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Advances in coal mining technology and an increase in coal output are resulting in increasingly challenging conditions being
encountered at coal seams. This is particularly so at thin coal seams, where a large number of hard rock layers known as gangue are
often present, which seriously affect the normal operation of the shearer and reduce coal output. Therefore, the effective
weakening of hard gangue layers in a coal seam is crucial to ensure that the shearer operates effectively and that coal output is
maximized. In this paper, the weakening effect of deep-hole presplitting blasting technology on the hard gangue layer in a coal
seam is studied via a similar simulation. Four test schemes are designed: (1) A blasting hole spacing of 200 mm with the holes offset
vertically. (2) A blast hole spacing of 300 mm with the holes offset vertically. (3) A blast hole spacing of 200 mm with the holes
parallel to the gangue layer. (4) A blasting hole spacing of 200 mm with the holes offset vertically and initiation of interval blasting.
The effect of the different blasting hole spacings and arrangements and different detonation methods on the weakening of coal
seam clamping by gangue is studied, and the best configuration is identified. This improves the effect of weakening the coal gangue

layer by deep-hole presplitting blasting.

1. Introduction

Intensive coal production is causing mining operations to
move to coal seams under increasingly adverse environ-
mental conditions, significantly increasing the difficulty of
coal mining [1, 2]. For example, when mining thin coal
seams with hard gangue layers, the hardness of the gangue
layer impedes the shearer from cutting normally. Usually,
this problem is addressed by weakening the gangue layer of
the working surface using traditional blasting techniques.
However, sometimes the blasting distance is short, the hole
is shallow, and the workload is heavy. Ordinary blasting
cannot effectively weaken the gangue layer, resulting in low
recovery efficiency at the working face and potential safety
risks [3-5]. Therefore, the key to ensuring smooth mining of
hard coal seams with thin hard layers is finding a way to
safely and efficiently weaken the gangue layer.

Deep-hole presplitting blasting technology, which can be
used to enhance the permeability of a coal seam to promote

gas extraction [6-12], can also be used to control hard in-
terlayers in the coal seam [13, 14]. Carrying out this type of
blasting in the working face can precrack the gangue in the
coal body into small blocks, destroying its integrity and
making it looser, and so reduce resistance to the shearer
during coal cutting and ensure the smooth progress of
mining [15, 16]. In this paper, deep-hole presplitting blasting
is carried out in similar simulation tests that vary the spacing
of the blasting holes and the mode of initiation and the
blasting parameters are optimized to improve the weakening
effect of deep-hole presplitting blasting on coal seam gangue
layers.

2. Test Principles

Deep-hole presplitting blasting technology makes use of a
detonation wave and the high-temperature, high-pressure
gas produced by the explosion to cause deformation,


mailto:lifengrr@126.com
mailto:wenh@xust.edu.cn
https://orcid.org/0000-0001-5812-5584
https://orcid.org/0000-0001-9684-2218
https://orcid.org/0000-0001-9016-0734
https://orcid.org/0000-0001-5062-1487
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/4796500

loosening, and crack formation in coal and rock around the
blasting hole [17-20].

Immediately after the explosion, the wall of the blasting
hole is instantaneously subjected to high pressure. The
pressure then slowly drops. This process involves the fol-
lowing two effects of blasting [21]: the action of stress waves
[22-25] and a quasi-static pressure process [26-29].

2.1. Principles of Simultaneous Blasting at Two Adjacent Holes

2.1.1. Stress-Enhancement Zone. When detonations are
made in two adjacent blasting holes simultaneously, the
stress waves released will meet and superimpose between the
two holes and additional tensile stress will be generated in
the vertical direction, as shown in Figure 1(a), thereby
forming a tensile stress-enhancement zone, zone I in
Figure 1(b).

When detonations are made in adjacent holes at the
same time, the gas generated by the explosion can keep the
two holes in a high-pressure, high-temperature, quasi-static
pressure state for a long time. The stress superposition effect
will occur everywhere along the line connecting the two
holes, leading to the emergence of a stress-enhancement
zone. Cracks are more likely to occur in the stress-enhanced
area.

2.1.2. Stress-Reduction Zone. As shown in Figure 1(b), with
simultaneous detonation at adjacent holes, a second zone
between the two holes is affected by the detonation waves. A
counteracting phenomenon of radial compressive stress and
tangential compressive stress is generated, thus forming a
pressure-reduction zone. It can be seen that large blasting
products are more likely to be produced in this zone.

2.2. Principles of Interval Blasting between Two Adjacent
Holes. In interval blasting, blasting hole B in Figure 1(b) acts
as a control hole for blasting hole A, increasing the auxiliary-
free surface of the blasting. When the stress wave reaches the
free surface, it will be reflected to form a tensile stress wave.
When the intensity of the tensile stress wave is greater than
the tensile strength of the rock, the Hopkinson effect is
produced. At the same time, the reflected waves in the coal
body and the stress concentrations at the tip of the crack
overlap one another, thereby expanding the range of the
fracture zone. At detonation at blasting hole B, the explosion
cavity formed by blasting hole A also functions as a control
hole [30, 31]. The mechanical model for a control hole is
shown in Figure 2.

In Figure 2,
P
2
(1)
04 = Pt
Oc L2'

Here, o, denotes the control hole radial stress, o, de-
notes the control hole tangential stress, a denotes the control
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hole radius, P denotes the explosive pressure, L denotes the
hole spacing, r denotes the polar radius, and 8 denotes the
polar angle.

The tangential stress of the rock mass around the control
hole can be expressed by the following formula:

3a*
0g. =S| 1+— |cos 26, (2)

r

where S is the explosive stress, MPa.

When r = a and 6 = 0, 71, the tensile stress value reaches
its maximum value. This maximum value occurs at two
points, A and B, as shown in Figure 2. The maximum value is

=4S (3)

O'6cmax

From the above analysis, it can be seen that tensile
stress is at its highest at points A and B on the borehole
wall in Figure 2, resulting in the phenomenon of stress
concentration. When the tensile strength of the rock mass
is less than the tensile stress, initial cracks will occur at
points A and B in the coal mass. When the tensile strength
of the rock mass is always less than the tensile stress, the
cracks will propagate until the tensile strength of the rock
mass is greater than the tensile stress.

3. Similar Simulation Test System

A similar simulation uses an average coal seam thickness
of 1.5 m on the working face and an average gangue layer
thickness of 0.3 m as a reference. Variation in the stress
and strain of the gangue layer during the entire deep-hole
presplitting blasting process is analyzed, and the devel-
opment law of blasting-induced cracks is explored.

A self-built three-dimensional similar simulation testing
system, as shown in Figure 3, was used to measure the
change in the explosion stress wave during blasting, the
strain condition of the gangue layer, and the development of
cracks after blasting.

The solid circle at the interface between the coal seam
and the gangue layer in Figure 4 shows the position of the
blasting hole in the test. The cubes in the gangue layer
represent the specific positions where the strain bricks are
buried.

The principal strain and principal stress can be calculated
with the following formula [32]:

g+

£ = = 5 =¥ \/(50 - £90)2 + (2845 — & — 890)2>
Erey+& 1

o=y [% * T+ \/(80 - 390)2 + (2845 — &9 = £90)2

(4)

Here, ¢, is the 0° strain gauge strain; ,5 is the 45° strain
gauge strain; &y is the 90° strain gauge strain; E is the elastic
modulus of the material-the elastic modulus of the similar
material used for the gangue layer=600MPa; and v is
Poisson’s ratio of the material, v = 0.2.
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FIGURE 1: Stress analysis: (a) stress-enhancement zone and (b) stress-reduction zone.
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4. Similarity Criteria and Ratios of
Similar Materials

4.1. Similar Criteria. The theoretical basis of similar simu-
lation tests is the similarity principle. Generally, there are
two conditions: (1) the existence of geometric similarity,
similar motion, similar stress, similar boundary conditions,
etc., and (2) a specific proportional relationship between the
physical parameters of the similarity model and the simu-
lated object [32-34]. The similarity criteria used in this
experiment are as follows:

(1) Geometric similarity:

o =L, (5)

where o is the geometric similarity ratio between the
prototype and the model; L, is the generalized length
of the prototype; and L,, is the generalized length of
the model.

For this test, geometric similarity ratio between the
prototype and the model a; is 10.

(2) Volume-weight ratio:

Yp
a,=—, (6)
L T

where a, is the volume-weight ratio of the pro-
totype to the model; y, is the average density of

the prototype rock formation, taken as 2.5 g/cm?
and p,, is the average density of the model ma-
terial. Generally, y,, is suitable for 1.5~1.8g/cm>.
Ym = 1.5g/cm’ is taken in this model.

(3) Similar stress:

Yp
O = —0Qp = ay“L’ (7)
Ym

where «,, is the stress similarity ratio.

From (7), a, =2.5/1.5=3/5
a, = 5/3x 10 = 16.67.

Thus, the similarity ratio of the tensile strength o,, the
compressive strength o, the flexural strength o, the shear
strength o, and the elastic modulus E of the material is
16.67.

and «a; =10. So,

4.2. Proportions of Similar Simulated Materials. The distri-
bution of the coal seam, top floor, and lining layer at the on-
site working face is used as the reference object of the test to
simulate an actual coal-rock mass that is 5m long, 5 m wide,
and 6 m high. The similarity ratio is 1:10. In order to make
the experiment more realistic, the distribution shown in
Figure 5 was adopted for the experiment.

A large number of references were gathered that discuss
similar simulated materials and the stress-strain-related
parameters of coal and rock masses [35, 36]. Appropriate
parameters relating to the coal seam, roof, and bottom plate
were determined and are shown in Table 1. Of particular
note is that the compressive strength of the sandwiched
gangue layer is 6 MPa.

5. Results and Discussion

5.1. Test Design. In order to improve the gangue layer
weakening effect, as well as utilize the stress wave generated
by blasting and the expansion of the explosive gas, the
blasting holes can be arranged in a vertically staggered
manner. The advantage of this arrangement is that the shear
stress generated by stress wave superposition is fully utilized
and can break up the gangue layer more effectively. Four
conditions were tested:



Shock and Vibration

-

KXTS

Figure 3: Ultradynamic test system. (1) Computer; (2) super-dynamic strain gauge; (3) sensor; (4) test box; (5) hydraulic jack; (6) steel

return plate; (7) strain brick; (8) copper sheet; and (9) ohmmeter.
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FIGURE 4: Positions of embedded strain bricks.

(1) A blasting hole spacing of 200 mm, staggered upper
and lower holes, and simultaneous detonation at the
two holes

(2) A blasting hole spacing of 300 mm, staggered upper
and lower holes, and simultaneous detonation at the
two holes

(3) A Dblasting hole spacing of 200 mm, the orientation of
the line connecting the blasting holes parallel to that
of the gangue layer, and simultaneous detonation at
the two holes

(4) A blasting hole spacing of 200 mm, staggered upper
and lower holes, and initiation of interval blasting at
the two holes

5.2. Test Results

5.21. Test 1. Test 1 includes a hole spacing of 200 mm,
vertically offset blasting holes, and simultaneous detonation.

(1) Stress and Strain Analysis. The principal stress and strain
curves of the strain bricks were obtained by data processing
and are shown in Figure 6.

It can be seen from Figure 6 that the maximum principal
stress and strain at strain brick #1 both occur at around
40 us; the maximum principal stress is 11.53 MPa, and the
maximum principal strain is 0.032 m. These maxima both
occur at around 110us at strain brick #2; the maximum
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FIGURE 5: Distribution of rock layers in the model.

principal stress is 30.66 MPa, and the maximum principal
strain is 0.096 m.

Strain brick #1 is located in the gangue layer near the
blast hole, for which observation and analysis indicate
that it is mainly affected by the blast stress wave and the
strain produced by fissures around the blasting hole.
Strain brick #2 is located in the center of the line con-
necting the two adjacent blasting holes. More obvious
stress concentration arises here due to the tangential
stress caused by the superposition of the stress waves
from the two blasting holes. The results show that the
maximum principal stresses at both strain bricks are far
greater than the 6 MPa compressive strength of the
gangue layer and are thus able to play a role in weakening
it; the maximum principal strain at strain brick #2 is
about 3 times than that at strain brick #1.

(2) Resistivity Change Analysis. Changes in the resistance
value can be taken as a reflection of the development of
cracks through blasting. Before blasting, cracks have not
yet developed and the cavity area has not been formed, so
conductivity is good. After blasting, a large number of
cracks and holes have been formed, so conductivity is
poor. The resistance value measured using an ohmmeter
was 2.3 MQ before blasting and 8.1 MQ after blasting.
Thus, the resistance value was increased by a substantial
amount, 252%, by blasting. This confirms that blasting
generated a large number of cracks in the gangue layer.
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TaBLE 1: Proximate analyses of the sample.

. . Average .. . . .
. Thickness Compressive strength '8 Similar material ratio (cement: sand: coal powder: lime:
Lithology (mm) (MPa) density sum: water)
3 .
(g/em’) 8P
Roof
330 3.2 1.52 0:7:0:0.5:0.5:0.8
sandstone
Floor
120 3.2 1.52 0:7:0:0.5:0.5:0.8
sandstone
Coal seam 120 0.6 0.83 0:5:2:0.7:0.3:0.8
Gangue layer 30 6.0 1.73 1.6:3.5:0:0:0.2:0.6
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F1GURE 6: Test 1 stress and strain curves of (a) strain brick #1 and (b) strain brick #2.

(3) Development of Cracks. The coal and rock mass are
subjected to a blast shock wave during blasting, and there is
clear displacement of the free surface. By removing the
upper sandstone and the upper half of the coal seam, we can
view the damage and the range of cracks produced during
blasting directly. Figure 7 shows that a large number of
cracks have formed and developed at the central point
between the two blasting holes. In the coal seam within a
certain range of the blasting holes, a cavity and a compressed
comminution zone are also formed.

5.2.2. Test 2. Test 2 includes a hole spacing of 300 mm,
vertically offset blasting holes, and simultaneous detonation.

(1) Stress and Strain Analysis. The principal stress and strain
curves under these conditions are shown in Figure 8.

It can be seen from Figure 8 that the maximum principal
stress and strain at strain brick #1 both occur at around
200 us; the maximum principal stress is 11.23 MPa, and the
maximum principal strain is 0.038 m. These maxima appear
at around 240 ys at strain brick #2; the maximum principal
stress is 27.66 MPa, and the maximum principal strain is
0.086 m.

As in test 1, the maximum principal stress at both strain
bricks is far greater than the compressive strength of the
gangue layer and so it is able to play a role in gangue layer

weakening. In addition, there is a higher stress concentration
in strain brick #2, as the maximum principal strain value is
about 2 times that in strain brick #1.

(2) Resistivity Change Analysis. The resistance value was
2.9 MQ before the experiment and 9.5 MQ after blasting.
This was again a large increase in resistance through blasting,
228%, and it shows that a large number of cracks were
produced inside the gangue layer through blasting.

(3) Development of Cracks. It can be seen from Figure 9 that
the locus of crack occurrence and development is the central
point between the two blasting holes. The displacement of
the free surface of blasting is obvious. A cavity and a
compressive crushing zone are formed in the coal seam
within a certain range of the blasting holes.

5.2.3. Test 3. Test 3 includes a hole spacing of 200 mm,
blasting holes arranged parallel to the gangue layer, and
simultaneous detonation.

The positions of the blasting holes and of the embedded
strain bricks under these conditions are shown in Figure 10.

(1) Stress and Strain Analysis. The principal stress and strain
curves of the two strain bricks were obtained through data
processing and are shown in Figure 11.
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FIGURE 7: Test 1 cracks after blasting. (a) Test 1 cracks formed after blasting. (b) Test 1 cavity zone formed after blasting.
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FiGURE 8: Test 2 stress and strain curves for (a) strain brick #1 and (b) strain brick #2.

It can be seen from Figure 11 that the maximum
principal stress and strain at strain brick #1 both occur at
around 75 ps; the maximum principal stress is 7.93 MPa, and
the maximum principal strain is 0.016 m. The maximum
principal stress and strain occur at around 100 s for strain
brick #2; the maximum principal stress is 10.88 MPa, and the
maximum principal strain is 0.031 m.

The maximum principal stress at both the strain bricks is
only slightly higher than the compressive strength of the
gangue layer (6 MPa), so little weakening of the gangue layer
will be achieved. The maximum principal strain in strain
brick #2 reaches about 2 times than that in strain brick #1,
indicating that it is affected by tangential stress due to the
superposition of the stress waves of the two blasting holes,
leading to stress concentration.

(2) Resistivity Change Analysis. The resistance value was
3.2 MQ before blasting and 7.1 MQ after blasting, consti-
tuting an increase of 122% in resistivity with blasting. This

shows that blasting caused a few cracks to form in the gangue
layer.

(3) Development of Cracks. Figure 12 shows that cracks have
occurred and developed at the central point between the two
blasting holes, but that there are fewer of them than in tests 1
and 2. There is an obvious displacement of the free surface,
and a cavity and a compressive crushing zone are formed in
the coal seam within a certain range of the blasting holes.

5.2.4. Test 4. Test 4 includes a hole spacing of 200 mm,
vertically offset blasting holes, and an interval between
detonations.

(1) Stress and Strain Analysis. The principal stress and strain
curves under these conditions are shown in Figure 13.

It can be seen from Figure 13 that the maximum
principal stress and strain at strain brick #1 both occur at
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FI1GURE 9: Test 2 cracks after blasting. (a) Test 2 cracks formed after blasting. (b) Test 2 cavity zone formed after blasting.
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FIGURE 10: Arrangement of blasting holes and of embedded strain
bricks for test 3.

around 220 ps; the maximum principal stress is 9.83 MPa,
and the maximum principal strain is 0.037 m. These maxima
occur at around 230 us for strain brick #2; the maximum
principal stress is 17.88 MPa, and the maximum principal
strain is 0.022 m.

There is little evidence for stress concentration near
strain brick #2. This is because when interval initiation is
used, the gangue layer near strain brick #2 is not affected by
the tangential stress caused by the superposition of the stress
waves of the two blasting holes. The maximum principal
stress at the two strain bricks is much higher than the 6 MPa
compressive strength of the gangue layer, so gangue layer
weakening can be achieved. Because there is no stress su-
perposition, the strain value at strain brick #2 is slightly
lower than at strain brick #1, which is adjacent to a blasting
hole.

(2) Resistivity Change Analysis. The resistance value was
2.8 MQ before blasting and 7.8 MQ after blasting, an in-
crease of 178%. This shows that a large number of cracks
were produced inside the gangue layer through blasting.

(3) Development of Cracks. It can be clearly seen from
Figure 14 that cracks were generated and developed along

the line connecting the two blast holes and close to the
second-detonation blast hole and that cracking is obvious.
The blasting-free surface shows a large displacement. A
cavity and compression crushing zone have also been
formed in the coal seam within a certain range of the blasting
hole.

5.3. Comparative Analysis of the Experimental Data. The
following conclusions can be drawn from analysis of stress
and strain, the change rate of resistance, and crack devel-
opment in the various similar simulation tests:

(1) When comparing test 1 with test 2, the test variable is
the spacing of the blast holes. The stress wave pro-
duced by blasting at two holes overlaps at the
midpoint of the line connecting the holes, causing
the maximum principal stress and maximum prin-
cipal strain to be reached at that point and resulting
in the formation of a large number of cracks. An
increase in the blasting hole spacing results in lower
maximum principal stress and maximum principal
strain values. Moreover, little change is seen in the
maximum principal stress and maximum principal
strain generated near a blasting hole, indicating that
the adjacent blasting hole has little influence on the
effect of blasting near the hole.

(2) A comparison of test 1 and test 3 shows that the
maximum principal stress and maximum principal
strain are reached at the midpoint of the line con-
necting the two blasting holes, no matter which hole
arrangement is adopted. This is because stress waves
are superimposed at that point, resulting in stress
concentration. However, because shear stress is
generated in test 1, these maxima are significantly
higher than they are in test 3. It can be seen stag-
gering boreholes achieves a higher degree of weak-
ening of gangue layers than does arranging them in
parallel to the gangue bedding. Therefore, a staggered
hole arrangement is recommended to achieve
maximum weakening of gangue layers in a coal
seam.
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FIGURE 14: Test 4 cracks after blasting. (a) Test 4 cracks formed after blasting. (b) Test 4 cavity zone formed after blasting.

(3) A comparison of test 1 and test 4 shows that max-
imum stress and strain are achieved at 130 ys with
simultaneous initiation but slightly later at 220 us
with interval initiation. There is no stress concen-
tration with interval initiation, and the maximum
stress and strain values are lower than with simul-
taneous initiation, so simultaneous initiation is more
effective for gangue weakening.

(4) In all of the tests, the maximum principal stress was
greater than the compressive strength of the gangue-
containing layer, indicating that all four approaches
can achieve weakening of a gangue-containing layer.

6. Conclusion

Similar simulation tests in which deep-hole presplitting
blasting was used to weaken coal gangue have allowed the
following conclusions to be drawn:

(1) Maximum principal stress and maximum principal
strain decrease with an increase in blasting hole
spacing, and the time at which these values are
reached increases. Little change, however, is seen in
the maximum principal stress and maximum prin-
cipal strain in the vicinity of the blast hole, which
indicates that blasting at adjacent holes has little
effect on the blasting hole wall.

(2) When detonation is simultaneous, the stress waves
generated by the blasting of the two blasting holes are
superimposed at the midpoint of the line connecting
the two holes so that the maximum principal stress
and maximum principal strain are reached at this
point, resulting in the formation of a large number of
cracks.

(3) When interval initiation is used, the postinitiation
hole and the explosion cavity play a similar role as a
control hole, but there is no obvious stress con-
centration between the two holes.

(4) Theoretical calculation was used to select appropriate
parameters for similar simulation testing of deep-
hole presplitting blasting. The effects of blasting
under different parameter settings were compared
using the method of controlling variables. This
comparison shows that while arranging blasting
holes in parallel with the gangue layer achieves the
desired effect, it can lead to drilling difficulties in the
process of weakening the gangue layer. Therefore, it
is suggested that a staggered arrangement of bore-
holes be used as far as possible, as this allows shear
stress to be utilized to break up the rocks more
efficiently.
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