the roof can be sustained
when the distance between the coal seams ranges from
1.5m to 2.5m.
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TasLE 2: The distance between roof and upper coal seam of 12032 haulage roadway.
Distance to open-off cut L (m) 0-55 55-200 200-235 235-310 310-465 465-620 620-710
Roadway length I (m) 55.0 145.0 35.0 75.0 155.0 55.0 90.0
Roof thickness H (m) 1.50-1.75 0.85-1.50 1.50-2.00 2.00-2.50 2.50-3.00 3.00-3.50 3.50-3.90
Roof classification type I I II I 111 111 v
TaBLE 3: Speculates the distance between the roof of the 12032 tailgates and the upper coal seam.
Distance to open-off cut L (m) 0-40 40-155 155-230 230-325 325-390 390-660 660-690
Roadway length I (m) 40.0 115.0 75.0 95.0 65.0 270.0 30.0
Roof thickness H (m) 2.20-2.50 2.50-2.80 2.00-2.50 2.50-3.20 2.20-2.50 2.50-3.50 3.50-3.70
Roof classification type II I 1I 111 II 111 I\

TaBLE 4: Classification of coal roof types.

Classification type

Characteristics of roof types

Thickness between coal seams (m)

I Broken loose roof H<15
I Crack through roof 1.5<H<25
III Fractured roof 25<H<35
v Partially complete roof H>35

Type III (fissures developed roof): there are number of
fissures and cracks existing in the surrounding rock
which attributed to the mining activities. However,
these fissures and cracks are not perforated. In this case,
the interface between the coal seam and surrounding
rocks is not strong enough, resulting in the reduction of
the strength of the surrounding strata. If the distance
between each coal seam falls into 2.5m to 3.5m, the
excavation of the lower coal seam may result in the
repeated unloading and destruction of the interlayer
rock mass.

Type IV (relative intact roof): if the distance between
the coal seams is larger than 3.5 m, the influence of the
excavation of the lower coal seam will not significantly
affect the intact of the upper coal seam. In this case,
there is no dangerous for the roof controlling.

6. Filed Study

6.1. Asymmetric and Partition Support Technique. With the
consideration of the variable thickness of overlying strata,
the asymmetric and partition support technique was
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TaBLE 5: The main support forms of mining roadway.

Classification type  Characteristics of roof types

Roof support form

Support form of roadway side

I Broken loose roof

Hydraulic expansion bolt + shed support

Shed support + anchor cable support
Short bolt + short anchor cable

I Crack through roof Short bolt + Anchor cable
II1 Fractured roof Bolt+ Anchor cable Bolt + short anchor cable
v Partially complete roof
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FIGURE 7: Support section of the roadway: (a) class-I roof roadway, (b) class-II roof roadway, and (c) class-III/IV roof roadway.

currently proposed based on the classification of the roof
conditions and the values of the damage coefficient dis-
cussed above. The support forms and critical parameters of
the 12032 Longwall mining roadway are shown in Table 5
and Figure 7, in which different support patterns are pre-
sented in detail.

6.2. Verification of the Proposed Support Technique. To verify
the feasibility of proposed support technique in controlling
the integrity of the roadway surrounding rock, the case study
was conducted at thel2032 longwall. The width and the

center height of the trapezoidal roadway is 3.6 m and 2.8 m,
with 10.08 m* cross-sectional area. Based on the classifica-
tion of the roof conditions, the partition support technique
was applied. More detailed information about the support
parameters are presented below:

(1) Type-I roof condition: the hydraulic expansion bolts
and I-sectional steel frame are applied. In addition,
the high-strength rebar bolts together with the
18.9mm x 3300 mm cables combined with the
beam are adopted to control the deformation of the
roadway ribs. The row space for bolts and steel frame
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(b)

FIGURE 8: The effect of roadway support in 12032 longwall: (a) class-I roof roadway, (b) class-II roof roadway, and (c) class-III/IV
roof roadway.
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FIGURE 9: Monitoring results of roadway deformation in 12032 longwall: (a) class-I roof roadway, (b) class-II roof roadway, and (c) class-III/
IV roof roadway.

is with the constant value of 700 mm. Note that the (2) Type-II roof condition: the roof is supported by
line space between the bolts in the roof and the ribs high-strength rebar bolts and the
are 650 mm and 700 mm, respectively. ¢18.9mm x 8300 mm cables with the additional
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pressure release apparatus, and the row space and
line space of roof support are 700 mm and 650 mm,
respectively. The high-strength bolts and the
©18.9 mm x 3300 mm cables are also used to main-
tain the stability of the roadway ribs. The same value
of the line space and row space (i.e., 700 mm) for rib
supports are adopted.

(3) Type III/IV roof conditions: the high-strength rebar
bolts and cables were used as the primary support.
Different from the above support design, the larger
value (800 mm) of the row space was adopted for
roof support. In addition, the value of the line space
for rib support also increased to 800 mm and
700 mm, respectively.

As depicted in Figures 8 and 9, the deformation of
surrounding rock with type-I roof condition is 219 mm in
axial direction and 412 mm along the horizontal direction,
respectively. The values of this mentioned deformation are
224 mm and 356 mm for the roadway with the type-II roof.
The deformation of the roof, floor, and ribs is with the
smaller values when the support technique was adopted for
the roadway with type-II roof condition. It indicated that the
proposed partition support technique is effective and fea-
sible in sustaining the integrity of surrounding rock.

7. Conclusion

This paper presents a comprehensive research on the sta-
bility controlling of the roadway driven in the steeply
dipping coal seam with close distance. The detailed nu-
merical simulation was carried out via the Universal Distinct
Element Code (UDEC) based on the concise analysis of the
geological and mining conditions of the research area,
followed by the classification of the roof conditions with the
consideration of the damage coefficient. The case study was
then conducted and the feasibility of the proposed asym-
metric and partition support technique was verified. The
following conclusions can be obtained from this research:

(1) There is a stress concentration on the floor of the
residual coal pillar. The maximum vertical stress is
generally below the centerline of the coal pillar, while
the maximum horizontal stress is above the cen-
terline of the coal pillar. Moreover, the peak shear
stress above the centerline of the coal pillar is gen-
erally larger than that obtained from the other side.

(2) The roadway roof are classified into four groups
based on the actual exposure of the strata, which are
broken and loose roof, crack-extended roof, fissures
developed roof, and relative intact roof, respectively.

(3) It is feasible to use the asymmetric and partition
support technique to maintain the stability of the
surrounding rock, as verified by the case study
conducted at the 12032 longwall.

Note that the surrounding rock of the roadway is a
heterogeneous material in nature, which is not well
accounted for in the present research. To obtain the in-depth
understanding about the deformation characteristic of

Advances in Civil Engineering

surrounding rock of steeply dipping coal seam, the further
research with the consideration of initial cracks in sur-
rounding rock should be well considered.
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