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To solve the problem of strong ground pressure behaviour under a residual coal pillar in the overlying goaf of a close-distance coal seam,
this paper proposes the technology of weakening and relieving the residual coal pillar in the overlying goaf by a high-pressure water jet.
Based on the geological occurrence of the No. 3 coal seam and mountain No. 4 coal seam in the Yanzishan coal mine, the high-pressure
water jet pressure relief technology of residual coal pillars in the overlying goaf of close-distance coal seams was studied by theoretical
analysis and field industrial tests. First, the elastic-plastic zone of the residual coal pillar and the stress distribution law of the floor are
obtained by theoretical analysis, and the influence degree of the residual coal pillar on the support of the lower coal seam working face is
revealed. Then, a high-pressure water jet combined with mine pressure is proposed to weaken the residual coal pillar. Finally, through the
residual coal pillar hydraulic cutting mechanical model and “double-drilling double-slot” model, the high-pressure water jet drilling layout
parameters are determined, and an industrial field test is carried out. The single knife cutting coal output and 38216 working face hydraulic
support monitoring data show that high-pressure hydraulic slotting can weaken the strength of the coal body to a certain extent, destroy
the integrity of the residual coal pillar, cut off the load transmission path of the overlying strata, and reduce the working resistance of the
hydraulic support under the residual coal pillar to a certain extent, which is beneficial to the safe mining of the working face.

1. Introduction

In recent years, with the increase in coal mining intensity and
mining depth, the occurrence conditions of coal seams have
become more complex, the mining environment has wors-
ened, and underground engineering disasters have become
prominent [1-3]. For close-distance coal seam mining, the
working face under the residual coal pillar in an overlying goaf
is affected not only by the mining stress and tectonic stress but
also by the residual coal pillar stress transmission, which
makes the underground pressure behaviour of the lower coal
seam working face more intense, and the support safety valve
frequently opens, which seriously hinders the safe and effi-
cient production by coal mines [4-8].

At present, the measures used to address the problem of
strong mine pressure behaviour under the residual coal pillar
in an overlying goaf mainly include coal seam directional
blasting [9] and hydraulic fracturing [10]. Through the above
treatment methods, the overall structure of the coal body can
be destroyed, the strength of the coal body can be weakened,
the connection form of the rock structure can be changed, the
stress distribution form of the floor of the residual coal pillar
can be improved, and the purpose of stress concentration can
be alleviated. The above methods have been widely used in
China because the geological conditions of different mining
zones are different, the effect is also different, and there are
some disadvantages. For example, coal seam directional
blasting [11] not only involves a large amount of drilling
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construction and low efficiency but is also likely to ignite
harmful gas in the goaf, which poses a certain hidden danger to
safe and efficient mining in coal mines. Conventional hydraulic
fracturing technology [12, 13] easily controls fracture propa-
gation by the original in situ stress, expands along the direction
perpendicular to the minimum principal stress, and easily forms
a cracking “blank zone” on both sides of the fracture. At the
same time, there are many secondary fractures in the remaining
coal pillar, and the high-pressure water loss is fast; thus, it is not
easy to form the residual coal pillar damaged by pressure. With
the continuous innovation of high-pressure water jet technology
and the continuous improvement of high-pressure water gen-
erating devices, high-pressure water jet weakening technology
has been applied to the prevention of dynamic disasters, control
of hard roof stability in coal mines, and low-permeability coal
seam gas extraction in underground coal mines. Relevant
scholars [14-16] have used high-pressure hydraulic slotting to
relieve the gas pressure inside the coal seam and increase the
permeability of the coal mass, which thus improves the gas
drainage efficiency and eliminates the outburst risk. Some
scholars [17, 18] have used theoretical analysis, numerical
simulation, and other research methods to study the pressure
relief mechanism of high-pressure hydraulic slotting on coal and
rock. After hydraulic cutting in the coal seam, a fully unloaded
area, a transition pressure-relief area, and the original stress area
are formed around the slot. After high-pressure hydraulic
slotting in the roof, the strength of the roof is weakened, and the
roof structure is changed, which can achieve the effect of
unloading and releasing energy. Field practice has shown that
high-pressure hydraulic slotting can reduce the stress load in the
far and near fields and reduce the occurrence of dynamic di-
sasters, such as rockburst and coal and gas outbursts.

In view of the mining conditions of carboniferous coal
seams No. 3 and mountain No. 4 in the Yanzishan coal mine
of the Datong Coal Mine Group, this paper adopts high-
pressure water jet technology to weaken the residual coal
pillar in the overlying goaf. First, the elastic-plastic zone of the
residual coal pillar and the stress distribution law of floor are
studied by theoretical analysis; the stress transfer mechanism
of the overlying residual coal pillar floor in close proximity to
coal seam downward mining is revealed; and then, based on
theoretical analysis, numerical simulation, and field condi-
tions, the drilling layout parameters of the high-pressure
water jet destroying the residual coal pillar are determined.
Finally, field industrial tests and effect inspections are carried
out, and the research content of the paper can provide safety
guarantees and theoretical guidance for the safe mining of
close coal seams under similar conditions.

2. Engineering Geology

The 8216 working face of the No. 3 coal seam in the Yanzishan
coal mine (hereinafter referred to as the 38216 working face) is
located in the 302 panel of the No. 3 coal seam at the 910 level.
The working face is 2540 m long and 180 m wide, with an
average depth of 400 m, an average thickness of 5.0 m, and an
average dip angle of 2°. In the east is the No. 3 layer panel
roadway, in the south is the 8214 design working face of the
No. 3 coal seam, in the west is the boundary of the No. 3 layer
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panel, and in the north is the 8218 design working face of the
No. 3 coal seam. The upper part of the 38216 working face is
the goaf of the 8216 working face and 8218 working face of the
Mountain No. 4 coal seam (hereinafter referred to as the
48216 working face and 48218 working face), and the average
spacing is 25 m. The residual coal pillar between the 48216 and
48218 working faces is located above the 38216 working face.
The width of the coal pillar is 38 m. The coal pillar is 30 m
from the 5216 roadway of the 38216 working face and 112m
from the 2216 roadway of the 38216 working face, as shown in
Figure 1. The 5216 roadway is a tailgate with a size of
42mx3.4m (width x height) and is supported by a “bolt-
cable-mesh” framework, as shown in Figure 2(a). The 2216
roadway is a headgate with a size of 50mx3.3m
(width x height) and is supported by a “bolt-cable-mesh”
framework, as shown in Figure 2(b). The distribution of roof
and floor rocks is shown in Figure 3.

3. Elastic-Plastic Zone of the Residual Coal
Pillar and the Stress Distribution Law of
the Floor

Based on the mining conditions of working faces 38216,
48216, and 48218, theoretical analysis is used to study the
failure characteristics and the stress distribution law of the
residual coal pillar floor in the overlying goaf and reveal the
influence degree of the residual coal pillar on the support of
the lower coal seam working face.

3.1. Elastic-Plastic Zone of the Residual Coal Pillar in the
Overlying Goaf. Analysis of mine pressure and strata control
theory [19] showed that the residual coal pillar in the
overlying goaf is deformed and damaged under the action of
overlying strata pressure. Failure zone I, plastic zone II, and
elastic zone III form from the outside to the inside, in which
the elastic zone is the main bearing zone and the main
medium for the downward transmission of the overlying
load. In this part, combined with the mining conditions of
the 48216 and 48218 working faces, and based on limit
equilibrium theory [6], the elastic-plastic zone range of the
residual coal pillar is analysed, and the elastic-plastic zone
width of the residual coal pillar is obtained.

As shown in Figure 4, the structural model of the elastic-
plastic zone of the residual coal pillar is presented. In the early
stage of roadway excavation and the mining process of both
sides of the working face, the section coal pillar is inevitably
affected by mining, and the failure and plastic zones form at a
certain width of the coal pillar edge. Based on limit equilibrium
theory, the width of the elastic-plastic zone can be calculated:

M q, +ccotg

B,=——In , 1
® " 2gf g(p, +c cot p) (V)

B, = B-2B,. (2)

There B is the width of the residual coal pillar, m; By is the
sum of the widths of the failure zone and plastic zone, m; B,
is the width of the elastic zone, m; M is the thickness of the
coal seam, m; g is the concentrated load above the residual
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FIGURE 1: Spatial positional relationships between working faces. (a) Space location diagram. (b) Plane figure. (c) Section plan.

coal pillar, MPa; ¢ is the cohesion of coal, MPa; ¢ is the angle
of the internal friction of coal, % g is the triaxial stress
coefficient, g = (1 +sin ¢)/(1 —sin ¢); f is the friction
factor, f = tan ¢; and p; is the resistance of the support to
the coal wall, MPa.

According to equation (1), the sum of the widths of the
failure zone and plastic zone of the residual coal pillar B,
calculated by limit equilibrium theory is related to the
concentrated load above the coal pillar. According to mine
pressure theory, the concentrated load above the overlying
residual coal pillar q; is mainly caused by the weight of the
overlying strata and the rotation of the cantilever beams on
both sides of the pillar, as shown in Figure 5.

Due to the long mining time of the 48016 and 48218
working faces (mining completed in 2015-2016), the goaf on
both sides of the residual coal pillar has been filled with
overburden caving strata, and the overburden weight above
the collapse line can be regarded as bearing by the gangue
and residual coal pillar in the goaf, that is, the total load on
the residual coal pillar P:

P =|BH +2h(H - h)tan g+ W tan (ZE P. (3)

There H is the burial depth of the residual coal pillar, m; h
is the caving height of the strata in the goaf, m, where Yu [20]
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FIGURE 2: Support schemes of the roadway supports. (a) 5216 roadway. (b) 2216 roadway.

Stratigraphic Lithological Thickness Depth
Columnar Characters (m) (m)
Fine medium sandstone 20 314
Medium sandstone 15 329
Kaolin mudstone 20 349
L]
L] L] L] L]
TETONN
TeTeeT Sandy mudstone 10 359
TITVEw
- Siltstone 10 369
Mountain No.4 coal seam 6 375
Siltstone 10 385
Medium grained sandstone 10 395
Lamprophyre 5 400
No.3 coal seam 5 405
Sand mud interbedding 9 414

FIGUure 3: Comprehensive drilling histogram.

found that the ratio of the caving height of the strata to the
mining height is 10-12 in top-coal caving mining in the
carboniferous system; J is the caving angle of the overlying
strata in the goaf, °, where according to the research of

relevant scholars [21-23], the caving angle in the carbon-
iferous system is generally 60°-63°; and y is the average unit

weight of the overlying strata, kN/m>.

Concentrated load above the residual coal pillar ¢q; is

91 =

P [BH +2h(H - h)tan(8/2) + b tan (8/2) |y

(4)

B

B

According to the geological conditions of the 48216 and
48218 working faces in the Mountain No. 4 coal seam of the
Yanzishan coal mine, the following parameters can be de-

termined: B is 38 m, H is 375m, h is 70m, & is 60°, and y is

26kN/m’. By substituting the above parameters into
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F1GURE 5: Calculation model of the concentrated load above the residual coal pillar.
equation (4), it can be concluded that the concentrated load ( 20q dE P
above the residual coal pillar g, is 28.6 MPa. do, = - 2 PEPL
According to the geological survey of the Mountain No. [x +(y-9) ]
4 coal seam, the coal seam thickness M is 6 m, the con-
centrated load above the coal pillar g, is 28.6 MPa, the 20gdé x(y-§&)
cohesion of coal ¢ is 1.76 MPa, the internal friction angle of { do YT T, [ 2 (o 5)2]2, (5)
coal ¢ is 22°, the friction coeflicient of the contact surface oy
between the coal seam and the roof and floor fis 0.4, and the 5
resistance of the support to the coal wall p; is 0. By dr. = 20 d8  x"(y-9§)
substituting the above parameters into equations (1) and (2), xy P [ I (y - 5)2]2'

the sum of the width of the failure zone and plastic zone on
one side of the residual coal pillar B is approximately 4.2 m,
and the elastic core zone B, is approximately 29.6 m.

3.2. Stress Distribution Law of the Residual Coal Pillar Floor in
the Overlying Goaf. In close-distance coal seam mining, the
lower coal seam working face is often located under the
residual coal pillar in the overlying goaf. Because the
overlying residual coal pillar plays a role in load transfer, it
will form a complex stress environment around the working
face of the lower coal seam, resulting in stress concentration,
which seriously hinders safe and efficient production in coal
mines. To understand the residual coal pillar floor stress size
and distribution form in more detail, based on the theory of
elasticity, the residual coal pillar and floor are simplified as
an elastomer, and the residual coal pillar stress calculation
model is established.

According to the analysis in Figure 6, the stress at any
point M in the half-plane caused by the small concentrated
load dF=2qd¢ is as follows:

To determine the stress caused by the uniformly dis-
tributed load acting on the residual coal pillar, it is necessary
to superimpose the stress caused by each small concentrated
load, and the integral of equation (5) is obtained:

2 (b Agx’dé
ox:;-[_ T2, (0 0217
“[x +(y f)]

lo
Yoo

2 (b /\qx(y—f)zdf
=— — (6)
L’ [+ (- oY
_2 r Aga® (y — £)dé

For the uniformly distributed load above the residual
coal pillar, A, is a constant, and the integral of equation (6) is
obtained:
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FIGURE 6: Stress calculation model of the residual coal pillar.

To better study the stress distribution law of the residual coal
pillar floor in the overlying goaf, the mining conditions of the
48126 and 48128 working faces in the Yanzishan coal mine are
taken as the research background, the stress of the residual coal
pillar floor is analysed by equation (7), Aq is a constant, and the
distribution of horizontal stress, vertical stress, and shear stress
at different depths of the residual coal pillar under uniform load
are obtained by using Origin data processing software.

According to the analysis in Figure 7, the stress distri-
bution law of the residual coal pillar floor is as follows:

(1) The vertical stress of the floor of the residual coal
pillar is distributed as a whole in a “single-arch”
pattern, which is distributed symmetrically in the
centre of the coal pillar, and the peak values of the
vertical stress occur at the central axis of the coal
pillar. In the vertical direction, with increasing depth,
the stress decreases; however, the range of stress
influence expands, and the depth of the vertical stress
concentration is approximately 60 m. In the hori-
zontal direction, the stress decreases with increasing
distance from the central axis of the coal pillar.

(2) The horizontal stress of the floor of the residual coal
pillar is symmetrically distributed along the central
axis of the coal pillar. In the vertical direction, as the
depth increases, the whole stress changes from a
single peak to a “double-arch” shape, the change
trend of stress tends to ease, and the influence range
of stress also expands. In the horizontal direction, the
change trend is consistent with that in the vertical
direction, and the stress decreases with the increase
in the distance from the coal pillar central axis.

zelq[amanﬁ—arctany_a+ 2x(y+b) 7~ zx(y—a) 2],
T x x“+(y+b)° x"+(y-a)
A - b _
1 0y=q[arCtan —arctan? 2 - Zx()/+ )2 zx()’ a) 2]’ )
m x“+(y+b)° x"+(y-a)
: —M[ < x
xy T x2+(y+b)2 x2+(y— a)z .

(3) The shear stress of the residual coal pillar floor has a
“single peak” on one side. The shear stress value at
the central axis of the coal pillar is 0. With increasing
distance from the central axis of the coal pillar, the
shear stress first increases and then decreases, and
the stress peak is located at the edge of the coal pillar.

(4) According to the above analysis, the influence depth
of the vertical stress of the residual coal pillar is 60 m,
the influence depth of the horizontal stress is ap-
proximately 10m, and the influence depth of the
shear stress is small. Therefore, the vertical stress
plays a leading role in the stress transfer process of
the residual coal pillar floor.

According to the above analysis, the peak value of
vertical stress in the floor of the residual coal pillar appears
at the central axis of the coal pillar. According to the mining
conditions of the 38216 working face, the 38216 working
face is 25m from the overlying residual coal pillar.
According to Figure 7(a), at 25 m below the coal pillar, the
stress concentration factor A is approximately 2.33, and the
stress transferred by the residual coal pillar is approxi-
mately 22.7 MPa.

3.3. Load-Bearing Capacity of the Working Face Support under
the Residual Coal Pillar. In this part, theoretical calculations
are used to analyse the influence of residual coal pillars on
the working face from a quantitative point of view.
According to the theory of mine pressure and strata control,
as the 38126 working face supports advance and load is
transferred by the overlying roof, it also bears the
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FIGURE 7: Stress distributions of the residual coal pillar floor at different depths. (a) Vertical stress. (b) Horizontal stress. (c) Shear stress.

concentrated load transferred by the overlying residual coal
pillar. As shown in Figure 8, the working face under the
residual coal pillar mainly bears the following loads:

3
Ean (Van + Vn+1Hn+1 + szHmz teeet VmHm + Ux)

P, (n) =
" Ean3 +En+1Hn+l3 +"'+EmHm3

(8)

There E; is the elastic modulus of layer i(i=n,n+1, ..., m)
above the lower coal seam, MPa; H; is the thickness of the rock
stratum of layer i (i=n, n+1, ..., m) above the lower coal
seam, m; y; is the volume force of the rock stratum of layer I
(i=n,n+1,..., m)above lower coal seam, MN/m?> and o, is
the load transferred by the overlying residual coal pillar, MPa

According to the geological survey of the No. 3 coal seam
and Mountain No. 4 coal seam, there are three rock strata
between the 38216 working face and the 48216 and 48218
goafs: lamprophyre, medium-grained sandstone, and silt-
stone. The mechanical parameters of each rock stratum are
shown in Table 1.

In addition, according to the previous theoretical
analysis, the transfer load of the 38216 working face under
the residual coal column is approximately 22.7. By
substituting the above parameters into equation (8), the
main load of the working face under the residual coal pillar is
approximately 1.25 MPa, which is greater than the support
strength of the hydraulic support (ZF12000/22/35). During
the mining of the lower coal seam, it is easy to cause the
working resistance of the hydraulic support under the re-
sidual coal pillar to be too large, and the safety valve is
frequently opened, which may cause support crushing
accidents.

According to the above research, after the upper coal
seam is mined, the overlying strata break, rotate, and sink,
and the generated load is transmitted downwards. A part of
the load acts on the gangue in the goaf. Because the gangue
in the goaf consumes and transfers part of the load in the
compaction process, the load transferred from the gangue
in the goaf to the floor is small. Part of the load is trans-
mitted downward through the residual coal pillars and
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distributes in the floor in the form of a “stress bubble,”
forming a stress concentration area, as shown in Figure 9. If
the working face or roadway of the lower coal seam is
located in the stress concentration zone, the pressure of the
hydraulic support in the lower coal seam will increase, and
the safety valve will be frequently opened. Roof subsidence,
floor heave, and two sides moving close will occur in the
roadway. This will seriously affect the safe mining of the
lower coal seam.

4. Process Parameters of High-Pressure Water
Jet Weakening the Residual Coal Pillar

4.1. Pressure Relief Method of Weakening the Residual Coal
Pillar by a High-Pressure Water Jet. The width of the residual
coal pillar in the goaf is a key factor affecting the size and
distribution of the coal pillar floor stress. According to
previous research results, the residual coal pillar deforms
and is destroyed under the action of overlying pressure.
From outside to inside, there are failure zone I, plastic zone
11, and elastic core zone III. The elastic core zone is the main
bearing area and the main medium for the downward
transmission of the overlying load. Therefore, if the coal
strength in the elastic core zone is artificially weakened, the
integrity of the whole coal pillar will be reduced, the coal
pillar will fail under the action of the overlying load, the load
transmission path of the overlying strata will be cut off, and
the lower close coal seam will be in the low-stress zone.
Therefore, to improve the construction efficiency and reduce
the construction cost, the idea of weakening residual coal
pillars combined with applying a high-pressure water jet and
mine pressure can be adopted. First, a high-pressure water
jet is used to weaken the coal pillar and make the defect body
in the elastic core to destroy the coal body around the defect
body and reduce the integrity of the coal pillar; then, the
whole coal pillar with defects is destroyed by using mine
pressure. The load transfer form of the residual coal pillar
before and after weakening is shown in Figure 10.

4.2. Determination of High-Pressure Water Jet Drilling Layout
Parameters. The drilling layout parameters of high-pres-
sure water jet mainly include the coal pillar width direction
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drilling layout parameters and coal pillar length direction
drilling layout parameters. According to relevant research,
when the spacing is too large, stress concentration easily
occurs between the two boreholes, and the ideal failure
effect cannot be achieved. When the spacing is too small,
there will be a stress reduction zone between the two
boreholes, which can achieve the ideal failure effect.
However, with the increase in on-site construction
quantities and construction time, considerable manpower
and material resources are wasted [24]. Therefore, deter-
mining the reasonable drilling layout parameters of a high-
pressure water jet can not only achieve the destruction
effect of the residual coal pillar but also ensure con-
struction progress.

4.2.1. Determination of Coal Pillar Width Direction Drilling
Layout Parameters. According to the previous research
results, the sum of the widths of the failure zone and plastic
zone B, on one side of the residual coal pillar is approxi-
mately 4.2 m, and the elastic core zone B, is approximately
29.6 m, as shown in Figure 11(a). According to the above
analysis, only when elastic core zone B; is damaged can the
load transmitted by the floor be reduced. This is the scheme
designed to destroy the elastic core zone of residual coal
pillar B;: elastic core zone B is divided into four parts: high-
pressure water jet destruction zones B, ; and B,_, and non-
water jet destruction elastic core zones Bs; and Bj,, as
shown in Figure 11(b). First, a high-pressure water jet is used
to destroy the coal body in zones B, ; and B, ,, making it a
plastic zone. The water jet damage zone loses its bearing
capacity, and the overlying load is transferred to the non-
water jet damage elastic core zones B;; and Bj,; if the
remaining zones B;_; and Bj_, reach a certain width (and can
be regarded as a small coal pillar), plastic failure occurs
under the action of mine pressure, the whole coal pillar is
damaged, and the residual coal pillar loses its bearing ca-
pacity, as shown in Figure 11(c).

It is assumed that when the width of the coal pillar is B,
the load above the residual coal pillar is g;; when the width
of the coal pillar is B3_; + Bs_,, the load above the residual
coal pillaris q’ (¢’ > q1), as shown in Figure 11(b). To ensure
the complete failure of the elastic core zone of the residual
coal pillar, the maximum width of B;_; + B3, in plastic
failure under the action of load q' should be determined
before the high-pressure water jet destroys B, ; and B, ,. As
shown in Figure 11(b), the widths of B; ; and B;_, are equal.
Therefore, the maximum width of B;_; + B;, can be ob-
tained only by determining the width of B; ; or B;_,. Under
the action of load q', the width of plastic zone q', B3, or B
5 is as follows:

M ql +c cot ¢

B B,,,=—In—"———.
3-107 P32 2g9f ng(1+c cot ¢) ©)

When B, ; and B, , are destroyed, B, ; and B, , coal
become a plastic zone, the weight of overlying strata is
shared by B;_;, and Bs_, the coal bodies, coal body after B, ;
and B, , failure and goaf gangue, and the concentrated load
q' on the coal body in the Bs.; and Bs_, zone is as follows:
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TABLE 1: Mechanical parameters of interlayer strata.
Rock stratum Volumetric force y; (MN/m?) Thickness H; (m) Elastic modulus E; (MPa)
Lamprophyre 0.0266 5 3.000 x 10*
Medium-grained sandstone 0.0263 10 3.845x10*
Siltstone 0.0262 10 2.800x 10"

reduction zone reduction zone

FIGURE 9: Transmission and distribution of the overlying load.

reduction zone

Load transferred After yielding failure

to floor of coal pillar

()

(®)

FIGURE 10: Load transfer before and after the weakening of the residual coal pillar. (a) Before weakening. (b) After weakening.
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F1GURre 11: Mechanical model of the hydraulic cutting of the residual coal pillar. (a) Before coal pillar failure. (b) In the process of coal pillar
failure. (c) After coal pillar failure.

) jd [(Bs_, + By ,)H + 2h(H — h)tan (8/2) + h’ tan (8/2) |y

= (10)
B;_1 + B, B;_1 + B3,

7=yH tan ¢ +c. (11)
When the overburden load acts on zones B;_; and B;_,,

zones B;_; and Bs_, expand due to plastic failure. At this time, Substituting equations (10) and (11) into equation (9), we
shear stress T occurs on the interface of coal and rock in the ~ can obtain the following results:

B,.; and B,_, zones and acts on both sides of B5_; and Bs_,, as

shown in Figure 11(b).

M, ([(Bs_, + B;_,)H +2h(H — h)tan (8/2) + h* tan (8/2) |y/B;_, + B; ;) + ¢ cot ¢
— n .

5 B _ (12)
3.1 Or D3 » 29f glyH tan ¢ + ¢ (1 + cot )]

By substituting the above parameters (see Section 3.1 for  direction of the coal pillar on the stress field and plastic zone

details) into equation (12), Bs.; can be obtained: field of the coal body around the seam slot and determine the
13.8 reasonable drilling spacing in the length direction of the coal
By, =3.378 ln<0. 54 + B—> (13)  pillar to provide a reference for on-site construction.
3-1

(1) Establishment of the Model. According to the research
content of this part, the “double-drilling and double-slot”
model is established, as shown in Figure 13. The model
adopts the Mohr-Coulomb constitutive model. The model
size is XX YxZ=(9~11)m x 15m x 10 m, where the x-di-
rection is the length direction of the coal pillar, the y-di-
rection is the width direction of the coal pillar, and the z-
direction is the vertical direction. The whole model is divided
4.2.2. Determination of Coal Pillar Length Direction Drilling  into three parts: drilling holes, slots, and surrounding coal
Layout Parameters. In this part, FLAC 3D is used to study  bodies. The cylindrical shell grid is used for drilling holes and
the influence of different drilling spacings in the length  slots. To better study the damage, pressure relief effect, and

According to equation (13), B; ; is4.4m,and B, ; and B, ,
are both 10.4 m. To ensure that the damage zone of the high-
pressure water jet can be greater than 10.4 m, three boreholes
are arranged in B, ; and B, ,, and 2~3 slots are arranged in
each borehole, with a slot spacing of 4m, as shown in Fig-
ure 12. The borehole layout parameters are shown in Table 2.
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25m

X
30m

FiGgure 12: Coal pillar width direction drilling layout.

TaBLE 2: Coal pillar width direction drilling layout parameters.

Borehole Starting point of Azimuth of Elevation angle of Length of drilling ~ Number of = Gap between slots
number drilling drilling (%) drilling (*) hole (m) slots (m)

1 (-1.0, 0) 90 36 49.70 2 4

2 (-0.5, 0) 90 35 51.70 2 4

3 (0, 0) 90 33 53.80 3 4

4 (0, 0.5) 90 28 63.50 2 4

5 (0, 1.0) 90 27 66.40 2 4

6 (0, 1.5) 90 27 69.30 3 4

drill hole

Y

X

O

FIGURE 13: Double-drilling hole and double-slot model.

change law of coal bodies around drilling holes and slots, the
division grid around drilling holes and slots is more dense.
The surrounding coal body is a cylinder surrounded by a
radial grid because it is far away from the borehole and
fracture slot, and the division grid is relatively sparse. The
model is divided into 945000~945600 units. According to
Section 3.1, after the excavation of working faces 48216 and
48218 in the Mountain No. 4 coal seam, stress concentration
occurs in the residual coal pillar, and the peak stress is
28.6 MPa. In this section, to ensure the accuracy and ef-
fectiveness of the simulation, a uniform load of 28.6 MPa is
applied at the top of the model. The vertical displacement
constraint is limited at the bottom of the model, and the
horizontal displacement constraint is applied at the side. The
physical and mechanical parameters of the model are shown
in Table 3.

(2) Simulation Scheme. To better study the influence of
different drilling spacings on the stress field and plastic zone
field of coal around the slot, the drilling spacings in the

length direction of the coal pillar are 3.0 m, 4.0 m, and 5.0 m,
the slot radius is 0.75 m, the slot width is 0.2 m, and the slot
spacing is 4 m.

To more intuitively understand the influence of different
drilling spacings in the length direction of the coal pillar on
the stress field and plastic zone field of the coal body around
the slot, two observation sections are set: section 1 and
section 2 (section 1 is parallel to the xoz-axis and passes
through the slot section, as shown in Figure 14(a), while
section 2 is parallel to the xoy-axis and passes through the
borehole section, as shown in Figure 14(b)).

(3) Analysis of Simulation Results

(a) Vertical stress

(1) Section 1: as shown in Figure 15, a contour map of
the vertical stress around the slot with different
spacings in section 1 is shown. Figure 15 shows
that with increasing drilling spacing, the stress
value between drillings also increases, and a stress
concentration area appears. When the distance
between boreholes is 3 m, there is a stress overlap
area between drillings, whose stress is less than the
original rock stress, and it belongs to the stress
reduction area. When the distance between
drillings is 4 m, there is a stress concentration area
between boreholes, the stress concentration value
is 32 MPa, and the stress concentration degree is
small. When the distance between drillings is 5m,
the stress concentration range between drillings
increases, the stress concentration value also in-
creases, reaching 42 MPa, and the stress con-
centration factor is 1.6.

(2) Section 2: as shown in Figure 16, a contour map
of the vertical stress around the slot with
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TaBLE 3: Physical and mechanical parameters of the model.

Rock Density Bulk modulus Shear Tensile Cohesion Internal .
stratum (kg/m3) (GPa) m((gl;:;ls Stﬁ%igh (MPa) friction angle (°) Thickness (m)
Coal 1410 2.1 1.3 1.50 1.76 22.00 6
Ix Y I X
Y o o
(a) (b)

FIGURE 14: Schematic diagram of the observation sections. (a) Section 1. (b) Section 2.
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FIGURE 15: Contour map of vertical stress around slots with different spacings in Section 1. (a) 3.0m. (b) 4.0m. (c) 5.0 m.
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FIGURE 16: Vertical stress contour map around the slot with different spacings in Section 2. (a) 3.0m. (b) 4.0m. (c) 5.0 m.

different spacings in section 2 is shown. Fig-
ure 16 shows that the vertical stress of the
“double-drilling and double-slot” model has
the shape of a symmetrical “disc.” According to
the simulation results, when the drilling
spacing is 3m, there is only one stress con-
centration point with a stress of 53 MPa, be-
tween the four slots. When the drilling spacing
is 4m and 5m, there are two stress concen-
tration points between the four slots, with
stresses of 56 MPa and 51 MPa, respectively.
When the spacing is 4m, the stress concen-
tration degree is the highest, reaching 2.14.

According to the above analysis, when the
drilling spacing is 4 m or 5m, there may be an
area of original rock between the four slots,
that is, the undamaged area.

(b) Plastic zone

As shown in Figures 17 and 18, the distribution of the
plastic zone around the slot with different spacings in
section 1 and section 2 is shown. As shown in the figures,
when the spacing between drillings is 3m, the plastic
through zone is between drillings; that is, under the in-
fluence of both sides of the slot, the coal mass between
boreholes is destroyed. When the spacing of drilling is 4 m,
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FIGURE 17: Distribution of the plastic zone around the slot with different spacings in Section 1. (a) 3.0m. (b) 4.0 m. (c) 5.0 m.
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FiGgure 18: Continued.
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FiGure 18: Distribution of the plastic zone around the slot with different spacings in Section 2. (a) 3.0m. (b) 4.0 m. (c) 5.0 m.

there is still a plastic through zone between the drillings,
but there is a certain range of original rock area between the
four slots, which is smaller than that of the plastic through
zone. When the distance between drillings is 5 m, the plastic
through zone between drillings disappears. According to
the above analysis results, the drilling spacing greatly in-
fluences the vertical stress and plastic zone between the
boreholes, and with the increase in the drilling spacing, the
range of the plastic zone between the drillings decreases in
turn until it disappears. Therefore, considering the con-
struction time, manpower, material resources, and other
factors, it is suggested that the drilling spacing in the di-
rection of the coal pillar length should be 3~4m.

5. Field Implementation and Effect Test
5.1. Field Implementation

5.1.1. Field Implementation Equipment. The field equipment
was mainly composed of a high-strength drill bit, a hy-
draulic slotting integral drill pipe, an ultrahigh-pressure
rotating water tail, a high-pressure clean water pump, a
high-low pressure conversion slot cutter, and an ultrahigh-
pressure hydraulic hose (as shown in Figure 19). The
equipment has good performance, a simple structure, and
convenient operation.

5.1.2. Field Implementation Process. According to the re-
search results in Section 4 and combined with the field
conditions, a high-pressure water jet was used to destroy the
residual coal pillar in the overlying goaf within 100 m of the
middle section of the 38216 working face, and an ultrahigh-
pressure hydraulic slotting device was placed in the design
position of the 5216 roadway. According to the design
scheme, workers on site drilled holes and cut seams, a total of
26 sections were arranged, and each section was set with 6
boreholes with different angles. The section spacing was 4 m.
Implementation of the layout is shown in Figures 12 and 20.

The on-site construction process is as follows:

(1) The drilling rig is placed at the design position, the
hydraulic slotting integral drill pipe, high-low-
pressure conversion slot cutter, high-strength drill
bit, and other devices are connected, the angle be-
tween the drill pipe and the roof (roadway side) is
adjusted, and drilling with ordinary pressure water is
performed until the design depth is reached.

(2) The ultrahigh-pressure rotating water tail is con-
nected, the high-low pressure conversion slot cutter
is placed in the set position, the water pump and the
drilling rig are started, the water pressure is incre-
mentally adjusted to 100 MPa for slotting, and the
slotting time is 5 min.

(3) After cutting, the water pressure is adjusted to or-
dinary pressure, the 4 m drill pipe of the drilling rig is
purged, and the water pressure is adjusted to
100 MPa again to continue cutting until the design
scheme is completed. The field construction is shown
in Figure 21.

5.2. Effect Test. To verify the effect of slotting, the amount of
coal cinder discharged from each drilling hole and the
pressure of the hydraulic support in the slotting zone are
statistically analysed to verify the effectiveness and ratio-
nality of the slotting effect.

5.2.1. Amount of Coal Cinder Discharged from Each Drilling
Hole. The hydraulic slotting pressure of each drilling hole is
100 MPa. During slotting, under the impact of a water jet
and the rotation of the drill pipe, the coal blocks are dis-
charged as small cinder particles with a diameter of
0.3~1.5cm. As there are many boreholes on site, this part
only gives the single-tool coal output of 12 boreholes on
sections C and M, as shown in Table 4.
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FIGURE 20: Layout of boreholes along the length of the residual coal pillar.

Ficure 21: Field construction. (a) Drilling stage. (b) Slotting stage.
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TaBLE 4: Statistics of single-drilling coal output.

Borehole name Single cutting time (min) Single coal output (t) Number of slits (time) Total slotting time (min) Total coal output (t)

C-1 5 0.60 2 10 1.20
C-2 5 0.51 2 10 1.02
C-3 5 0.57 3 15 1.71
C-4 5 0.60 2 10 1.22
C-5 5 0.53 2 10 1.06
C-6 5 0.57 3 15 1.71
M-1 5 0.51 2 10 1.02
M-2 5 0.60 2 10 1.20
M-3 5 0.60 3 15 1.80
M-4 5 0.57 2 10 1.14
M-5 5 0.60 2 10 1.20
M-6 5 0.53 3 15 1.59
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Table 4 shows that at the same cutting time, the coal
outputs of each drilling hole are different, approximately

0.51~0.60 t, and the average coal output of each drilling hole
is 0.57 t. This may be due to the development of joints in the
coal or the influence of mining, resulting in differences in the
strength of coal in the same zone. Therefore, under the
impact of a water jet, the single coal yield in the low-strength
zone is higher, while the single coal yield in the high-strength
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zone is lower.where r, is the slot radius, m; M. is the coal
output of a single slot, t; h, is the slot width, m; K, is the
crushing and rising coefficient of coal slag, 1.2; and y, is the
density of coal, t/m”.

To obtain the effective radius of the slot under high-
pressure hydraulic cutting, the effective radius of the slot can
be deduced by the average coal output of a single slot. By
substituting M, =0.57t, h,=0.2m, K.=1.2, and y.=1.41t/
m’ into equation (14), the average slot radius is approxi-
mately 0.73 m.

5.2.2. Pressure Value of the Hydraulic Support in the Working
Face. To understand the influence of a high-pressure water
jet destroying a residual coal pillar on the 38216 working
face, the mine pressure behaviour of the 38216 working face
was monitored, and the load change of the hydraulic support
in the slotted zone and uncut zone was understood.
According to the layout of hydraulic supports in the working
face, there are 25 hydraulic supports (#21-46) under the
residual coal pillar. Due to the large amount of data, this part
gives the data curves of three typical hydraulic supports (#25,
#32, and #39) under the residual coal pillar, as shown in
Figure 22.

According to Figure 22, the data change trends of the
three hydraulic supports are the same. In the uncut zone,
the average weighting interval is 22.6 m, the working re-
sistance is 38~40 MPa, and the maximum value is 40 MPa;
in the slotting zone, the average weighting interval is
20.6m, the working resistance is 36~37 MPa, and the
maximum value is 37 MPa. The above data show that
slotting has little effect on the weighting intervals and has a
great influence on the variation in the working resistance of
the support, and the maximum working resistance of the
hydraulic support in the slotted area is reduced by 3 MPa
compared with that in the uncut area. Therefore, high-
pressure hydraulic slotting can reduce the working resis-
tance of the hydraulic support under the residual coal pillar
to a certain extent, which is beneficial to the safe mining of
the working face.

6. Conclusion

Based on the geological occurrence of the No. 3 coal seam
and mountain No. 4 coal seam in the Yanzishan coal mine,
application of high-pressure water jet pressure relief tech-
nology to residual coal pillars in the overlying goaf of close-
distance coal seams was studied by theoretical analysis and
field industrial tests to provide safety guarantees and the-
oretical guidance for safe mining of close-distance coal
seams under similar conditions. The main conclusions are as
follows:

(1) According to the mine pressure and strata control
and limit equilibrium theories, the elastic-plastic
zone range of the residual coal pillar and the stress
distribution law of the floor are obtained by struc-
tural modelling of support bearing load on the
working face under the residual coal pillar, and the
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influence degree of the residual coal pillar on the
support in the lower coal seam is revealed.

(2) Weakening the pressure of the residual coal pillar by
combining high-pressure water jet and rock pressure
is proposed. First, the high-pressure water jet is used
to weaken the coal pillar and make the defect body in
the elastic core, to destroy the coal body around the
defect body, and to reduce the integrity of the coal
pillar; then, yield failure of the whole coal pillar with
defects is induced with mine pressure, the load
transmission path of the overlying strata is cut off,
and the lower close coal seam is in the low-stress
zone.

(3) By establishing a mechanical model of the hydraulic
cutting of a residual coal pillar and the “double-hole
and double-slot” model, the high-pressure water jet
drilling layout parameters are determined. The single
knife cutting coal output and the hydraulic support
monitoring data show that high-pressure hydraulic
slotting can weaken the strength of the coal body to a
certain extent, destroy the integrity of the residual
coal pillar, cut off the load transmission path of the
overlying strata, and reduce the working resistance
of the hydraulic support under the residual coal pillar
to a certain extent, which is beneficial to the safe
mining of the working face.
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