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The roof falling accident is a serious threat to the lives of miners in deep coal mining, especially when the coal mine is more than
1000 meters deep. In regard to the 5306 coalface in the Tangkou coal mine, Shandong, China, the depth of coal seam is 992.8m and
the stress concentration coefficient of the roadway surrounding rock is 3.33. This leads to a serious deformation of the roadway roof,
thereby producing a high risk of the roof falling disaster. In this pursuit, based on the mechanical analysis of roadway roof subjected
to a high abutment pressure, the mathematical expressions of the setting load and movable column length of supports were
introduced. Furthermore, the stability control mechanism of the roadway roof was analyzed and the optimized support
parameters of supports are provided. The results showed that the longtime effective support of the roadway roof required the
strength and deformation coupling of supports and anchored surrounding rock. The support length of the belt roadway should
be at least 57.7m, with 0-30m away from the coalface supported by hydraulic supports and 32-57.7m supported by single
props. In addition, the maximum setting load and movable column length of hydraulic supports were 21.67MPa and 280.3mm
and 12.44MPa and 177.1mm for single props, respectively. By applying the optimized support parameters of supports to the
belt roadway of the 5306 coalface, the effective control of the roadway roof and the disaster control of roof falling were realized.

1. Introduction

Roof falling accident has always been one of the major mine
disasters that pose threats to the life of the underground
miners in coal mining [1]. Statistical data associated with coal
mine accidents in China shows that roof falling accidents
occurred most frequently in all kinds of mine accidents.
The number of roof falling accidents was 760, and the acci-
dent concerning roof falling accounted for 39% of the total
cases between 2013 and 2017, while the accident concerning
roof falling accounted for 34% the of total cases in 2018 [2].
Among them, the roof falling arising in the roadway of the
intersection area of coalface and roadway was the most com-
mon. For example, on January 17, 2017, a roof falling acci-
dent took place in the transportation roadway subjected to
front abutment pressure of 2403 coalface of the Danshuigou

coal mine in Shanxi Province, China, resulting in the death of
10 people; on November 11, 2017, a similar accident
occurred in the ventilation roadway subjected to the front
abutment pressure of the 702 coalface of Hongyangsan coal
mine in Liaoning Province, China, resulting in 10 deaths. A
similar accident arising in Longgu coal mine in Shandong
Province also led to 4 deaths on February 22, 2020. These
cases demonstrate the terrible impacts of the roof falling acci-
dent on the production of coal mine and the safety of miners.

The roof falling accidents occur in the intersection area of
the coalface and the roadway due to the stress redistribution
in the surrounding rock, thereby generating an abutment
pressure in front of the coalface [3]. Such abutment pressure
moves forward dynamically with the coalface retreat and cor-
respondingly facilitates a stress-concentrated area above the
roadway (Figure 1(a)). Especially, the stress concentration
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coefficient of the overburden is 3-8 times of the primary rock
stress, when the coalface is more than 1000m deep. The high
concentrated stress (also called the front abutment pressure)
causes the overlying strata to experience the loading and
unloading process repeatedly. As a result, it is relatively diffi-
cult for the surrounding rock of this area to be controlled
under the influence of high concentrated stress, leading to
hazards like mesh fracture, large-scale roof falling, and sup-
porting equipment collapse (shown in Figure 1(b)) that pose
a serious threat to the miners’ safety [4, 5]. When under-
ground coal mining is carried out deeper than 1000m, with
the sharp increase in the ground stress, the burst tendency
of coalface is higher, and the peak and range of the abutment
pressure before the coalface are higher. This makes it more
difficult to restrain the surrounding rocks; thus, the roof fall-
ing hazards become an important issue challenging the safety
production of coal mines. Currently, the roof control of the
roadway subjected to an abutment pressure with the depth
more than 1000m is mainly implemented by the means of
temporary reinforced supporting using single props or
hydraulic supports. However, the computation in terms of
the supporting parameters is mainly based on the accumu-
lated experience and lacks theoretical foundation. Also, the
interaction between the supports and the surrounding rocks
is not explicit, and the corresponding mechanism of stability
control of surrounding rocks remains unclear. These points

trigger the frequent occurrence of roof falling accidents of
the roadway subjected to an abutment pressure and increase
the exposure of hazards to the miners.

Different from that in other locations, the roof control of
the roadway subjected to a front abutment pressure is
achieved through the coupling of supports (such as hydraulic
supports or single props) and anchored surrounding rock
(bolt-mesh-anchor support). During mining in the coalface,
the hydraulic supports or single props are typically employed
to support the roadway, which are subjected to front abut-
ment pressure for reinforcement and ensure sufficient cross-
area for mining. Prior to the installment of the supports, the
anchored surrounding rock in the roadway already has a cer-
tain bearing capacity due to the support provided by the
existing bolt-mesh-anchor support. Without enough sup-
porting capacity of the supports, it is unlikely to effectively
control the deformation and failure of the surrounding rock
despite the existing bearing capacity of the bolt-mesh-
anchor support. In contrast, the excessive supporting capac-
ity of the supports can disturb the existing bolt-mesh-anchor
support system, resulting in an insufficient development of
the bearing capacity of the surrounding rock. This proves
that the supports and the anchored surrounding rock in the
roadway subjected to the front abutment pressure are mutu-
ally related and influence each other, and a coupling relation-
ship exists between them. When the coupled support of the

Retr
eat

 dire
cti

on
Coalface

Mining

roadway

Retreat

direction

Front 
abutment
pressure

Roadway subjected

to front abutment

pressure

Stress-
concentrated

area

(a)

Single prop dumpRoof falling in large area

Metal mesh rupture

Roof seriously deformed

(b)

Figure 1: Stress distribution and roof falling disaster in the roadway subjected to the dynamic abutment pressure: (a) stress distribution
characteristics; (b) roof falling disaster.
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supports and the anchored surrounding rock is achieved, the
bearing capacities of both can fully control the deformation
of the surrounding rock in the roadway subjected to a front
abutment pressure. Therefore, the study of the relation
between supports and anchored surrounding rock subjected
to front abutment pressure and the effective control of road-
way roof in the coalface are of great significance to reduce the
roof falling disaster and ensure the safety of the miners in
coal mines.

Currently, a few studies have been conducted on the rela-
tion between the supports and the anchored surrounding
rock subjected to front abutment pressure. Wang and Niu
introduced the strength coupling between the support system
and surrounding rock subjected to front abutment pressure
and the notions of structural and stability coupling, but their
application in mines was limited [6]. Some studies were
mainly focused on the interaction between the hydraulic sup-
ports and the surrounding rock in the coalface [7–9]. For
example, Mangal and Paul and Ma and Zhong found that
the load of the hydraulic supports in the coalface depended
on the mining height, thickness of the immediate roof, plastic
zone range in the coal wall, and the mechanical strength of
the roof and floor [10, 11]. Yuan et al. and Peng proposed
that the study of the interaction between the hydraulic sup-
ports and the surrounding rock in the coalface should con-
sider the coal wall, roof, floor and supports, and regard
them as a unit [12, 13]. It is reported that the setting load
and work resistance of the hydraulic supports were crucial
to maintain the stability of the system [14, 15]. Based on
the long-term field monitoring and theoretical analyses,
Budirský proposed a method for determining the setting
loading and working resistance of the hydraulic supports in
the rock burst coalface [16]. Singh and Singh proposed that
the notion of “the bigger, the better” was not fully scientific,
while choosing the hydraulic supports in the coalface and
controlling the deformation of roadway roof, and stated that
the setting load of the hydraulic supports in coal mines was
usually 50−60% of the work resistance in Indian mines [17,
18]. Xu and Liu found that the setting load of hydraulic sup-
ports in the coalface directly impacted the support stiffness. A
small setting load caused a large settlement of the roof, result-
ing in the falling of the roof [19]. Even though these studies
clarified the interaction between the hydraulic supports and
the surrounding rock in the coalface, the supports in the
roadway subjected to front abutment pressure present some
features that are different from the coalface. Hydraulic sup-
ports in the coalface can bear the additional pressure caused
by the weight of the immediate roof rocks and main roof
pressure. As a result, the supports need a certain capacity to
bear the impact load in order to prevent the rock blocks roll-
ing into the coalface and goaf from the roof and causing
harm to the equipment and miners. Supports in the roadway
subjected to the front abutment pressure are to bear the high
stresses above the roadway roof caused by the front abutment
pressures (Figure 1(a)) in order to ensure sufficient section.
Due to the differences in using location, stress environments,
bearing capacities, and effects of the roof control between the
hydraulic supports in the coalface and the roadway subjected
to a front abutment pressure, the results of the previous stud-

ies on hydraulic supports in coalface are not applicable to
describe the coupling of supports and anchored surrounding
rock in the roadway. However, previous analysis methods
and conceptions still provide guidance for the present study.

With respect to elucidating the relations between the sup-
ports and the anchored surrounding rock, the first problem
that needs to be solved is the stability of the roadway roof
subjected to the front abutment pressure. Studies on the sta-
bility of the roadway roof mainly focused on the location
unaffected by the front abutment pressure, which resulted
in many achievements [20–23]. For instance, Sofianos
regarded the roadway roof as a hinged roof beam on a rigid
foundation and introduced three deformation forms in the
hard rock: rotation failure, sliding failure, and squeezing fail-
ure [24]. Chase et al. found that under high vertical stresses,
the vertical splitting fractures developed in the direction of
cleating, thereby causing a scaling of the roadway [25]. Can-
bulat and Tadolini et al. found that the deformation forms of
the roadway roof consisted the shear failure and bucking fail-
ure, and proposed the corresponding control methods [26,
27]. Based on previous studies, Shen summarized the failure
patterns of the surrounding rock in the soft rock roadway as
six types, including beam failure, joint-controlled rock falls,
and roof sag [28]. Kang et al. and Carranza-Torres found that
the bolt-cable support in the surrounding rock effectively
reduced the contraction rate of the roadway and restrained
or eliminated the tension failure [29, 30]. Due to the special
conditions of the surrounding rock in the roadway subjected
to the front abutment pressure, studies of the roadway roof
stability should consider the supporting effect of the hydrau-
lic supports and the bolt-mesh-anchor support on the roof,
which has not been thoroughly considered by previous
researchers.

In the present study, the support in the belt roadway sub-
jected to the front abutment pressure of the 5306 coalface of
the Tangkou coal mine in Shandong Province, China, was
selected as a case study. Firstly, the mechanisms of the road-
way deformation and failure subjected to abutment pressure
in the 5306 coalface (with a depth of 1000 meters) were ana-
lyzed. Subsequently, the stability of the roadway roof with the
hydraulic supports and the bolt-mesh-anchor support, as
well as the method for determining the related support
parameters (including support strength and movable column
length of supports), was analyzed. Finally, the relation
between the supports and the anchored surrounding rock,
as well as the stability control mechanism of roadway roof,
was clarified. Based on these, the support parameters were
optimized to ensure the safety of the miners and for a sus-
tainable mining in the Tangkou coal mine.

2. Study Site

2.1. Geological Setting. The depth and coal thickness of the
5306 coalface in the Tangkou coal mine were 992.8m and
5m, respectively, with an average angle of inclination of 4°.
In addition, two faults were detected in the 5306 coalface,
and the maximum drop was 3.0m and 2.7m, respectively,
which had a little impact on the coal mining of coalface.
The coal seam in the 5306 coalface was stable, and there
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was no erosion zone and collapse column. There were only
some small undulating folds in the mining area, which did
not affect the retreat of the coalface. The comprehensive geo-
logical column of the 5306 coalface is shown in Figure 2.

2.2. Layout and Support of the Roadway. The 5306 coalface
was divided into inner and outer segments: the inner segment
was 248m wide and had a strike mining length of 1000m; the
outer segment was 795mwide and had a strike mining length
of 1065m. The track roadway was in close proximity to the
goaf of the 5305 coalface. The belt roadway of the coalface
had a rectangular cross section with a width of 5000mm
and a height of 4000mm, with entity coals on two sides.
The roadway layout of 5306 coalface is shown in
Figure 3(a). Hydraulic supports and single props were used
as the supporting methods in the roadway subjected to front
abutment pressure. The support length was 60m. Three
groups of hydraulic supports (ZQL2×2500/23/42W) were
used in the roadway; the length of each group was 10.4m,
with a support range of 0−31.2m in front of the coalface. A
total of 36 rows of single props (DW45-250/110XL(G)) were
used, with 2 props placed in each row, coupled with an artic-
ulated roof beam (DJB-800). The support pattern was “one
beam for one prop,”, with a support range of 32−60m in
front of the coalface. The hydraulic supports had a setting
load of 6.5MPa and a movable column length of 350mm,
and the single props had a setting load of 11.5MPa and a
movable column length of 100mm.

The field practice shows that deformation and failure of
the surrounding rock in the roadway subjected to the front
abutment pressure were serious with the original support
pattern employed in the coalface. The rocks in the roof
crushed with a large settlement, forming a “net trough”; the
rocks within the net trough fractured and fell when the defor-
mation was large, risking the safety of the miners and the
equipment (as shown in Figures 3(b) and 3(c)). Additionally,
the entity coal sides showed a large deformation and extru-
sion to the roadway centerline, presenting an arc shape and
significantly reducing the available cross section. In practice,
the bottommining and expansion are typically applied in the
roadway to obtain sufficient available cross section and ven-
tilation, which actually disturb the mining in the coalface.

3. Failure Mechanisms

To analyze the deformation and failure mechanism of the
surrounding rock in the roadway subjected to front abutment
pressure, a 3DEC numerical modeling was constructed with
the same support parameters as in the field.

3.1. Model Construction. The physical and mechanical
parameters of the rock stratum in the numerical model are
shown in Table 1. The bolt material was a 20MnSi screw
thread steel bolt without longitudinal reinforcement with a
diameter of 20mm. The cable material was 1 × 19 core low
relaxation prestressed steel strand anchor cable with a diam-
eter of 21.8mm. The lengths of the bolt used in roadway roof
and two sides were 2400mm and 3000mm, respectively. The
length of the cable was 6200mm. To support the roadway

roof with a row and line space of 900 × 1200mm, 6 bolts
and 5 cables were used. To support the roadway side with a
row and line space of 900 × 800mm, 5 bolts were employed.
Furthermore, the size of the numerical model was 400m ×
300m × 56m (length × width × height). The four sides and
the bottom of the model were fixed constraints to limit the
displacement. A uniform load of 23.85MPa was applied ver-
tically to the upper surface of the model according to the in
situ stress condition of the 5306 coalface. In the numerical
simulation, the Mohr-Coulomb model was used for iterative
solution. The numerical model established is shown in
Figure 4.

3.2. Modelling Results. Based on the numerical model, the
vertical displacement and vertical stress of the roadway at
20m and 30m in front of the coalface are shown in
Figures 5 and 6.

Using the same parameters as those in the roadway sup-
port in the field, the surrounding rock in the roadway at 20m
in front of the coalface showed a large deformation
(Figure 5). The roadway roof significantly settled, forming a
net trough with a maximum settlement of 659.9mm; a roof
separation was also observed, with both sides of the roadway
extruding and forming an arc shape. These features were
similar to those recorded in the field (Figure 5(a)). Addition-
ally, some bolts in the coal sides and roof became dislocated
and lost their bearing capacity. The side abutment pressures
in the coal sides were symmetrical, and a stress-
concentrated core area was formed with an ear shape, where
the maximum vertical stress was 82.58MPa and the stress
concentration coefficient was 3.33. The deformation pattern
of the surrounding rock in the roadway at 35m in front of
the coalface was almost the same as that at 20m (Figure 6).
The difference was that the maximum settlement of the road-
way roof was 407.0mm and the maximum vertical stress was
54.11MPa of the surrounding rock in the roadway at 35m in
front of the coalface; both were smaller than their counter-
parts in the roadway at 20m in front of the coalface. More-
over, there was a stress-concentrated area with a small
range in the place where the immediate roof and support
met.

Based on the numerical simulations and original support
effect on-site, it was predicted that the surrounding rock in
the roadway at 20m in front of the coalface presented a
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substantial dislocation deformation, with some bolts not
functioning and separating in the roof. This was likely, due
to the failure of providing enough support strength caused
by an insufficient setting load or the excessively large prop
movable column in the hydraulic support (the setting load

and movable column length of hydraulic supports were
6.5MPa and 300mm, respectively, in the field). The defor-
mation and failure of the surrounding rock in the roadway
at 35m in front of the coalface and the increase in stress in
the roof surface could be due to the failure of timely yielding
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Table 1: Physical and mechanical parameters of rock stratum.

Lithology
Density
(kg/m3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Internal friction
angle (°)

Cohesive force
(MPa)

Tensile strength
(MPa)

Remark

Mudstone 2540 2.35 1.52 32 1.7 1.57

Fine
sandstone

2831 3.22 1.80 35 2.3 2.24

Mudstone 2450 1.25 1.66 37 2.1 1.60

Siltstone 2635 2.16 1.23 39 3.3 1.80

Fine
sandstone

2632 4.12 2.30 33 3.3 2.89 Main roof

Mudstone 2643 0.96 0.93 30 1.5 0.87
Immediate

roof

3# coal
seam

1401 0.68 0.50 26 0.9 0.41

Mudstone 2651 2.55 1.52 42 2.6 2.00 Floor

Siltstone 2645 2.57 1.54 34 2.5 2.68
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caused by the excessively small prop movable column (the
movable column of the single props was 100mm in the field).
These characteristics showed that the deformation of the sur-
rounding rock in the roadway subjected to front abutment
pressure of the coalface was closely related to the support
strength and movable column length of supports.

4. Stability Control of Roadway Roof

4.1. Mechanical Analysis

4.1.1. Construction of the Mechanical Model. The coal sides
were regarded as the Winkler foundation, since the entity
coal sides were weak, while the roadway roof was regarded
as a semi-infinite elastic cantilever beam based on the Wink-
ler foundation, with the stress increments of the overlaying
rock acting on it. The perspective of the mechanical model
was perpendicular to the layout direction of belt roadway.
Considering the symmetry of the roadway and the support
to the roof, the mechanical model of the roadway roof sub-
jected to the front abutment pressure was established, as
shown in Figure 7. It should be noted that the plastic zone
in the surrounding rock of roadway was not considered in
the mechanical model.

To facilitate the theoretical analysis of the roadway roof
deformation, a deformable foundation with a constant load
and a constant rigidity was used as an equivalent for analysis
of the fractures and stress reduction in the coal sides, which
also had a good fit with the practice in the field [31]. The ver-
tical stress increment caused by the mining and the support
forces of the hydraulic support were considered, but the over-
all deformation of the model caused by γH was not taken into
consideration. In the model, qz is the upper load from the
roof, which is regarded as a uniform load; qðxÞ is the side
abutment pressure from the coal sides, with a peak value q1
in the boundary, that is, x = 0, and is zero at x = x1; qa is the
support strength to keep the surrounding rock stable, which
is also regarded as a uniform load;B is the width of the road-
way; Q0 andM0 are the shear force and bending moment on
the elastic foundation boundary, respectively; and Mz is the
bending moment on the left side of the model (as shown in
Figure 7).

4.1.2. Mechanical Derivation. Based on the above model,
Jiang et al. deduced the bending moment MrðxÞ and deflec-
tion yrðxÞ of the roadway roof in detail when the support
strength qa was not considered and x was in the range –B/2
≤ x ≤ 0 [31]. Details of the equations are not included here,
and these two parameters are given in Equations (1) and (2):
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where λ is the characteristic factor, and λ =
ffiffiffiffiffiffiffiffiffiffiffi
k/4EI4

p
; φ0, φz

are the modification factors of the bending moment of the
abutment and the middle point of the roof; and φ0 = ðλBÞ3
− 6ðλBÞ − 6Rqηðx1Þ/ðλBÞ2ðλB + 2Þ, φz = 3 − 2φ0, Rq = q1/qz ,
ηðx1Þ = ½1 − φðx1Þ�/λðx1Þ, φðxÞ = e−λxðcos λx + sin λxÞ, and
ξðxÞ = e−λx sin λx; k is the basic rigidity of the elastic coal
sides in the roadway, k = Ec/ð1 − v2c Þhc, and Ec, νc, and hc
are the Young modulus, Poison ratio, and thickness of the
coals, respectively; E is Young’s modulus of the roadway roof;
and I is the moment inertia of the roof beam.

Considering that the bending moment and deflection of
each point in the cross section of the roadway are the same
and equal to the bending moment and deflection at x = –B/
2, Equations (3) and (4) can be generated:
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where b and h are the width and thickness of the roof beam,
respectively; qs is the support strength from the hydraulic
support; and qa is the bearing capacity of roadway under
the condition of bolt-mesh-anchor support. The maximum
normal stress, that is, the maximum tension strength in the
cross section of the roof bar is

σmax =
Mry
I

= 6Mr
bh2

= 2φ0 − 9ð Þ qz − qs − qað ÞB2

4bh2
: ð5Þ

From Equations (4) and (5), it can be seen that deflection
and the bending moment were caused by the upper load qz in
the roadway roof. Deflection results from the bending defor-
mation causing the roof to settle and can be calculated by
Equation (4). The bending moment causes the normal ten-
sion within the cross section of the roof bar and contributes
to the fractures of the roof. The failure pattern of the roadway
roof is assumed to be tension failure, and the critical condi-
tion of the roof to fracture under the support is when the
maximum tension σmax is equal to the ultimate tension
strength ½σ� of the roadway roof as shown by

σmax =
2φ0 − 9ð Þ qz − qs − qað ÞB2

4bh2
= σ½ �: ð6Þ

The critical support strength of the hydraulic support is
given by

qs = qz − qa −
4bh2 σ½ �
2φ0 − 9ð ÞB2 : ð7Þ

To ensure stability of the surrounding rock, the hydraulic
support must have a certain length of movable column,
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which equals the settlement of the roof. According to Equa-
tion (4), the length of the movable column L should satisfy

L = yr =
1
EI

φz
qzB

4

192 + EI
k

qzλB + φ0
qzλ

2B2

6

" #(

� + q1
λx1

λx1 − ξ x1ð Þ½ � − qz
24

B
2

� �4)
:

ð8Þ

4.1.3. Determination of the Roadway Support Parameters.
The support strength and movable columns of the hydraulic
supports in the roadway subjected to the front abutment
pressure of the belt roadway in the 5306 coalface of the Tang-
kou coal mine were calculated from Equations (7) and (8).
But the support distance from the coalface and the roof load
qz was the premise.

(1) Distribution of the Front Abutment Pressure. Based on the
3DEC model of the surrounding rock used in the analysis of
roadway deformation, in the retreat direction, 36 measuring
lines were placed in the middle of the belt roadway in the ver-
tical section upward from mudstone immediate roof to
record the vertical stress during the mining process, as shown
in Figure 8(a). The vertical spacing of monitoring lines was
1m, and the monitoring length was 100m in front of the
coalface. The layout direction of the monitoring lines was
along the belt roadway. The date from the monitoring line
where the maximum vertical stress was located was selected
to describe the front abutment pressure. The layout of mea-
suring lines and distribution of the front abutment pressure
are shown in Figure 8.

During the mining process, the front abutment pres-
sure in Figure 8(b) rapidly increased and then slowly
decreased before it gradually became steady. The peak
pressure, which was 43.73MPa, occurred at a distance of
14.2m in front of the coalface. The area with increased
stress was in the range of 8.2−57.7m in front of the coal-

face. Since the front abutment pressure in the stress-
increased area usually causes the roof to settle and coal
sides to contract, hydraulic support was applied in this
area to ensure the safety of the roadway. Therefore, the
support range of the belt roadway was kept at least
57.7m from the 5306 coalface.

(2) Distribution of the Roadway Roof Load. Based on the
above analysis, the roadway roof load qz was monitored,
and a unique measuring line was arranged between the mud-
stone immediate roof and fine sandstone main roof in the
middle of the belt roadway. The vertical stress date measured
by this measuring line was selected to describe the roadway
roof load. The distributions of the roadway roof loads at 0
−57.7m in front of the coalface are shown in Figure 9.

From Figure 9, it can be seen that the load qz on the
immediate roof also increased and then decreased before
slowly becoming stable. The increase, decrease, and stabiliza-
tion in the roadway roof load area occurred at 0−12.2m, 12.2
−32.0m, and 32.0−57.7m in front of the coalface, respec-
tively. The maximum roadway roof load, which was
0.164MPa, was at 12.2m in front of the coalface. At a dis-
tance of 32.0m in front of the coalface, the roadway roof load
became stable, with a constant value of 0.104MPa. To sim-
plify the expression of the roadway roof load distribution in
the roadway, the loads at both ends of the coalface, the max-
imum roadway load, and the initial value when the roadway
load area was stable were taken as characteristic values, and
the linear fit of the loads when the load area increased,
decreased, and stabilized was carried out. The roadway roof
load qz (unit: MPa) is shown in

qz =
0:54x + 9:87ð Þ × 10−2 0 ≤ x ≤ 12:2ð Þ,
−3 × 10−3x + 0:201 12:2 ≤ x ≤ 32:0ð Þ,
0:104 32:0 ≤ x ≤ 57:7ð Þ:

8>><
>>:

ð9Þ
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Figure 7: Cantilever beam model based on the Winkler foundation in the roadway roof: (a) mechanical model of the roadway roof; (b)
analysis of the forces acting on the model.
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The average errors δ of the three values were 4.77%,
3.49%, and 0.57%, respectively, which were less than 5% or
even 1%. This shows that Equation (9) can accurately
describe the load distribution of the roadway roof.

(3) Calculation of the Roadway Support Parameters. Using
the known roadway roof load qz in combination with Equa-
tions (7) and (8), the support strength qs and movable col-
umn length L of the hydraulic support in the roadway
subjected to the front abutment pressure were calculated by
inserting the parameters shown in Table 2.

The original design value for the support strength with
bolt-mesh-anchor in the belt roadway of the coalface 5306
was 0.168MPa, and the effective coefficient was 0.6. Thus,
with the bolt-mesh-anchor support, the bearing capacity of
the anchored surrounding rock itself qa was 0.101MPa.
Based on the parameters in Table 2, the support strength qs
and movable column length L, as shown in Figure 10(a), were

calculated. Additionally, based on the original support pat-
tern and parameters in the roadway subjected to the front
abutment pressure of belt roadway in the coalface 5306, as
well as the support setting load that was taken as 60% of
the support strength [18], the setting loads at different dis-
tances from the coalface are shown in Figure 10(b).

From Figure 10(a), it can be seen that the support
strengths and movable column lengths of the supports at dif-
ferent locations exhibited the same trend, which consisted of
three stages. In the ranges of 0−12.2m, 12.2−32.0m, and 32.0
−57.7m, both parameters increased linearly, decreased line-
arly, and became stable, respectively, as the distance from
the coalface increased. The maximum support strength
needed for the supports was 0.083MPa, and the maximum
movable column length was 280.3mm, both occurring at a
distance of 12.2m in front of the coalface.

Figure 10(b) shows that the changing trend in the sup-
port setting load at different locations was consistent with
that in the support strength and movable column length.
As the distance from the coalface increased, the setting load
of the hydraulic supports increased and subsequently
decreased linearly, and the maximum setting load was
21.67MPa at 12.2m away from the coalface. When the dis-
tance of the advanced roadway was greater than 32.0m away
from the coalface, the setting load of single props became
constant at 12.44MPa.

In Figure 10(a), at 20m in front of the 5306 coalface, the
theoretical setting load and movable column length of the
hydraulic supports were 14.97MPa and 240.1mm, respec-
tively. At a distance of 35m in front of the 5306 coalface,
the theoretical setting load and movable column length of
the single props were 12.44MPa and 177.1mm, respectively.
However, the setting load and movable column length of the
hydraulic supports in the field were 6.5MPa (43.4% of the
theoretical value) and 350mm (56.5% of the theoretical
value), respectively. Thus, at 20m in front of the 5306 coal-
face, the setting load of the hydraulic supports in the field
was too small, while the movable column length was too
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large. However, at 35m in front of the 5306 coalface, the
movable column length of the single props in the field was
significantly small. These results prove the accuracy of the
explanation of roadway deformation and failure in Section
2.2.

4.2. Control Mechanism of Roadway Roof. In order to obtain
the longtime stability control mechanism of roadway roof
subjected to front abutment pressure, the same 3DEC
numerical model was used to analyze the influence of differ-
ent support strengths and movable column lengths of the
supports. Since the working resistance of the hydraulic sup-
ports is the passive load from the roadway roof, the setting
load is considered more practical in the coal mining. There-
fore, the control effect of roadway under different conditions
of support setting load and movable column length was
analyzed.

4.2.1. Simulation Schemes. The roadway support of the belt
roadway at 20m in front of the coalface 5306 was selected
as a baseline scheme for analysis, where the setting load
and movable column length of the hydraulic support were
14.97MPa and 240.1mm, respectively. Another two schemes
0.6 and 1.4 times larger than their counterpart in the baseline
group were added as a test and used in the analyses of the
roadway deformation under different conditions of support

setting load and movable column length. The schemes are
summarized in Table 3.

4.2.2. Simulation Results. The numerical model established in
this section is the same as that in Section 3.1. In order to real-
ize and limit the movable characteristic of the hydraulic sup-
port in the numerical model, the method of limiting the
maximum allowable vertical displacement of the hydraulic
support was used to set the movable column length. In the
process of the increase in the pressure on the hydraulic sup-
port from setting load to working resistance, the vertical dis-
placement of the hydraulic support was set from 0 to the
maximum allowable value linearly. Here, the maximum
allowable value of vertical displacement of hydraulic support
was its movable column length. The deformation of the sur-
rounding rock in the different schemes is shown in Figure 11.

The deformation of the surrounding rock in scheme 1
was the smallest (Figures 11(a) and 11(b)), where the road-
way had a settlement of 132.54mm, a maximum vertical
stress of 32.14MPa, and a stress concentration coefficient of
1.29. Besides, the coal sides were well controlled, and no sep-
aration was found in the roof. In scheme 2 (where the mov-
able column length was the same and the setting load was
reduced by 0.6 times the theoretical value), the roadway
deformation was higher than that in scheme 1, the roof sep-
aration occurred between the immediate roof and main roof,

Table 2: Basic parameters.

Parameter Value Parameter Value Parameter Value

Depth of coal seam, H 992.8m
Young’s modulus of the coal seam,

Ec
0.53GPa Thickness of immediate roof, h 2.5m

Unit weight of overburden,
γ 0.025MN/m3 Poisson’s ratio of the coal seam, νc 0.37 Range of side abutment pressure, x1 12.5m

Thickness of coal seam, hc 5.0m Span of the roadway, B 5.0m
Peak value of front abutment pressure,

q1
25MPa
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Figure 10: Support parameters in roadway of the 5306 coalface: (a) support strength and roof settlement; (b) setting load of supports.
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and vertical stress developed in a deeper area in the coal sides
(Figures 11(c) and 11(d)). The roadway roof had a settlement
of 384.68mm and a peak vertical stress of 44.33MPa. In
scheme 3 (where the movable column length was the same
and the setting load was reduced to 1.4 times the theoretical
value), the value of deformation was between those obtained
in schemes 1 and 2 (Figures 11(e) and 11(f)), where the road-
way roof had a settlement of 334.56mm and a maximum ver-
tical stress of 38.44MPa. In scheme 4 (where the setting load
was the same and the movable column length was reduced by
0.6 times the theoretical value), the deformation of the sur-
rounding rock was very serious. The roof separation became
more evident and formed a net trough, the contraction defor-
mation of the coal sides was large, and an area of increased
stress was found, where the props and the immediate roof
met (Figures 11(g) and 11(h)). The roadway roof had a settle-
ment of 406.40mm and a maximum vertical stress of
45.56MPa. In scheme 5 (where the setting load was the same
and the movable column length was reduced by 1.4 times the
theoretical value), the deformation of the surrounding rock
was the largest; the roof separation became more evident
than that in scheme 4, the coal sides formed an arc shape,
and the bolts in the coal sides and roof moved to different
extents (Figures 11(i) and 11(j)). The roadway roof had a set-
tlement of 506.56mm and a maximum vertical stress of
48.09MPa, which were 3.82 and 1.50 times larger than their
counterparts in scheme 1, respectively. The values of the dif-
ferent parameters in the different schemes are shown in
Table 4.

4.2.3. Coupling Mechanism of Supports and Anchored
Surrounding Rock. The roadway deformation subjected to
the front abutment pressure in scheme 1 fell within an allow-
able range and the surrounding rock control was satisfactory.
Excessively large or small setting loads and movable column
lengths of the hydraulic supports or single props caused a
large deformation in the roadway, resulting in roof separa-
tion and significant settlement, large contraction of the coal
sides, roof falling, and concentrated stresses in the surround-
ing rock. Therefore, coupling mechanisms of strength and
deformation of the supports and anchored surrounding rock
were analyzed based on the deformation characteristics of the
roadway in the field and numerical models.

(1) Strength Coupling. From to the above results, it was
found that the roadway roof load was influenced by the
front abutment pressure. Most of the roof load was borne
by the anchored surrounding rock when the support set-
ting load was too small and sufficient support could not
be provided in time. If the sum of the anchoring strength
of the surrounding rock and the support setting load was
still less than the roadway roof load, the failure occurred
as a result of large settlements, roof separation, or roof
falling. In the meantime, the roof load transferred to the
surrounding rock and caused an extrusion and stress con-
centration in the coal sides. The deformation and failure
of the roadway also induced a decreased bearing capacity
and an anchoring strength of the surrounding rock, caus-
ing a further roadway deformation (Figures 11(c) and
11(d)). Both the field monitoring data for the roadway
deformation at 20m away from the coalface and the
results of scheme 2 validate the analysis. Conversely, if
the support setting load was too large, the anchored sur-
rounding rock exhibits some deformation when the
hydraulic supports were installed, leading to a decrease
in the anchoring strength of the surrounding rock and
thus a failure to fully develop the bearing capacity of the
anchored surrounding rock (Figures 11(e) and 11(f)).
The roadway roof load was mainly borne by the supports,
which increased the energy consumption and the possibil-
ity of support crush.

(2) Deformation Coupling. An excessively small movable
column length of the hydraulic supports meant that the
retraction was less than the roadway roof settlement. Thus,
the roof retraction in the early stages of the roadway
deformation was compatible with the roof settlement.
When the roof retraction reached its maximum allowable
value, the hydraulic supports did not retract anymore.
Further roof settlement caused the hydraulic supports to
penetrate the floor or the roadway roof (Figure 3(c)), lead-
ing to a failure of the anchored surrounding rock and a
subsequent strength reduction in the anchored surround-
ing rock and an increase in the support load. Moreover,
a too small hydraulic support retraction caused a stress
concentration, where the hydraulic support and the road-
way roof met (Figures 6(b) and 11(h)). However, an

Table 3: Schemes of numerical simulations.

No.
Setting load

(MPa)
Movable column length

(mm)
Note

Scheme
1

14.97 240.1

(1) Scheme 1 was the baseline scheme.
(2) The aim of schemes 1, 2, and 3 was to study the effect of the setting load.
(3) The aim of schemes 1, 4, and 5 was to study the effect of the movable column
length.

Scheme
2

8.98 240.1

Scheme
3

20.96 240.1

Scheme
4

14.97 144.1

Scheme
5

14.97 336.1
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Figure 11: Continued.
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excessively large hydraulic support movable column length
meant that the retraction of the hydraulic support was
larger than the roof settlement; thus, the hydraulic sup-
ports settled along with the roof. When the roof settlement
reached its maximum value, the hydraulic supports still
had margin for retraction, leading to a failure of the
hydraulic supports that achieved the design work resis-
tance, a lack of support strength, and a large amount of
load transferred to the anchored surrounding rock. How-
ever, due to the limited bearing capacity of the anchored
surrounding rock, an excessive roadway roof load would
induce roof separation, roof falling, extrusion of coal sides,
and dislocation deformation of the anchors (Figures 11(i)
and 11(g)), finally causing a decrease in the strength in
the anchored surrounding rock and serious failure.

4.3. Optimization of Support Parameters. Based on analysis
of the relation between the hydraulic support and the
anchored surrounding rock, theoretical values were set
for the setting load and movable column length

(Figure 10) in the roadway subjected to the front abut-
ment pressure of the belt roadway in the coalface 5306
of the Tangkou coal mine. The displacements between
the roof and floor and between the coal sides, in addition
to roof separation, were recorded. Three groups of hydrau-
lic support were applied at 0−32m in front of the coalface
(model: ZQL2×2500/23/42W), and single props were
applied at 32−60m in front of the coalface (model:
DW45-250/110XL(G)), along with an articulated roof
beam (model: DJB-800): a “one beam per prop” pattern
was employed. Based on the calculated results shown in
Figure 10, the support setting loads qi (units: MPa) at dif-
ferent positions of the roadway satisfied

qi =
1:542x + 2:860 0 ≤ x ≤ 12:2ð Þ,
−0:858x + 32:128 12:2 ≤ x ≤ 32:0ð Þ,
12:443 32:0 ≤ x ≤ 60:0ð Þ:
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Figure 11: Numerical simulation results of surrounding rock deformation in the different schemes: (a) cloud graph of vertical displacement of
scheme 1; (b) cloud graph of vertical stress of scheme 1; (c) cloud graph of vertical displacement of scheme 2; (d) cloud graph of vertical stress
of scheme 2; (e) cloud graph of vertical displacement of scheme 3; (f) cloud graph of vertical stress of scheme 3; (g) cloud graph of vertical
displacement of scheme 4; (h) cloud graph of vertical stress of scheme 4; (i) cloud graph of vertical displacement of scheme 5; (j) cloud
graph of vertical stress of scheme 5.

Table 4: Roadway deformation in the different schemes.

No.
Roof convergence (mm) Maximum vertical stress (MPa)

Stress concentration
coefficient

Simulated
value

The ratio of the value to scheme
1

Simulated
value

The ratio of the value to scheme
1

Scheme
1

132.54 1.00 32.14 1.00 1.29

Scheme
2

384.68 2.90 44.33 1.38 1.77

Scheme
3

334.56 2.52 38.44 1.20 1.54

Scheme
4

406.40 3.07 45.56 1.42 1.82

Scheme
5

506.56 3.82 48.09 1.50 1.92

13Geofluids



The movable column length Li (units: mm) of the sup-
ports at different positions in the roadway satisfied

Li =
9:196x + 168:083 0 ≤ x ≤ 12:2ð Þ,
−5:124x + 342:780 12:2 ≤ x ≤ 32:0ð Þ,
177:109 32:0 ≤ x ≤ 60:0ð Þ:

8>><
>>:

ð11Þ

5. Field Observation

When the retreat length was 650m from the open-off cut, the
field observation was carried out within 100m in front of the
coalface to verify the reliability of the optimized support
parameters. The layout of the stations monitoring the dis-
placements between the roof and floor and between the coal
sides is shown in Figure 12. Two roof separation stations
were placed at 50m and 100m in front of the coalface. The
deep and shallow base points of the roof separation stations
were in the middle of the fine sandstone main roof and mud-
stone immediate roof. The surface deformation of the
advanced roadway and the amount of roof separation are
shown in Figure 13.

By using the optimized parameters of the roadway sup-
ports, the roadway deformation showed an evident decrease
in its value. The ultimate displacements between the roof
and floor were 275.5−300.8mm, with an average value of
287.0mm. The ultimate displacements between the coal sides
were 209.6−233.2mm, with an average value of 220.8mm.
The maximum amount of roof separation was approximately
45mm, and the integrity of the surrounding rock was good.
The roadway deformation subjected to front abutment pres-
sure was within an allowable range and did not influence the
mining process. Additionally, the integrity of the roadway
roof in the surrounding rock at 20m and 35m in front of
the coalface was well maintained, and no large roof separa-
tion or net trough was found (Figure 14). The displacements
between the coal sides were small, and the extrusion became
significantly less. The results show that when the setting load-
ing qi of the hydraulic supports and movable column length
Li satisfied Equations (10) and (11), the hydraulic support
and anchored surrounding rock coupling was achieved,
where the bearing capacity of the anchored surrounding rock
was fully developed. At this point, the roadway deformation
was effectively controlled, and the control effect of the sur-
rounding rock in the roadway subjected to front abutment
pressure was greatly improved.

6. Discussion and Conclusion

During underground coal mining at 1000m depth, with an
increased crustal stress and the front abutment pressure,
the integrity of the surrounding rock was difficult to control.
Roadway deformation and failure, such as roadway roof frac-
ture, roof falling, settlement, roof separation, and extrusion
of coal sides, were likely to occur, when inappropriate road-
way support parameters were used in the roadway subjected
to front abutment pressure, thereby seriously influencing the
coal mining and the safety of miners. Based on the mecha-
nism analysis of the roadway deformation and failure, it

was found that the surrounding rock failure was closely
related to the support load and movable column length of
supports (hydraulic supports and single props).

Based on the Winkler foundation assumption, an
improved mechanical model of the roadway roof subjected
to the front abutment pressure was established considering
the supporting effect of the supports (hydraulic supports
and single props) on roof. According to the mechanical
model, the mathematical expressions of the support strength
and movable column length of the supports were deducted
(Equations (7) and (8)). Furthermore, the optimized sup-
porting parameters of the supports in the belt roadway of
the 5306 coalface of the Tangkou coal mine were obtained.
The results show that under the front abutment pressure,
the setting load and movable column length of supports
increased and then decreased before slowly becoming stable.
The support range of roadway was at least 60m from the
coalface. At the same time, the maximum setting load and
movable column length of hydraulic supports were
21.67MPa and 280.3mm, respectively, at 12.2m away from
the coalface. When the distance of the belt roadway was
greater than 32.0m away from the coalface, the setting load
and movable column length of single props became constant
at 12.44MPa and 177.1mm, respectively.

Different from that in other locations, the stability con-
trol mechanism of roadway subjected to the front abutment
pressure showed that the longtime effective support of road-
way roof required the strength and the deformation coupling
of the supports (hydraulic supports or single props) and the
anchored surrounding rock (bolt-cable support). Appropri-
ate support strength of the supports and a fully developed
bearing capacity of anchored surrounding rock were required
to achieve the strength coupling; a compatible movable col-
umn length of the supports with the roadway roof settlement
was required to achieve the deformation coupling. Exces-
sively large support strength or small movable column length
of supports caused the deformation and failure of roadway
roof, decreased in the anchoring strength of the surrounding
rock, and even led to the roof falling disaster which poses
threats to the life of miners. On the contrary, the small sup-
port strength or large movable column length of support
induced a roof separation, extrusion of coal sides, and dislo-
cation deformation of the anchors. A high or low value other
than the optimum value affected the occurrence rate of roof
falling disaster that can adversely affect the safety of miners.

Field tests show that, by applying the optimized support
strength and movable column length of support to the belt
roadway of the 5306 coalface of the Tangkou coal mine, the
roadway deformation was small, the extrusion and roof sep-
aration became significantly less, the roof falling disaster did
not occur, the stability control of the roadway subjected to
front abutment pressure, and the disaster control of roof fall-
ing was realized. Moreover, the safety of miners was guaran-
teed by applying the optimized support strength and
movable column length of support to the belt roadway of
the 5306 coalface of the Tangkou coal mine.

As the plastic zone in the surrounding rock of roadway
was not considered in the mechanical model established in
Section 4.1, the theoretical value of roadway deformation will
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Figure 12: Layout of the roadway deformation monitoring stations.
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Figure 13: Surface deformation and amount of roof separation in the roadway: (a) displacement between the roof and floor; (b) displacement
between the coal sides; (c) amount of roof separation.
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be less than the actual value. However, the practice shows
that the error of roadway deformation caused by the mechan-
ical model does not affect the use of roadway on-site. In order
to eliminate the error of roadway deformation between the
theory and the practice, the mechanical model in this paper
should be further improved in the future research consider-
ing the plastic deformation of roadway surrounding.
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