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*e stability of large section open-off cut in deep mines (LODM) is the key factor affecting the normal equipment installation and
safe mining in fully mechanized top-coal caving face. *e mechanical model shows that the deflection of the roof of the LODM is
proportional to the cubic of span. In this paper, UDEC Trigon model is established, and the parameters of different coal measures
strata are modified in detail.*e evolution law, failure mode, and damage degree of roof cracks in secondary tunneling are studied,
and the roof support effect is analyzed. *e numerical simulation results show that the process of roof crack evolution after the
primary excavation section and the second excavation section can be divided into three stages according to microseismic activities,
and the reasonable supporting time can control the propagation of roof microcracks and reduce the development height of
macrocracks. *e rock bridge existing in the roof rock stratum after the combined support of long and short anchor cables can
effectively limit the formation of macrocracks and their interaction; especially the key support in the interface area can reduce the
development height of roof cracks in secondary tunneling and weaken the damage degree of roof rock stratum in the LODM.*e
field test shows that the moved volume of rib-to-rib and roof-to-floor of the LODM is stable at about 350mm and 550mm,
respectively. *e numerical simulation in this paper is helpful to understand the failure mode of roof in LODMwith large mining
height and provides a method for the design of its control technologies.

1. Introduction

Open-off cut is the place for equipment installation and
mining initiation in coal mining face. With the gradual
improvement of mechanization degree in fully mechanized
top-coal caving face, the width of open-off cut in fully
mechanized top-coal caving face also gradually increases. At
the same time, in recent years, with the depletion of shallow
coal resources, many mines have begun to move to the deep
part [1–5]. Compared with the open-off cut under con-
ventional conditions, the LODM has the characteristics of
high in situ stresses, high ground temperatures, high

permeability, large span, absciss layer, and easily separated
and fell roof and low coal seam strength [6, 7]. *ere are
many factors that affect the stability of the LODM, including
section shape, geological conditions, ground stress, tun-
neling mode, supporting time, and supporting strength [8].
*e service time of open-off cut is from the beginning of
tunneling to the start of mining when the equipment is
successfully installed and debugged in working face. Dif-
ferent from the shafts, main roadways, headgates, and
tailgates, the service time of open-off cut is generally short
and only a few months. If we pay attention to the support
strength and density in order to control the deformation of
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surrounding rock in the LODM, it will lead to excessive
support, which will not only increase the cost, but also lead
to serious consequences such as difficulty in preliminary roof
caving and in roof management of working face for fully
mechanized top-coal caving face. If the support strength and
density are reduced in consideration of its short service time,
it will lead to insufficient support, which will not only easily
lead to roof falling accidents and threaten workers’ life
safety, but will also lead to serious deformation and damage
of surrounding rock, thus making the equipment unable to
be installed. And it is necessary to repair the roof or floor
again; if not, it will affect the safety and efficient production
of the mine [9–12].

A lot of research has been done on the failure mode and
control technology of roof in the LODM. Yin [13] analyzes
the mechanical structure of roof in large section roadway
and derives differential equations based on elastic founda-
tion beams to obtain the variation law of bending moment
and roof subsidence with roof span. *e structural char-
acteristics of roof support by anchor truss and load distri-
bution characteristics of anchor truss structure are studied,
and the BP neural network active support design system for
thick coal seam roadway of large section is developed to
determine the key support parameters of large section
roadway. Zhang et al. [14] obtained through physical sim-
ilarity simulation that the roof of large section open-off cut
with large mining height is easy to fall and the corner is easy
to be damaged, and the roof sinks obviously after the open-
off cut is expanded. According to the failure characteristics
of the open-off cut, the treatment measures such as im-
proving the stress state of the corner, supporting the roof in
time, and reducing span support are put forward. He et al.
[15] establish Hooke-Kelvin concatemer model of sur-
rounding rock according to the failure characteristics of
surrounding rock in large section open-off cut with large
mining height, analyzes the key influencing factors of anchor
cable tension, and reveals the interaction mechanism be-
tween roof pressure arch and anchor cable in open-off cut.
Compared with the difference of action mechanism between
single anchor cable and truss anchor cable, the control
technology of truss surrounding rock with composite anchor
cable is put forward, which achieved good results. Xie et al.
[16] established FLAC3D numerical calculation model, an-
alyzed the distribution characteristics of effective stress field
of the roof of the LODM, constructed the load-bearing
structure of anchored rock beam, obtained the analytical
expression of maximum shear stress under compound in-
fluence function, and defined the cooperative control
principle of the roof of the LODM as well as load-bearing
structure of anchored rock beams of two sides of roadway.
Peng et al. [17] put forward a support method combining
double-layer I-bar closed support with grouting for large
section roadway under the condition of high stress broken
surrounding rock, and the field monitoring deformation is
less than 25mm. Zhang et al. [18] simulated the failure
mechanism of a large section roadway with a depth of 1 km.
*e results show that the soft rock property and high
original rock stress are the main factors leading to the in-
stability of the deep roof and put forward the joint control

technologies such as long anchor rod and anchor cable, ring
support, and grouting.

Many studies have discussed the influence of support
schemes on roof failure control, but the continuum model
usually underestimates the effectiveness of support units,
because the continuum method can not simulate the inhi-
bition of roof crack opening and sliding [19–25]. Using
discontinuous or discrete elements to understand the failure
mechanism of roof in the LODM and the interaction of
support units is of great significance to guide the roadway
support strategy [26]. Bai et al. [27] used UDEC Voronoi
method to study the progressive failure process of roadway
roof of large section, and the results showed that shear cracks
dominated the roadway roof, and they put forward rea-
sonable control technology. Gao et al. [28] used UDEC
Trigonmodel to simulate the shear failure process of the roof
in large section and successfully captured the shear failure of
roof characterized by crack initiation and propagation. *e
results showed that the shear failure of roadway roof started
at the corner of roadway, then gradually spread to the depth
of roof, and finally formed a large-scale roof failure.
Moreover, it simulated the role of anchor rod support in
limiting the shear failure of roadway roof. Anchor rod
support limited the expansion of roof rock, reduced the
failure of rock bridge, and ensured the rock strength, thereby
significantly reducing the subsidence of the roof of the large
section roadway. Zhang et al. [29] analyzed the roof failure
characteristics of large section roadway by using UDEC
polygon method and put forward a support scheme in-
volving key area reinforcement and high-strength anchor
rod, and the deformation of large section roadway was
controlled within 550mm. Yin et al. [30] established a
numerical simulation model of surrounding rock of large
section roadway by using 3DEC. *e results show that
obvious cracks will occur at both ends of the roof under the
action of shear stress. With the upward propagation of
cracks at the roof absciss layer and the extension of trans-
verse cracks, the cracks above the large section roof run
through a dangerous crack zone. On this basis, an optimized
support scheme is given.

Although there are some understandings on the failure
mechanism of roof in the LODM, it is relatively rare to study
the failure process and control of roof by discrete element
method [31–33]. *e method of secondary tunneling is
adopted in the LODM. *e primary excavation section is
affected by the secondary excavation section, and the start,
slip and expansion of roof strata cracks are serious. How to
control the roof in the interface area of the two excavations,
the timing of reinforcement and support, and the support
strength are the core points of the LODM. In this paper,
discrete element model is used to study the failure process of
roof in the LODM, to determine the reasonable support
timing of two excavation sections, and to systematically
study the laws of crack propagation, failure mode, and
damage degree of roof in the LODM. On this basis, the
control effects of three support schemes on roof in open-off
cut are put forward. Finally, the support timing and key
control points of the LODM are put forward, the control
technical parameters of open-off cut in 5202 working face of
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Xin’an coal mine are determined, and the effect of sup-
porting is monitored and evaluated on site. *e research
provides reference and referential significance for open-off
cut stability research and supporting design under similar
engineering geological conditions.

2. Case Study

2.1. Geological and Mining Conditions. Xin’an coal mine is
located in Pingliang City, Gansu Province, China, as shown
in Figure 1(d). *e mine adopts longwall mining method to
exploit 5# coal, the mining height is 10m, and the average
buried depth of coal seam is about 800mm. In this paper, the
LODM is located in 5202 working face of Xin’an coal mine.
*e panel of 5202 working face includes three longwall
working faces, namely, 5202, 5204, and 5206 working faces.
*e 5202 working face is the first mining working face in the
panel, with an advancing length of about 1500m and a width
of about 200m, as shown in Figure 1(c). *e width and the
height of open-off cut of the 5202 working face are, re-
spectively, 7800mm and 3200mm, as shown in Figures 1(a)
and 1(b). *e roof consists of fine sandstone and sandy
mudstone, while the floor consists of sandy mudstone and
fine sandstone. *e rock stratum histogram is shown in
Figure 2.

2.2.MechanicalModel of Roof Deformation in the LODMand
Selection of Tunneling Mode. With one-time tunneling
mode, the load of the roof bearing the overlying rock
gradually increases and the subsidence of the roof also in-
creases. According to the simply supported beam model of
material mechanics, the calculation model of the subsidence
of the roof in large section open-off cut is established, as
shown in Figure 3, and the deflections of the left and right
hinge supports in the model are set to zero.

According to the bending moment equation of beam, the
value of the following items can be known:

M(x) �
1
2

qlx −
1
2

qx
2
, (1)

where M is the bending moment of the beam, q is the load of
overlying rock, and l is the span of the beam.

*e differential equation of deflection curve of straight
beam with uniform cross section is as follows:

EIω″ � −M(x), (2)

where ω″ is the deflection of the beam, E is elastic modulus
of roof, and I is moment of inertia of roof beam.

*en the approximate differential equation of the de-
flection curve of roof beam:

ω �
1
24

qx l
3

− 2lx
2

+ x
3

 . (3)

In the middle of the roof beam span x � l/2, and the
deflection of the roof beam is the largest, namely:

ωmax �
5ql

4

384EI
. (4)

When the height H of the roof beam is constant, its
moment of inertia is proportional to its span l, and then:

I �
H

3

12
l. (5)

Substitute equation (5) into equation (4) to get

ωmax �
5ql

3

32EH
3.

(6)

It can be seen from Formula (6) that the maximum
deflection of the roof of large section open-off cut is pro-
portional to the cubic of span l. *erefore, a reasonable
supporting method must be chosen for the roof and the
support should be in time.*e way of tunneling in two times
is adopted, that is, to excavate an appropriate section
through the open-off cut once. After releasing some energy
and reasonably supporting the primary excavated section,
then excavate to the designed section size. *e primary
excavated section and its reasonable support can reduce the
span and avoid the roof deformation and crack expansion of
the LODM from transferring to the deep.

3. Numerical Simulations of Roof Failure
Process of the LODM

3.1. Model Setup

3.1.1. UDEC Trigon Method. In the trigon method, rock
mass is expressed as a combination of triangular blocks
bonded by internal contact to simulate brittle materials
[28, 34]. It is assumed that each triangular block is an elastic
material and is divided into triangular finite difference
domains, which cannot fail. Damage caused by shear stress
or tensile stress can only occur along the contact surface,
which depends on the strength of the contact surface (see in
Figure 4).

In the direction of vertical contact, the stress-displace-
ment relationship is assumed to be linear and controlled by
stiffness kn [35]:

Δσn � −knΔun, (7)

whereΔσn is the effective normal stress increment andΔun is
normal displacement increment. *ere is a limiting tensile
strength, τmax

s , for the contact. If the tensile strength is
exceeded, then Δσn � 0.

In the shear direction, the response is governed by a
constant shear stiffness.*e shear stress, τs, is determined by
a combination of contact microproperties, cohesion and
friction. *us,

τs


≤ c + σn tan φ � τmax

s . (8)

*en:

Δτs � −ksΔu
e
s. (9)

Or else, if

τs


≥ τmax
s , (10)
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then:

τs


 � sign Δus( τmax, (11)

where c is the cohesion, φ is the friction, andΔue
s is the elastic

component of the incremental shear displacement, and Δus

is the total incremental shear displacement.
Micromechanical parameters, such as polygonal block

and contact surface, jointly determine rock mechanical
properties [32]. In UDEC Trigon model, the polygonal block
is an elastic body, and four micromechanical parameters
such as elastic modulus of polygonal block, internal friction
angle φ, cohesion C, and tensile strength Tof contact surface
should be determined for specific rocks.

3.1.2. Model Configuration. Two-dimensional UDEC model
is established to simulate the failure mode of roof in the
LODM and the effect analysis of supporting scheme. *e
numerical model is shown in Figure 5, with the width and
the height of the model being, respectively, 70m and 50m.
In order to improve the calculation efficiency of the model,
only the area of interest, i.e., the direct roof, is discretized by
UDEC Trigon logic. *e average size of triangular blocks in

the study area is 0.2m.*e thicker polygonal Voronoi blocks
with average block size of 0.5m were used. *e thicker
polygonal Voronoi blocks with average block sizes of 1.0m
and 2.0m are used to simulate the coal measures strata at the
boundary of the model.

At the bottom of the model and the boundary of both
sides of the model, the displacement is fixed in the vertical
and horizontal directions, respectively. According to the
field measurement, the vertical stress is 19.3MPa, the axis
value that the maximum principal stress is erecting to the
LODM is 23.2MPa, and the axis value that the minimum
principal stress is erecting to the LODM is 15.8MPa. *is in
situ stress state is applied to the model, and the vertical stress
of 19.3MPa is applied to the upper boundary of the model to
simulate the overlying rock pressure.

Generally speaking, the simulation calculation of the
model of the LODM is divided into four steps. *e first step
is to apply in situ stress conditions to the global model for
calculation. *e second step is to simulate the excavation
process of the LODM. In the second step, the excavation
method of the LODM is tunneling in two times, that is, two
times of excavation. *e first time, the section with a width
of 4.8m and a height of 3.2m is excavated, and the anchor
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Figure 3: Mechanics model of simply supported beam in the LODM.

kn

ks

(a)

1 1

kn

Fnmax

Fsmax

ks

Tension

Sh
ear

Compression

Bond breakage

Bond breakage

Un(Us)

(b)
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between blocks; (b) constitutive and failure behavior of tensile and shear strength between blocks.
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cable support is carried out. *e specific support parameters
are shown in Figure 6, and then the calculation is carried out.
In second time, the excavation distance will be to open-off
cut with the designed section size. In the third step, after the
excavation of the LODM, the simulation calculation is done
under different supporting parameters. *e analysis of the
failure process of the roof and the supporting effect of
different supporting strengths during the two excavations is
helpful to determine the supporting time of two times
tunneling of the LODM and the roof control strategy of the
supporting strength.

3.2. Numerical Calibration. Rock properties obtained from
laboratory should be converted into rock mass properties.
RQD is widely used to estimate the deformation modulus of
rock mass. Based on a large number of field monitoring data,
Zhang and Einstein [36] established the relational expres-
sion between RQD and Em/Er (3–6), so this relational ex-
pression was used to correct rock mass parameters. In our
research, the RQD value of rock mass was observed by
borehole camera:

Em

Er

� 100.0186RQ D−1.91
. (12)

In the equation Em, Er are the deformation modulus of
rock mass and intact rock, respectively. Unconfined com-
pressive strength (UCS) can be determined according to the
ratio of Em/Er [37]:

σm

σr

�
Em

Er

 

n

. (13)

σm, σr are the strength of rock mass and intact rock, re-
spectively. And the index n for splitting, shearing, sliding, and
rotation modes is 0.56, 0.56, 0.66, and 0.72, respectively. Since
the failure process of roof is complicated seriously, there are
many failure models. *e value of index n is 0.63 in this paper.
Here, we also assume that the ratio of tensile strength (Tm) of
rock mass to tensile strength (Tr) of intact rock follows the
same relationship [37], so the properties of rock mass can be
determined, and the results are listed in Table 1.

*e rock mass property parameters of these data can not
be directly applied to the model, and the mechanical pa-
rameters of the contact surface and polygon used to express
the rock mass characteristics need to be obtained through
numerical calibration. *erefore, UDEC Trigon logic cor-
rection models are established, which are UCS test block
model with width of 2.0m and height of 4.0m and Brazilian
disk test block model with diameter of 2.0m. *e input
parameters of block and contact surface are calibrated by
trial and error method to match the rock mass properties
given in Table 1. *e calibration results of rock and coal are
shown in Figure 7, and the microparameter is shown in
Table 2. It can be seen fromTable 3 that the error between the
uniaxial compressive strength and elastic modulus obtained
by numerical simulation and the data obtained by laboratory
test is within 10%. *ese parameters reproduce the rock
mass properties in this study, so the micromechanical

parameters of coal and rock mass determined in Table 2 are
reasonable and usable.

3.3.Validationof theGlobalModel. In this section, the global
model parameters are corrected for the primary section with
a width of 4.8m and a height of 3.2m. In the process of
numerical simulation, the excavation of the LODM is
simulated by deleting the blocks in the profile of primary
section of the LODM. However, sudden excavation may lead
to unbalanced response of the model, which will lead to
dynamic stress paths around the excavation boundary. *is
dynamic stress usually produces a larger failure range
around the excavation than expected [38]. In the field ex-
cavation, the open-off cut is gradually and continuously
excavated by a heading machine, and the boundary of the
LODM produces a static stress path [39, 40]. In order to
simulate this more realistic excavation effect, the FISH
function is embedded into the UDEC model [35], and the
equivalent force is decomposed into 10 stages to simulate the
gradual excavation process. At each stage, the internal stress
exerted on the excavation boundary is reduced by 10% of the
original equivalent force, and enough numerical time step
length is calculated to ensure the model reaches equilibrium.
*is method can minimize the impact of transient on
material failure and provide a more static calculation
scheme.

Adopting the abovementioned mechanical parameters
of coal seam of the LODM and roof and floor rock in 5202
working face of Xin’an coal mine, and using the above-
mentioned “excavation” simulation method, the supporting
parameters of primary excavated section are shown in
Figure 5. Long and short anchor cables are both used for
supporting. Short anchor cables with a diameter of 17.8mm
and a length of 4300mm are used for basic support on the
roof.*e short anchor cables have a spacing of 800mm and a
row spacing of 800mm, while long anchor cables with a
diameter of 17.8mm and a length of 6300mm are used for
reinforcing support. *e long anchor cables have a spacing
of 1600mm and a row spacing of 800mm. *e two sides of
the roadway are supported by anchor cables with a diameter
of 17.8mm and a length of 2700mm. *e anchor cables of
two sides of the roadway have a spacing of 800mm and a row
spacing of 800mm. *e long and short anchor cables of the
roof and the anchor cables of two sides of the roadway are
made of reinforced ladder beam welded with round steel
with a diameter of 14mm. *e reinforced ladder beam used
for short anchor cables on roof has a width of 60mm and a

Table 1: Intact rock properties and calculated rockmass properties.

Rock
strata

Intact rock
RQD

Rock mass
(GPa) (MPa) (MPa) (GPa) (MPa) (MPa)

Sandy
mudstone 5.89 11.44 1.14 90 3.42 8.12 0.81

Fine
sandstone 8.53 13.88 1.40 92 5.40 10.41 1.05

Coal 1.48 4.99 0.50 88 0.79 3.36 0.34
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length of 4500mm, while that used for long anchor cables on
roof is 60mm and 3300mm, respectively. *e width and
length of reinforced ladder beams used for the anchor cables
on two sides of the roadway are 60mm and 2500mm, re-
spectively. In the numerical simulation, the built-in
“cable” element is used to simulate the long and short anchor
cables of the roof and the anchor cables of the two sides of
roadway, and the built-in “liner” element is used to simulate
the roof and the reinforced ladder beams of the two sides of
roadway. *e parameters of the supporting unit are shown
in Table 4 in this paper.

*e deformation of the primary excavation section of the
LODM of 5202 working face is numerically simulated.
Figure 8 shows the comparison between the numerical
simulation results and the field monitoring deformation
results. Although the time of numerical simulation is not the
actual time of field measurement, UDEC Trigon model
reproduces a deformation process of excavation section in
horizontal and vertical directions. At the same time, the
numerical simulation also reproduces the roof failure mode

in the interface area of the two excavation sections after
completion of the second section excavation, which will be
studied in detail below. According to the results of numerical
simulation, the maximummoved volume of the two sides of
roadway of the primary excavation section is about 248mm,
and the maximum moved volume of the roof and floor is
about 410mm.*e numerical calculation results are in good
agreement with the field monitoring results, which verifies
the rationality of UDEC Trigon model and the mechanical
properties of rock mass used in this paper.

4. Failure Mode of Roof in the LODM and
Effect of Support Scheme

4.1. Roof Failure Process and Support Timing of Primary
Excavation Section. *e fracture of roof rock can be iden-
tified by microseismic activity. In recent years, microseismic
system has been used to better understand the failure process
of roadway and working face. In UDEC Trigon model, the
damage of block contact is considered as the main source of
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Figure 7: Calibration model using trigon logic: (a) calibrations for coal mass UCS; (b) Brazilian tensile test.

Table 2: Calibration of mechanical properties of rock strata and coal seams used in the model.

Rock strata
Matrix properties Contact properties

Density (kg/m3) E (GPa) kn (GPa/m) ks(GPa/m) Cohesion (MPa) Friction angle (°) Tensile strength (MPa)

Sandy mudstone 2450 3.42 180 54.2 2.7 32 1.23
Fine sandstone 2550 5.40 278.5 83.6 3.4 35 1.59
Coal 1400 0.79 150.2 46.1 1.4 30 0.52

Table 3: Comparison of theoretical and simulated values of elastic modulus, compressive strength, and tensile strength of rock mass.

Rock strata
E (GPa)

Error (100%)
UCS (MPa)

Error (100%)
BTS (MPa)

Error (100%)
Target Calibrated Target Calibrated Target Calibrated

Sandy mudstone 3.42 3.54 3.51 8.12 8.30 2.22 0.81 0.83 2.47
Fine sandstone 5.40 5.15 −4.63 10.41 10.85 4.23 1.05 0.98 −6.67
Coal 0.79 0.76 −3.78 3.36 3.23 3.87 0.34 0.36 5.88
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microseisms, so the microseismic activity can be simulated
by counting the number of crack increments in a specific
calculation time [40, 41]. In this paper, the contact failure of
roof is related to microseismic activity [42, 43]. *erefore,
the reasonable support timing can be determined through
the development of microcracks.

Figure 9 shows the size of fracture and damage of roof in
primary excavation section, and Figure 9 shows the height of
fracture propagation and failure mode of roof in three
different stages after primary section excavation. *e term
“damage” is defined as the ratio of the number of failure
contacts (tensile strength or shear strength) to the number of
all predefined contacts in the roof [34].

D �
LSH + LTE

LTC
× 100%, (14)

where LSH is the total length of shear crack, LTE is the total
length of tensile crack, and LTC is the total contact length.

It can be seen from Figures 9 and 10 that tensile fracture
is themainmode leading to roof rock failure, and the process
of roof rock failure and fracture propagation after primary
excavation section is divided into three stages. In the first
stage, the occurrence frequency of tensile cracks is 2.5 times
that of shear cracks, the roof damage rapidly increases to
50%, the height of tensile cracks on the roof expands to about
1.8m, and a small amount of shear cracks appears at the
humeral angle of both sides of roadway in the primary
excavation section. In the second stage, the occurrence
frequency of tensile cracks and shear cracks on the roof
gradually decreased, the damage of the roof slowly increased
from 50% to 65%, the height of tensile cracks on the roof
expanded to about 4.0m, and the shear cracks at the humeral
angle of the two sides of roadway gradually expanded to the
central area of the roof, with the extension height of shear
cracks about 1.5m. In the third stage, the occurrence fre-
quency of tensile cracks and shear cracks on the roof tends to
low stable value, and the roof damage also keeps stable from
65% to 68%. *e height of tensile cracks on the roof extends
to about 4.8m, and the expanded height of shear cracks is
about 1.7m, accompanied by a small amount of shear cracks
in the deep part of the roof.

4.2. Failure Process and Support Timing of Full Section Roof
after Secondary Excavation. *e simulation method of sec-
ondary section excavation process is the same as that of pri-
mary section excavation process.*e supporting parameters of
secondary section excavation are shown in Figure 11(a). After
the secondary section excavation, the failure mode and crack
propagation process of roof of the full section open-off cut are
shown in Figure 6. *e development law of microcracks above
the roof strata in the secondary section excavation process is
similar to that in the primary section excavation process, so the
development process of roof cracks in the secondary section
excavation is also divided into three stages. It can be seen from
Figure 6 that, in the first stage after secondary section exca-
vation, the crack distribution of the full section roof is
asymmetric, and the tensile crack propagation height of the
primary section roof remains unchanged at 4.8m, the shear
crack propagation height remains unchanged at 1.7m, the
tensile crack propagation height of the secondary section roof
reaches 3.8m, the shear crack appears near the humeral angle
of the secondary excavation section, and a few shear cracks
appear in the middle of the roof. In the second stage after
secondary section excavation, affected by secondary section
excavation, the development height of roof cracks in primary
section increased. *e propagation height of the tensile cracks
on the roof of the primary excavation section increased from
4.8m to 6.8m, while the propagation height of shear cracks
increased from 1.7m to 2.4m. *e propagation height of
tensile crack on the roof of the secondary excavation section
increased from 3.8m to 6.3m, and the propagation height of
shear cracks increased from the humeral angle to 1.6m above
the roof of the secondary excavation section. In the third stage
after the second section excavation, the crack propagation
height of the full section roof continues to increase and tends to
be stable, and the tensile crack height of the full section roof

Table 4: Properties of support elements used in the model.

Contact properties Value

Anchor cable

Elastic modulus (GPa) 200
Tensile yield strength (kN) 380

Stiffness of the grout (N/m/m) 2e9
Cohesive capacity of the grout (N/m) 4e5

Structure

Elastic modulus (GPa) 200
Tensile yield strength (MPa) 500

Compressive yield strength (MPa) 500
Interface normal stiffness (GPa/m) 10
Interface shear stiffness (GPa/m) 10

Horizontal convergence (simulation)
Vertical convergence (simulation)
Horizontal convergence (measured)
Vertical convergence (measured)
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Figure 8: Comparison between the simulation and measured
primary excavation section convergence in the Xin’an coal mine.
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extends to about 7.2m. Among them, the tensile crack height of
the interface area of the two excavated sections even reaches
about 9.0m. Compared with the previous two stages, the roof
near the interface of the two excavated sections is seriously
damaged, and the specific analysis is in Section 4.3.

Generally speaking, after the second section excava-
tion, the failure mode of the full section roof is similar to
that of the primary excavation section, which is mainly
manifested in that the last two stages are accompanied by
the deep expansion of roof cracks, and the tensile and
shear cracks are changed from microcracks in the first
stage to macrocracks in the last two stages. At the same
time, along with the second section excavation, the cracks
above the roof of the first excavation section are gradually
transferred to the deep. In the full section, the failure
mode of the roof mainly shows that the macrocracks of
the roof in the interface area of the two excavations
increase and extend to the deep. *erefore, after the
second section excavation, the reasonable support timing
should be chosen before the second stage, and the key
control of the roof strata in the interface area of the
second excavation must be considered.

4.3. Analysis of Supporting Effect of the LODM

4.3.1. ?ree Schemes for Roof Support. Anchor rod and
anchor cable support is the main method of rock stratum
control in roadway roof. *e main functions of pretension
anchor cable are divided into two aspects: on the one
hand, the anchor cable installed in the rock stratum can
reinforce the strength of rock mass, limit the deformation
of rock mass within the range of anchor cable action, and
limit the sliding of preexisting microcracks in the roof
rock mass. On the other hand, the support provided by the
reinforced ladder beam, pallet, and steel mesh installed
with anchor cable and the pretension exerted on anchor
cable can provide constraint on the roof rock stratum
surface through the extension of reinforced ladder beam,
pallet, and steel mesh. *erefore, three schemes for roof
support are proposed for the open-off cut of 5202 working
face in Xin’an coal mine (see in Figure 11). Among the
three support schemes, the support parameters of primary
section are unchanged, and the support parameters of
primary section and three support schemes for secondary
section are as follows.
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Figure 9: *e change law of microcrack events and damage amount in the roof area after the primary section excavation.
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4.3.2. Failure Characteristics of Full Section Roof. Scheme 1
is used in the simulation of roof failure process in Section
4.2. So in this section, the same UDEC Trigon model and
simulation process are used to simulate Scheme 2 and
Scheme 3. Figure 12 shows the variation law of cracks,
damage, and failure modes of roof strata in the LODMunder
three kinds of support. In order to show the damage degree
of roof in different areas above the roof more clearly, the
rock strata within 9m above the roof of full section open-off
cut are divided into 1m× 1m square grids. *e damage

calculation of each subgrid is calculated according to For-
mula (14)

5. Discussion

5.1. Support Timing and Key Points of Control. According to
the analysis of roof failure mode, crack distribution, and
damage characteristics of the LODM, the following mea-
sures are put forward about roof support timing and key
points of control.
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Figure 10: Crack development process and roof failure mode after primary excavation section supporting: (a) Stage I; (b) Stage II; (c) Stage
III; (d) dynamic evolution of roof crack after primary excavation (green cracks represent tensile cracks, and the red cracks represent
shear cracks).
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(1) Excavation and open-off cut are the way of the two
times tunneling. *e primary excavation section
should be supported in time. Before the second
section excavation, in addition to the conventional
long and short anchor cable support, a row of single
hydraulic prop is installed in the primary excavation
section together with the hinged top beam to actively
bear and support the roof, ensuring the support
strength of the primary excavation section.

(2) After secondary section excavation, the roof should
be supported in time, and the reinforcing long

anchor cable should be installed in time after in-
stalling the short anchor cable. *e interface area of
the two excavation sections should be reinforced and
supported to ensure the stability of roof strata in the
interface area.

(3) *e high pretension anchor cable supports the roof
with high-strength surface protection components
such as reinforcing mesh, reinforced ladder beam,
and pallet, controls the expansion of cracks on the
surface and deep part of the roof, and improves the
active support effect.
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Reinforce anchor cable,17.8mm, 6300mm

4300mmAnchor cable, 17.8mm,
80

0

1600 1600 1600

30004800

600 600800 800 800 800 800 800 800

Unit: mm

(a)

Primary section Second section

Reinforce anchor cable,18.9mm, 8300mm

4800 Unit: mm

14001400

900 900 900

3000

(b)

·

Primary section
Second section

4800 Unit: mm3000

Single hydraulic prop

2000
1000

(c)

Figure 11: Plan view of three roof support schemes, (a) Scheme 1; (b) Scheme 2; (c) Scheme 3.
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5.2. Control Technical Parameters. After primary section
excavation, the roof is supported by short anchor cables with
a diameter of 17.8mm and a length of 4300mm, with a
spacing of 800mm and a row spacing of 800mm, and
reinforced by long anchor cables with a diameter of 17.8mm
and a length of 6300mm, with a spacing of 1600mm and a
row spacing of 800mm. Before the secondary section ex-
cavation, a row of DW-250/100 single hydraulic prop with

working resistance of 250 kN is arranged at 2000mm away
from the interface of the two excavation sections to match
with DJB-1000 metal hinged roof beam. After secondary
section excavation, the roof is supported by short anchor
cables with a diameter of 17.8mm and a length of 4300mm,
with a spacing of 900mm and a row spacing of 800mm.*e
two sides of roadway are supported by anchor cables with a
diameter of 17.8mm and a length of 2700mm. Long anchor
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Figure 12: Distribution, damage, and failure modes of roof cracks in three support schemes, (a) Scheme 1; (b) Scheme 2; (c) Scheme 3.
(*e green cracks represent tensile cracks, and the red cracks represent shear cracks.)
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cables with a diameter of 18.9/17.8mm and a length of 8300/
6300mm are used for reinforcement support, with a spacing
of 1400mm and a row spacing of 800mm. Short anchor
cables with a diameter of 17.8mm and a length of 2700mm
are used on the two sides of roadway to support the two sides
of roadway.*e anchor cable spacing is 900mm and the row
spacing is 800mm, and the pretension of both long and short

anchor cables is 250 kN. *e supporting parameters of long
and short anchor cables in the full section are shown in
Figure 13.

5.3.FieldTest ofRoofSupportEffect. After adopting the above
optimized support scheme of the LODM, the roof defor-
mation of the two excavation sections of the roof of 5202
open-off cut is shown in Figure 14. *e monitoring results
show that the deformation of the roof strata of the 5202
open-off cut is effectively controlled, the deformation of the
roof of the two excavation sections is stable for a period of
time, and the convergence deformation of the roof-to-floor
and the rib-to-rib of the LODM is 550mm and 350mm,
respectively. *e field application shows that the sur-
rounding rock of roof has been effectively improved under
the action of support of high-strength long and short anchor
cable and bearing structure of high working resistance
hydraulic prop.

6. Conclusions

In order to solve the stability control problem of sur-
rounding rock in the LODM, this paper systematically
studies the evolution law of roof crack evolution, failure
mode, and damage degree in secondary tunneling of the
LODM by means of field investigation, theoretical calcu-
lation, numerical simulation, and engineering practice,
compares and analyzes the control effect of roof crack and
damage under three supporting conditions, and determines

20
0

90
0

30
0

200 600 800 800 800 800 600
200

900 900 900 300

83
00

7800
4800 3000

15°

15°

90
0

90
0

32
00

2700

Φ18.9Φ17.8

63
00

43
00

2000 1000

14001600 1600 1400 700700
500

Unit:mm
In

te
rfa

ce

Si
ng

le
 h

yd
ra

ul
ic

 p
ro

p

Si
ng

le
 h

yd
ra

ul
ic

 p
ro

p

Figure 13: Parameter diagram of the LODM support in 5202 working face.

Rib-to-rib convergence
Roof-to-floor convergence

Primary section convergence

0

100

200

300

400

500

600

C
on

ve
rg

en
ce

 (m
m

)

8 16 24 320
Monitoring time (day)

Figure 14: Field monitoring diagram of the LODM deformation of
5202 working face.

14 Advances in Civil Engineering



the reasonable support timing and control technical pa-
rameters. *e main conclusions are as follows.

(1) *e mechanical model of roof deformation of the
LODM is established, and it is determined that the
deflection of roof is directly proportional to the cubic
of span. *e secondary tunneling excavation method
is selected for the LODM, so as to avoid large de-
flection deformation and instability of roof caused by
primary excavation full section open-off cut.

(2) A UDEC Trigon model is established to simulate the
evolution characteristics, failure modes, and damage
degree of roof cracks in secondary tunneling of the
LODM, the input parameters are calibrated, the
global model is verified according to the monitoring
data, and the failure process of roof rocks in the
LODM is studied. According to the microseismic
activity of cracks in the simulation process, the
failure process of roof rock stratum in the LODM is
divided into three stages, and the reasonable support
timing is determined.

(3) *e limiting effects of the three supporting schemes
on the crack evolution of roof strata are evaluated,
and the results show that the key supporting in the
interface area can reduce the crack propagation
height of roof strata in secondary tunneling and
weaken the damage degree of roof strata in the deep.

(4) *e control timing and key points of control for
surrounding rock of the LODM are put forward, and
the technical parameters of the LODM in 5202
working face in Xin’an Coal Industry are deter-
mined.*e field test shows that, after reinforcing and
supporting by the lengthened anchor cable and
single hydraulic props, the moved volumes of the
LODM of rib-to-rib and roof-to-floor are about
350mm and 550mm, respectively. *e results pro-
vide a basis for the control of surrounding rock of the
LODM under similar conditions.
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