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Abstract: In order to ensure the application of gob-side entry retaining by roof cutting for thick and
hard sandstone roofs, the key technology of pre-split blasting was studied. The LS-DYNA was used
to analyze the blasting effect of the energy-gathering pipe. Using the methods of theoretical analysis
and numerical simulation, it was determined that the optimal cutting height was 16 m and the
optimal cutting angle was 15◦. The effect of pressure relief by roof cutting was verified by FLAC3D.
It is proposed to use deep-hole loosening blasting to solve the problem of the sandstone with a thick
hard roof being difficult to collapse. A group of loose blasting holes was designed to be arranged
every 20 m in the gob-side roadway. The depth of the #1 blasthole was 47 m, and the angle to the
horizontal direction was 20◦; the depth of the #2 blasthole was 65 m, and the angle to the horizontal
direction was 15◦. A field test was carried out in the 7135 ventilation roadway of Qidong Coal Mine
China. The on-site peeping results showed that the blasting with the energy-gathering pipe had a
good effect of directional slitting. After deep-hole loosening blasting, the thick hard sandstone roof
collapsed and filled the gob in time. The monitoring curves of the hydraulic support showed that the
hydraulic support resistance of the working face in the side with roof cutting was much smaller than
that of the side without roof cutting, and the effect of pressure relief by roof cutting was good.

Keywords: gob-side entry retaining; thick and hard sandstone roof; pressure relief by roof cutting;
pre-split blasting

1. Introduction

Unlike the traditional gob-side entry retention, the gob-side entry retaining by roof
cutting cuts off the roof strata of the roadway and the gob using bidirectional concentrated
blasting technology [1–3]. After the working face is mined, the roof strata of the gob
collapse and form a new rib. Because the technology abandons the traditional idea of
“replacing the coal pillar with the backfill”, it effectively solves the problem that the backfill
is prone to dynamic pressure disasters due to stress concentration [4–6].

Since it was proposed by academician Manchao He in 2006, the technology of gob-
side entry retaining by roof cutting has been successfully applied in various geological
conditions in China [7–9], such as thin coal seams, medium-thick coal seams, thick coal
seam, large buried depths, large dip angles and other geological conditions; the gob-side
entry retaining by roof cutting has a good entry retaining effect with significant economic
benefits [10,11]. However, the research on thick and hard roofs is relatively scarce. The
thick and hard roof is difficult to collapse. The key of gob-side entry retaining by roof
cutting is the timely collapse of the thick hard roof.

2. Key Technology of Gob-Side Entry Retaining by Roof Cutting
2.1. Process Flow of Gob-Side Entry Retaining by Roof Cutting

The process flow of gob-side entry retaining by roof cutting is shown in Figure 1, (1) In
order to ensure the stability of the roadway during the reuse period, high prestressed an-
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chors are used to support the roof before the working face is mined [12,13]. (2) Bidirectional
energy-gathering blasting technology is used to pre-split the roof strata of the roadway,
cut off the connection of the roof strata between the roadway and the gob, and ensure that
the roof strata collapse in time after the working face is mined to fill the gob and form a
new rib of the roadway [2,14]. (3) After the working face is mined, in order to ensure the
stability of the roof strata, the roadway is temporarily supported by single pillar [15,16].
(4) When the gob-side roadway is stabilized, the single pillar can be removed, and only the
gangue retaining is retained [17].
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2.2. Key Technology of Gob-Side Entry Retaining by Roof Cutting

In the above analysis, it can be seen that compared with the traditional gob-side
entry retaining, the process of gob-side entry retaining by roof cutting is simple, and the
reinforcement support, the temporary support of single pillar, and the gangue retaining
are easy to operate [18,19]. The most difficult process link of gob-side entry retaining
by roof cutting is the bidirectional energy blasting. The bidirectional energy-gathering
blasting technology is realized by the energy-gathering pipe. The symmetrical openings
on both sides of the energy-gathering pipe form the blasting weak surface. After the
explosive is detonated, the detonation wave will form a directional energy-gathering flow
in the direction of the weak surfaces on both sides of the energy-gathering pipe, and will
form a squeezing effect on the roof strata [20,21]. As shown in Figure 2, the detonation
wave generates concentrated tensile stress along the strike direction of the working face,
forcing the pre-split blasting hole to penetrate in the direction of energy accumulation, and
fracturing the roof strata directionally.

In order to study the effect of the bidirectional energy-gathering blasting of the energy-
gathering pipe, taking the #7 coal seam of Qidong Coal Mine China as the engineering
background, the LS-DYNA was used for analysis. Taking the section of energy-gathering
blasting as the calculation object, a plane stress model was established, and a single-layer
grid was used for calculation. According to the engineering situation, the blasting model
was established at the ratio of 1:1. The blasting model is shown in Figure 3, the model is
composed of the rock unit, air unit, explosive unit, and energy-gathering pipe unit. The
inner diameter of the energy-gathering pipe is 3.6 cm, the outer diameter is 4.2 cm, and the
slit width is 0.4 cm; the diameter of the explosive is 3.2 cm. The computational model was
simplified to a plane stress state with a thickness of 0.5 cm. The explosive was detonated at
the center point, and the air boundary condition was set to a non-reflection boundary. In
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order to reveal its energy-gathering effect, a blasting model with the same size and the same
parameters except the energy-gathering pipe was established for comparative analysis.

Figure 2. Principle of energy-gathering blasting.

Figure 3. Numerical model. (a) Model of energy-gathering blasting. (b) The charge structure of the
blast hole.

The model adopted solid164 elements and used the division method of mapped mesh.
The meshes of each element are shown in Figure 4. The numerical modeling parameters
are shown in Tables 1–3.

Table 1. Mechanical parameters of the roadway’s surrounding rock.

Lithologic Thickness
(m) Shear (GPa) Bulk

(GPa)
Cohesion

(MPa)
Friction
angle (◦)

Cohesion
(MPa)

Density
(kg/m3)

#4 coal seam 1.7 2.65 6.48 2.96 29 0.73 1500
Mudstone 5 6.19 15.01 12.6 30 2.7 2534

#5 coal seam 0.1 2.65 6.48 2.96 29 0.73 1500
Mudstone 14.7 6.19 15.01 12.6 30 2.7 2534

#6 coal seam 0.9 2.65 6.48 2.96 29 0.73 1500
Fine sandstone 17 12.77 29.72 12.12 36 4.0 2578

#7 coal seam 3.3 2.65 6.48 2.96 29 0.73 1500
Mudstone 1.6 6.19 15.01 12.6 30 2.7 2534

Medium sandstone 28.9 15.58 20.78 4.12 37 7 2700
#8 coal seam 1.8 2.65 6.48 2.96 29 0.73 1500
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Figure 4. Meshing of the model. (a) Air unit. (b) Rock unit. (c) Energy-gathering pipe unit.
(d) Explosive unit.

Table 2. Parameters of the explosive.

Density
(g/cm3)

Detonation
Velocity (m/s)

Ferocity
(mm)

Detonation
Transmission (m) Diameter (mm) Power (mL) Anti-Explosive

Coupling (cm)

1.1 2600 ≥10 ≥50 42 ≥250 ≥3

Table 3. Parameters of the energy-gathering pipe.

Density (g/cm3) Bulk (GPa) Shear (GPa) Yield Stress (MPa) Poisson Ratio

1.43 43 3.2 ≥50 42

The stress evolution process of non-energy-gathering blasting is shown in Figure 5,
and the development process of non-energy-gathering blasting cracks is shown in Figure 6.
After the explosive was detonated, a strong detonation stress wave was formed. When the
blasting stress wave reached the wall of the blasting hole, compressive shear stress was
formed. With the superposition of blasting stress waves, the concentration of compressive
stress in the surrounding rock near the blast hole wall was getting higher and higher.
When the compressive stress exceeded the compressive strength of the surrounding rock,
a large number of cracks were generated in the surrounding rock near the hole wall,
and a compressive shear failure zone was formed around the blasting hole. After the
compression-shear failure zone was formed, the explosive stress wave formed the tensile
stress concentration zone along six directions in the surrounding rock. Under the action of
tensile stress, the surrounding rock cracked uniformly in six directions along 60◦ to form
six tensile cracks, and the tensile stress concentration appeared at the crack tip. With the
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continuous propagation of the burst stress wave, the crack tip was continuously broken
and opened under the action of tensile stress, resulting in the continuous expansion of the
crack in six directions until it penetrated. In the case of non-energy-gathering blasting, the
surrounding rock was broken as a whole under the action of the detonation stress wave,
and the blasting effect was poor.

Figure 5. Stress evolution process of non-energy-gathering blasting. (a) t = 0.02 ms. (b) t = 0.12 ms.
(c) t = 0.22 ms.

Figure 6. Crack development process of non-energy-gathering blasting. (a) t = 0.06 ms. (b) t = 0.36 ms.
(c) t = 0.66 ms.

The stress evolution process of energy-gathering blasting is shown in Figure 7, and the
development process of energy-gathering blasting cracks is shown in Figure 8. Immediately
after the explosive was detonated, a tensile stress concentration zone appeared near the
blasting hole, and the nearby rocks were subjected to the action of tensile stress. When
the tensile stress exceeded the tensile strength of the surrounding rock, tensile cracks were
generated in the surrounding rock near the blasting hole. After the initial tension crack
was formed, the surrounding rock cracked along the horizontal single energy-gathering
direction under the action of tension stress to form a tension crack. With the continuous
propagation of the burst stress wave, the crack tip was continuously broken and opened
under the action of tensile stress, resulting in the continuous expansion of the crack in
the direction of energy accumulation until it penetrated. In the case of energy-gathering
blasting, the cracks developed and expanded along the direction of the energy-gathering,
the surrounding rock was not broken as a whole under the action of the detonation stress
wave, and the effect of shaped energy blasting was good.
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Figure 7. Stress evolution process of energy-gathering blasting. (a) t = 0.02 ms. (b) t = 0.10 ms.
(c) t = 0.18 ms.

Figure 8. Crack development process of energy-gathering blasting. (a) t = 0.02 ms. (b) t = 0.10 ms.
(c) t = 0.18 ms.

3. Research on Presplit Blasting Technology

According to the above analysis, the process flow of gob-side entry retaining by
roof cutting was simple, and the construction of the highly prestressed anchor cable
reinforcement support, single temporary support and gangue retaining support were
all simple. The most difficult technical aspect was pre-splitting and roof cutting [22,23].
Especially with the condition of a thick and hard roof, whether the roof can collapse in time
to fill the gob after roof cutting was directly related to the success of roadway retention.
The parameters of roof cutting included the height and angle of roof cutting [24,25].

3.1. The Height of the Roof Cutting

The reasonable height of roof cutting should ensure that the caving gangue filled
the gob under the action of fragmentation and expansion. It can effectively support the
overlying rock layer, place the overlying rock layer in a stable state as soon as possible, and
reduce the influence of dynamic pressure on the surrounding rock of the roadway. The
reasonable height of the roof cutting can be calculated by the following formula [26]:

HQ = (H − H1 − H2)/(K − 1) (1)

where HQ is the height of roof cutting in m; H is the thickness of the coal seam in 3.3 m; H1
is the roof subsidence in m; H2 is the bottom drum in m; and K is the bulking coefficient
in 1.3.

Without considering the roof subsidence and bottom drum, it can be calculated that
HQ = 11 m.

Because the thickness of the fine sandstone above the #7 coal seam is 17 m and the
integrity is good, in order to ensure the effect of pressure relief by roof cutting, the while
fine sandstone should be cut off. Therefore, considering the above theoretical calculation,
the reasonable height of roof cutting is 17 m.
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3.2. The Angle of the Roof Cutting

The pre-splitting and blasting the roof strata of the roadway before the working face is
mined, and the angle of roof cutting is too small, which is not conducive to the stability of
the roof of the roadway, and will bring difficulties to the roadway support; the angle is too
large, which is not conducive to the collapse of the roof in the gob. The reasonable angle
of roof cutting should be conducive to the roof collapse of the gob, and should ensure the
stability of the roadway. The schematic diagram of the roof after pre-split blasting can be
simplified as shown in Figure 9.

Figure 9. Crack development process of energy-gathering blasting.

In order to determine a reasonable angle of the roof cutting, FLAC3D was used to
analyze the angles of 5◦, 10◦, 15◦, and 20◦, respectively. The vertical stress distribution of
the surrounding rock of the roadway with the different angles of the roof cutting is shown
in Figure 10.Sustainability 2022, 14, x FOR PEER REVIEW 8 of 15 
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When the angles were 5◦, 10◦, 15◦, and 20◦, after the working face was mined, the
stress concentration area on the rib of roadway was 10 m, 10.5 m, 11 m, and 10 m away from
the roadway, respectively. The results showed that under the influence of pre-split blasting,
the stress peak shifts to the depth of the coal formation. The maximum values of vertical
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stress were 30.4 MPa, 27.5 MPa, 27.1 MPa and 33.6 MPa, respectively. Considering the
stress concentration position and stress distribution of the surrounding rock of the roadway,
the effect of pressure relief by roof cutting was better when the angle of roof cutting was
10◦ or 15◦, the effect was worse when the angle was 5◦, and the effect was worst when the
angle was 20◦. Considering the construction conditions on site, the reasonable angle of roof
cutting was 15◦.

3.3. The Effect of Pressure Relief by Roof Cutting

FLAC3D numerical simulation software was used to study the effect of pressure relief
by roof cutting with the above-mentioned parameters of roof cutting. During the mining of
the working face, the vertical stress distribution of the surrounding rock of the roadway is
shown in Figure 11.

Figure 11. Vertical stress distribution during mining. (a) The working face advanced by 40 m. (b) The
working face advanced by 80 m. (c) The working face advanced by 120 m. (d) The working face
advanced by 160 m.

As shown in Figure 11, when the working face was advanced by 40 m, the vertical
stress value of the working face with roof cutting was 9.22 MPa, and the vertical stress
value of the working face without roof cutting was 14.13 MPa. When the working face
was advanced by 80 m, the vertical stress value of the working face with roof cutting
was 8.43 MPa, and the vertical stress value of the working face without roof cutting was
13.22 MPa. When the working face was advanced by 120 m, the vertical stress value of the
working face with roof cutting was 7.89 MPa, and the vertical stress value of the working
face without roof cutting was 13.15 MPa. When the working face was advanced by 160 m,
the vertical stress value of the working face with roof cutting was 9.13 MPa, and the
vertical stress value of the working face without roof cutting was 14.25 MPa. The numerical
simulation results showed that in the working face, the vertical stress in the middle of the
working face was the largest. The vertical stress of working face with roof cutting was
reduced by 37.6% on average compared with the working face without roof cutting.

4. Special Technical Measures for Thick and Hard Sandstone Roofs

Thick and hard sandstone roofs are not easy to collapse, and special technical measures
should be taken to ensure that the roof strata can collapse in time after the working face is
mined [27–29]. According to the site conditions of Qidong Coal Mine, it was determined
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that the technology of deep-hole blasting should be used to promote the timely collapse of
the thick and hard roof.

(1) The Diameter of the Blasting Hole

Considering the site construction conditions and previous blasting effects, it was
determined that the diameter of the blasting hole for the deep-hole blasting should be the
same as that of the bidirectional blasting hole, which was 50 mm.

(2) The Spacing of the Blasting Hole

The reasonable spacing of the blasting hole should ensure that the cracks in the thick
hard roof rock layer were fully developed, and should ensure that the roof rock layer could
collapse in time after the working face is mined, and a large area of overhanging roof is
not formed [30]. When the blasting hole was parallel to the working face, according to
the theory of fracture mechanics, the distance between the loose blasting holes could be
calculated by the following formula [31]:

E = Krb f
1
3 (2)

where E is the spacing of the blasting hole in m; K is the regulation factor, 15; rb is the radius
of the blasting hole, 25 mm; and f is the Protodyakonov coefficient, 9.

According to our calculations, the spacing of the blasting hole is 0.78 m. Consider-
ing the convenience of construction comprehensively, the spacing of blasting hole was
determined to be 1 m.

(3) The Depth of the Blasting Hole

The depth of the unidirectional blasting hole can be calculated by the following
formula [32]:

S1 =

√(
S − d
sin α

)2
+ [tan β(S − d)]2 (3)

where S1 is the depth of the blasting hole in m; S is the length of the working face, 180 m; d
is the horizontal distance from the bottom of the hole to the roadway in m; α is the angle
between the blasthole and the roadway, 90◦; and β is the angle between the blast hole and
the working face in ◦. Taking into account the site conditions and construction conditions,
the depths of the blasting holes were designed to be 65 m and 47 m.

(4) The Blast Cycle Interval

The initial falling distance [33] of the roof strata can be calculated by the following
formula:

Lc =

√
2mσt

γ
(4)

where Lc is the initial falling distance of the roof stratum in m; m is the thickness of the roof
stratum, 17 m; σt is the tensile strength of the roof stratum, 4 MPa; and γ is the volumetric
weight of the roof stratum, 2.5 × 104 N/m3.

According to our calculations, the initial caving interval of the roof stratum is 73.76 m.
According to the mining experience of #7 coal seam in Qidong Coal Mine, the periodic
caving interval of the roof stratum is 1/3 of the initial caving interval. Therefore, the
periodic caving interval of the roof stratum is 24.59 m. According to the principle that the
blasting cycle interval should not exceed the periodic caving interval of the roof stratum
and the construction quantity, the blasting cycle interval was determined to be 20 m. By
the above analysis, the arrangement of the blasting hole is shown in Figure 12. A group of
blasting holes was arranged every 20 m in the roadway with roof cutting, and each group
of blasting holes consists of two blasting holes. The depth of the #1 blasting hole was 47 m,
and the angle with the horizontal direction was 20◦; the depth of the #2 blasting hole was
65 m, and the angle with the horizontal direction was 15◦. The two blasting holes were
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arranged perpendicular to the advancing direction of the working face, and the diameters
of the blasting holes were both 50 mm.
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5. Engineering Application

Based on the design scheme, the field test was carried out in the 7135 ventilation
roadway. The technology of gob-side entry retaining by roof cutting was used to keep the
7135 ventilation roadway as the 7133 haulage gateway, so as to alleviate the tension of mine
replacement and improve the coal recovery rate.

The mining depth of the 7135 working face is 520 m, the average thickness is 3.3 m, the
dip angle is 13◦, and the strike length and the dip length are 1688 m and 180 m, respectively.

According to the design scheme, the height of the roof cutting is 17 m, the length of
the energy-gathering pipe is 1.5 m, seven energy-gathering pipes are set in each blasting
hole, and the length of the sealing mud is 6.5 m. Because the roof stratum is not only
thick, but also hard, in order to ensure the effect of roof cutting, it is determined that we
should use the method of combined hole blasting for pre-split blasting. The quantification
of explosives of a single hole was carried out on site. As shown in Table 4 a total of five sets
of test scheme were designed on site.

Table 4. Test scheme.

No. Quantity of Explosive

Scheme 1 3 + 3 + 3 + 2+2 + 2 + 1
Scheme 2 3 + 3 + 3 + 3+3 + 2 + 1
Scheme 3 4 + 3 + 3 + 3+3 + 3 + 2
Scheme 4 4 + 3 + 3 + 3+3 + 2 + 2
Scheme 5 4 + 3 + 3 + 3+2 + 2 + 2

After the on-site blasting, the effect of the bidirectional energy-gathering blasting was
tested with a drilling peep instrument. The results showed that after the blasting with
Scheme 1, the effect of fracturing was poor, such that Scheme 2 added two explosives on the
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basis of Scheme 1. After the blasting with Scheme 2, the effect of fracturing was better than
Scheme 1, but it was still not ideal. Therefore, Scheme 3 continued to add three explosives
on the basis of Scheme 2. After the blasting with Scheme 3, the effect of fracturing was
better than that of Scheme 2, but there was hole collapse in some areas. Therefore, Scheme
4 reduced one explosive on the basis of Scheme 3. After the blasting with Scheme 4, the
crack could penetrate the blasting hole without hole collapse. The effect of fracturing was
better than Scheme 3. Consider from the economic cost, Scheme 5 reduced one explosive
on the basis of Scheme 4. After the blasting with Scheme 5, the effect of the fracturing was
worse than that of Scheme 4. To sum up, Scheme 4 was the best scheme. The effect of the
fracturing of Scheme 4 is shown in Figure 13a, and the quantity of explosive of Scheme 4 is
shown in Figure 13b.

Figure 13. Scheme 4. (a) The effect of the fracturing. (b) The quantity of explosive.

Arranging the blasting hole according to the design plan made the roof strata collapse
and filled the gob in time after the working face was mined. The effect of the roof caving
after the working face was mined is shown in Figure 14a, and the effect of gob-side entry
retaining by roof cutting is shown in Figure 14b.

Figure 14. Engineering application. (a) The effect of roof caving. (b) Gob-side entry retaining by
roof cutting.

In order to research the effect of pressure relief by roof cutting, the working resistance
of the hydraulic support was monitored in real time. The change of the working resistance



Sustainability 2022, 14, 9941 12 of 14

of the #3 hydraulic support in the side without roof cutting and the #118 hydraulic support
in the side with roof cutting are shown in Figure 15. The maximum values of the working
resistance of the #3 and #118 hydraulic supports were 28.2 MPa and 19.5 MPa, respectively.
The working resistance of the hydraulic support in the side with roof cutting was much
smaller than that of the side without roof cutting.

Figure 15. Engineering application.

6. Conclusions

Taking the #7 coal seam of Qidong Coal Mine as the engineering background, the
following conclusions were obtained for the application of the technology of gob-side entry
retaining by roof cutting with the conditions of thick and hard roof strata:

1. LS-DYNA numerical simulation software was used to analyze the blasting effect
under two working conditions with and without the energy-gathering pipe. The
results showed that the surrounding rock cracks in a single horizontal direction under
the action of the detonation wave when using the energy-gathering pipe, which could
achieve the purpose of directional roof cutting.

2. By theoretical analysis and numerical simulation, it was determined that the optimal
height of roof cutting was 16 m, and the optimal angle of roof cutting was 15◦.
FLAC3D numerical simulation software was used to analyze the stress distribution of
the working face. The results showed that the vertical stress near the roof cutting side
was much less than that of the other side without roof cutting. The effect of pressure
relief by roof cutting was good.

3. It was proposed to use deep hole loosening blasting to make the thick and hard sand-
stone roof collapse in time to fill the gob. A group of blasting holes was arranged every
20 m in the roadway with roof cutting, and each group of blasting holes consisted of
two blasting holes. The depth of the #1 blasting hole was 47 m, and the angle with
the horizontal direction was 20◦; the depth of the #2 blasting hole was 65 m, and the
angle with the horizontal direction was 15◦. The two blasting holes were arranged
perpendicular to the advancing direction of the working face, and the diameters of
the blasting holes were both 50 mm.

4. The field test of the 7135 ventilation roadway showed that the blasting with the energy-
gathering pipe had a good effect of directional slitting; after deep hole loosening
blasting, the thick and hard sandstone roof could collapse and fill the gob in time; the
hydraulic support resistance of the working face in the side with roof cutting was
much smaller than that of the side without roof cutting, and the effect of pressure
relief by roof cutting was good.
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