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The mechanical model of the basic roof fracture structure is established on the basis of key block theory to study the roof breaking
mechanism of gob-side entry retaining under roof cutting and pressure relief, and the analytical formula of roof support resistance
is derived when the key block of the basic roof is stable. The influence of roof cutting angle and cutting height on roof support
resistance is also analyzed. Determining the cutting seam parameters of the retained roadway roof is necessary to identify the
support resistance of the roadway roof due to the correlation between the roof cutting parameters and the support resistance.
Taking the II 632 haulage drift of the Hengyuan coal mine as the engineering background, FLAC3D numerical simulation is used
in this paper to analyze the influence of different roof cutting angles and cutting heights on the surrounding rock structure
evolution of retained roadways. Results show that the roof cutting angle and cutting height respond to the support resistance of the
retained roadway roof, and the support resistance required by the roof increases with the roof cutting angle and cutting height.
This condition ensures that the side roof of the gob can be cut off smoothly, and the support resistance required by the roof of
retained roadways is within a reasonable range. Through theoretical and numerical simulation analysis, the reasonable roof
cutting height of II 632 haulage drift is 8 m and the roof cutting angle is 15°. The theoretical analysis and numerical simulation
results reveal that the required support resistance to maintain the stability of the roadway roof is 0.38 MPa. The supporting scheme
of the roof of the IT 632 haulage drift in the Hengyuan coal mine is then designed. Finally, the field industrial test is used for
verification. The borehole imaging results show that the overall line of the retained roadway roof is small based on the description
of field monitoring results. The deformation of the surrounding rock surface of the retained roadway is less than 100 mm, and the
roadway is 40 m from the lagging working face. The deformation rate of surrounding rock decreases with the increase in distance
from the working face. The integrity of the retained roadway roof is good, and the deformation of the surrounding rock is
effectively controlled.

1. Introduction retaining can effectively reduce the waste of coal resources

[1-4]. However, the roof deformation of the retained
Owing to the increasing contradiction between the daily  roadway is serious, and the roadway support difficulty has
reduction of coal resources and energy demand, the roof ~ become a new problem. Therefore, many local and foreign
cutting and pressure relief technology in gob-side entry  scholars have conducted a considerable amount of research.
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Reference [5] established the structural model of the retained
roadway roof and determined the design of the retained
roadway roof in the excavation process. This design was
successfully applied in the Halagou coal mine. Considering
the numerical simulation method and laboratory experi-
ment in [6], directional blasting can reduce roof damage of
the retained roadway in the process of roof cutting and
pressure relief. References [7, 8] discussed the stress dis-
tribution range of the retained roadway roof by establishing
the mechanical structure model and effectively controlled
the deformation of the retained roadway roof by using the
constant resistance anchor cable. Reference [9] analyzed the
stress distribution characteristics of retained roadway roof in
medium-thick coal seam by the mechanical model and
found that the goaf gangue has a good supporting effect on
the retained roadway roof with a decrease in cantilever beam
length. Reference [10] analyzed the application of the new
telescopic energy absorption support system on the sur-
rounding rock of the retained roadway by the numerical
simulation method and found that the new support system is
conducive to maintain the stability of the retained roadway
roof compared with the traditional support method. In [11],
the theoretical and analytical formulas of roof deformation
of the retained roadway are obtained by energy theory and
verified by field measurement. Reference [12] theoretically
analyzed the broken position of the retained roadway roof
and concluded through the assessment of UDEC numerical
simulation software that the fracture of the retained roadway
roof on one side of the goaf is conducive to the roadway
stability. In [13], the influence of working face pressure in
the roof cutting and pressure relief technology and the
conventional mining method was examined by field mon-
itoring and numerical simulation. This reference concluded
that the roof cutting and pressure relief technology can
produce a low-stress area in the roadway. Reference [14]
obtained the deformation characteristics of gob-side entry
retaining roadway under different stages of roof cutting and
pressure relief through similar physical simulation experi-
ments. The results show that the surrounding rock behind
the working face reaches a stable state after the working face
is excavated for 20 m, and the surrounding rock pressure of
roadway is effectively relieved through roof presplitting and
seam cutting. The paper introduces the partition control
technology of the roadway retaining based on the analysis of
roof rock movement characteristics of gob-side entry
retaining in [15]. Through the analysis of the support modes
in different areas in the gob-side entry retaining, the mining
mode requires that the mining roadway should be driven in
advance and the protective coal pillar should be reserved in
the conventional mining process. Reference [16] adopted the
combined support technology of constant resistance anchor
cable and single hydraulic prop to solve the serious roadway
deformation problem in the roof cutting and pressure relief
technology of 2422 working face in Baijiao coal mine
effectively.

The research results of many scholars revealed that the
roadway roof with gob-side entry retaining can effectively
solve the roadway deformation problem through the roof
cutting and pressure relief technology despite the broken roof
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of the retained roadway or its short cantilever beam structure,
which is closely related to the roof cutting angle and height.
Therefore, the determination of the key parameters of roof
cutting seam parameters is the key to the gob-side entry
retaining technology. Reference [17] studied the key pa-
rameters of roadway roof blasting in the process of roof
cutting and pressure relief by mathematical analysis and
optimized the process of roof blasting design for retaining
roadway. The analysis of the stress dynamic evolution law of
the retained roadway roof in Reference [18] showed that the
fracture position of the retained roadway roof is related to the
key parameters of roof cutting. Reference [19] obtained the
angle and height of roof cutting through physical experiments
and successfully cut the goaf roof. The research methods of
theoretical analysis, numerical simulation, and field mea-
surement are used in Reference [20, 21]. The reasonable range
of roof cutting height and angle in the roof cutting and
pressure relief technology is determined and successfully
applied in many coal mines, such as Chengjiao coal mine.

The above research results revealed that the roof cutting
and pressure relief technology can cut off the connection
between the roof of the retained roadway and that on the
goaf side. However, most of the previous studies focused on
the influence of roof cutting seam parameters on the inner
area of the solid coal side of the retained roadway, while the
research on the influence of the roof cutting seam param-
eters on the roof support of the retained roadway is limited.
Based on previous studies, this paper analyzes the fracture
principle of roof strata in gob-side entry retaining and
pressure relief roadway roof. The influence of different roof
cutting angles and heights on the roof support resistance of
retaining roadway is also studied. The stress distribution
characteristics of surrounding rock under different roof
cutting seam parameters are analyzed by FLAC3D numerical
simulation software. The reasonable values of roof cutting
height and angle of I 632 haulage drift in the Hengyuan coal
mine are determined. Finally, the corresponding support
scheme is proposed in accordance with the actual situation
of IT 632 haulage drift in the Hengyuan coal mine. The
research results provide a certain reference value for the
design of roof support parameters of gob-side entry
retaining under roof cutting and pressure relief.

2. Roof Breaking Mechanism of Gob-Side Entry
Retaining with Roof Cutting and
Pressure Relief

The research results of many scholars on the structural
characteristics of roof strata of mining roadway [22, 23]
show the rapid collapse of the strata in the goaf behind the
support with the advancement of the mining face. The
overhanging area above the retained roadway becomes in-
creasingly large, thus allowing the goaf to form an O-X
fracture structure. With the continuous advancement of the
coal mining face, the location with a certain area of over-
hanging behind the support will break again under the
action of gravity, thus resulting in periodic weighting be-
haviors of goaf.
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In the gob-side entry retaining technology of roof cutting
and pressure relief, one side of the roadway is solid coal, and
the other side is the rock block caving area in the goaf. The
key block B structure will be formed in the rock section of
the retained roadway roof. The immediate roof is the most
important factor affecting the stability of retained roadways.
This paper mainly studies the fracture form of the key
structure of the roadway roof and the influence of the
roadway support resistance on the stability of the retained
roadway. The key block B is simplified as a triangular
structure model to facilitate analysis. Figure 1 shows the
space top view, where « is the angle between the space
triangle and the collapse distance, °; I is the interval of pe-
riodic weighting, m; L, is the horizontal distance of key block
B, m.

3. Key Block Structure of Retaining
Roadway Roof

After the retained roadway roof is fractured, the roadway
roof will form a fractured structure as shown in Figure 2. The
key block A above the solid coal side forms an articulated
structure with the key block B above the roadway and the key
block C above the goaf. Among these key blocks, key block B
breaks in the interior of the roadway solid coal, and the
fracture location is at the interface of the elastic-plastic zone
on the side of the roadway solid coal. The key block B re-
volves and sinks around the fracture position in the solid
coal side. In the process of sinking, the key block B contacts
with and compacts the caving rock block in the goaf by its
gravity. The key block B finally stabilizes due to the sup-
porting force of the rock blocks in the goaf. At this time, the
key block B forms a stable load-bearing structure, which
plays a protective role in retaining roadways. Among them, f;
is the supporting force generated by the solid coal side, kN;
F, is the support resistance required by the roadway, kN; F,
is the supporting force produced by rock blocks in goaf, kN;
X is the range of plastic zone on the solid coal side, m; b is
the width of roadway, m; e is the action range of rock
supporting force in goaf, m; & is the height of coal seam, m; h
is the height of the immediate roof, m; h, is the roof cutting
height, m; 3 is the roof cutting angle, *; L; is the breaking
length of key block B, m; Fj, is the dead weight of the im-
mediate roof and key block B; 8 is the turning angle of key
block B, °; u; is the position of the key block B contacting the
goafju, is the final sinking position of the key block.

3.1. Mechanical Model of Key Block

3.1.1. Limited Breaking Length Li of the Rock Stratum of Key
Block B. Fracture line theory indicates that, in the process of
the basic roof fracture when the goaf passes through the first
collapse, the length L; of the key block fracture is shown in
the following equation:

I o3
L=l —=+\—=+> ) 1
: l( < 4SZ+4> (1)

Meanwhile, when the goaf passes through the interval of
periodic weighting, the breaking length L; of the key block is
shown in the following equation:

1P
Li:1<_§+ —2+%>,
§ (2)

L;=L;cosb,

where S is the length of working face, m.

3.1.2. Support Force F; of Waste Rock in Goaf to Key Block.
When the key block B contacts with the rock block in the
goaf after the roadway is formed, the subsidence of the
sinking end of the key block B is u,, as shown in the fol-
lowing formula:

uy = h— (K, = 1)hy, (3)

where h is the mining height, m, and K; is the coefficient of
roof rock fragmentation expansion.

At this time, the position coordinate u; of the subsidence
end of the key block contacting the rock block in the goaf is
shown in the following equation:

Uy

" ang (4)

Key block B continues to sink under the action of
overburden load and its gravity, and the collapsed rock
blocks in the goaf are continuously compacted. The sup-
porting force of goaf rock blocks to key blocks increases with
the continuous compaction of goaf rock blocks. The equi-
librium state is formed under the joint actions of overlying
load, solid coal support force, roadway support resistance,
and support force of rock block in goaf with the cancelation
of the subsidence state of key blocks. Thus, the sinking
distance u, of key block B is shown in the following equation:

U, =h—(KC—1)hf, (5)

where the coordinate position of the key block contacting
the waste rock is u3, as shown in the following equation:

(6)

)
tan @

Us

where K, is the residual crushing expansion coefficient of
collapsed rock mass after compaction, which can be de-
termined by simulation tests or field measurements.

In the process of key block sinking, the overall com-
pression amount Au of caving rock block under the action of
the key block due to the continuing compaction of the waste
rock in goaf is shown in the following equation:

Au = uz —uy. (7)

In the entire key block from the subsidence activation
state to the stable structure of the hinged load-bearing
structure, the supporting force [24] f, per unit area of the
caving rock block in the goaf is shown in the following
equation:



FIGURE 2: Mechanical structure model of key block.

fy=K,u. (8)

where K is the support coefficient of caving waste rock,
MPa/m.

The supporting force F, of the entire waste rock in the
goaf to the key block is then presented in the equation as
follows:

e -2 —L.
o[ LD
9 )., tanacosf
Among them,
azLi—xO—b—hdtanﬁ' (10)

cos B

The expression of width x, of the limit equilibrium zone
of the coal body in the roadway is shown in the equation as
follows:

( F b
R, = h(x§+ )’

(up/tan 6)

S N

_F,(x,+b)
me 2

R

( (Li—xo—h—hdtanﬁ)/cos 0)
R,= |

X tan a cos 0

Shock and Vibration

(11)

_ hA R kyH + (cy/ tan §)
Y= S tano (co/ tanéd) + (p,/A) )

where A is the lateral pressure coeflicient; p, is the support
strength of coal side, MPa; H is the buried depth of roadway,
m; ¢ is the bonding strength of coal and rock mass, MPa; ¢ is
the internal friction angle of coal body, °; y is the average
density of overlying strata KN/m’; k is the stress concen-
tration factor; and / is the height of roadway, m.

o= arctan(zTLi>. (12)

3.1.3. Support Force f; of Coal Side Wall beside Roadway.
The breaking position of key block B is at the elastic-plastic
interface of the solid coal side of the retained roadway. The
supporting force f; of the solid coal on the key block is shown
in the equation as follows:

2x tan ¢,
(S Px), A - % (13)
J: (tan§00+A>e

tan ¢’

where ¢y is the internal friction angle of the top and bottom
slate interface, °.

3.1.4. Load F;, of Key Block B and Overlying Strata. The load
of the immediate roof and the key block jointly acts on the
roadway roof, as shown in the following formula:

2
F, = (xo +b) YHi) (14)

tan«
where H; is the thickness of the immediate roof and key
layer, m.

3.1.5. Roadway Support Resistance F,,. The effective load-
bearing structure is formed by the anchoring range of the bolt,
and the integrity of the roof is increased. The suspension effect
of the constant resistance anchor cable stabilizes the roof of the
retained roadway. The support resistance of the bolt and the
anchor cable to the roadway is F,,,.

The torque produced by F, F, f;, and F,, on the rotation
of key block B is as follows:

[-2(x - L)]

xdx
9 tanacos@ ’

R - J’%*b [F2(-L)] 4.
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According to the relation ) M =0, the following
equation is obtained:

2F), (o +b) - 6G[DEL,M + DEH - 2 DE*] + FN +£,P + 6M,|

En 3(x, + D)

(16)

The fixed end of the immediate roof is assumed to be a
fixed boundary condition as follows:

1
M, = 6a,h}l, (17)

where 0, is the tensile strength of the key block, MPa. Among
them,

S px

= + 3
tang, A

_hA
T 2tang,
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_ 2
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] = (g + b)e (o) _ (i) g (Grt)iE) o (),
M = o) (4 ) — (i) (Go)E) _ (),
N =

(0 + 0 - 23]+ [ - (o + )]

Lp:%(uf_aZ)%(atui).

(18)

3.2. Analysis of the Influence Factors of Roof Support Resistance
of Retaining Roadway. The analysis is conducted to realize
the technology of roof cutting and pressure relief and gob-
side entry retaining in the Hengyuan coal mine. Combined
with the actual geological conditions, the results show that
the internal friction angle of the interface between the top
and bottom slate is ¢,=38", and the average density of
overlying strata is =24 kn/m”. The results also reveal the
following: coeflicient of lateral pressure A=0.41; bond
strength of coal and rock mass ¢y=0.84 MPa; support
strength of coal wall p,=0.2MPa; basic roof interval of
periodic weighting /=30 m; working face length §=185m;
key block rotation angle 8=5°; working face buried depth
H=650m; coal body friction angle §=26"; mining height
h =3 m,; stress concentration factor k = 1.6 tensile strength of
the key block o,=1.68 MPa. The results also show that the

crushing expansion coefficient of roof rock is K;=1.2, the
residual coeflicient of crushing expansion after compaction
of rock block in caving goaf is K.=0, and the height of the
immediate roof is hy=10m. The relationship between the
roof cutting angle and height and the roof support resistance
is shown in Figure 3.

Figure 3 shows the relationship between the roof cutting
angle and height and the support resistance. Figure 3(a)
displays that the support resistance required by roadway
support increases with the roof cutting height. The sup-
porting resistance of the roadway correspondingly increases
with the roof cutting height due to the self-weight of the
overlying strata. The key layer structure is the main carrier to
bear the overlying load when the roof cutting height reaches
the position near the load-bearing structure of the key layer,
and the support resistance required by the roof retaining
slowly increases.

Figure 3(b) shows that the support resistance of the
roadway roof is related to the roof cutting angle in stage I. The
support resistance of retaining roadway roof also increases
with the roof cutting angle. The large exposed area of the short
cantilever beam of the roof indicates the large load on the
roadway roof. The key block C acts on the triangular area of
the roadway hanging roof, which further intensifies the ro-
tation of the key block B. The change trend enters the second
stage with the increase in roof cutting angle, and the support
resistance of retaining roadway slowly increases. The goaf roof
is between cutoff and no cutoff during this period, the
cantilever beam structure of the left roadway is incompletely
cut off, and the rock blocks in the goaf provide part of the
support force. Thus, the key block is in the dynamic process
from contacting rock block to full compaction, which slowly
raises the support resistance of roadway retaining. The change
trend will enter into stage IIT with the increase in the roof
cutting angle. The relationship between roadway and goaf
roofs is not cut off. The goaf roof stress is transmitted to the
retained roadway roof through the long cantilever beam
structure, which exponentially increases the support resis-
tance of the retained roadway roof.

4. Determination of Key Parameters of Roof
Cutting Seam in Retained Roadways

4.1. Analysis of the Roof Cut Height of the Roadway Roof.
Determining the reasonable cutting parameters first based
on the influence of the cutting parameters of the roadway
roof on the support resistance is necessary. In actual en-
gineering conditions, the connection between the basic and
goaf roofs cannot be cut off when the roof cutting height is
small. The sinking and rotation of key blocks still have a
substantial impact on the roadway roof. After the mined-out
area collapses in a short time, there are cracks between the
gangue. A tendency to continue rotating movements in the
roof slab of the reserved lane also exists. The large structure
of the roof rock layer of the roadway is destroyed when the
roof cutting height is large, and the overlying load acts on the
roadway roof, making it difficult to support the roadway
roof.
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FiGure 3: Distribution curve of roof support resistance under different roof cutting conditions. (a) Relationship between roof cutting height
and support resistance. (b) Relationship between roof cutting angle and support resistance.

Therefore, the height of the cutting seam should be larger
than the sum of the height of the basic and the immediate
roofs. Thus, the roadway roof cuts off the connection with
the goaf roof.

H, =H, +H, (19)
where Hy is the top cutting height, m; H, is the height of the
immediate roof, m; and Hi; is the height of the basic roof, m.

After the collapse of the rock stratum, the goaf will be
filled with rock blocks through its fragmentation and
swelling, which will reduce the collapsed height of the
overlying strata in the goaf. Therefore, the cutting joint
height of the retained roadway roof is as follows:

h
K,-1

Hy = iHi = (20)
i=1

where H; is the thickness of layer i and K, is the average
breaking up coefficient.

_2ia KiH;

K, = >
POXLH

(21)

where K; is the breaking up coefficient of layer i. K, is
generally 1.3 and 1.5.

When H, + H;> (h/ (Kp — 1)) is used,the cutting height
is calculated as shown in equation (19):

When H, + H;< (h/ (Kp — 1)) is used, the cutting height
is calculated as shown in equation (20):

The actual geological conditions of the Hengyuan coal
mine reveal that the immediate roof height of roadway
retaining working face is 2.25-4.8 m, the basic roof height is
2.25-4.8m, the thickness of coal seam is 2.8 m, and the
average breaking up coefficient K, of the rock layer is 1.3.
Therefore, the roof cutting height of II 632 working face in
the Hengyuan coal mine is 8-9.3 m.

4.2. Analysis of Roof Cutting Angle of Retained Roadway Roof.
The side rock mass of the goaf cannot slide down along the
cutting seam line when the roof cutting angle is small due to
the influence of static friction between rock masses.

Moreover, the goaf can still transfer force to the roadway
roof, driving the rotation, and sinking of the rock mass of the
retained roadway roof. The impact energy produced by
blasting causes remarkable damage to the roadway roof
integrity and weakens the anchoring bolt effect on the
retained roadway roof. If the roof cutting angle is consid-
erably large, then cutting the seam line cannot cut off the
path of roof stress transmission, and roadway retaining
easily causes damage.

FLAC3D numerical simulation software is used to an-
alyze the cutting parameters to verify the size and rationality
of the key parameters of roof cutting.

4.3. Establishment of the Numerical Model. FLAC3D nu-
merical simulation software is used for simulation analysis to
obtain the reasonable value of roof cutting angle and height
in the roof cutting and pressure relief technology of the
haulage drift in the Hengyuan coal mine. A numerical model
with a length and width of 300m x73.1m is established
following actual engineering geological conditions of II 632
fully mechanized working face in Hengyuan coal mine, as
shown in Figure 4. The original rock stress is 16.25 MPa, and
its displacement is constrained around the model. The right
goaf is filled with the elastic body model. The rock me-
chanical parameters are shown in Table 1.

4.4. Analysis of Numerical Simulation Results of Roof Cutting
Height. Figure 5 shows the influence of simulated roof
cutting height of 6, 8, and 10m on the surrounding rock
stress of cut retained roadway roof. A comprehensive
comparison can also be obtained. When the roof cutting
height is 6 m, the stress concentration in the solid coal side of
the retained roadway is 24.98 MPa, the peak value range of
the stress concentration in the solid coal side of the retained
roadway is large, and a certain pressure relief area exists
around the retained roadway roof. When the roof cutting
height is 8 m, the peak value of the stress concentration at the
solid coal side of the roadway is 23.89 MPa, which is far away
from the retained roadway surface, and the pressure relief
range around the roadway roof is further increased. When
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TaBLE 1: Rock mechanical parameters.
Litholo Bulk density Bulk modulus Shear modulus Internal friction Cohesion Tensile strength
&Y (kg/m?) (GPa) (GPa) angle () (MPa) (MPa)
Sandy 2652 2.54 138 30 13 0.43
mudstone
Siltstone 2610 10.9 8.58 30 17.2 5.75
Mudstone 2570 7.87 6.40 38 2.07 1.68
Fine sandstone 2630 6.68 1.40 28 1.66 1.70
Mudstone 2570 7.87 6.4 38 2.07 1.68
Coal 1360 1.9 0.93 26 0.84 0.28
Mudstone 2570 7.87 6.4 38 2.07 1.68
Siltstone 2610 10.9 8.58 30 17.2 5.75
Mudstone 2570 7.87 6.4 38 2.07 1.68

(b)

1.00 1.00
0.00 0.00
-2.00 -2.00
-4.00 -4.00
-8.00 -8.00
-10.00 -10.00
-12.00 -12.00
-16.00 -16.00
-18.00 -18.00
-20.00 -20.00
-22.00 -22.00
-23.89 -23.95

(©)

FIGURE 5: Vertical stress distribution under different roof cutting heights (MPa). (a) Roof cutting height of 6 m. (b) Roof cutting height of

8m. (c) Roof cutting height of 10 m.

the roof cutting height is 10 m, the peak value of the stress
concentration at the solid coal side of the retained roadway is
23.95 MPa. No significant difference is observed between the
stress concentration range of the retained roadway solid coal
side and the roof cutting height of 6 m, and the pressure
relief range of the retained roadway roof is slightly larger
than that of the roof cutting height of 8 m. These findings are
obtained from the above analysis. When the roof cutting
height is 8 m, the peak stress concentration is smaller than
that when the roof cutting height is 6 and 10 m. When the

stress concentration range is less than the roof cutting height
of 6 m, the pressure relief area of the retained roadway roof
increases with the roof cutting height. Therefore, the pres-
sure relief thickness of the retained roadway roof increases
with the roof cutting height, and the required support re-
sistance also rises.

Figure 6 shows the following results. The roof subsidence
of the retained roadway is 1000 mm when the roof cutting
height is 6 m; thus, meeting the use requirements of the
retained roadway is difficult. The subsidence of the retained
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FIGURE 6: Vertical displacement distribution under different roof cutting heights m. (a) Roof cutting height of 6 m. (b) Roof cutting height of

8 m. (¢) Roof cutting height of 10 m.

roadway roof is 400 mm when the cutting height is 8 m, and
the roof subsidence of the retained roadway is small. The
roof subsidence of the retained roadway is 1000 mm when
the roof cutting height is 10 m.

The comprehensive comparison shows the following:
when the roof cutting height is 8 m, the roof strata in goaf
can be completely cut off, which weakens the influence of
stress transmission on the roadway roof. Moreover, the
stress in solid coal is small, and the stress concentration
value is far away from the roadway. The roof stress is in a
controllable range, which is conducive to the stability of the
roadway roof plate. When the roof cutting height is 6 m, the
influence of the basic roof on the retained roadway roof
cannot be cut off. The rotation of the basic roof has a
considerable influence on the roof. The subsidence of the
retained roadway roof is 1000 mm, and the peak value of
the stress concentration coefficient of the solid coal side is
large. When the roof cutting height is 8 m, the influence of
the basic roof on the roadway roof can be completely cut
off, the influence of the stress transfer on the retained
roadway roof is weakened, and the influence of the basic
roof rotation on the retained roadway roof is reduced.
Moreover, the peak stress concentration range is reduced,
and the support resistance of the retained roadway roof is
less than 10 m of the roof cutting height. When the roof
cutting height is 10 m, the seam line can cut off the con-
nection between the immediate and retained roadway
roofs. However, the pressure relief area of the retained
roadway roof is large, the support resistance required by the
retained roadway roof increases, and the peak value of the
stress concentration at the solid coal side is large. This
condition is not conducive to the integrity of the sur-
rounding rock of the retained roadway. Considering the
workload of drilling depth and economic benefits, main-
taining the roof cutting height of 8 m is reasonable.

4.5. Analysis of Numerical Simulation Results of Roof Cutting
Angle. Three kinds of roof cutting models with roof cutting
angles of 10°, 15°, and 20° are constructed on the basis of the
above analysis, and the stress and displacement changes of
gob-side entry retaining under different roof cutting angles
are analyzed. The numerical simulation results are shown in
Figures 7 and 8.

Figure 7 shows the following results. When the roof
cutting angle is 10°, the peak value of the concentrated stress
at the solid coal side of the roadway is 21.26 MPa, the stress
concentration area of the solid coal side of the roadway is
relatively small, and the pressure relief area appears on the
retained roadway roof. When the roof cutting angle is 15°,
the peak value of the concentrated stress at the solid coal side
of the retained roadway is 19.54 MPa, and the range of the
pressure relief area of the retained roadway roof is relatively
increased. When the roof cutting angle is 20°, the peak value
of stress concentration at the solid coal side of the roadway is
21.54 MPa, and the pressure relief area of the retained
roadway roof is further increased. Based on the above
analysis, the following results are presented. When the roof
cutting angle is 10°, the sliding down of the basic roof rock
block along the cutting seam surface is difficult, and the
influence of the goaf roof on the retained roadway roof
cannot be cut off. When the roof cutting angle is 15°, the
basic roof can slide down along the cutting surface, cut off
the connection between the goaf and retained roadway roofs,
and increase the pressure relief range of the retained
roadway roof. When the roof cutting angle is 20°, although
the connection between the goaf and retained roadway roofs
is cut off, the increase in the roof cutting angle raises the
cantilever beam length of the retained roadway roof and the
stress concentration value of the retained roadway solid coal
side.

As shown in Figure 8, the subsidence value of the
retained roadway roof is 400 mm when the roof cutting angle
is 10°. Therefore, the connection between the goaf and
retained roadway roofs cannot be cut off. When the roof
cutting angle is 15°, the subsidence value of the retained
roadway roof is 100 mm, which can cut off the connection
between the goaf and retained roadway roofs and reduce the
bending subsidence of the retained roadway roof. When the
roof cutting angle is 20°, the cantilever beam length is in-
creased with the roof cutting angle; therefore, the subsidence
value of the roof is 400 mm.

Opverall, the goaf roof cannot slide along the cutting seam
line when the roof cutting angle is 10° despite the small
pressure relief range of the retained roadway roof. Therefore,
cutting off the connection between the goaf and retained
roadway roofs is difficult. The pressure relief range of the
retained roadway roof is relatively large when the roof
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FIGURE 7: Vertical stress distribution under different roof cutting angles (MPa). (a) Roof cutting angle is 10°. (b) Roof cutting angle is 15°. (c)
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FIGURE 8: Vertical displacement distribution of different roof cutting heights (m). (a) Roof cutting angle is 10°. (b) Roof cutting angle is 15".

(c) Roof cutting angle is 20°.

cutting angle is 15°, which can cut off the stress transmission
path of the roof plate. The pressure relief range of the
retained roadway roof is large when the roof cutting angle is
20°, and the support required by the retaining roof increases.
The increase in the roof cutting angle raises the length of the
cantilever beam and the subsidence of the retained roadway
roof. Considering the damaging effect of blast hole explosion
on the retained roadway roof, the support resistance re-
quired for the retained roadway roof should be small and the
roof cutting angle should be 15° to reduce the overall damage
of blasting to the retained roadway roof and simultaneously
facilitate sliding down of the goaf slide roof along the cutting
seam line.

5. Industrial Practice

5.1. Project Overview. The length distance along the coal
seam strike of IT 632 working face in the Hengyuan coal mine
is 1725.3m, and the distance between haulage drift and
ground is —637 to —778 m. The retaining roadway tech-
nology along the goaf to roof cutting and pressure releasing
is adopted in the haulage drift. Therefore, the Yunshun
roadway can be used as the return air roadway of the next
mining face. The direct roof of the coal mining face is dark
gray mudstone with a thickness of 2.25-4 m, dark gray to
gray-black, slightly silty, and has an average of 3.13 m. Two
coal lines with a thickness of approximately 0.1 m are often

developed in the middle of the coal seam. The composite
roof is formed when the lower coal line is close to the No. 6
coal seam, and the roof easily falls off. The immediate roof is
gray to light gray fine sandstone with a thickness of
2.5-4.8 m. This roof is gray with developed fractures, with
siltstone and mudstone local inclusions, and calcite filling.

The cross-sectional shape of II 632 haulage drift is
distance shaped, as shown in Figure 9. The length x height is
5.2 m x 3 m, the roof is mainly mudstone and fine sandstone,
and the floor is mainly mudstone, which belongs to the
combination of the soft top and hard bottom. According to
the principle of roof and floor coordinated support, the bolt
mesh-cable combined support method is adopted for
retaining roadway roof to ensure that the retained roadway
can be used safely in the primary and secondary mining
processes.

5.2. Design of Support Parameters for Cutting Roof and
Retaining Roadway. The analysis of numerical simulation
results shows that the roof cutting angle of the II 632 haulage
drift in the Hengyuan coal mine is 15° and the roof cutting
height is 8 m. The theoretical calculation reveals that the
support resistance of retaining the roadway roof is 0.38 MPa.
At present, the constant resistance anchor cable with a di-
ameter of 21.8 mm x 9500 mm is adopted, and the constant
resistance anchor cable is connected by a steel ladder beam
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FIGURE 9: Support mode of IT 632 haulage drift.

structure. The length of the first row of the constant resis-
tance anchor cable is close to the cutting line, which is
500 mm away from the roadway side, and the row spacing is
1000 mm; the length of the second row of the constant
resistance anchor cable from the retaining side of the
roadway is 1500 mm, and the row spacing is 1600 mm; the
length of the third row of the constant resistance anchor
cable from the cable side is 1500 mm, the row distance is
3200mm, and the pretension of the constant resistance
anchor cable is larger than 25t. The specification of the
common anchor cable is ¢ 17.8 x 6200 mm, and the spacing
between rows is ¢ 1500 x 2000 mm; the specification of the
roof bolt is ¢ 20 x 2000 mm, and the row spacing between
anchor bolts is ¢ 750 x 800 mm; the specification of the side
anchor is ¢ 24 x 2000 mm, and the spacing between rows is ¢
800 x 800 mm. The combined support method provided a
0.6 MPa support resistance of the roof as indicated in
Reference [25], and the bolt mesh cable support layout of II
632 haulage drift is shown in Figure 9.

5.3. Analysis of Roadway Retaining Effect and Field Moni-
toring Results. The above research determined the roof
cutting height and angle of the retained roadway, and an
effective support method is applied to the IT 632 haulage drift
in the Hengyuan coal mine. The roof of the goaf rapidly
collapses after the advancement of the working face, and the
caving rock blocks quickly fill the goaf. The roof of the
retained roadway is immediately supported; thus, the overall
deformation of the roadway side is small. The effect of
roadway retaining is shown in Figure 10.

The borehole peeping equipment is used to test the crack
development of the roadway roof at the middle roof of
roadway retaining to meet the requirements of the next
mining face in the process of the roadway retaining, as
shown in Figure 11.

Figure 12 shows that the distance from the hole on the
roof surface is 2.2 m during the observation process. The roof
rock is relatively broken, and the fracture extends longitu-
dinally. The length of the hole from the roof surface of the
reserved roadway is 4.1m, and the aperture is relatively
complete. Only a small part of the cracks is developed, and
the integrity of the roadway is good. The anchor cable at the
roof effectively controls the roof deformation.

Five observation stations are arranged in the haulage
drift according to the deformation of the 500 m long gob-
side entry retaining roadway of the II 632 haulage drift to
observe the roadway deformation continuously through the
summary and processing of the monitoring data, as shown
in Figure 13.

The deformation monitoring data indicate that the sur-
rounding rock deformation of roadway within 40 m ahead of
the working face is less than 200 m; when the deformation
exceeds 40 m of the working face, the deformation rate of the
roadway surrounding rock approaches 0 mm. The defor-
mation increment of roadway within 0-40 m of the lagging
working face is large after retaining the roadway. The de-
formation amount of surrounding rock of the retained
roadway does not exceed 100 mm after 40m of lagging
working face. Therefore, the roadway surrounding rock is
effectively controlled by the roadway retaining support mode,
which provides a safe basis for the next working face.
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6. Conclusion

(1) According to the deformation and movement
characteristics of roof structures of gob-side entry
retaining, the mechanical key block model of
retaining roadway roof is established, and the cal-
culation formula of support resistance under stable
roadway roof state is derived. The sensitivity analysis
of the related parameters affecting the support re-
sistance is also conducted. The results show that with
the increase in roof cutting angle and height, the
value of support resistance needed to maintain the
stability of retained roadway roofs should also in-
crease correspondingly. The conclusion provides a
theoretical basis for the design of roof support pa-
rameters of automatic roadway formation by roof
cutting and pressure relief.

(2) After theoretical analysis, the numerical analysis
models of different roof cutting schemes are estab-
lished to obtain reasonable roof cutting parameters,
and the evolution law of surrounding rock stress and
deformation under different roof cutting angles and
heights are analyzed. The comprehensive analysis of
theoretical calculation and numerical simulation
results show that when the roof cutting angle is 15°
and the roof cutting height is 8 m, the goaf side roof
can be cut off smoothly by the cutting line. The
rotation of key blocks has minimal influence on the
retained roadway roof.

(3) Taking the II 632 working face of the Hengyuan coal
mine as the engineering background, the support
resistance required to maintain the roadway roof
stability is calculated on the basis of theoretical
analysis and numerical simulation results. Consid-
ering the factors such as roof deformation mecha-
nism and supporting material characteristics of cut
and pressure relief roadway along gob-side entry
retaining, this paper proposed roof support coun-
termeasures for the II 632 haulage drift, adopted the
technology of constant resistance and common
anchor cables and bolt-combined support, and
conducted industrial tests.

(4) Based on the field test data of IT 632 haulage roadway
in the Hengyuan coal mine, the data show that the
roadway retained deformation of the surrounding
rock is less than 100 mm after 40 m lagging behind
the mining face, and the roadway forming effect is
good. Through the borehole peeping, the integrity of
the retained roadway roof is good. Moreover, the
support scheme can effectively control the subsi-
dence of the retained roadway roof and ensure the
safety of the next working face.
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