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The roof of a large-section roadway will usually undergo progressive deformation and failure under the action of deep surrounding
rock stress. The large-section rectangular roadway is more prone to sudden roof caving accident under the weakly cemented
formation condition, which poses great threats to operating personnel and mechanical equipment and brings about considerable
difficulties to roof monitoring and evaluation. A large-scale caving accident that occurred on a large-section rectangular
roadway in Bojianghaizi Mine in Inner Mongolia was taken as the study object. The factors that triggered the roadway roof
caving were analyzed by investigating the roof caving mechanism of weakly cemented overlying strata, and an effective roof
supporting method was proposed. A numerical mechanical analysis model was established for surrounding rocks of the roadway
by using the discrete element method, and numerical simulation results showed that obvious vertical cracks would be generated
at two ends of the roof under the action of shearing stress. With upward crack propagation and transverse crack penetration at
the roof separation, a dangerous caving zone penetrated by cracks formed inside the roof. The permeation of the upper aquifer
would reduce the rock strata strength at the roof and further aggravate the risk of roadway caving. In accordance with the
numerical simulation and comprehensive analysis of field exploration data, the main reasons for the roadway caving accident
were concluded as follows: (1) low rock strata strength at the roof and the influence of tectonic stress in deep surrounding rocks,
(2) unreasonable original support pattern, and (3) permeation of the upper aquifer. On this basis, an improved support scheme
was proposed, and field monitoring data showed that the maximum separation amount of the roof was controlled at 14mm,
and the roof deformation was well controlled, thus meeting the safety production requirements. The proposed method can
provide a reference for the control of weak roadway roof and its support scheme design.

1. Introduction

Coal is expected to remain a basic energy source that guaran-
tees energy safety and stability in China for a long time. The
proportion of coal in primary energy resource consumption
is anticipated to exceed 50% by 2030 [1–3]. As coal mining
is gradually transferred to the central and western regions
in China, a large batch of mines have been successively con-
structed and put into production to exploit coal resources in
weakly cemented formations in Central China in recent
years. The physical and mechanical properties of rocks in
central weakly cemented formations are mainly manifested
by low strength, easy disintegration, argillization in water,
and poor cementing properties. Groundwater permeation is

usually encountered in the roadway tunneling process, and
many experiments indicate that the moisture content of
rocks has a great impact on the rock strength [4–8]. After
absorbing water, the surrounding rocks of roadway will prob-
ably be exposed in water, which will aggravate the roof caving
risk [9].

Many scholars have explored the roof caving problem in
depth under different geological conditions. On the basis of a
theoretical analysis, Tian et al. presented safety control crite-
rion for a roof without support [10]. Kumar et al. developed a
roof monitoring and early warning method [11]. Stanisław
et al. proposed a roof caving evaluation method based on
massive observation data [12]. According to test data and
field observation data, Osouli et al. established a new

Hindawi
Geofluids
Volume 2020, Article ID 6669060, 11 pages
https://doi.org/10.1155/2020/6669060

https://orcid.org/0000-0002-7921-2043
https://orcid.org/0000-0001-9742-400X
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/6669060


numerical model, which could be used to estimate the maxi-
mum moisture content permitted by roof strata [13]. Ebra-
him et al. studied the effective parameters that influence
roadway roof caving and presented a semiquantitative tech-
nology for roof caving evaluation and control [14]. Crystal
et al. came up with a microseismic monitoring method for
roof caving and successfully predicted a roof caving accident
twice [15]. Tai et al. analyzed the failure characteristics of a
large-section coal roadway roof and developed a support
scheme of grouting+U steel bracket+anchor bolt+anchor
rope [16]. Kang et al. used the numerical simulation method
to investigate the internal mechanism of roadway deforma-
tion and instability and presented a new anchor bolt support
scheme [17–19]. Wang et al. revealed the crack propagation
and evolution process inside the surrounding rocks after
roadway excavation through the UDEC numerical simula-
tion method [20]. Bai et al. disclosed the internal roof caving
mechanism through the numerical simulation method and
presented a roadway deformation control scheme [21–25].

To sum up, many scholars have conducted much
research regarding the prediction of roadway roof caving,
the caving mechanism, and its control technology, but road-
way caving disasters under weakly cemented formation con-
ditions are less investigated. In weakly cemented formations,
the surrounding rocks are of relatively low strength with
great support difficulty. No evident sign of roof caving is
found. Instead, the roof usually suddenly bursts out, which
will not only result in injuries and deaths but also bring about
adverse effects on the normal operation of coal mines. Under
the engineering background of a caving accident in a large-
section rectangular roadway caving accident that took place
in Bojianghaizi Mine in Inner Mongolia, 3DEC numerical
simulation was combined with field observation to reveal
the internal roof caving mechanism, and a new support
scheme is presented. The industrial experiment indicates that
the new support scheme has achieved excellent effects in roof
disaster prevention and control for large-section roadways.

2. Engineering Background

2.1. Geological Conditions. Bojianghaizi Mine is located in
Inner Mongolia. As shown in Figure 1, the 113101 work-
ing face is located at +803.5m level of the mine, with an
exploitable strike length of 2,600m, the roadway length
in the south of the withdrawal channel is 2,677.3m, the
inclined length is 200m, and the inclined longwall-type
coal mining method is used. The 3-1# coal seam has a
nearly horizontal monoclinal structure, with a strike angle
of 30°~60°, an angle of deviation of 300°~330°, and pseu-
doobliquity of 0~1.5°.

The gate road of the 113101 working face is arranged
in the 3-1# coal seam, which has a thickness of
3.4~3.8m near the roof caving segment, containing 3–4
thin layers of mudstone with coal gangues. The immediate
roof of the 3-1# coal seam in this segment is sandy mud-
stone, with a thickness of 6.5~9.3m. According to the
mechanical test on rock core in drill hole in the reconnais-
sance report, the compressive strengths of the rocks are
low, the average compressive strength is below 30MPa,

the shear strength and tensile strength are even lower,
the compressive strength is obviously reduced under water
absorption state of the rocks, and the softening coefficients
are all smaller than 0.75, thus indicating that they are all
soft rocks. The lithology and thickness of each rock stra-
tum are shown in Figure 2.

2.2. Initial Roadway Support Form. As one of the important
transportation roadways of Bozi Mine, the 113101 main
transportation roadway is 5.6m in width and 3.6m in
height. It is supported by combining anchor bolt+anchor
rope, and the complete support is shown in Figure 3(a).
The anchor bolts used on the roof and two walls are made
of φ22 × 2500mm resin high-strength screw-thread steel
anchor bolts. Two rolls of k2360 resin anchoring agent
are used for each anchor bolt. The specifications of W
steel strips are δ3 × 178 × 5400mm; their spacing is shown
in Figure 3(b), and the row spacing is 900mm. The spec-
ifications of the anchor ropes are φ17:8 × 6300mm, with a
spacing of 1400mm and a row spacing of 1800mm. Three
rolls of k2360 resin anchoring agent are used for each
anchor rope, and the specifications of W steel stripe are
δ3 × 250 × 3200mm.

2.3. Roof Instability Caving Accident. Groundwater perme-
ation is a common phenomenon in the roadway excavation
process. The strength of weakly cemented rocks will evi-
dently degrade in water, and the roadway will easily experi-
ence instability failure. The position in Bojianghaizi Mine
in Inner Mongolia, where the roadway roof caving accident
occurred, is shown in Figure 1(b). The caving part is 683m
away from the transportation roadway, the roof caving seg-
ment is 14.6m in length, and the scene photo is shown in
Figure 4.

As shown in Figure 4(a), a hole was drilled in the
roadway roof to discharge water. The sand content was
high in the discharged water, the water release was gradu-
ally reduced before the accident occurred, hole collapse
and blocking were possible, and the water flow permeated
laterally. The sandy mudstone on the roof experienced
argillization after water erosion, which led to the reduction
in the strength of the surrounding rock and to support
failure. In the field repair process, the roadway was sup-
ported by channel steel-combined anchor bolts+U-shaped
steel arched sheds. Figure 4(b) shows the roof caving form
observed on the field. The whole roof caved from the rock
strata section. The site survey on the caving zone showed
that an obvious fractured joint surface under upward
propagation existed on the rock strata at the vertex angle,
and this surface presented a 65° angle along the horizontal
direction (Figure 4(c)). When encountering water, the
strength of the surrounding rocks would be reduced.
Moreover, the bonding strength of anchor bolts and
anchor ropes with surrounding rocks would be reduced,
thus causing separation. As shown in Figure 4(d), the
anchoring agent on the surface of the anchor bolts and
ropes already basically fell off, but the anchor bolts and
ropes themselves were not damaged.
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3. Numerical Simulation Analysis via Discrete
Element Method

3.1. Model Establishment. To intuitively reflect the failure
process of the roadway roof, a 3DEC numerical analysis
model was established according to related geological condi-
tions of Bozi Mine (Figure 5). The length, height, and width
of the model were 70, 63, and 20m, respectively. To investi-
gate the deformation and instability process of the roof, the
3D triangle method was used to express the immediate roof
as a combination of tetrahedral blocks bonded together
through their contact surfaces. The size of the tetrahedral

blocks was 0.2m (Figure 5(c)). Each tetrahedral block was
elastic and deformable; therefore, they would not yield. Yield
would occur along the contact surface between the tetrahe-
dral blocks only through shear force or tensile force, which
depended on the contact force and physical characteristics
of the contact surface [26, 27], the latter of which is listed
in Table 1. Before the failure, the contact points were elastic
in both the normal direction and the shear direction. Within
each time step, the increment of normal force (positive under
pressure) is [28]

ΔFn = −knΔunAc: ð1Þ
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Figure 1: Coal mine position and roadway arrangement plan ((a) position of Haizi Mine area; (b) arrangement plan of roadway where the
caving accident occurred).
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Figure 2: Rock strata histogram at the 113101 main roadway.
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Figure 3: Initial roadway support scheme. (a) Field support picture. (b) Support spacing arrangement.
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The shear stress increment is as follows:

ΔFs
i = −ksΔu

s
iAc, ð2Þ

where Ac is the contact area, and kn and ks are the normal
stiffness and the shear stiffness of contact, respectively.

The total normal force and shear force are updated in the
following contact forces:

Fn ≔ Fn + ΔFn,
Fs
i ≔ Fs

i + ΔFs
i :

ð3Þ

For an intact block (namely, without slipping or separa-
tion), the normal tensile force is limited as

Tmax = −TAc,
Fs
max = cAc + Fn tan ϕ,

ð4Þ

where T is the tensile strength of the contact, and c and ϕ are
the cohesion and frictional angle of the contact, respectively.

Except for the roadway roof, other parts of the model
were expressed by parallel hexahedral blocks under elastic
deformation. To improve the calculation efficiency, the side
length of the grids in the grid reinforcement region around
the roadway was set as 0.5m, that in the central region as
1m, and that of the fine sandstone bed at the bottom of the
roof as 2m (as shown in Figure 5).

3.2. Numerical Calibration. The values of the rock properties
at the roadway roof could not be directly assigned in the

(a) (b)

(c) (d)

Figure 4: Roof caving accident in Haizi Mine. (a) Water release through drill hole at the roof. (b) Roof caving. (c) Fractured joint surface. (d)
Separated anchor bolts and anchor ropes.
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20m

20m
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Figure 5: 3DEC numerical analysis model. (a) Complete model. (b)
Grid refinement region. (c) Roadway roof.

Table 1: Properties assumed in 3DEC model for immediate
roadway roof.

Contact properties Values

Young’s modulus of blocks, E (GPa) 5.0

Poisson’s ratio of blocks, ν 0.23

Normal stiffness of contacts, kn (GPa/m) 12

Shear stiffness of contacts, ks (GPa/m) 4.5

Contact cohesion, ccont (MPa) 4.2

Contact friction angle, φcont (o) 20

Contact tensile strength, σt
cont (MPa) 3
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model. Therefore, numerical calibration was needed to
acquire the mechanical parameters of the contact point
and polygon, which were used to characterize the rock
behaviors [21]. The Young’s modulus, Poisson’s ratio,
and uniaxial compressive strength were determined
through a uniaxial compression test, and the tensile
strength was measured by the Brazilian test. The geometric
shape of the 3DEC uniaxial compression test model is pre-
sented in Figure 6. The uniaxial compression test sample
was composed of 12,282 tetrahedral blocks (width:
0.2m), with a height of 4m and a diameter of 2m, and
two rigid bearing plates were placed at the top and bot-
tom. The Brazilian disk test sample was 4m in diameter
and 0.5m in thickness, and its numerical model consisted
of 5,876 tetrahedral blocks (width: 0.2m).

The mechanical properties and contact parameters of
the tetrahedral blocks in the 3DEC block model are seen
in Table 1. The details of parameter calibration can be
found in the work of Kazerani and Zhao [29]. In the com-
pression test, the top plate of the sample was loaded at a
constant rate of 0.1m/s. The whole lower plate was fixed

at a low enough loading rate; therefore, the influence of
loading rate on the numerical test could be neglected
[30]. The stress and axial deformation of the sample were
monitored in the loading process (as shown in
Figures 6(c) and 7(c)).

3.3. Crack Evolution Process at the Roof. A numerical analysis
of the surrounding rocks of the roadway under initial sup-
port conditions was conducted to analyze the internal roof
caving mechanism under this circumstance. The physical
parameters of the rock strata are listed in Table 2. The
numerical simulation results are shown in Figure 8(c).
The maximum displacement of the roadway was
279mm. Many cracks appeared at 0.9m from the roadway
roof, and the surrounding rocks underwent evident crush-
ing. At 2.8m away from the roof, crushing occurred
within a small range and many cracks appeared, and the
cracks propagated and developed to form a through frac-
tured zone. The surrounding rocks were basically intact
at 6.5m from the roof, along with a small quantity of
cracks. YSZ (B) rock strata detection recorder was used
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Figure 6: Check of uniaxial test. (a) Numerical model of uniaxial compression. (b) Uniaxial test in laboratory. (c) Uniaxial test curves of
rocks.

(a) (b)

0.00 0.05 0.10 0.15 0.20

0.4

0.8

1.2

1.6

Te
ns

ile
 st

re
ss

 (M
Pa

)

Laboratory test
Numerical simulation

Vertical strain 10–2

(c)

Figure 7: Check of Brazilian splitting test. (a) Numerical model of splitting test. (b) Splitting test in laboratory. (c) Tensile test curves of rocks.
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to drill a hole and peer at the roadway roof nearby the
accident site (as shown in Figures 8(a) and 8(b)). The
numerical simulation results of the cracks were basically
consistent with the field drilling results, thus verifying
the reasonability of the numerical simulation.

To study the crack evolution process inside the roof
strata, the internal crack development process was
recorded (as shown in Figure 9). The cracks appeared at
the bottom and two ends of the roof first, and separation
took place between top coal and sandy mudstone. As the
operation step number increased, the displacement of the
separation bed was gradually enlarged and transferred
from the shallow part to the deep part step by step. The
vertical cracks presented an upward development trend
and finally ran through the transverse cracks in the sepa-
ration bed, thus reducing the roof bearing capacity and
further causing the risk of caving.

3.4. Cause Analysis for Roof Caving. The roof strata of the
roadway were mainly sandy mudstone, which would undergo
a rapid reduction in strength, cohesion, and tensile strength.
Moreover, the roadway was prone to instability failure. A
numerical simulation analysis of the deformation characteris-
tics after roof strata softening was conducted (Figure 10). After
the roof strata were weakened, an obvious increasing number
of cracks were developed, the separation phenomenon
occurred in the deep part of the rock strata, and the maximum
settlement amount of the roof reached 380mm. The crack
development was apparent at the vertex angle of the roadway,
and the development height in the through fractured zone was
increased. The bearing capacity of the roof strata was degraded,
and the overall caving risk was observed below the roof.

Distributions in the surrounding rocks of the roadway
after the numerical model operated for different steps are dis-
played in Figure 11. After the roadway was excavated, the

Table 2: Physico-mechanical parameters of ore-rocks.

Lithology
Density
(kg/m3)

Bulk modulus
(GPa)

Shear modulus
(GPa)

Tensile strength
(MPa)

Cohesion
(MPa)

Internal friction angle
(°)

Fine sandstone 2650 6.2 4.8 2.2 3.2 43

Sandy mudstone 2600 2.52 1.5 1.3 1.9 40

3-1 coal 1600 1.6 1.13 0.9 1.3 32

Medium
sandstone

2620 3.52 2.65 1.8 2.8 38

(a) (b)

Z-displacement (m)
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0.0000E-00
–3.0000E-02
–6.0000E-02
–9.0000E-02
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–2.1000E-01
–2.4000E-01
–2.7000E-01
–2.7984E-01

(c)

Figure 8: Crack development in roadway roof. (a) Drill hole at roadway roof. (b) Rock strata detection recorder. (c) Roadway roof
deformation.
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deep surrounding rock stress was released, and concen-
trated stress formed at the vertex angle at both ends of
the roadway roof. As shown in Figure 11(b), the concen-
trated stress reached 26MPa at the vertex angle of the
roadway. As the number of operation steps increased,
the scope of stress release was gradually extended upward.
Many obvious cracks would be generated in the rock
strata under the action of the concentrated stress around
the vertex angle, which was adverse to the roof stability
(Figures 10 and 11(d)).

On the basis of the numerical simulation and field obser-
vation results, the three following aspects are concluded as
the causes of the roof caving.

The strength of the roof strata was poor. Along with
the primary deposits and diagenesis, the degree of consol-
idation of the bedding plates was low at the rock strata,
with poor rock cementing properties and weak interlayer
adhesion, and separation phenomenon could easily take
place during the roof settling process. The compressive
strength and tensile strength of the roof strata were weak,
which was why cracks obviously developed in the rock
strata during the stress release process in the surrounding
rocks, and a through fractured zone easily formed beneath
the roof.

The roadway span was large, and the sectional form and
support design were unreasonable. Anchor bolt+anchor rope

combined support was adopted in the initial support design,
where the length of the anchor rope was 6.3m. The strike
root of the anchor rope was located in the sandy mudstone
with poor lithology, which is why the anchoring effect was
unsatisfactory. The stress concentration could easily form at
the roadway shoulder corner, with a large quantity of vertical
cracks, which presented an evident upward development
trend.

Groundwater generated a weakening effect on the sur-
rounding rocks of the roadway. The casing pipe was sealed
only to the 10m position during the water release process
via a drill hole. Thus, groundwater would laterally permeate
into the roof, and the sandy mudstone experienced expan-
sion and argillization, thereby reducing the strength and
aggravating the caving risk.

4. Roof Control Technology

4.1. New Support Scheme. An improved roadway support
scheme was presented based on the cause analysis for
roadway caving. (1) The shoulder corner of the rectangu-
lar roadway changed into a rounded angle with a radius
of 1m, which could reduce the concentrated stress at the
shoulder corner of the rectangular roadway, facilitate the
formation of bearing arch, and improve the bearing capac-
ity and stability of the roof strata. (2) The length of the

Crack development

Cracks in the 
surrounding rock

Crack initiation

Crack extensionCrack penetration

Figure 9: Crack evolution process in the roof.
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–1.8000E-01
–2.1000E-01
–2.4000E-01
–2.7000E-01
–3.0000E-01
–3.3000E-01
–3.6000E-01
–3.8071E-01

Figure 10: Crack development after roof weakening.
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anchor rope was increased, and the root part of the
anchor rope was arranged inside the upper roof with
favorable lithology. The anchor ropes were arranged in
an external cable-stayed pattern, and the inclined extru-
sion force at two sides of the roof was enlarged, thus effec-
tively inhibiting the upward propagation of inclined
cracks. The double cable-stayed anchor ropes could form
a wedge-shaped bearing structure inside the roof, which
could strengthen the support and prevent the overall cav-
ing of the reinforced roof zone. (3) The length of the
existing water release casing pipe was properly increased
according to the lithological change of the roadway roof
to prevent the blocking of the drain hole and avoid the
weakening effect of lateral permeation on the rock strength
at the roof.

The concrete support scheme is presented in Figure 12.
The section of the transportation gate road was largely rect-
angular, where the two vertex angles were connected to the
vertical wall and roof using 1/4 arc with a diameter of
2.0m. φ22 × 2500mm anchor bolts were used to support
the roof; the matching steel strip was W3 steel stripe, where
L = 5:4m; the metal net was 8# rhomboid galvanized metal
net, with specifications of 6000 × 1100mm; the row spacing
of anchor bolts was 800 × 900mm, and the specifications of
the anchor ropes were φ17:8 × 10000mm with a row spacing
of 1400 × 1800mm. The matching steel strip was 3S steel
stripe, where L = 3:2m, the anchor ropes were externally

inclined near the two walls and presented 70°~75° angles with
the roof.

4.2. Numerical Simulation Results. The numerical simulation
results of the new support scheme are displayed in
Figure 13. The displacement of the roadway roof was
202mm, which was reduced by 27.6% compared with that
in the initial support scheme. The crack development
height was obviously reduced, and the crack density was
high only beneath the roof. A few through cracks were
found inside the roof, which were mainly concentrated
below the roof. As shown in Figure 13, the roof separation

Maximum principal stress (MPa)
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

(a) (b)

(c) (d)

Figure 11: Maximum principal stress distribution in surrounding rocks of the roadway after model operation for different steps. (a) 500 steps.
(b) 1,000 steps. (c) 2,500 steps. (d) 10,000 steps.
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Figure 12: Improved roadway support scheme.
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mainly occurred within a 1.2m range from the undersur-
face of the roof, and no obvious separation phenomenon
appeared deep in the rock strata. No obvious cracks devel-
oped at the rounded corner of the roadway roof, and the
integrality of the surrounding rocks was obviously
improved. In comparison with the initial support scheme,
the roof stability was well improved.

5. Engineering Application

An improved support scheme was presented for the caving
accident in the 113101 main transportation roadway of
Bojianghaizi Mine. The new support scheme was selected
in the subsequent excavation process of this roadway, and
the supporting effect was evaluated through field observa-
tion. To monitor the deformation of the roadway roof, dis-
placement meters were placed at 2, 3, 4, 6, and 8m inside
the roof strata (Figure 14).

Figure 14 shows that the separation amount of the roof
was about 6mm within the 4~8m depth range. Within the
2~4m range, the maximum roof separation became 14mm.
The field monitoring data indicated that the new support
scheme improved the bearing capacity and stability of the

roadway roof, and the deformation failure of the surrounding
rocks was well controlled.

6. Conclusions

On the basis of the field measurement of the caving acci-
dent in the 113101 main transportation roadway of
Bojianghaizi Mine, the numerical simulation method was
used to investigate the internal roadway deformation and
instability mechanism under weakly cemented formation
conditions, and a new support scheme was proposed. In
the end, a field industrial test was implemented in the sub-
sequent roadway driftage. The following conclusions could
be drawn:

(1) The surrounding rock stress deep in the roadway was
released after the excavation. Many cracks were gen-
erated in the roof strata, and the bearing capacity of
the surrounding rocks was reduced. With the contin-
uous upward development of vertical cracks and their
penetration through the cracks in the separation bed
at the weakly cemented rock strata, a through frac-
tured zone was formed inside the roof, thus triggering
the roof caving risk

(2) The crack evolution characteristics inside the roof
strata were investigated through the numerical simu-
lation method, and then, the internal deformation
and instability mechanism of the rock strata at the
weakly cemented roof was analyzed. The results
showed that after the weakly cemented roof strata
were weakened in water, the roof displacement was
enlarged, separation phenomenon appeared in the
deep part of the rock strata, and the quantity of cracks
was large and presented an evident upward propaga-
tion trend, thereby aggravating the caving risk. As a
result of the large span, concentration stress could
easily form at the vertex angle of the large-section
rectangular roadway, and vertical cracks were well
developed around the vertex angle; these conditions
are not good for roadway maintenance

(3) An improved support scheme was presented on the
basis of the instability mechanism analysis for the
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–2.0253E-01

Figure 13: Crack development in roadway roof after the improvement of the support scheme.
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roadway roof. The optimization design of the road-
way section and anchor rope support mode was used
to improve the integrality and bearing capacity of the
roof strata. According to the industrial test results,
the maximum separation amount of the roof strata
was only 14mm. Therefore, the control effect on the
surrounding rocks was apparent, and this support
scheme satisfied the requirements for mine safety
production
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