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)is study focused on large-scale roof-fall accidents occurred in large-section coal seam roadways of Bayangaole Coal Mine, Inner
Mongolia, China, and investigated the occurrence mechanism of roof-fall and the related supporting control method in detail.
Firstly, the fracture characteristics of the surrounding rocks on the roadway roof were measured using a stratum detector. )e
results showed that the roadway roof underwent the most severe failure with a maximum deformation of 3.53m; the bedding
separation and fracture zones were distributed at irregular intervals. Accordingly, the entire stratum was separated into several
thin sublayers, significantly reducing the stability of roof. In addition, the roof medium grained sandstone of roadway is water-rich
strata, and water aggravates the damage of roof. Next, the mechanism of the occurrence of roof-fall accidents in the roadway was
elucidated in detail.)e following three reasons are mainly attributed to the occurrence of roof-fall accidents: (i) effects of mining-
induced stress and tectonic stress, (ii) existence of equipment cavern on the side of roadway, and (iii) unreasonable support
parameters. On that basis, a new supporting design is proposed, including a more reasonable arrangement of anchor cables and
bolts, bolts with full-length anchorage which are applicable in cracked and water-rich roadway, high-strength anchor cables, and
crisscrossed steel bands. Moreover, high pretightening force was applied. Finally, a field test was performed, and the mining-
induced roof displacement and stress on anchor cable (bolt) were monitored in the test section.)emaximum roof displacements
at the two monitoring sections were 143mm and 204mm, respectively, far smaller than the roadway’s allowable deformation.
Moreover, the stress on roof anchor cables (bolts) was normal, and no anchorage-dragging and tensile failure phenomena were
observed.)e monitoring data indicated that the new supporting design was remarkable on the control of large-section coal seam
roadway roof deformation.

1. Introduction

With the improvement of modern comprehensive mecha-
nization technology as well as the popularization and ap-
plication of some high-yielding and high-efficiency coal
mining techniques such as top-coal caving mining and full-
seam mining, large-scale and fast-advancing intensive
mining mode has now become an important development
direction in China’s coal mining; moreover, the use of large-

scale equipment in the work face, a significant increase in
mining intensity and yield, and the enhancement of
transportation capability in mines have set higher re-
quirements for the section size of roadway [1]. However, the
increasing roadway section caused many problems in the
support and control of surrounding rocks in roadway.
According to the investigation results, under intensive
mining-induced disturbance, both sides of a large-section
coal seam roadway showed great deformation, and floor
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heaving, severe roof settling, and even roof-fall accidents
occurred, severely hindering the safe and efficient mining of
coal [2–6]. In recent years, China’s mining focus has
gradually shifted to the western regions. )e mines in
Western China significantly differ from those in Eastern
China in terms of geological conditions and roof lithology.
For these mines in Western China, the roof rocks above the
coal seam are mainly composed of sandy mudstone with
a large thickness, complex variation, and poor interlaminar
cementing performance, and the roofs of the excavated
large-section roadways usually lack safety, easily leading to
large-scale roof-fall accidents and severe security risks [7, 8].
)erefore, it is of great significance to investigate roof-fall
mechanisms in large-section coal seam roadways and related
supporting countermeasures and solve the problems of roof
support and control in large-section coal seam roadways
under high-intensity mining to guarantee high efficiency
and safe production in mines.

Currently, a great deal of research has been performed
on the mechanisms, prediction, and support control of roof-
fall accidents in coal roadways. Some scholars systematically
analyzed the causes of roof-fall accidents in mines and
pointed out that roof-fall accidents in underground mines
were mainly caused by many factors including geological
conditions, crustal stress state, water, the arrangement in
mines, and mine environment [9–18]. Roof-fall accidents in
mine roadways were also caused by these factors. Du et al.
[19] concluded the cause of roadway roof-fall accidents and
proposed GSM-based classification methods; accordingly,
roof-fall accidents in roadways can be divided into the
following three types: (i) G-type roof-fall accidents related to
natural geological factors, (ii) S-type roof-fall accidents
related to support, and (iii) M-type roof-fall accidents re-
lated to technical factors in mining. Moreover, the occur-
rence mechanism of each type of roof-fall accidents was
analyzed in detail. Jia [20] first made the statistics of hun-
dreds of roof-fall accidents in coal roadways supported by
anchor bolts and found that the main reason was the
combination of inferior stratum degradation. Jacobi [21]
found that the roof separation in vertical direction was the
main reason that led to severe roof settling or even fall in
roadways; this can also be regarded as a sign of rock-fall
accidents. Further, Tan et al. [22] analyzed the mechanism of
roof separation and indicated that vertical bedding sepa-
ration velocity ratio can be used to predict the occurrence of
roof separation in roadways and evaluate the safety of roof
support. Jiang et al. [23] concluded that the development of
joint fissures in a stratum and the lack of targeted supports
were the main reasons that caused a large deformation and
instability of roadway roofs.

In previous studies, researchers analyzed the mecha-
nisms of roof-fall accidents in coal roadways, investigated
the related influencing factors from different perspectives,
and obtained a lot of important results. However, based on
a thorough knowledge of roadway roof-fall mechanism,
more targeted supporting control measures should be fur-
ther used for different types of roof-fall accidents to more
effectively avoid the occurrence of accidents. He and Zhang
[24] found that large-section intensive mining can affect the

failure characteristics of roadway roofs, and the use of
combined support of truss cable and grouting reinforcement
achieved the safe control of large-section coal seam roadway
roofs. Yan et al. [25] established second tunneling and the
control system for multisupport structures in extra-large-
section roadways and achieved favorable roof control
performances. Li et al. [26] first analyzed the roof-fall
mechanisms of roadways with a mudstone roof and then
established the surrounding rock control system for different
roofs and regions and proposed the coupled control tech-
nology including high-quality bolt, prestressed anchor cable,
and grouting reinforcement. For addressing the falling ac-
cidents of mudstone roofs in roadways when touching water,
Yao et al. [27] proposed a roof control technique by com-
bining drilling dewatering, grouting water retention, and
high-strength prestressed anchor bolt (cable). Meng et al.
[28, 29] proposed a three-anchor combined supporting
system consisting of an anchor bolt, an anchor cable, and
grouting; the internal grouting bolt was used as the core.
However, because of different geological conditions, tech-
nical mining conditions, and supporting patterns, the roof-
fall mechanisms were also different in different roadways.
)erefore, different supporting measures should be used,
and the parameters should be set more pertinently, requiring
a great deal of focused research.

)is study focused on Bayangaole Mine located in Erdos,
a city in Western China. First, the fracture characteristics of
the surrounding roadway rocks were evaluated using the
borehole peering technique; then, large-section coal seam
roadway roof-fall mechanisms were elucidated in combi-
nation with a roof mechanical model. Based on the evalu-
ation on original supports and parameters, a novel
supporting scheme and related parameter setting are pro-
posed. Finally, using this novel support system, field tests
were conducted. According to the field monitoring results,
this novel support system achieved favorable controlling
performance on roof settling in a large-section coal seam
roadway.

2. Geological Conditions and
Engineering Background

2.1. Geological Conditions. Bayangaole Coal Mine is located
in the southern part of Erdos, the Nei Mongol autonomous
region, China, and at the northeastern edge of Maowusu
Desert. As shown in Figure 1, this region has a plateau
semidesert landform. )e designed production capacity of
this mine is 4.0Mt/a. Number 3-1 coal seam was the first
choice for mining. Geological drilling results show that both
the immediate roof and floor of this coal seam were com-
posed of sandy mudstone with average thicknesses of 5.97m
and 7.40m, respectively. )e coal seam has a burial depth of
approximately 600m, an average thickness of 5.58m, and an
inclination angle of 1–3°. Figure 2 shows the detailed lith-
ologic characteristics of the coal seam. And the roof medium
grained sandstone is water-rich strata; roof water can
weaken the anchorage ability of anchor cable (bolt)
seriously.
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2.2. Engineering Background. Numbers 311101 and 311102
working faces are the first two working faces in number 11
panel of Bayangaole coal mine. Figure 3 shows the ar-
rangement in these two working faces; WJ03 and WJ08 are
the drilling positions in geological detection. In these two
working faces, long-wall full-seam mining with complete
mechanization was used for coal cutting. )e mining
roadway was advanced along the floor of the coal seam, and
the roadway section was a rectangular section with a width of
5.4m and a height of 4.2m. As shown in Figure 4, both
anchor network and cables were used for support. )e
spacing (along the direction perpendicular to the roadway’s
axial direction) and array pitch (along the roadway’s axial
direction) of anchor bolts were both 1.0m, while the spacing
and array pitch between the anchor cables were 1.6m and
3.0m. Both the bolts and cables were anchored on both the
sides using a resin anchoring agent.

At about 8:00, April 23, 2015, when number 311102
working face was advanced to 210m, the anchor cables in
ventilation roadway were fractured, and roof stratum 51–
62m in front of the working face fell (i.e., the position filled
with red grid lines shown in Figure 3). )e roadway where
the roof fell had a length of approximately 12m, the
maximum fall height of the roof was almost 5.0m, and the
section of the roadway with the fall height over 1.5m was
approximately 6m in length. At about 0:44, April 24, 2015,
when number 311101 working face was advanced to 50m
away from the withdraw roadway, the anchor cables in the
main belt conveyor roadway were fractured, and the roof
strata 5–21m in front of the withdraw roadway fell (i.e., the
position filled with red graticule lines shown in Figure 3).
)e roadway where the roof fell was approximately 16m in

length, the maximum fall height also exceeded 5.0m, and the
section of the roadway with the fall height over 1.5m was
approximately 9.0m in length. )e fallen rocks pressed the
belt conveyor, thus stopping the production in the working
face. As also shown in Figure 3, two equipment caverns
with a width of 5.0m, a height of 3.8m, and a depth of 5.0m
were set at the roof-fall positions in both the belt con-
veyor roadway of number 311101 working face and venti-
lation roadway of number 311102 working face. Apparently,
the roadway span near the caves increased significantly,
providing advantageous conditions for the fracture and
falling of roadway roof. Figure 5 shows the pictures of roof-
fall scenes in the ventilation roadway of number 311103
working face. To increase the supporting intensity of
roadway roof and avoid the second roof-fall accident, single
hydraulic props and steel i-beams were added after the first
roof-fall accident. Sudden roof-fall accidents in the roadway
severely threatened the physical health of underground
miners and affected the safe and regular production in
mines. )erefore, it is very important to investigate the
causes and mechanisms of roadway roof-fall accidents in
depth, improve the supporting scheme for surrounding
rocks, and optimize the supporting parameters to avoid the
reoccurrence of roof-fall accidents.

3. Occurrence Mechanism of Roof-Fall
Accidents in Large-Section Roadways

3.1. Fracture Characteristics of Roadway Surrounding Rocks.
Combined with the tunneling condition in roadway and the
mining conditions in working face, a YTJ20 stratum detector
as shown in Figure 6 was used for drilling detection on the

Bayangaole Mine
Neimenggu Province

Figure 1: Geographic position and surface landform of Bayangaole coal mine.
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fracture characteristics of surrounding rocks in the venti-
lation roadway of number 311102 working face. During the
detection, two monitoring sections were arranged as marked
by green dots in Figure 3 on which a total of seven detection
drilling holes were arranged. Specifically, four holes were
arranged on monitoring section 1, while three holes were
arranged on monitoring section 2. Figure 7 shows the ar-
rangement of each detection hole on the section and related
parameters.

Figures 8 and 9 show the drilling TV detection results of
different drilling holes on roof and two sides of each

monitoring section. )e surrounding rocks of roadway
exhibited discontinuous failure characteristics, and fractures
and crushed zones appeared alternatively and irregularly in
the drilling hole with no obvious distribution regularity.
According to the development morphology and degree of
fractures, the roadway surrounding rocks can be divided
into fracture zone, separation zone, and complete zone.
Specifically, based on the drilling detection results, the zone
along the drilling hole in which no obvious fractures were
observed within a continuous range of 30 cm was defined as
the complete zone; the zone in which 1-2 sets of fractures
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Figure 4: Original supporting scheme in the roadway.

(a) (b)

Figure 5: Pictures of rain-fall accidents in the air-return roadway of number 311102 working face.
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Figure 6: (a) Picture of guide rod and (b) picture of YTJ20 stratum detector.

Advances in Civil Engineering 5



appeared and developed radially along the drilling hole
within a continuous range of 30 cm was defined as the
bedding separation zone; the zone in which at least three sets
of fractures appeared or crushed was defined as the fracture
zone [23]. )e range of fracture zone and the maximum
development height of bedding separation in the sur-
rounding roadway rocks significantly affected the occur-
rence of deformation-induced failure and roof-fall disasters
[30]. )is study used the maximum development depth of
fracture or crushing zone in the drilling hole as the maxi-
mum destruction range of top and two sides; that is, the
maximum destruction ranges of roadway roof and two sides
of the roadway were 3.53m and 1.36m, respectively.

Apparently, the roof underwent more severe destruction
than the two sides of roadway in both range and degree.

Figures 8(a), 8(b), and 9(a) show that most of the
fractures in the drilling holes on roadway roof developed
radially, easily leading to roof separation; moreover, the
aperture of fracture determined the amount of roof sepa-
ration. After the roof separation, the full stratumwas divided
into multiple thin separated sublayers, significantly reducing
the stability of roof.)erefore, roof separation is an inducing
factor of roof-fall accidents in roadways. By making statistics
of the drilling detection results at two monitoring sections,
the roof separation and fracture distribution characteristics
were concluded, as shown in Figure 10. A lot of separation
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and fracture zones were distributed at intervals within
a depth of 3.5m near the ventilation roadway of number
311102 working face, while the surrounding rocks at a depth
over 3.5m were relatively complete and exhibited no ob-
vious fractures and crushes. As stated above, number 3-1
coal seam was 5.48 in thickness, the ventilation roadway of
number 311102 working face was advanced along the coal
seam floor, and the roadway had a height of 4.2m.)erefore,
the residual coal seam in the roadway was 1.28m in
thickness. On the roadway roof, the coal seam differed
significantly from the sandy mudstone in lithology, resulting
in asynchronous wrapping and subsidence of roof and sandy
mudstone and easily inducing roof separation. As shown in

Figure 10, obvious roof separations occurred at a depth of
1.3-1.4m of the roadway roof. As shown in Figure 3, when
roof fall occurred in the main belt conveyor roadway of
number 311101 working face, the working face was ap-
proximately 85m away from the accident. Although number
311101 working face was the first mining face in this mine,
the working face exhibited a long arrangement length of
approximately 260m, and the mining-induced stress had
a great influence range. Moreover, the roadway where roof
fall occurred was near DF8 section. Under the combined
effects of mining-induced stress and tectonic stress, the
surrounding rocks in the roadway were easily deformed and
fractured. Figure 10 clearly shows that under the action of
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Figure 8: Detection results of different drilling holes on roof and two sides of monitoring section 1. (a) Observations in drilling hole 1,
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superimposed stresses, many separation and fracture zones
appeared in the coal seam on roadway roof, which divided
the roof into several separated layers. )ese layers were all
smaller than 1.0m in thickness and significantly reduced the
stability of stratum in the roadway roof. When the roof-fall
accident occurred in the ventilation roadway of number
311102 working face, the working face was only 51m away
from the accident position. Mining-induced stress is a key
factor leading to the occurrence of roof-fall accidents in the
roadway, and the secondary mining in number 311102
working face aggravated the deformation and failure of the
surrounding rocks in the roadway.

Based on the composite beam theory of anchor blot
support, the anchoring force of the bolt increases the contact
stress among various rock strata within the anchorage range
to avoid the occurrence of stratum separation. Additionally,
under the action of anchoring force, the shearing strength
between any two rock strata also increases, inhibiting the
horizontal diastrophism between any two strata and forming
a thick combined rock beam via anchoring within the an-
chorage range and finally significantly improving the sta-
bility of roadway roof [31]. )e key of the formation of
composite beam is that the anchor bolt provides a sufficient
anchoring force. As shown in Figure 4, in the original
supporting scheme, both the roof and side anchor bolts were
2.2m in length and anchored at the ends with an anchorage
length of 1.0m. During the installation of anchor bolts, the
exposure length was generally 10–15 cm, and the anchorage
ranges of the original roof and side anchor bolts were at
a depth of 1.0-2.0m in the surrounding rocks. Figures 8–10
show that the fractures developed well in the roadway roof at
a depth range of 1.0-2.0m; multiple fracture and separation
zones were observed. )erefore, the roof bolt cannot be
anchored to the full stratum and cannot provide a sufficient
anchoring force, causing the failure of anchoring. After-
wards, separation occurred in the coal and rock stratum of
roadway roof, and the roof anchor bolts were likely to overall
fall off after the fracture. However, the maximum de-
struction range of the two sides of roadway was only 1.36m,
and the deep surrounding rocks were basically in the
complete zone, in which no fractures developed. )erefore,
the anchor bolt with a length of 2.2m satisfies the re-
quirements of supporting two sides of the roadway.

3.2. Analysis of Roof-Fall Mechanism in the Roadway.
Next, the roof-fall mechanism in the roadway was analyzed
by taking the ventilation roadway in number 311102
working face as an example. Based on the theory of me-
chanics of materials, the roof in the ventilation roadway of
number 311102 working face was simplified as a simply
supported beam, and the mechanical model of rock and
beam in the roof was established, as shown in Figure 11. )e
drilling TV detection results show that the roof anchor bolt
was anchored into the full rock stratum and cannot provide
a sufficient anchoring force; therefore, the supporting re-
sistance of anchor bolt on the roof stratum can be neglected.
In Figure 11, q is the uniformed distributed load on the
simply supported beam and mainly includes the gravity-
induced stress of rock beam and underlying stratum, and L is
the span of the simply supported beam. As shown in Fig-
ures 8 and 9, the coal on the sides of the roadway underwent
plastic failure to a certain degree, and fractures developed.
)erefore, the bearing capacity was significantly reduced,
and the main supports of roof rock beam were no longer
located on the sides of the roadway, but moved deep towards
the coal. )erefore, L cannot be only set as the roadway
width, but should include the depth of plastic zones on two
sides of roadway; that is, L can be written as

L � 2b + l, (1)

where l is the roadway width and b is the depth of the plastic
zone on two sides of roadway.

According to the theory in mechanics of materials, the
maximum bending deformation andmaximum tensile stress
exist at the center of a simply supported beam. When the
applied maximum tensile stress on the roof rock beam
reached the stratum’s tensile strength, the rock beam
snapped.)e limit span when a simply supported beam with
a unit width fractured can be calculated as follows:

Lmax � 2h

��σt
3q



, (2)

where h is the thickness of the roof stratum with a unit of m
and σt is the stratum’s uniaxial tensile strength with a unit of
MPa.

)e actual load on the rock stratum includes not only the
gravity of rock stratum but also the load induced under
stratum. Based on the principle of composite beam, con-
sidering the effect of overlying kth stratum, the applied load
on the first stratum can be written as follows [32]:

qk( 1 �
E1h

3
1 c1h1 + c2h2 + · · · + ckhk( 

E1h
3
1 + E2h

3
2 + · · · + Ekh3

k

, (3)

where Ei, ci, and hi are the elastic modulus, body force, and
thickness of the ith stratum (i � 1, 2, . . . , k).

As shown in Figure 2, the immediate roof of the roadway
was the residual coal seam, the second stratum was mainly
composed of sandy mudstone above the coal seam, and the
third stratumwas mainly composed of medium sandstone in
the main roof. According to the mechanical test results of
rock, the unit weights of number 3-1 coal seam, sandy
mudstone, and medium sandstone denoted as c1, c2, and c3

Sandy mudstone

l bb

3-1 coal

Roadway

q

Figure 11: Mechanical model of the upper coal roof.
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were 13.5 kN/m3, 26.0 kN/m3, and 26.8 kN/m3, respectively.
)e uniaxial tensile strengths of these three strata denoted as
σ1, σ2, and σ3 were 1.1MPa, 2.0MPa, and 4.5MPa, re-
spectively. )e elastic moduli of these three strata denoted as
E1, E2, and E3 were 3.47GPa, 7.5GPa, and 14.3GPa, re-
spectively. )e average thicknesses of the second and third
strata consisting of sandy mudstone and medium sandstone
were 5.97m and 15.60m, respectively. Apparently, both of
these strata were quite thick, whose elastic moduli far
exceeded that of the top coal seam.)erefore, the load on the
roof beam can be calculated if the self-loading (q1)1 of coal
seam roof is known.

h1 is the thickness of the residual coal seam in the
roadway roof and set as 1.28m in this study. According to
(2), the limit span when the coal seam in the roadway roof
fractured was 11.8m; however, this calculation did not
consider many factors including the separation and fracture
in roof coal seam, mining-induced disturbance, and crustal
stress. Actually, the limit span of roof coal seam was smaller
than 11.8m. According to the drilling TV detection results,
the maximum depth of the plastic zone in roadway side was
1.36m (i.e., b� 1.36m). As shown in (1), the actual span of
the coal seam on roadway roof was 8.12m. Accordingly,
under normal circumstances, the actual span of coal seam in
the roadway roof was smaller than the limit span when
fracture occurred, and the roof coal seam exhibited no
fracture and failure, indicating that no roof-fall accidents
occurred in the roadway.

As shown in Figure 3, two caverns with an identical
depth of 5.0m existed at the roof-fall positions in the main
belt conveyor roadway of number 311101 working face and
the ventilation roadway of number 311102 working face.)e
existence of caverns on the sides of roadway increased the
span of roof coal seam, and the span of roof coal seam where
the cavern was located can be written as follows:

L � 2b + l + ld, (4)

where ld is the depth of cavern on the sides of roadway with
a unit of m.

According to (4), it can be easily concluded that the
practical span of roof coal seam at the cavern position was
13.12m, which was greater than the limit span when the
fracture occurred; therefore, the coal seam in roadway roof
was fractured.

According to the abovementioned drilling TV detection
results, several obvious separation failures appeared in the
roof at a depth below 3.53m, separating the rock stratum
2.25m below the sandy mudstone from the above stratum,
and an obvious stratification was observed. In contrast, as
shown in Figure 10, the stratum 3.72m above the sandy
mudstone was relatively complete. )e stratum at a thick-
ness of 2.25m above the sandy mudstone was divided by the
stratum into several sublayers, and the thickness of each
sublayer was not more than 1.0m. When the sublayer of
sandy mudstone was 1.0m in thickness, the limit fracture
span of sandymudstone sublayer was 10.1m.)e calculation
is similar to that of the limit fracture span of top coal seam.
When the top coal seam around the cavern in roadway was

fractured, the actual span of the sandy mudstone sublayer
also exceeded the limit fracture span, and therefore the sandy
mudstone sublayer was also fractured. )e residual sublayer
above the sandy mudstone sublayer was 3.72m in thickness.
Similarly, the limit fracture span of this sublayer was also
calculated to be 19.5m, far exceeding the stratum’s actual
span, and no fracture occurred in this sublayer.

According to the above analysis, the top coal seam
around the cavern in roadway and the sandy mudstone layer
at a thickness of 2.25m satisfied the condition of fracture
failure and were likely to fracture. When the top coal seam
was fractured, the load on the stratum was bore by the
anchor cable for suspension. )erefore, the load on each
anchor cable when the fracture occurred in the top coal seam
can be estimated using the following formula:

Pc � dsdrhfcc1 + dsdrhfmc2, (5)

where ds and dr are the spacing and array pitch between the
arranged anchor cables with a unit of m; hfc and hfm are
the thicknesses of top coal seam and sandy mudstone when
the fracture occurred with a unit of m. According to the
arrangement of anchor cables, ds � 1.6m and dr � 3.0m.
Based on the drilling TV detection results, the maximum
development height when the separation layer in roadway
roof was fractured was 3.53m; specifically, it included the
top coal seam at a thickness of 1.28m and a sandy mudstone
layer at a thickness of 2.25m, that is, hfc � 1.28m and
hfm � 2.25m. According to (5), the load on each anchor cable
was 363.74 kN.

In the original supporting scheme, steel strand anchor
cables with a nominal diameter of 17.8mm were used, and
the parameters are listed in Table 1. Using the original
supporting scheme, the maximum tensile load of the anchor
cable was 353 kN, smaller than the applied load (363.74 kN);
therefore, the anchor cable snapped. Afterwards, the frac-
tured top stratum lost the support, thus inducing the roof-
fall accident in the roadway.

Based on the above analyses, roof-fall accidents in the
main belt conveyor roadway of number 311102 working face
and ventilation roadway of number 311102 working face can
be attributed to the following three aspects:

(1) Stress condition is a key factor in the occurrence of
roof-fall accident in the roadway. Under the com-
bined effect of mining-induced stress and tectonic
stress, the surrounding rocks in the roadway
exhibited severe deformation and destruction, the
roof was broken, and the stratum was separated.

Table 1: Cable parameters in original support.

Properties Values
Diameter (mm) 17.8
Length (mm) 7300
Elastic modulus (GPa) 237
Tensile strength of steel strand (MPa) 1860
Maximum tensile load (kN) 353
Elongation (%) 4
Pre-tension (kN) 0
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)ese are the preconditions for the occurrence of
roof-fall accident in the roadway.

(2) Because of the existence of equipment caverns, the
actual span of the roof stratum increased signifi-
cantly, also providing favorable conditions for the
occurrence of fracture and failure of roof stratum in
the roadway.

(3) )e original supporting scheme is unreasonable,
where the anchor bolts in the roadway roof were
short and the fractures developed in the surrounding
rocks within the anchorage range, thus leading to an
insufficient anchoring force. )erefore, the appear-
ance of separation of coal seam and stratum in
roadway roof could be hardly suppressed, and the
role of the anchor bolt support as the composite
beam could be hardly fully played. In addition, the
array pitch between anchor cables was too high, and
the used anchor cables were poor in specifications
and models. )erefore, an insufficient limit tensile
load of the anchor cable could hardly support the
gravity load of the fractured stratum and easily in-
duced tensile failure.

4. Optimization of Supporting Design

Using the original supporting scheme, many severe roof-fall
accidents occurred in the large-section mining roadway. By
analyzing the occurrence mechanism of roof-fall accidents
in the roadway, it was found that the original support design
and related parameter setting were unreasonable, lacking
some targeted control measures according to the roadway
roof’s deformation failure characteristics. To avoid the re-
currence of roof-fall accident in the roadway, a more rea-
sonable supporting scheme should be proposed to better
control the roof deformation and instability in the roadway.
Based on the abovementioned analysis results on the oc-
currence mechanisms of roof-fall accidents in large-section
mining roadway and many successful experiences of
roadway support in China’s mines, the following points
should be considered while designing a novel roadway
support scheme:

(1) )e support should be rapidly installed after the
roadway excavation [33]. Under the action of
excavation-induced stress concentration, the sur-
rounding rocks in the roadway may easily be de-
formed and fractured. Without timely support, the
surrounding rocks showed yield failure too early,
and the yield zone further expanded, finally causing
the loss of strength of surrounding rocks and the
failure of support. In particular, for the roadway roof
with a poor lithology, roof support should be
completed in real time after excavation to avoid the
occurrence of premature separation and failure.

(2) )e anchor cable’s supporting performance should
be guaranteed. In the support system of roadway
surrounding rocks, anchor cables were always used
for overhanging. )e failure of anchor cables in

support is a key factor that leads to the occurrence of
roof-fall accidents. First, the anchor cables should be
long enough and fixed into a complete and hard
stratum so that they cannot be dragged. Second, the
anchor cable’s model should match well with the
length, and the cable’s limit tensile load should ex-
ceed the gravity of the stratum within the supporting
range to avoid the occurrence of tensile failure.

(3) )e anchor bolt should be grouted in full length.
After the excavation in the large-section roadway,
under the combined action of mining stress and
tectonic stress, the surrounding rocks were severely
destroyed, and both fracture and separation zones
were developed in the stratum within the anchoring
range. )e traditional end-anchorage method should
anchor the end of the bolt into the full stratum to fully
play the bolt’s supporting and reinforcement function;
in cases when the roof was water-rich and severely
destroyed, the end-anchorage method could hardly
accurately anchor to the full region in the stratum,
easily causing the invalidation of anchorage and thus
triggering roadway instability. In these cases, the bolt
should be installed using full-length anchorage so that
the invalidation of anchorage can be avoided and the
supporting performance can be effectively enhanced.
Additionally, full-length anchorage further increases
the anchor bolt’s shearing resistance capability; in the
region with more severe separation, this anchorage
mode effectively prevents the relative lateral de-
formation among the roof sublayers [34].

(4) )e pre-tension in cable supporting should be in-
creased. According to the field monitoring results,
after the excavation in the large-section roadway, the
roof stratum was separated into multiple thin sub-
layers. )ese thin sublayers were more easily bent,
fractured, and even fell than a complete stratum.
During the installation, a great pretightening force
should be first applied on the cable. Research showed
that great pretightening force could increase fric-
tional resistance along bedding planes and prevent
the separation failure in the stratum [35]. )e sep-
arated thin sublayers can be tightened again for
forming a thick combined stratum, thus enhancing
the stability of the stratum [36].

With these considerations in mind, a new supporting
scheme is proposed in this study for overcoming roof-fall
accidents in large-section roadways. Figure 11 shows the
arrangement of anchor bolts and cables. )e length of roof
anchor cable in the roadway can be estimated using the
following formula:

L � L1 + L2 + L3 + L4, (6)

where L1 is the thickness of top coal seam in the roadway, L2
is the thickness of sandy mudstone layer above the coal
seam, L3 is the anchor cable’s anchorage length into the
stratum and generally set as 1.5m, and L4 is the anchor
cable’s exposure length and generally set as 0.3m.
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Based on the actual condition of both roof and floor
strata in number 3-1 coal seam, L1 and L2 were set as 1.28m
and 5.97m, respectively. )erefore, according to (6),
L � 9.05m. Table 2 shows the detailed parameters of anchor
cables in the new supporting scheme.

Compared to the original support in roadway, the
designed new support system did not change the side
support but only modified the top support. As shown in
Figure 12, the new roof support included three anchor
cables, six bolts, and crisscrossed steel belts. )e roof blot
was 22mm in diameter and 2.6m in length, while both the
spacing and array pitch were set as 0.8m. )e resin was
poured into the entire drilling hole to achieve the bolt’s full-
length anchorage. )e top anchor cable was 21.8mm in
diameter and 9m in length (the calculation results according
to (6)), while the spacing and array pitch in installation were
1.5m and 1.6m, respectively. )e end of the anchor cable
was also anchored with the resin with an anchorage length
no less than 1.5m. )e anchor cables on the surface of the
surrounding rocks were fixed with metal floor plates and
nuts; moreover, a pretightening force of not less than 200 kN
was applied on each anchor cable.

)e installation effect of the anchor cable determines
the suppression performance of roof-fall accidents in large-
section roadways. Table 2 shows the detailed parameters of
anchor cables in the new supporting scheme. )e limit

tensile load of the anchor cable in the new supporting
scheme was as high as 607 kN, far exceeding the weight of
the stratum within the support range. )us, the tensile
failure of the anchor cable can be effectively avoided. In
addition, the connecting bolts and steel bands for anchor
cable support were installed on the roadway roof. Specif-
ically, the steel bands were arranged in a crisscross pattern
to increase the supporting area on roof and effectively
prevent roof fall.

5. Field Test and Monitoring

To validate the effectiveness of the new designed support,
a field test was performed in the ventilation way of number
311102 working face of Bayangaole coal mine. A test section
at a length of 100m in the roadway was selected 150m in
front of the working face along the advancing direction,
and a new support was installed according to the new
design scheme. Two monitoring sections (sections I and II)
with a spacing of 20m were set in the test section for tests.
An equipment cavern was arranged on the side of the
roadway in section II, whose size was the same as that of the
cavern at roof-fall accident. Figure 3 shows the position of
the test section and monitoring sections. During the
tests, the roof stratum deformation and force on blot
were monitored using multipoint extensometers and

Table 2: Cable parameters in new support.

Properties Values
Diameter (mm) 21.8
Length (mm) 9000
Elastic modulus (GPa) 237
Tensile strength of steel strand (MPa) 1860
Maximum tensile load (kN) 607
Elongation (%) 7
Pre-tension (kN) 200

Axial steel belt
3600 × 180 × 10 mm

Lateral steel belt
5100 × 80 × 5 mm

800

10
00

10
00

10
00

50
0

70
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Cable Roof bolt

Φ22 × 2600 mm

Rib bolt
Φ22 × 2200 mm

Figure 12: New supporting design in the roadway.
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stressmeters. On each monitoring section, a multipoint
extensometer, an anchor cable stressmeter, and a bolt
stressmeter were installed on the roadway roof; the multi-
point extensometer included four anchor points with in-
stallation depths of 2m, 4m, 6m, and 8m, respectively.
Figure 13 shows the monitor design. )e roof extensometer
has a measuring precision of 0.2mm, while the stressmeter
has a measuring precision of 0.2MPa.

During the installation of measuring instruments on two
monitoring sections, the section in the roadway was already
excavated, and the initial deformation of the roadway was
already released. )us, the measuring instruments can only
measure the roof deformation and anchor cable (bolt)
change in the roadway during the period when subjected to
mining in the face. After the installation, the measuring
instruments started monitoring until the working face
passed the monitoring section. )e monitoring lasted ap-
proximately 70 days, and the working face was advanced at
a velocity of 2.8m/day.

Figures 14 and 15 show the monitoring results of roof
deformation and the stress on anchor cable (bolt) on sec-
tions I and II, respectively. When the measuring point was in
front of the working face, the distance between this mea-
suring point and the working face was negative. According
to the monitoring results, by using the new roof supporting
scheme, the roof’s deformation was effectively controlled,
and the roof maintained favorable integrity during the
working face’s advance. When the working face moved to
the monitoring section, the roof displacement reached the
maxima. Specifically, the roof displacements at sections I
and II were 143mm and 204mm, respectively, far smaller
than the allowable deformation. )e roadway roof mainly
underwent a deformation of 0–4m above the roof, where the
ratio of roof displacement exceeded 85% of the total roof
displacement; within the range of 4–6m above the roof, the
roof showed a slight displacement. Finally, the roof dis-
placement 6–8m above the roof can be neglected.

As the displacement of the shallow stratum (within
a range of 0–4m above the roof) increased gradually, stresses
on the bolt at both sections I and II increased, indicating that
a bolt with full-length anchorage can effectively suppress the
displacement of a shallow stratum on the roof. )e stress on
roof anchor cable also increased with the increase in roof
displacement and reached the maximum when the working
face moved to the measuring point. )e maximum stresses
on roof anchor cables on sections I and II were 39.3MPa and
52.5MPa, respectively. According to the forced area of the
stressmeter, the forces on the anchor cables were 275 kN and
365 kN, respectively, far smaller than the anchor cable’s
tensile load limit. )is indicates that the used anchor cable
was reasonable.

Section II was located in the roadway’s equipment
cavern with a large span, also close to DF14 section.
)erefore, the maximum roof displacement on section II
was higher than that on section I; moreover, as shown in
Figure 15(b), the roof displacement mainly appeared in the
shallow stratum 2–4m above the roof. )is indicates that
due to the effect of mining, great separation and failure
appeared above the roof outside the bolt’s anchorage range;

however, the existence of high-strength anchor cable ef-
fectively prevented the further development of separation
and failure, so that roof-fall accidents can be avoided. )e
maximum stress on roof anchor cable at section II also far
exceeded that at section I, also proving the abovementioned
conclusion.

Additionally, as shown in Figures 14 and 15, when
the working face was 100m away from the measuring point,
the displacement of roadway roof started to increase, and the
stress on anchor cable (bolt) significantly increased, in-
dicating that the mining-induced stress affected the range
100m in front of the working face. At section I, when the
working face was located 50m away from the measuring
point, the roof displacement rapidly increased; at section II,
the roof displacement sharply increased when the working
face was 62m away from the measuring point. It can thus be
inferred that the advanced support provided a significant
effect within the range 50–60m in front of the working face.
)us, during the working face’s advance, an advanced
support should be set 60m in front of the working face to
strengthen the supporting intensity on the roadway roof. In
the cases when some geological structures such as faults exist
in front of the working face, the range of advanced support
should be appropriately increased.

6. Conclusions

)is study focused on a coal seam in a large-section roadway
of Bayangaole coal mine, Inner Mongolia, China, and in-
vestigated the occurrence mechanism of mining-induced
roof-fall accidents and related supporting methods. )e
long-wall mining method was used in numbers 311101 and
311102 working faces for coal extraction. During the mining,
severe roof-fall accidents occurred in these two working
faces, which have caused severe impacts on the life safety of
miners and production activities.

)e fracture characteristics of the surrounding rocks in
the ventilation roadway of number 311102 working face

Cable/bolt
stressmeter

Roof extensometer
(4 anchors)

Cable

Roof bolt

Figure 13: Monitoring design.
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were evaluated using a stratum detector. )e results show
that the surrounding rocks of roadway exhibited a discon-
tinuous failure; fracture and crushed zones appeared in the
drilling holes alternately and irregularly. )e maximum

fracture ranges of the roadway roof and side were 3.53m and
1.36m, respectively; apparently, the destruction on roadway
roof far exceeded that on two sides of the roadway in both
range and degree. )e interval distribution of separation
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Figure 14: Monitoring results of roof displacement and stress on anchor cable (bolt) at section I. (a) Monitoring results of roof dis-
placement, (b) displacements of roof stratum at different depths, and (c) monitoring results of stress on anchor cable (bolt).
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layers and crushed zones in roadway roof divided the entire
roof stratum into multiple thin sublayers, thus significantly
reducing the stability of roof. )is is also as an inducing
factor for roof-fall accidents in the roadway.

Next, according to the engineering geological conditions
of the working face, the occurrence mechanism of a roof-fall
accident was elucidated in detail. It can be concluded that
mining-induced stress and tectonic stress are the key factors
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Figure 15: Monitoring results of roof displacement and stress on anchor cable (bolt) at section II. (a) Monitoring results of roof dis-
placement, (b) displacements of roof stratum at different depths, and (c) monitoring results of stress on anchor cable (bolt).
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that led to roof-fall accidents in the roadway; these are also
the preconditions for the occurrence of accidents. )e
equipment cavern on the side of the roadway increased the
span of roof stratum and thus provided advantageous
conditions for the occurrence of roof-fall accidents in the
roadway. In the original supporting scheme, some param-
eters were set as inappropriate values, the anchor bolts on
roadway roof were too short, and the end-anchorage mode
could not provide an effective anchorage effect. Additionally,
the array pitch between anchor cables was too high, and the
used poor cables could not sustain the self-weight load of the
fractured stratum and easily snapped. On that basis, a novel
supporting scheme was proposed: the anchor cables and
bolts were more reasonably arranged, and the bolts were
anchored in a full-length way. Additionally, high-strength
anchor cables were used, a high pretightening force was
applied on the anchor cable, and the steel bands were
arranged in a crisscross pattern.

Finally, a test section with a length of 100m in the
ventilation roadway of number 311102 working face was
selected to validate the performance of the new supporting
scheme. Twomonitoring sections were set in this test section
to measure the mining-induced roof displacement and stress
on anchor cable (bolt). During the mining, the maximum
roof displacements at the two monitoring sections were
143mm and 204mm, respectively, far smaller than the al-
lowable deformations. )e stresses on anchor cable and bolt
were normal, and no anchorage-dragging and tensile failure
phenomena were observed. Further, the roadway roof in the
test section remained intact during the mining. According to
the field monitoring results, by using the proposed new
supporting scheme, the roof deformation in large-section
roadways can be effectively suppressed.
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