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Abstract

To study the shrinkage rule of borehole diameter and its effect on gas extraction, a visco-
elastoplastic model for boreholes considering strain softening and the dilatancy characteris-
tic was established to obtain the expressions of the coal stress, variation in diameter, and
pressure relief range. The stress distribution and pressure relief effect of the boreholes in
soft and hard coal seams were comparatively analyzed. The shrinkage rule of the borehole
diameter was studied. The reasons for the rapid reduction in the extraction concentration of
the borehole in soft coal seams were described. A technology of improving the gas extrac-
tion effect in soft coal seams was developed. The research results showed that the radius of
the plastic softening zone is 0.405 m for a borehole in a soft coal seam and 0.224 m for that
in a hard coal seam. This indicates that the borehole in a soft coal seam has a better pres-
sure relief effect. The boreholes in both hard and soft coal seams will incur a shrinkage phe-
nomenon; however, the soft coal seam has low strength and a weak ability to resist
damage, and thus the surrounding coal will have a more intense creep deformation, leading
to an instability failure during a short period of time and thus, a blocking of the extraction
channel, thereby causing a rapid reduction in the gas extraction concentration. The borehole
in a hard coal seam also shows a shrinkage phenomenon, but remains in a stable state with-
out a blockage; thus, high-concentration gas can be extracted from this borehole for a long
period of time. The geo-stress and coal strength are the two main factors controlling the
amplitude of borehole shrinkage. From an increase in stress, the borehole in a hard coal
seam shows a more intense creep deformation in a deep mine, which may lead to blockage.
The key to improving the gas extraction effect in soft coal seams is to maintain a smooth
extraction channel. The full screen pipe is installed through the drill pipe to retain an extrac-
tion channel, leading to an average gas extraction increase from 0.043 m*min to 0.12 m¥
min, an increase of 2.77 times. These research results are consistent with actual production,
and can provide theoretical guidance for determining the gas extraction parameters.
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1. Introduction

Gas extraction is the most important prevention and control measure of coal and gas outburst
[1-4]. On the one hand, the role of a borehole can be to relieve the pressure of the coal and
reduce the power of coal and gas outburst in releasing the elastic potential. On the other hand,
it can provide a gas extraction channel to extract the gas and reduce the gas pressure and gas
content of the coal seam, releasing the gas potential. It is generally believed that the main fac-
tors affecting the gas extraction effect are coal seam permeability and borehole sealing quality,
but the practice of gas extraction has shown that the extraction channel is another important
factor [5-8]. A coal body can be divided into two types according to its strength: coal whose
uniaxial compressive strength o, is lower than 5.0MPa is defined as soft coal, whereas coal with
o, of greater than 5.0MPa is defined as hard coal. The practice of gas extraction has shown that
its effect varies significantly between the soft and the hard coal seams, a high concentration of
gas can be extracted from the boreholes in a hard coal seam for a long period of time, and the
gas concentration can be maintained at over 20% three months after extraction. However, the
concentration of gas extracted from a borehole in a soft coal seam decreases quickly, and may
reduce to 5% after only 10 days, after which, even if the extraction time is extended, it will be
difficult to improve the gas extraction effect. An analysis of the reasons behind this effect
shows that, owing to the rheological properties of coal, the surrounding coal will incur creep
deformation, and the diameter of the borehole will experience shrinkage over time. Creep
deformation is more severe for a soft coal seam owing to its low strength and weak ability to
resist damage, possibly leading to an instability failure during a short period of time, thereby
blocking the gas extraction channel and decreasing the extraction concentration [9-11]. A
hard coal seam has a strong capability to resist destruction, and thus a borehole in such a seam
can remain in a stable state despite a certain amount of shrinkage, and a high concentration of
gas can be extracted from the borehole during a long period of time. Therefore, studies on the
rule of borehole diameter shrinkage are of significance when optimizing the borehole layout
and improving the gas extraction effect.

Rock creep deformation has a strong influence on the development of gas extraction,
coalbed methane, shale gas, and tight oil [12, 13]. A number of engineering studies have been
conducted on rock creep deformation, including theoretical, experimental, and numerical
methods [14-21]. A borehole stability analysis mainly uses the linear elastic-brittle or porous
elastic theory, and when the stress around a borehole violates a particular rock failure criterion,
it is assumed that the borehole has collapsed [22-25]. Based on further research on an analyti-
cal method of the creep deformation of circular holes, the rheological constitutive model of
surrounding rock underwent the development from a less-viscous viscoelastic model to a
more rational visco-elastoplastic model [26-29]. The results show that coal is a type of elasto-
plastic body with low strength, and has strain softening and dilatation characteristics. A visco-
elastoplastic model for boreholes considering strain softening and the dilatancy characteristic
has been little studied. Therefore, it is very important to establish a visco-elastoplastic model
for boreholes considering considering strain softening and the dilatancy characteristic, and to
study the borehole diameter shrinkage rule.

2. Theoretical analysis
2.1. Mechanical model

The stress distribution around boreholes is shown in Fig 1. To simplify the model, the follow-
ing assumptions are given: (1) The borehole is in a hydrostatic pressure field with an initial
stress of gy, (2) the coal is homogeneous and isotropic, (3) the borehole is infinitely long, and is
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Fig 1. Mechanical model of surrounding coal.
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processed as the plane strain problem, and (4) the surrounding coal is divided into the dam-
aged zone, plastic softening zone, and viscoelastic zone, which are expressed as b, p, and e,
respectively, through which the plastic softening zone incurs strain softening, and the plastic
softening zone and the damaged zone have a dilatancy characteristic. Considering that the sur-
rounding coal first incurs viscoelastic deformation over time and then enters into plastic defor-
mation, visco-elastoplastic softening models were established. The Poynting-Thomson model
was adopted for the viscoelastic zone, and the plastic flow model was applied to the plastic soft-
ening zone and the damaged zone.

2.2. Constitutive relation and yield criterion
(1) Basic equations under polar coordinate system. The equilibrium equation is

do, o —o,

r r

dr r

=0, (1)

and the geometric equation is

du
rzav‘ge:?v (2)

<

£

where 0, and oy are the radial and tangential stresses, respectively; €, and £¢ are the radial and
tangential strains; and u is the radial displacement.
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(2) Yield criterion. For coal deformation in the viscoelastic zone, the Poynting-Thomson
model is employed.

For the coal yield in the plastic softening zone, the Mohr-Coulomb strength criterion is
employed, namely,

o, = K,a? + o, (3)

where K, = (1+sin¢)/(1-sin¢); ¢ is the internal friction angle of the coal; 6% and o, are the
radial and tangential stresses of the coal in the plastic softening zone, respectively; and o is the
compressive strength of coal in the plastic softening zone.

In the plastic softening zone, the compressive strength ¢ is a function of strain. The greater
the deformation of the coal is, the lower ¢? is. The stress-strain three-line segment model (Fig
2) is employed to express the relationship between ¢ and the strain.

O'IZ =0. — Mc[ge - (gg)r:Rp(t)]’ (4)

c

where M. is the softening modulus; R,(¢) is the radius of the plastic softening zone, and is a
function of time; and & is the tangential strain in the viscoelastic zone.

In the damaged zone, the residual strength ¢ is considered to be fixed, and employs the
Mohr-Coulomb strength criterion, namely,

o, =Ko, + 0. (5)

where ¢ and ¢” are the radial and tangential stresses in the damaged zone, respectively; and 67
is the residual strength of the coal.

(3) Dilatancy characteristic. The results of a uniaxial compression test of coal show that
the volume of coal in the pre-peak zone incurs little change, and its dilatancy mainly occurs in
the post peak zone. For the surrounding coal, the volume deformation of coal in the viscoelas-
tic zone is negligible, and the dilatancy characteristic exists in both the plastic softening zone
and the damaged zone. For the plastic softening zone,

Agf + U]A'?S =0, (6)

where Age? and Agl) are the radial and tangential strain increments of coal in the plastic soften-
ing zone, respectively; 7 is the dilatancy coefficient in the plastic softening zone, and n; = (1+-
sing)/(1-sing), ¢ is the expansion angle of coalo

In the damaged zone,

Aeb + n,Ael =0, (7)

where A&’ and Ag} are the radial and tangential strain increments of coal in the damaged
zone, respectively; and 7, is the dilatancy coefficient of coal in the damaged zone.
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Fig 2. Three-line segment softening model.
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3. Viscoelastic plastic analysis of surrounding coal

3.1. Stress analysis of surrounding coal

(1) Viscoelastic zone. For the viscoelastic zone, the Poynting-Thomson model can be
written as follows:

et

ot —o0,=2G_¢g +21,,G, o
f ot (8)
e € asf}

O-G - O-(] = 2Goo86 + 217rctGoo at

where ¢¢ and ¢ are the radial and tangential stresses in the viscoelastic zone, respectively, and
My 18 the relaxation time.
If the volume of the viscoelastic zone is unchanged,

d
sf+8;:d—:+%:0. 9)

The displacements at junction R,(t) between the viscoelastic zone and the plastic softening
zone are equal. Thus,

. MR2(t)
O-r = O-(] - r2
MR:(t)
0y =0,+ r‘; ) (10)
A(R(1)
=
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where A(t) is a function of time. In addition,

A(t) —M{Gl [1— el +éue(ﬁ)}, (11)

(12)

(2) Plastic softening zone. Dilatancy occurs in the plastic softening zone. According to
formulas (2) and (6), the non-associated flow rule [30], and the equal displacements at the
junction between the viscoelastic zone and the plastic softening zone, the displacement equa-
tion in the plastic softening zone can be obtained as follows:

2A4(t)r (R(O\N"" -1
W = n—<+)1 (%)) + ZlﬁA(t)r. (13)
1 1

The strain of the plastic softening zone can be obtained according to formula (13) and the
geometric Eq (2):

e = 2A(t)n, (Rp(t))m+ 4 n = 1A(t)

g1\ r n+1 14)
24(1) (R(\"" -1

£ = + A(t)
n +1 r m+1

The following can be obtained according to Eqs (4) and (14):

(R”r(t))h“ - 1] . (15)

The following can be obtained by solving Eqs (15) and (1) simultaneously, and by making
using of the boundary condition (¢¢) Ry() = (o’f)r:Rp(t).

r=

o _ 2A()M,
C c 7]1 +1

2 o, (K, + 1)MA(t)
01; — g, + .
K +1 K —1" (K —1)(K, +nm)
K,—1
( 4 ) P bt (Rp(t)>“'“ 1
R,(t) K, +n \ r K,—1 (16)
IMA(t) o
I+n K, -1
2A(0M. | /R (N
oy =Ko + 0, — ()M, <ﬁ> -1
n, +1 r

where ¢? and o7 are the radial and tangential stresses of coal in the plastic softening zone,
respectively.

(3) Damaged zone. The stress expression in the damaged zone can be obtained by solving
yield condition (5) in the damaged zone and equilibrium Eq (1) simultaneously, and by
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making using of the boundary condition (¢?),_, =0

r=r

gt r\ e
of =—= () -1
K,—1\r,
K O'* Kpfl
=6
T

K, -1
Dilatancy occurs in the damaged zone. According to formulas (2) and (6), and the non-
associated flow rule and equal displacements at the junction between the plastic softening zone
and the damaged zone, the displacement equation of coal in the damaged zone is

- Lo L (R R(ON™ | m—1
! _QA(t)r{{1+m+l+n2 ( r ) _1”'<Rb(t)> +2<1+nl)}’ 18)

where Ry(t) is the radius of the damaged zone.

b __ *
0y = +O—c

3.2. Calculation model of borehole diameter variation

(1) Radius of plastic softening zone and damaged zone. At the junction of the plastic
softening zone and the damaged zone, namely, at 7 = R,(t), 6* = ¢7. According to Eq (15), the
following can be obtained:

L 2A(0M, | RO\
i=e 0 () ‘41 (19)
The following,
R () = Ry(n |1+ L =) (20)

holds, given that

(Hme—ﬁT#. )

Ve[

The radial stresses of the surrounding coal at the junction of the damaged zone and the
plastic softening zone are equal, and thus the radius R,(f) of the damaged zone can be obtained
as follows:

K, + 1)MA(t o
2 GO+ O'C ( p+ ) c () N]J(p_’_
K,+1 K,—1 (Kp—l)(Kp—Fﬂl) K —1
R,(t) =1, L1 (22)
2M_A(t) | N'm 1 o, 9
I+mn |K,+n K, —1] K, -1
The radius R,(¢) of the plastic softening zone is
R,(t) = NR, (1) (23)
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(2) Calculation model of the borehole diameter over time. According to Eq (18), the
displacement equation of the borehole wall is

- 1 1 R, (1) 1+»12_ Rp(t) 14y u r
" {{1 +m i L+, ( %o ) 1] } (Rb(t)> +2(1 _|_,71)}'2A(t) , (24)

The displacement of the borehole wall is a function of time. As times passes, the displace-
ment of the borehole wall increases, and the borehole diameter gradually decreases, even
blocking the gas extraction channel. The radius of the borehole at different extraction times
can be obtained through formula (24).

Ty =1y — Uy (25)

4. Example analysis
4.1. Numerical simulation parameters

The coal conditions of coal seam II; of the Ligou Coal Mine are taken as an example. The coal
seam is 5.0 m thick. A borehole with a diameter of 94 mm is arranged in the middle of the coal
seam with a burial depth of 500 m. The initial geo-stress is 13.5 MPa. After measurement, the
Protodyakonov coefficient fis 0.6, the uniaxial compressive strength o, is 6.15 MPa, the resid-
ual strength ¢” is 0.4 MPa, the internal friction angle ¢ is 30.5°, the initial shear modulus G is
1000 MPa, and the long-term shear modulus G is 500 MPa for a hard coal seam. The fvalue
is 0.3, the uniaxial compressive strength o, is 3.17 MPa, the residual strength 7 is 0.2 MPa, the
internal friction angle ¢ is 30°, the initial shear modulus Gg is 800 MPa, and the long-term
shear modulus G, is 400 MPa for a soft coal seam.

4.2. Comparative analysis of the stress distribution and pressure relief
effect of the boreholes in soft and hard coal seams

The mathematical model established above is solved using COMSOL software to obtain the
initial stress curve of the surrounding coal in the soft and hard coal seams during the initial
stage, as shown in Figs 3 and 4.

As shown in Figs 3 and 4, the radial stress of the surrounding coal in the soft and hard coal
seams increases gradually to an initial stress 13.5 MPa, although the growth rate is different.
The radial stress in the hard coal seam reaches the initial stress state more quickly. The tangen-
tial stress of the surrounding coal in both the soft and hard coal seams gradually increases
from the borehole wall to a deeper level, and reaches the maximum at the radius position of
the plastic zone. It then gradually reduces to the initial stress of 13.5 MPa. The maximum tan-
gential stress is 20.67 MPa for the coal around the soft coal seam, and 21.82 MPa for that
around the hard coal seam. This indicates that a concentration of stress is easily formed in the
hard coal seam.

From the radius of the plastic softening zone, the initial radius of the plastic softening zone
is 0.405 m in the soft coal seam, and 0.224 m in the hard coal seam. This indicates that the
borehole in the soft coal seam had a better pressure relief.

4.3. Shrinkage rule of borehole diameter

The displacements of the borehole wall buried at a depth of 500 m for different extraction
times can be obtained by solving Eq (24). The results are shown in Fig 5.

According to Fig 5, the surrounding coal in both the soft and hard coal seams may incur
creep deformation, leading to a gradual increase in the borehole wall displacement and a
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Fig 3. Stress distribution of surrounding coal in soft coal seam. (a) Radial stress and (b) Tangential stress.

https://doi.org/10.1371/journal.pone.0239016.g003

gradual reduction in the borehole diameter. However, the shrinkage amplitude of the borehole
diameter varies widely in the soft and hard coal seams: For a borehole with an initial radius of
47 mm, the initial displacement in the hard coal seam is 6.58 mm, which then gradually
increases; however, the increase in amplitude gradually reduces, becoming stable at 15.2 mm
after 60 d, during which the borehole radius shrinks to 31.8 mm. The initial displacement of
the borehole in the soft coal seam reaches up to 28.1 mm, then gradually increases, reaching 47
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Fig 4. Stress distribution of surrounding coal in hard coal seam. (a) Radial stress and (b) Tangential stress.
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mm after only 12 d. The borehole diameter shrinks to zero, which means the borehole is
completely blocked. It can also be seen from Fig 5 that the borehole diameters in both the soft
and hard coal seams will incur shrinkage over time; however, the hard coal seam shows higher
strength and a strong ability to resist damage. Although the borehole diameter shrinks, it
remains in a stable state, maintaining a good extraction channel and thus allowing high-con-
centration gas to be extracted for a long period of time. The surrounding coal in the soft coal
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Fig 5. Displacements of borehole wall in soft and hard coal seams at different extraction times. (a) Soft coal seam
and (b) Hard coal seam.

https://doi.org/10.1371/journal.pone.0239016.9005

seam incurs serious creep deformation, and may experience an instability failure within a
short period of time, thus blocking the gas extraction channel and leading to a rapid reduction
in the gas extraction concentration.

The gas extraction concentration curves of the soft and hard coal seams in Ligou Mine at
different times is shown in Fig 6, which shows that the gas extraction concentration from a
borehole in hard coal seams remains at over 40% after 1 months of extraction, whereas that in
soft coal seam is reduced to 5% and below after only 15 days. One of the main reasons for this
is the serious creep deformation of the borehole in the soft coal seams, which blocks the extrac-
tion channel. As a result, it is impossible to effectively extract the gas inside the coal seam. This
is consistent with the research results of the present paper.

4.4. Influence of burial depth on borehole deformation

With the growth of the burial depth, the initial stress of the surrounding coal gradually
increases, and the creep deformation of the coal becomes more intense. Taking the coal condi-
tions of the hard coal seam in the Ligou Coal Mine as an example, when the burial depth is
increased from 500 to 800 m, the total stress increases from 13.5 to 21.6 MPa; the change in dis-
placement of a borehole wall with an initial diameter of 97 mm over time is as shown in Fig 7.
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Fig 6. The gas extraction concentration curves of the soft and hard coal seams in Ligou Mine with different times.
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According to Fig 7, for a hard coal seam with a firmness coefficient of coal f of 0.6, when the
burial depth is increased to 800 m, the geo-stress increases to 21.6 MPa, and the initial dis-
placement of the borehole wall increases to 22.99 mm. With an increase in the extraction time,
the displacement of the borehole wall reaches 47 mm after only 32 days. At this time, the bore-
hole is completely blocked. Thus, with the increase in burial depth, the creep deformation of
the borehole in a hard coal seam will be more intense, leading to blockage. When determining
the gas extraction parameters of a deep coal seam, the blockage caused by the rheological char-
acteristics of the coal should also be taken into account for the borehole layout in a hard coal
seam.

5. Technology of improving the gas extraction effect in soft coal
seams

Permeability and drainage channels are the two main factors that affect the gas extraction
effect. When a good extraction channel is maintained, the higher the permeability, the better

50
—o
H___’__.—.——*—*

= 30 '
5 /
5 4
22 |
o
5

10

0 1

0 5 10 15 20 25 30 35

Time (d)
Fig 7. Displacement of borehole wall in hard coal seam buried 800 m deep.
https://doi.org/10.1371/journal.pone.0239016.g007
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the gas extraction effect; when the extraction channel is blocked, even the permeability is very
high, and it is difficult to effectively extract gas. The key to improving the gas extraction effect
in soft coal seams is to maintain a smooth extraction channel. Therefore, we have developed a
technology, which can effectively improve the gas extraction effect in soft coal seams by install-
ing a screen pipe in the borehole and manually leaving a extraction channel. The screen pipe is
made of PVC pipe with a diameter of 35 mm, a pore distance of 2 m and pore diameter of 10
mm (Fig 8). Because it is difficult to install the screen pipes in soft coal seams, we installed
screen pipes inside the drill pipe. After the borehole is completed, the drill pipe still remains,
and the screen pipe is installed from the inside of the drill pipe and fixed with the aid of hole-
bottom suspension device, and then the drill pipe is taken out, and the screen pipe is left in the
borehole, thus creating an extraction channel artificially. The borehole is sealed with two plugs
and one injection. The two plugging sections are sealed with polyurethane with a sealing
length of 2m, and the injection section is 16m long with cement mortar.

The gas extraction scalar with or without screen pipe is shown in Fig 9. It can be seen from
the Fig 9 that the average gas extraction increases from 0.043 m*/min to 0.12 m*/min, an
increase of 2.77 times.

6. Conclusion

1. A visco-elastoplastic model for a borehole considering strain softening and the dilatancy
characteristic was established to obtain expressions of the coal stress, diameter variation,
and range of pressure relief. The radius of the plastic softening zone was obtained as 0.405
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Fig 9. Comparison of gas extraction scalar with or without screen pipe.

https://doi.org/10.1371/journal.pone.0239016.g009
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m for a borehole in a soft coal seam at the test site, and 0.224 m for that in a hard coal seam.
This indicates that the borehole in the soft coal seam achieves a better pressure relief.

The borehole diameter shrinkage rule over time was determined. The boreholes in both the
soft and hard coal seams incurred shrinkage over time. The creep deformation of the bore-
hole in the soft coal seam is more severe, and its diameter shrunk to zero after only 12 days,
blocking the gas extraction channel and causing a rapid reduction in the gas extraction con-
centration. The diameter of the borehole in the hard coal seam also shrunk, but remains in
a stable state without blockage, allowing high-concentration gas to be extracted during a
long period of time, which is the main reason for the significant difference in the extraction
between the soft and hard coal seams.

Geo-stress and coal strength are two main factors controlling the amplitude of borehole
shrinkage. Owing to an increase in stress, the borehole in a hard coal seam has more intense
creep deformation in a deep mine, which may lead to blockage. Thus, the layout of the
boreholes should be encrypted in both soft and deep coal seams.

The key to improving the gas extraction effect in soft coal seams is to maintain a smooth
extraction channel. The screen pipe is installed through the drill pipe to retain an extraction
channel, leading to an average gas extraction increase from 0.043 m*/min to 0.12 m*/min,
an increase of 2.77 times.
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