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To solve the problem of instability and failure of a roadway in the Dianping coal mine working face under the condition of
traditional gob-side entry retaining, a mechanical model was established for analysis. The reasons for the damage are as
follows: (1) the mining height is high, and the hard thick old roof exhibits large space for rotation and subsidence; (2) the
retained roadway includes a large section; and (3) the mining impact is strong, and the adaptability of traditional cable is poor.
Therefore, the technologies of “roof-cutting type gob-side entry retaining” were proposed and the principle was analyzed.
Numerical simulation analysis of displacement and stress field under two processes was performed. The results indicated that
the peak value of side abutment pressure decreased from 20.54 to 18.24 MPa due to the roof cutting (a decrease of 11%). The
advance stress was less than the stress value under traditional conditions. When compared with the traditional conditions, the
deformation of the roadway decreased by more than 50%. Finally, field monitoring was performed, and the results showed that
under the condition of roof cutting, the deformation corresponded to the most severe within the range of 30-80 m behind the
working face. After 80 m, the deformation gradually stabilized, and the maximum convergence between the roof and floor was
210 mm. Along the inclined direction, the stress of the hydraulic support in the middle part was the highest, the stress in the uncut
side was second highest, and that in the roof-cutting side was the lowest. The periodic weighting interval on the roof-cutting side
was the highest, and the transverse influence range of the roof cutting along the working face corresponded to 29.5 m.

1. Introduction

Gob-side entry retaining (GSER) is currently the most
widely used no-pillar mining technology in the global coal
industry [1-5]. It can decrease the waste of coal resources,
decrease the extraction ratio, and realize y-type ventilation.
However, it also exhibits limitations. The surrounding rock
structures formed by the implementation of this GSER tech-
nology, the coal wall, roadside filling body, and floor are gen-
erally subject to large concentrated stress; the deformation
and damage problem is more prominent. In addition, the
geological conditions of the roadway are complex, such as
hard thick roof and large mining height; the damage prob-
lem will be more serious [6-8]. Therefore, this study con-
siders a series of practical engineering problems due to a
hard and thick roof, to examine the deformation mechanism
of surrounding rock.

Many studies have been performed on the roadway sur-
rounding rock deformation and failure problem. Tan et al.
[9] developed a new type of “compressible” filling body to
adapt to the rotary and subsidence of the overlying strata.
Han et al. [10] studied the deformation mechanism of roof
and roadside filling body under the roof cutting condition.
Wang et al. [11] studied the stress state and the deformation
failure mechanism of the GSER roof structure and put for-
ward a support design method. Coggan et al. [12] and Yang
et al. [13] analyzed the surrounding rock structure of gob-
side entry under different geological conditions and put for-
ward the resultant support scheme. The results of the study
indicate that the treatment methods for the deformation
problem under the condition of a hard roof can be approxi-
mately divided into three categories [14-17]. The first is the
improvement of the material of the filling body to adapt to
the roof deformation. The second is roof cutting via blasting.
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The third category involves strengthening the support to
mobilize the bearing characteristics of the surrounding rock
structure and achieve the best coupling support effect. This
can stabilize the deformation of the surrounding rock to a
certain extent. However, the roadway generally needs to be
repaired many times with the recovery of the working face
and reuse of the remaining roadway, which entails time
and economic costs (irrespective of the method of roadway
protection). The problem of “given deformation” of the roof
and the stress concentration on the roadway due to the
bending and sinking of the hard and thick main roof still
exists, and this cannot be fundamentally solved [3, 18].
Therefore, the study proposed a new type GSER by roof cut-
ting to solve the problem of large deformation and stress
concentration of the surrounding rock [19-21].

In this study, the GSER under the condition of hard and
thick roof of the working face 200 of Dianping coal mine in
Shanxi Province is considered as an example. Given the large
deformation and failure of the filling body and surrounding
rock of the retained roadway during the mining process, it is
unable to meet the requirements of safe mining. Therefore,
the study proposed the technology of GSER by roof cutting
via investigating its deformation mechanism and determining
the reason for surrounding rock failure and examining the
control mechanism of the surrounding rock. Finally, as
revealed by the numerical simulation and on-site monitoring
to evaluate the effect of retaining roadway, the findings exhibit
a certain theoretical and practical reference significance.

2. Project Overview

2.1. Engineering Geological Conditions. Dianping coal mine
is located in Liliu mining area, Shanxi Province, China, as
shown in Figure 1(a). The average buried depth is 460 m,
the tendency length of the working face is 220m, and the
strike length is 1088 m. The average thickness of the coal
seam is 2.8 m, and the average dip angle is 4°, which is the
near-horizontal seam. As shown in Figure 1(b), traditional
filling-type GSER is adopted for the first 200 m section of
the crossheading although the deformation of the roadway
is excessively high and the damage is significant.
Figure 1(c) denotes the histogram of the roof and floor strata
with a direct floor of 3.3 m thick sandy mudstone and an old
floor of 2.8 m thick fine sandstone. From the bottom to top,
the roof is 2.8 m thick sandy mudstone, 6.1 m thick lime-
stone, 0.7 m thick sandy mudstone, 2.4m thick coal inter-
layer, and 4.0 m thick medium sandstone.

Figure 1(d) shows the original support section. Six left-
hand nonlongitudinal bolts with a size of ®20 x 2200 mm
are arranged on the roof, and the row and line space is 940
x800mm. The row and line between anchor cables is
2350 x 1800 mm, and the length is 6.2m. Three @
16 x 1600 mm left-hand nonlongitudinal cables with a row
and line space of 1200 x 800 mm are arranged on the two
ribs. The anchor net adopts a 10# wire metal mesh, and
the mesh size is 50 x 50 mm.

2.2. Original Engineering Problem. Figure 2 shows the failure
of surrounding rock under the condition of traditional
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GSER. Figure 2(a) shows the on-site damage of the filling
body, Figure 2(b) shows the floor heave of the retained road-
way, Figure 2(c) shows the deformation of the solid coal, and
Figure 2(d) shows the deformation monitoring curve of the
original retained roadway. The displacement curve shows
that the deformation of surrounding rock is low and the
deformation rate is low when the monitoring section is
located 0-20 m away from the working face. When the mon-
itoring section lags behind the working face by 20m, the
deformation increases sharply, meaning a short period of
instability failure of the filling body occurs. Surrounding
rock failure occurs in the early stage of filling body construc-
tion within a distance of 20-50 m behind the working face.
This is mainly affected by mining and rotary subsidence of
the overlying hard and thick rock stratum. The deformation
of the local surrounding rock in a low range gradually
develops into an irreversible large-scale damage until the
retained roadway failure, and this does not satisfy the
requirements of safe production.

2.3. Failure Mechanism Analysis of the Original Project

2.3.1. Deformation Analysis of the Filling Body. To solve the
failure problems effectively, it is necessary to perform an in-
depth examination of the deformation and failure mecha-
nism of surrounding rock, determine the main causes of
failure, and then propose the corresponding treatment mea-
sures. Based on the structural characteristics of surrounding
rock on site, the mechanical model of retained roadway is
established, as shown in Figure 3. According to the field
engineering experience, when the working face advances,
the gob cannot support the hard thick roof. At this time,
the left end of the roof can be regarded as supported by
the coal pillar and the roadside filling body, and the other
end is suspended in the gob. For the rock stratum, in order
to achieve a new equilibrium state, the hard thick roof
rotates and sinks to the gob and then compresses the filling
body, i.e., the stress deformation of the filling body. From
the geometric relationship shown in the figure, the maxi-
mum compression of key block B is obtained as follows [3]:

a+b+0.5c)-Ah
w=— _ | i ) . (1)

In the formula, w denotes the compression in the filling
body; I denotes the lateral fracture span of the key block B;
Ah denotes the maximum subsidence of the main roof; and
I, denotes the distance from the main roof fracture line at
the solid coal side to the filling body center.

The lateral fracture span and subsidence of the key block
B is expressed as follows [8, 20]:

2d ( d>2 d
= — 10— | +102-10—1,
17 s s

(2)
Ah=hy +hy(1-k),

where s denotes the width of the working face; d denotes the
periodic weighting interval; i, denotes the mining height; h,
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FIGURE 1: Project profile: (a) geographical position, (b) layout of the working face, (c) histogram of the roof and floor strata, and (d) original

support section.

denotes the thickness of the direct roof, and k denotes the
coefficient of bulk increase of the direct roof.

The above derivation and analysis indicate that the com-
pression deformation of the filling body is related to the
rotary subsidence of the hard thick roof, and its compression
amount is generally related to the direct roof thickness and
mining height. Decreases in the thickness of the direct roof
and increases in the mining height increase the final subsi-
dence of the basic roof and increase the compression
amount of the filling body. When the filling body continues
to be compressed and the deformation increases to a certain
extent, the bearing capacity is lost resulting in instability fail-
ure, as shown in Figure 2(a). Further, the integrity of the roof
is severely damaged.

2.3.2. Floor Deformation Analysis. Based on the uneven floor
heave deformation shown in Figure 2(b), a mechanical
model is established, as shown in Figure 4. The surrounding
rock structure of the retained roadway is mainly composed
of four parts: the roof, coal wall, roadside filling body, and
floor. The roof can be regarded as a suspended beam sup-

w=

ported by the coal wall and the filling body on both sides,
subjected to its own gravity and the pressure of the overlying
strata. The roadway on both sides is squeezed by the overly-
ing strata. The floor is regarded as a squeezing effect formed
by the pressure of the overlying strata transmitted to the
floor through the coal slopes on both sides. Therefore, the
two ends of the floor rock beam are considered as fixed ends,
the overlying strata on the left side apply uniform stress to
the floor beam via solid coal, and the filling body on the right
end is considered as the uniformly increasing linear stress
due to the compression of the old roof strata. The floor strata
are considered as beam structures of unit thickness. Based
on the analysis of the superposition principle of material
mechanics, the stress model in Figure 4(b) is decomposed
into the superposition of three mechanical models as shown
in Figure 4(c). Therefore, the deflection deformation is cal-
culated separately, and the final displacement of the floor
rock beam is obtained by the superposition of the final
results as follows [9]:

—{((0 + kyh)12)¢ [2(x%/¢) — (x1c) (2(PI) — 1)] + pa® {z ((z - x')zlaz) ~((1-x")a) (2(P1e2) - 1))} + fxl (P = 20x + %) }

24EIL ’

(3)
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where a denotes the width of the solid coal side; b denotes
the width of the roadway; ¢ denotes the width of the filling
body; p denotes the uniform stress applied on the floor of
the solid coal side; o, Ayh denotes the linearly increased
stress at the right end; p denotes the uniform stress on the
left end; f denotes the uniform stress on the reserved road-
way floor; E denotes the elastic modulus of rock; and I
denotes the moment of inertia.

The aforementioned mechanical analysis of the sur-
rounding rock deformation along with the actual on-site
damage indicates that there are four main reasons for the
failure of the surrounding rock. First, the hard and thick

old roof rotates and sinks, and this compresses the sur-
rounding rock and filling body. Second, the mining height
is relatively high and the direct roof is relatively thin. After
coal mining, the filling height of gangue formed by the direct
roof caving is relatively low, and the space from gangue layer
to the basic roof is relatively high, thereby creating favorable
conditions for the subsidence of hard and thick roof. Third,
the retained roadway exhibits a large section, the direct roof
is weak and easy to break, and the support is difficult.
Fourth, with increases in the main roof periodic fracture
length, the mine pressure appears violently, and this signifi-
cantly affects the working face and retained roadway.
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Furthermore, under the severe impact, it is easy for the
traditional cable to slip and break, which further aggravates
the deformation.

3. Control Measures

The main causes of roadway large deformation are the frac-
ture of the main roof as its rotates and sinks, the breakage of
the hard and thick main roof into articulated beam structure
that transmits additional stress, and the instability of the tra-
ditional anchor cable under the effect of the surrounding
rock deformation and mining impact. Therefore, given the
specific problems, two ideas were proposed to solve the field
problems. One idea involves manually cutting the roof such
that the rock mass within the scope of roof cutting is easy to
collapse, fill the goaf, support the upper rock layer, decrease
the rotation and subsidence of the upper rock layer, cut oft
the articulated beam transmission structure formed by the
main roof fracture, and optimize the stress distribution of
the surrounding rock [17, 21]. The other idea involves using
a new type of cable that is suitable for large deformation and
exhibits better anti-impact performance for reinforcing the
support in the retained roadway. Based on the aforemen-
tioned two control ideas, the study proposes a new roof-
cutting-type GSER technology.

3.1. Gob-Side Entry Retaining by Roof Cutting. Figure 5(a)
shows the layout of the GSER via roof cutting. There are
three main steps in the technology. Figure 5(b) shows the
first step, which involves strengthening the support with
constant resistance and large deformation (CRLD) anchor
cable based on the original support. After the support is
completed, directional blasting is performed to cut the roof
strata. There are two main parameters to be considered in
the roof-cutting process. The first parameter is the cutting
angle, which is generally determined by field construction
and numerical simulation and generally does not exceed
25°. The other parameter corresponds to the roof-cutting
height, as shown in Figure 5(b). We assume that there are
n layers in the scope of the roof cutting, and the coefficient

of bulk increase in each layer is kj, k,, -+, k,,. The thickness
of each layer corresponds to hy, h,, --+, h,,. The roof-cutting
height is obtained as follows [17]:

khy + kyhyt ootk b, <k, Y hy. (4)
i=1

The height of roof cutting is calculated as

n M
H=Yh-= ", 5
; Il (5)

where H denotes the roof-cutting height; M denotes the
mining height; and k, denotes the coeflicient of bulk increase
of each layer.

The second step is shown in Figure 5(c). The lateral
gangue retaining support is performed to prevent the col-
lapsed rock mass from entering the retained area and from
ensuring that the gangue becomes the rib of the roadway.
The third step is shown in Figure 5(d). When the working
face advances a certain distance, the movement of the over-
lying strata is completed, the surrounding rock of the
retained roadway is stabilized, temporary support tools
(such as the single hydraulic prop) are removed, and con-
crete is sprayed to isolate the goaf (which will be reused in
the next working face).

The technology mainly uses the expansion property of
fallen rock to make the cut-off rock fill the goaf, as shown
in Figure 5(d). The filled rock exhibits a certain supporting
capacity for the wedge-shaped pressure zone formed by the
roof cutting above the retained roadway and the overlying
strata near the roof-cutting line. When compared with the
traditional GSER, it significantly decreases the rotary and
subsidence of the overlying strata. Additionally, the articu-
lated beam structure formed by the hard main roof above
the retained roadway is cut off. The horizontal thrust
between the rock beams cannot be transmitted to the
retained roadway surrounding rock, which optimizes the
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stress distribution and fundamentally solves the cause for
the large deformation of the traditional roadway.

3.2. Analysis of Main Technical Principles

3.2.1. CRLD Anchor Cable Support. Figure 6 shows the work-
ing principle of the CRLD anchor cable. When the sur-
rounding rock deformation is low, the elastic deformation
of the anchor cable rod initially occurs, i.e., as denoted by

the red stage of the stress displacement curve in Figure 6. The
displacement in this stage is low, although the force of the cable
increases sharply. The force is expressed as follows [22]:

p=kexe, (6)
where p denotes the tensile force in the elastic stage of the

anchor cable, k, denotes the elastic constant, and x, denotes
the elastic elongation of the rod.
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With further increases in the surrounding rock deforma-
tion, when the stress of anchor cable increases to constant
resistance, the cone slides in the sleeve to produce constant
friction resistance. In this stage, the anchor cable can pro-
duce large displacement deformation under the condition
of maintaining constant working resistance as follows [22]:

P =Py (7)

where p, denotes the constant resistance.

As shown in Figure 5(a), the CRLD cable generally expe-
riences the effect of deformation in multiple stages with
advances in the working face including the initial mining
deformation stage, mining influence stage of the working
face, and reuse stage of the remaining roadway. Currently,
the elongation deformation rate of ordinary mine anchor
cable is generally between 3% and 5%. Additionally, after
the tension deformation, with increases in deformation, the
support strength and impact resistance of the traditional bolt
significantly decrease, and this does not satisfy the require-
ments of roadway safety. However, the CRLD anchor cable
can overcome the disadvantage. It exhibits the characteris-
tics of large deformation. The elongation deformation can
generally reach 1000 mm. It can maintain a constant high
support strength under the condition of large deformation
or strong impact. Therefore, CRLD cable reinforcement is
an important technology in this process.

3.2.2. Roof Cutting by Directional Blasting. To ensure that
the overlying rock collapses smoothly, directional blasting
technology (also known as bidirectional cumulative tension
blasting technology) is performed. As shown in Figure 7(a),
the guide hole is excavated in advance, and the guide pipe with
two rows of round holes is installed in the hole. The guide hole
increases the auxiliary free surface of blasting in the direction
of the aperture [23]. When the blast stress wave propagates
to the free surface, it is reflected as a tensile wave. When the
tensile wave exceeds the tensile strength of the surrounding
rock mass, the rock mass falls from the free side to the inner
side. Simultaneously, the reflected tensile wave and stress field
at the tip of the radial fracture are superposed, thereby causing
the fracture to spread further along the set direction and form-
ing an effective fracture surface.

When the total tensile stress strength after stress super-
position exceeds the tensile strength of the rock mass, the
initial crack is generated and expands along the direction
of the guide hole until the tensile stress is less than the ulti-
mate tensile strength of the rock mass. The process is
expressed in Formula (10) as follows [17]:

AZ CsAsv
1+ -2+ 0,20, (8)
A CA |

where A;, A,, and A, denote the amplitudes of incident P-
wave, reflected P-wave, and reflected S-wave, respectively;
C,andC, denote the velocities of P-wave and S-wave,

respectively; o, denotes the strength of the stress wave
(formed by the explosion of the explosive in the rock mass)
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propagating to the control hole wall, and o, denotes the
dynamic tensile strength of the rock mass.

Based on the attenuation law of stress wave in rock mass,
the calculation formula of blasting stress damage range r; is
expressed as follows [17]:

o

ro=r {[bpz(l +(A2/A1)+ (CSASV/CPAI))]}IM (9)

r

where r, denotes the radius of the blasting hole; a denotes
the intensity attenuation index of stress wave; b denotes
the tensile stress coefficient; and p, denotes the reflection
angle of the reflected longitudinal wave.

Therefore, in order to obtain a good roof-cutting effect,
the fractures should be connected to form an effective blast-
ing surface as shown in Figure 7(b), and distance d between
the two holes should exceed the sum of the damage radius
generated by the blasting as follows:

d<2(ry+1y). (10)

Therefore, Formulas (11) and (12) can be used as the
basis of charge design and blast hole design, respectively.

3.2.3. Lateral Gangue Retaining Technology. After the work-
ing face is mined, in order to prevent the collapsed rock
mass from flowing to the retained roadway area, the
“single hydraulic prop + joist steel + steel mesh” is used for
support along the roof-cutting line. As shown in Figure 8,
the overlying rock mass in the goaf gradually collapses,
and the process exhibits certain timeliness, which can be
considered as the dynamic evolution process of “collapse—
compaction— stability.” Furthermore, the collapse and
accumulation of the rock mass show the dynamic impact
of the gangue on the retaining structure while the compac-
tion shows the transverse extrusion on the retaining struc-
ture. Gao et al. [19] simplified the collapsed gangue into a
rigid sphere with uniform mass (Figure 8(b)), simplified
the collapse stage of the rock mass into the leaping move-
ment along the slope, and deduced the speed of the gangue
impacting the retaining structure as follows [19]:

27
2H coszﬁg’
(11)

vy = \/ZgH cos?f3+ [gH sin (23 + xp; — xy)]

where H denotes the initial height difference between the
gangue and stacked slope and x; denotes the initial position
when the gangue impacts the slope. Additionally, 8 denotes
the angle between the direction of the gangue movement
speed and horizontal line.

According to Guo et al. [24], based on the limit equilib-
rium method (Figure 8(d)), the lateral pressure at any
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position of the retaining structure in the stable stage is
derived as follows [24]:

E k-1
_ _vH, Hy —z\""= y(H, - 2)
ah_k“zK‘h akaz—z)< H, ) Tk, -2
£ = sin 0 cos (0 —¢ - 3,)
' cosBcos 3, sin (0-¢)’

(12)

whered, denotes the friction angle between the support
structure surface and the gangue (°);k,,denotes the coeffi-
cient of lateral pressure; and &; denotes the coefficient.

The analysis of gangue mechanical model in combina-
tion with the geological parameters to be examined approx-
imately estimates the impact and lateral pressure on the
retaining structure from the collapse to the stable stage and
provides important theoretical guidance for the design of
the retaining structure.

3.3. Mechanical Model. After roof cutting, the surrounding
rock structure of the original GSER changed fundamentally,
and the deformation mechanism of the surrounding rock
also changed. Based on Figure 5(d), we establish a new
mechanical model of GSER, as shown in Figure 8, and solve
the support resistance and deformation via the solution of
material mechanics. The assumptions are as follows: (1)
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the caved gangue provides uniform support force to the main

roof; (2) shear force between the layers is zero; (3) old roof

rotates and sinks to the goaf with the solid coal elastoplastic

junction as the rotation axis; and (4) the roadway is subject

to uniform support force, and the support force provided by

the single pillar is simplified as a concentrated force [25, 26].
To solve the support resistance, for block BC,

ZFyzo,Nb+fg~c—qc—NC=0,

YF.=0,T,=T,

My=0,M, - ~ge -N (P s )+ lf e
Z B_O’ b_zqe_ et i, 5_ ¢ +§fg' =0.

(13)

M, =0,

pi(a+b) +J

a

0

We substitute Equations (13), (14) into (15), and the
support resistance under the condition of roof cutting is as
follows [17]:

It is concluded as follows:

M, = (172)qe? + T,((h12) - AS,) + (112)f -

¢ c

For block AB,

oo(a—x)dx+psb<a+ ;) +M0+Tb<g —ASB) - %(q+q0)(a+b)2—Nb(a+b) -M,=0.

My + (N + e~ f,c) (a+b) + (12)(q +qy)(a + b)’ = Te((h12) - ASy) = My = [s00(a ~ x)dx - p.b(a+ (b/2)

ba=

a+b

(14)

(15)

(16)
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FIGURE 12: Numerical models and boundary conditions: (a) numerical model, (b) boundary conditions under roof cutting, and (c)

traditional boundary conditions.

Here, p,; denotes the support resistance of single pillar;
M, denotes the ultimate bending moment of old roof; N,
denotes the shear force of old roof strata; f  denotes the sup-
port force of gangue in goaf; q denotes the self-weight of unit
length of the old roof and upper soft rock; g, denotes the
self-weight of unit length of the direct roof; a denotes the
width of limit equilibrium area; b denotes the width of road-
way; ¢ denotes the length of rock block BC; AS, denotes the
subsidence of end C when block AC is cut off; AS; denotes
the settling amount of end B; and h denotes the thickness
of the old roof.

The dotted part in Figure 9 shows the cantilever beam
structure formed by roof cutting. The left side denotes the

fixed end, the right side denotes the free end, the upper
boundary is considered the uniform weight of the overlying
strata, and the lower boundary is considered as the uniform
force of the roadway support. The mechanical model is
shown in Figure 10.

The deflection deformation of the beam is solved, and
the displacement deformation of the cantilever structure is
obtained as follows [27]:

_ (Pr_ps)x2 2 2 _ pSin ﬁxz _
y—w(& +x° - 4lx) W@l x). (17)
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abutment pressure comparison, and (d) advance stress comparison.

Therefore, the maximum displacement of the cantilever
beam is obtained when x = b as follows [22]:

_ 3@y +pg—a)l ~8F sin pI°

1
24EI (18)

ymax

Based on the analysis of the above mechanical model, it
can be known that the support strength to ensure the stabil-
ity of the roadway can be calculated from the mechanical
model of the roadway support. Therefore, the strength of
the bolt and anchor cable can be preliminarily determined
in combination with the calculation of relevant field param-
eters. According to the calculation of the roof structure

mechanical model, it can be concluded that the roof defor-
mation at the roof cutting side is the largest, so the local
reinforcement support design can be carried out in the field
support design, and this provides a certain reference for
roadway support.

3.4. Construction Design. The support design is performed
based on the aforementioned theoretical design and research
on retaining roadway. As shown in Figure 11, it corresponds
to the support section of new retained roadway. Based on
the original support, the CRLD anchor cable is used to rein-
force the support, and it is arranged perpendicular to the roof
with a total of two columns. The first row of CRLD cables is
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TaBLE 1: Physical and mechanical parameters of each lithology.

Lithology Modulus of elasticity (GPa) ~ Shear modulus (GPa)  Cohesion (MPa)  Friction angle ()  Density (kg/m3)
Coal 5 1.9 0.8 30 1350
Sandy mudstone 9.1 6.5 1.3 32 2500
Medium sandstone 13.1 9.02 44 35 2400
Fine sandstone 10.6 7.3 2.9 30 2450
Limestone 17.9 11.52 6.2 37 2550
y/m yim
‘l g . ‘l e .
Monitorigg point Initial roadway outline Monitoring point Initial roadway outline
E /
31 A%
310 mm
2 Roadway deformation outline
G
200 mm
1-
I Ll
v ——— o > x/m
0 1 2 3 Flog 5

(a)

(b)

FIGURE 14: Deformation analysis of the retained roadway.

500 mm away from the roadway side, and the row spacing is
1000 mm. The second row is arranged in the middle of the
roadway, and the row spacing is 2000 mm. The adjacent cables
in the first row are connected by the W steel belt (the belt is
parallel to the roadway trend). The gangue side is supported
by a “single hydraulic prop + 11#joist steel + steel mesh.” The
spacing of single prop is 600 mm, the spacing of joist steel is
600 mm, and the spacing is evenly arranged. The reinforcing
mesh is tied with joist steel, and the size of reinforcing mesh
is 2300 mm x 800 mm. The embedded joist steel is more than
300 mm below the floor.

4. Numerical Simulation in Two Modes

4.1. Model Establishment. To examine the evolution law of
displacement and stress of the surrounding rock under the
two mining technologies further, Flac3D numerical software
was used to perform simulation research based on actual
field dimensions [28]. Figure 12(a) shows the established
numerical model with dimensions of 200 m x 80 m x 50 m
(length x width x height). Figures 12(b) and 12(c) show the
arrangement of rock layers and model boundary conditions
under two mining conditions. The Mohr-Coulomb model
was used as the constitutive model of the rock mass. The
empty element model was used to simulate roadway driving
and working face mining. Both models are constrained by
the displacement boundary. The velocity of the front and
rear boundary along the y direction was set as 0, velocity
of left and right boundary along the x direction was set as
0, velocity of bottom boundary along the x, y, and z direc-
tions was set as 0, the upper boundary corresponds to a free

surface, and the weight load of the overlying strata is
12.5 MPa.

4.2. Simulation Results

4.2.1. Law of Stress Evolution. Figures 13(a) and 13(b) and
Table 1 show the distribution of vertical stress when the
working face is excavated at 40 m. Figure 13(c) shows the
distribution of vertical stress of a 30 m lagging working face.
Figure 13(d) shows the advance stress distribution 5 m ahead
of the working face. As shown in the stress distribution, a
certain stress concentration area is formed in front of the
working face while a stress reduction area is formed under
the condition of roof cutting. Based on Figure 13(c), the peak
value of side abutment pressure is 20.54 MPa under the tra-
ditional GSER and 18.24 MPa under the roof cutting, and
the stress decreases by approximately 12%. Furthermore, a
stress concentration zone is formed at the filling body, and
the maximum stress is 4.94 MPa. Based on Figure 13(d),
the advance stress under the condition of roof cutting is gen-
erally lower than that of the traditional mode. This is due to
the roof cutting that causes the overlying roof of the solid
coal side to change from the fixed end to the simply sup-
ported end.

4.2.2. Analysis on the Deformation of Retained Roadway.
Figure 14 shows the deformation monitoring. Figure 14(a)
shows the deformation curve under traditional conditions.
Figure 14(b) shows the curve under roof cutting. As shown
in the curve analysis, the deformation of filling body and
roof of the traditional reserved roadway is relatively evident.
The maximum horizontal displacement of point B is
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830 mm; the maximum vertical displacement of point A in
the middle of the roof is 710 mm. The deformation of solid
coal and floor is low, and the maximum horizontal displace-
ment of D is 340 mm. The maximum vertical deformation of

the floor is 220 mm, and the overall deformation of the
retained roadway is relatively large. When compared with
the traditional GSER, the deformation under the condition
of roof cutting decreases as a whole. The maximum vertical
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FIGURE 16: Mine pressure monitoring: (a) layout of hydraulic support; (b) distribution law of mine pressure.

displacement of the roof is 310 mm, which is located at the
roof-cutting side. On the right side of the roadway, the
deformation is considered zero due to the measures of
retaining gangue on site. The floor heave is concentrated
on the right side of the middle, with a maximum of
370 mm. The displacement of the two sides is low, and the
overall deformation decreases by approximately 50%. There-
fore, the effect of a retaining roadway is better than that of
traditional conditions.

The simulation analysis indicated that the roof cutting
fractures the load transfer articulated beam structure formed
by the overlying hard and thick roof. The stress cannot be
transferred to the retained roadway side, and thus, the stress
distribution of the surrounding rock is optimized. However,
the structure is not changed by the traditional GSER. Hence,
the stress value in the traditional mode exceeds that under
the condition of roof cutting, and the surrounding rock
deformation also increases.

5. On-Site Monitoring

To analyze the stability of the tunnel and working face quan-
titatively (which adopt the roof-cutting-type GSER), the
engineering application effect is evaluated via the deforma-
tion monitoring of the retained roadway and stress monitor-
ing of the hydraulic support of the working face.

5.1. Tunnel Deformation Monitoring. Figure 15(a) shows the
monitoring curve of the roof to floor convergence and the
lateral gangue retaining pressure. The layout of the monitor-
ing instrument is shown in Figure 15(c). Based on the curve,
the deformation is low when the monitoring section is
within 30m from the working face. The displacement
increases sharply when the distance from the working face
exceeds 30m. When the monitoring section lags 80m
behind the working face, the roof stratum movement tends
to be gentle and the deformation rate is low. The conver-
gence of monitoring point A on the roof-cutting side corre-
sponds to the largest deformation of 210mm while

monitoring point C at the solid coal side exhibits the lowest
deformation of 40 mm. Point D denotes the monitoring of
the horizontal thrust of the gangue retaining facilities. As
shown in the curve, the horizontal thrust increases rapidly
when it is 27m away from the working face, and it tends to
be stable after reaching 60 m, and the pressure value is stable
at approximately 0.9 MPa. The rapid increase stage of pressure
essentially corresponds to the increase stage of convergence.
Figure 15(b) shows the displacement curve of the solid coal
side. The deformation trend of the surface measuring points
is consistent with that of the roof although the deformation
value is low. The internal measuring points of solid coal
decrease with increases in the distance from the external sur-
face, and the deformation is zero when the distance is 8 m.

5.2. Distribution Characteristics of Mine Pressure. As shown
in Figure 16(a), 90 hydraulic supports are arranged on the
working face, and they are numbered from the right side. With
advances in the working face, the stress of the hydraulic sup-
port is monitored in real time, and the change rule of the peri-
odic weighting interval along the inclined direction of the
working face is analyzed, as shown in Figure 16(b). As shown
in the curve analysis, the average stress of the hydraulic sup-
port in the middle of the working face corresponds to the
highest stress, and the periodic weighting interval corresponds
to the shortest length. The average stress of the hydraulic sup-
port on the roof side is lower than that on the uncut side, and
its periodic weighting interval exceeds that on the uncut side.
This is because the roof cutting causes the overlying roof strata
on the cutting side to change from the fixed support state to
the simple support state such that the roof breaking law in a
certain range changes. As shown in the comparison, the trans-
verse influence range of the working face is approximately
29.75m due to roof cutting.

6. Conclusion

In this study, the roadway deformation and failure problems
under the condition of traditional GSER with hard thick roof
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were examined, and the failure mechanism was investigated.
The improvement measures of roof-cutting-type GSER was
proposed, and the principle of the main technology process
was analyzed in detail. The comparative analysis of two tech-
nologies was performed via numerical simulation, and the
effect of roadway retaining was evaluated via on-site moni-
toring. The following conclusions were obtained:

(1) The mechanical model under the traditional GSER
was established and solved. Four kinds of deforma-
tion causes were obtained: (1) the hard thick roof
rotates and sinks; (2) the mining height is high, the
filling height of the collapsed gangue is low, and this
creates favorable conditions for the subsidence of the
main roof; (3) the large section of the roadway; and
(4) the periodic fracture of hard thick roof

(2) Based on the four deformation causes, the roof-
cutting-type GSER technology was proposed and
the principle was analyzed; i.e., via roof cutting, the
articulated beam structure formed by the overlying
strata is cut off, stress transfer path is cut off, stress
distribution is optimized, and the deformation of
the surrounding rock also decreases

(3) The numerical simulation results indicate that a cer-
tain range of stress concentration area exists on the
retained roadway side under the condition of tradi-
tional GSER while a certain range of stress reduction
area is generated under the condition of roof cutting.
This is conducive to the roadway stability. The peak
value of lateral abutment pressure reduced from
20.54 MPa (under the traditional condition) to
18.2 MPa under the condition of roof cutting, which
was a decrease of approximately 12%

(4) The field monitoring results indicated that under the
condition of roof cutting, the roadway deformation
was the most severe in the range of 30-80 m behind
the working face, the deformation was gradually sta-
ble after 80 m. The variation trend of lateral pressure
was similar to the convergence. Along the inclined
direction of the working face, the average stress of
the hydraulic support corresponded to the highest
in the middle part, which was followed by the uncut
side. The pressure value on the roof-cutting side was
the lowest, and the periodic weighting length on the
cutting side corresponded to the highest
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