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Abstract This study aimed to solve the problem
ignored by previous research on hydraulic flush-
ing gas extraction technology regarding the strain-
softening of surrounding rock. Firstly, through the
analysis of experimental data, previous studies have
proved that the essence of strain-softening is that
the internal friction angle remains unchanged while
the cohesion decreases. According to the variation
law of cohesion of surrounding rocks in a borehole,
we theoretically analyzed the stress distribution of
the surrounding rock considering strain-softening
and determined the theoretical formula of the plastic
zone radius. Subsequently, we established a numeri-
cal calculation model considering strain-softening
using the COMSOL numerical simulation software.
We simulated the influence of residual cohesion on
the stress and plastic zone of surrounding rocks of the
borehole. We found that with the decrease in resid-
ual cohesion, the peak stress transferred to the deep
and the plastic zone radius gradually increased. The
simulation results were compared with the theoretical
values, and the errors were found to be within 10%,
which verifies the model’s accuracy. Subsequently,
we studied the influence law of strain-softening on
the stress and plastic zone of surrounding rocks of
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boreholes with different radii. We found that the
larger the borehole radius, the greater the influence of
strain-softening. The field measurement results show
that the stress reduction zone of a hydraulic flushing
borehole is about 10 times the borehole radius. The
stress reduction zone calculated without considering
strain-softening is 1.305 times the borehole radius,
and that calculated while considering strain-softening
is 6.663 times the borehole radius. Thus, we proved
that strain-softening is an essential factor affecting
the stress distribution of surrounding rocks of the
borehole. When studying the gas extraction through
a hydraulic flushing borehole, it is necessary to con-
sider the strain-softening of surrounding rocks.

Article highlights

e The stress distribution of borehole surrounding
rock considering strain-softening is analyzed theo-
retically.

e The influence of residual cohesion on the stress
and plastic zone of the borehole surrounding rock
is studied by numerical simulation.

e Field examples prove that there is strain-softening
in the engineering.
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1 Introduction

Pre-drainage of the coal seam gas through an under-
ground borehole is the primary means of coal mine
gas control (Lin and Zhang 1996; Zhang 2001).
However, in China, coal seams generally have soft
coal and low permeability, which results in unsatis-
factory gas control by ordinary boreholes (Ge et al.
2014; Wang et al. 2015; Wei et al. 2016; Cao et al.
2018). Introducing a high-pressure water jet has
improved the hydraulic flushing technology in coal
mines because of its fast outburst elimination speed
and high extraction efficiency. The construction prin-
ciple of hydraulic flushing technology is shown in
Fig. 1. This technology uses a high-pressure water jet
to break coal and can expand the diameter of ordinary
drilling several times or even more.

With the application of hydraulic flushing technol-
ogy, experts and scholars have conducted substan-
tial research on its antireflection effect and achieved
some reasonable results (Wang et al. 2012; Li et al.
2015; Tao et al. 2018). Liu et al. (2005) and Kong
et al. (2005) successfully applied hydraulic flush-
ing technology to achieve coal seam outburst effec-
tively and clarify its process flow. Liu et al. (2009)

analyzed the antireflection effect of hydraulic flushing
by investigating the parameters such as the amount of
coal flushing in a single borehole, gas volume frac-
tion before and after flushing, and volume of single
borehole gas extraction. Wang et al. (2011) intro-
duced the process of a hydraulic flushing test using
cross-measure boreholes and studied the gas extrac-
tion radius of hydraulic flushing. Wang et al. (2013)
investigated the pressure relief range of hydraulic
flushing in the field using the gas pressure and gas
content methods. Using numerical simulation soft-
ware, they analyzed the variation law of coal stress
and permeability around a hydraulic flushing bore-
hole. Hao et al. (2014) established a seepage stress
coupling model considering the dynamic change of
permeability and adsorption characteristics, stud-
ied the flushing radius of boreholes with different
coal flushing volumes, and optimized the hole layout
parameters of hydraulic flushing. Gao et al. (2015)
discussed the influence of increasing the borehole
diameter through hydraulic flushing on the coal seam
permeability. Field application shows that when
the borehole diameter is 1.0 m, the effective influ-
ence radius can reach 4 m. Kong et al. (2016) stud-
ied the coupling effect of the borehole radius, initial
gas pressure, and other factors on the effective influ-
ence radius using the response surface method, and
found a good corresponding relationship between
the gas pressure distribution and stress distribution.
Zhang and Wang (2017) studied the gas extraction
effect after applying hydraulic flushing technology
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Fig. 1 Schematic diagram of hydraulic punching construction
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based on the fluid—structure coupling theory of coal
seam gas flow. They found that the effective influence
radius of multiple boreholes is significantly greater
than that of a single borehole. Shen et al. (2018) used
the electromagnetic radiation method to evaluate the
effect of cross-measure boreholes on hydraulic flush-
ing. Zhang et al. (2019) combined the gas diffusion,
gas flow, and permeability model by considering the
effects of stress change and plastic failure, established
a new fully coupled gas extraction model, and stud-
ied the mechanism of hydraulic flushing by numerical
simulation to strengthen gas extraction. Chen et al.
(2020) built a multi-physical coupling model based
on the strain-softening constitution and Mohr—Cou-
lomb failure criterion related to the gas pressure and
second principal stress, and studied the failure range
and permeability evolution after hydraulic flushing.
Thereafter, Cao et al. (2021) established a fluid—struc-
ture coupling model of coal-containing gas with low
permeability, and simulated and analyzed the tem-
poral and spatial evolution law of the coal gas pres-
sure and borehole diameter around hydraulic flush-
ing boreholes in short-range outburst coal seams by
using the COMSOL Multiphysics numerical simu-
lation software. Zhang et al. (2022) established a
multi-physical field coupling model, and analyzed the
mechanism of hydraulic flushing to strengthen gas
extraction using the numerical simulation method of
FLAC3D and COMSOL.

It can be seen from the above that, in summary,
experts and scholars have gradually deepened their
research on hydraulic flushing technology, and theoreti-
cal research has also changed from single gas research
to fluid—structure coupling. However, the study on the
solid part of the surrounding rock of the hydraulic flush-
ing borehole is mainly based on the Mohr—Coulomb
model. Their research shows that in the excavation
process, owing to the continuous expansion of micro-
cracks in the rock, the strength parameters of surround-
ing rocks decrease significantly in the nonlinear stage,
namely, the so-called surrounding rock softening phe-
nomenon (Zhou et al. 2009; Leandro et al. 2012; Cao
et al. 2013). Furthermore, the strain softening model is
applied to engineering practice. For example, Gao et al.
(2020) derived the calculation of the stress field of sur-
rounding rocks of a tunnel and the displacement of the
plastic zone by combining the strain-softening model
and the non-associative flow law. He et al. (2021) pro-
posed a method for analyzing the strain-softened slope

progressive damage mode and stability reliability under
multifield coupling conditions by considering the
effects of groundwater level fluctuations and seismic
forces. Following this, Liang et al. (2022) established
a method to determine the optimal support timing for
tunnels by reasonably considering the strain-softening
characteristics after the rock peak.

The formation of a hydraulic flushing bore-
hole is also a typical excavation problem. When the
Mohr—Coulomb model is used to study it, the results
will have errors due to the neglect of reducing the
post-peak strength of coal and rock. Thus, it is nec-
essary to consider the strain-softening of coal when
studying this process. Based on previous experi-
mental research, this paper discusses the essence of
strain-softening of coal and rock, theoretically ana-
lyzes the stress distribution around the hydraulic
flushing borehole by considering strain-softening,
applies the strain-softening model to the COMSOL
numerical simulation software, and studies the influ-
ence of strain-softening of coal and rock on the stress
and plastic zone distributions of a hydraulic flushing
borehole.

2 The essence of strain-softening of coal and rock

The original data in the four published papers are
selected for analysis to study the essence of strain-
softening of coal and rock. The original stress—strain
curve is shown in Fig. 2 (Zuo et al. 2016; Wang et al.
2021; Zhang and Zhao 2014; Su and Fu 2014). This
figure shows that with the increase of coal and rock
strain, the strength decreases rapidly after reaching
the peak stress o, and the strength of coal and rock
tends to be flat, defined as the residual strength o,.

According to the Mohr—Coulomb theory, the cor-
responding strength criterion of coal and rock at peak
strength and residual strength can be expressed by
Egs. (1) and (2) (Jing et al. 2018):

1 +sing, 2¢,cos @,

6= ——2o, : (1)
1 —sing, I —sing,
1 + sin 2c¢, cos

0= gy g @
1 —sing, 1 —sing,

where o5 is confining pressure, MPa; @, is the inter-
nal friction angle corresponding to the peak strength
of coal and rock, °; ¢, is the cohesion corresponding
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Fig. 2 Original stress—strain curve: a Zuo et al. (2016); b Wang et al.

to the peak strength of coal and rock, MPa; ¢, is the
internal friction angle corresponding to the residual
strength of coal and rock, °; and c, is the cohesion
corresponding to the residual strength of coal and
rock, MPa.

As can be seen from the formula, in the ¢,-03 coor-
dinate, o, is directly proportional to o;. The internal
friction angle corresponding to the peak and residual
strength values can be determined according to the
slope, and the cohesion corresponding to the peak
and residual strength values can be determined based
on the intercept and internal friction angle. The peak
and residual strength values of coal and rock under
different confining pressures obtained from four pub-
lished literature are presented in Table 1. According
to the confining pressure, peak strength, and residual
strength data presented in Table 1, the curve shown in
Fig. 3 can be obtained.

Figure 3 shows that the peak strength and residual
strength of coal and rock fit well with the confining
pressure o3. According to the appropriate formula
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(2021); ¢ Zhang and Zhao (2014); and d Su and Fu (2014)

and the strength criterion corresponding to the peak
strength and residual strength of coal and rock, we
can calculate the peak internal friction angle ¢, and
residual internal friction angle ¢,, peak cohesion c,,
and residual cohesion c, of coal and rock in the litera-
ture. The results are presented in Tables 2 and 3.

As presented in Table 2, the residual internal
friction angle ¢, of coal and rock changed slightly
compared with the peak internal friction angle ¢,.
The change in the maximum internal friction angle
is 6.3310°, while the minimum internal friction
angle changed by 0.2070°. It should be noted that
those in the residual internal friction angle vary
compared with the peak internal friction angle,
showing both increasing and decreasing trends;
the rate of change of the average internal friction
angle is only 1.9399%. As presented in Table 3, the
residual cohesion c, of coal and rock changes sig-
nificantly compared with the peak cohesion c,,. The
minimum and maximum rates of change of cohesion
are —65.5716 and —99.3381%, respectively; the
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Table 1 Peak strength and residual strength of coal and rock
under different confining pressures

Literature Confining Peak Residual
pressure o3/ strength 6,/ strength o,/
MPa MPa MPa
Zuo et al. (2016) 0 25.44 3.42
5 35.38 25.07
10 52.38 40.82
15 97.95 58.95
20 102.8 82.91
Wang et al. (2021) 0 74.50 1.74
5 97.51 25.81
15 137.01 60.52
25 184.85 90.49
Zhang and Zhao 0 30.90 7.80
2014 6 51.60 17.70
10 62.50 23.10
15 80.70 38.50
30 100.90 93.70
Su and Fu (2014) 0 68.00 0.00
2.5 83.10 28.70
5 100.90 54.90
10 130.30 79.90
15 153.40 99.20
20 172.30 136.40
25 200.30 153.80
30 212.30 180.30
35 238.30 180.30
45 263.70 198.40

average rate of change of cohesion is —84.2219%.
Additionally, the rates of change of cohesion are
negative, namely, the residual cohesion decreases
compared with the peak cohesion. Based on the
above analysis, we inferred that the essence of the
strain-softening of coal and rock is that the internal
friction angle remains unchanged, and the cohesion
decreases.

The stress—strain curve of coal and rock can be
simplified by the “3-line representation,” as shown in
Fig. 4. It is divided into the elastic, plastic, and resid-
ual stages. The cohesion in the elastic stage is peak
cohesion Cp and that in the residual stage is resid-
ual cohesion c,. According to the previous research
results, the change of coal and rock cohesion corre-
sponding to the stress—strain curve can be expressed
by the following equation (Jaiswal and Shrivastva
2009):

¢y’ =0
¢, 0<y?P < " 3)
cy? 2y

o
Il

where c; is the cohesion of coal and rock in the plastic
stage, MPa; y” is the equivalent plastic shear strain;
and y”" is the equivalent plastic shear strain at the
beginning of the residual stage, 0.01.

The cohesion in the plastic stage can be expressed as
follows:

— " 4)

The equivalent plastic shear strain can be expressed
as the plastic principal strain as follows (Alonso et al.
2003; Joshua et al. 2019):

7 =2 (e et e ®)

where €, €, and &/ are the first, second, and third

principal plastic strains, respectively.

3 Stress distribution of borehole surrounding
rock considering strain-softening

After borehole construction, owing to the redistribution
of stress, the coal around the borehole can be divided
into crushing, plastic, and elastic zones. The cohesion
of each zone is shown in Fig. 5. For axisymmetric prob-
lems, the stress around the borehole meets the equilib-
rium differential equation, and the strength criterion is
satisfied in the crushing and plastic zones. The equi-
librium differential equation and the strength criterion
in the crushing and plastic zones can be expressed by
the following equations, respectively (Pan et al. 2018;
Wang and Qian 2018):

do, o,—o0

=0 6
dr r ©)
. l+sing , 2c.cos

% = l—sing " 1—sing @
, l+sing | 2ccosq
= +
%= T _sin (pa’ 1-sing ®)
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Fig. 3 Fitting curve of the peak strength and residual strength from: a Zuo et al. (2016); b Wang et al. (2021); ¢ Zhang and Zhao
(2014); and d Su and Fu (2014)

Table 2 Calculation results of the peak internal friction angle ¢, and residual internal friction angle ¢,

Literature Peak internal friction Residual internal friction Variation of internal Change rate of inter-
angle ¢,/° angle ¢,/° friction/® nal friction angle/%

Zuo et al. (2016) 38.7464 36.0322 -2.7142 —7.0050

Wang et al. (2021) 38.8213 33.7429 -5.0784 —13.0815

Zhang and Zhao (2014) 23.1758 29.5068 6.3310 27.3173

Su and Fu (2014) 39.1558 39.3628 0.2070 0.5287

Average 34.9748 34.6612 —-0.3136 1.9399

where o, is the radial stress, MPa; o, is the tangen-
tial stress, MPa; r is the distance from the borehole

center, m; ¢ is the internal friction angle, °; o,

o

@ Springer
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tangential stress in the crushing zone, MPa; ¢,° is the
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Table 3 Calculation results
of the peak cohesion ¢, and

Literature

Peak cohesion

Residual cohe-

Variation of

Change rate of

; . ¢, /MPa sion ¢,/MPa cohesion/MPa cohesion /%
residual cohesion c, P
Zuo et al. (2016) 4.6366 0.9324 —3.7042 —79.8904
Wang et al. (2021) 17.8177 1.4098 —16.4079 —92.0876
Zhang and Zhao (2014) 12.2972 0.0814 —12.2158 —99.3381
Su and Fu (2014) 18.8388 6.4859 —12.3529 —65.5716
Average 13.3976 2.2274 —11.1702 —84.2219

a(c)

Residual
stage

Plastic
stage

Elastic
stage

Fig. 4 Simplified diagram of the stress—strain curve and cor-
responding cohesion

Crushing | Plastic Elastic
—zone ~ '™ zone " I zone T

Fig. 5 Coal zoning around the borehole and corresponding
cohesion

radial stress in the plastic zone, MPa; and o’ is the
tangential stress in the plastic zone, MPa.

3.1 Stress distribution in the crushing zone

The stress of the surrounding rocks of the borehole
in the crushing zone followed the differential equa-
tion of stress balance and the strength criterion equa-
tion of the crushing zone simultaneously. Substituting
Eq. (7) into Eq. (6), we obtained:

<1_m)5r_w

r
do l—sing /1 1—sin ¢

r

_ )
dr =0

The calculation result is as follows:

r (1 —sin@)C, - ri=ne —2¢, cos @ (10)

2sin @

where C, is a constant.

The following boundary conditions exist in the
crushing zone: when r=R,,, 6,=0. Substituting this
into Eq. (10), we obtained:

2sing

R(s)imp—l (11)

2c,.cos @
'™ 1= sin @
where R, is the borehole radius, m.
The radial stress distribution formula in the crush-
ing zone can be obtained as follows by substituting
Eq. (11) into Eq. (10):

2sing .

¢, cos 298 sing

of = 2P (it 00
sin @

12)

The radial stress distribution formula in the crush-
ing zone can be obtained as follows by substituting
Eq. (11) into Eq. (10):

¢, cos 1 + sin 26 3sing
o, = — 4 - (pRé‘""’" ri=sine — 1
sing \1-—sing

13)
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3.2 Stress distribution in the plastic zone

In the plastic zone, the stress of the surrounding rocks
of the borehole followed the differential equation of
stress balance (6) and the strength criterion equation of
the plastic zone (8), which can be obtained by substitut-
ing Eq. (8) into Eq. (6):

(1 _ 1+sinqo>o_s _ 2¢cos
1-sin @ r 1-sing
_0 (14)

do?

r

dr r

The calculation result is as follows:

2sing

_ (I =sin@)C, - ri=ne —2c cos @

S

(15)
2sin @

where C, is a constant.

The following boundary conditions exist in the plas-
tic zone: when r=R,, 0,"=0’, and ¢,=c,. Substituting
this into Eq. (15), we obtained the following:

2sing

2c,cos @ e
= Ry (16)

27 1—sin @
The radial stress distribution formula in the plastic
zone can be obtained as follows by substituting Eq. (16)
into Eq. (15):

2sing 5

_cosg (S e

o8 = —— | R pime — (17)
sin @

The tangential stress distribution formula in the
plastic zone can be obtained as follows by substituting
Eq. (17) into Eq. (6):

] 2sin 2.Si“w
g5 = COS® <c L+sing 2o phot _ > (18)
0 . r 3 0 g
sin ¢ 1 —sing

At the junction of the plastic and elastic zones, when
r=R,, the stress showed the following relationship:

o) + 0, =20, (19)

where o, is the initial in-situ stress, MPa.
The radius of the plastic zone can be obtained as fol-
lows by using Egs. (17) and (18):

1-sin @

R =R 1 —sing [ oysing 2sing 20)
= —C
s 0 c cos @ s

r

@ Springer

3.3 Stress distribution in the elastic zone

In the elastic zone, the stress of the surrounding
rocks of the borehole followed the differential equa-
tion of stress balance (6) and showed the following
relationship:

of + 0y =20 @n
Substituting Eq. (21) into Eq. (6), we obtained the
following:

o =0y — —= (22)

where Cj is a constant.

The following boundary conditions exist in the
elastic and plastic zones: when r=R,, 6X=¢7, and
¢,=¢,. Substituting this into Eqgs. (17) and (20), we
obtained the following:

o-fl,:Rl‘_ =oy(l —sing) —c,cos @ (23)

Using Egs. (22) and (23), we obtained the
following:

C; = R (o, sing + ¢, cos ) (24)

The radial stress distribution equation in the elas-
tic zone can be obtained as follows by substituting
Eq. (24) into Eq. (22):

R2
ol = 04— r—; (6psin@ + ¢, cos @) (25)

The tangential stress distribution equation in the
elastic zone can be obtained as follows by substituting
Eq. (25) into Eq. (21):

R2
of =0y + r—;(ao sing + ¢, cos @) (26)

4 Variation law of stress and plastic zone
of surrounding rocks of the borehole
considering strain-softening

To explore the variation laws of stress and the plastic
zone of surrounding rocks of the borehole consider-
ing strain-softening, we established the numerical
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model of the gas extraction borehole using the COM-
SOL numerical simulation software. The Mohr—Cou-
lomb constitutive model is selected, and the theoreti-
cal Eq. (3) of the strain-softening model is introduced
into the model (Deng et al. 2018), assuming that the
surrounding rock of the borehole is in a two-way iso-
baric state. As the length of the gas extraction bore-
hole is much larger than its diameter, the model can
be simplified into a two-dimensional plane-strain
model. The model is shown in Fig. 6; the model size
is 10x 10 m, and the parameters used in the numeri-
cal calculation are presented in Table 4.

4.1 Influence of residual cohesion on stress and
plastic zone of borehole surrounding rock and
model verification

4.1.1 Influence of residual cohesion on stress
of borehole surrounding rock

To study the influence of residual cohesion c, on
the stress of surrounding rocks of the borehole, dur-
ing numerical model calculations, the residual cohe-
sion (c,) values are set as 0.2, 0.3, 0.4, 0.5, 0.6, and
1.0 MPa, respectively (a residual cohesion of 1.0 MPa
implies that the strain-softening of coal and rock is
not considered), while the borehole radius is main-
tained at 0.2 m. The tangential stress distribution of

Ll
RERRE

Fig. 6 Model diagram

Table 4 Parameters of the numerical simulation calculation

Parameters Value
Initial in-situ stress o/MPa 10.0
Elastic modulus E/GPa 1.0
Internal friction angle ¢/° 30
Poisson’s ratio v 0.3
Density p/kg/m? 1400
Peak cohesion cp/MPa 1.0

surrounding rocks of the borehole under different
residual cohesions is shown in Fig. 7.

Figure 7 shows that the tangential stress of the sur-
rounding rocks of boreholes initially increases and
then decreases from the borehole boundary to the
model boundary, gradually approaching the initial
in-situ stress. With decreasing residual cohesion, the
range of the stress increase zone increases gradually.
The distance between the position of the stress peak
and the borehole boundary also gradually increases,
indicating that with decreasing residual cohesion,
the stress of the surrounding rocks of the borehole is
transferred to the deep; the lower the residual cohe-
sion, the farther the distance to the deep part. Simul-
taneously, we also observed that the tangential stress
at the borehole boundary gradually increases with
increasing residual cohesion. Our analysis shows that
the reduction of residual cohesion will reduce the
bearing capacity of the surrounding rock at the shal-
low part of the borehole and reduce the force shared
by this part, thus leading to the transfer of the peak
stress to the deep part of the coal body. To observe
the tangential stress distribution characteristics of
the surrounding rocks of the borehole under different
residual cohesion conditions, the tangential stress of
the surrounding rocks of the borehole is expressed as
a curve, as shown in Fig. 8.

Figure 8 shows that when the residual cohesion
values are 0.2, 0.3, 0.4, 0.5, and 0.6 MPa, the depths
of the peak stress transfer of surrounding rocks are
0.346, 0.229, 0.144, 0.099, and 0.056 m, respectively,
compared with those when strain-softening is not
considered. Simultaneously, under different residual
cohesion conditions, the peak value of the tangen-
tial stress of the borehole surrounding rock changes
slightly, which is about 16 MPa. The error is small
when the peak stress is calculated by substituting the
parameters into Eq. (25). When the residual cohesion
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Fig. 7 Tangential stress distribution of surrounding rocks of the borehole under different residual cohesions (MPa): a 0.2 MPa; b
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Fig. 8 Tangential stress distribution curves of surrounding
rocks of the borehole with different residual cohesion values

values are 0.2, 0.3, 0.4, 0.5, and 0.6 MPa when strain-
softening is not considered, the tangential stress val-
ues of surrounding rocks at the borehole boundary
are 0.694, 1.041, 1.423, 1.745, 2.049, and 3.428 MPa,
respectively. At the borehole boundary, when r=R,,

@ Springer

the theoretical value of the tangential stress of sur-
rounding rocks can be determined by Eq. (12). After
substituting the parameters, the comparison between
the results of theoretical calculation and numerical
simulation is presented in Table 5. Notably, the maxi-
mum and minimum errors between the numerical
simulation value of tangential stress at the borehole
boundary and the theoretically calculated value are
2.670 and 0.144%, respectively. Moreover, the abso-
lute error of the numerical simulation and theoretical
calculation is less than 3.0%, indicating the accuracy
of the numerical simulation results.

4.1.2 Influence of the residual cohesion on the plastic
zone of surrounding rocks of borehole

To study the influence of residual cohesion c, on the
plastic zone of surrounding rocks of the borehole, for
numerical model calculations, the values of resid-
ual cohesion c, are set as 0.2, 0.3, 0.4, 0.5, 0.6, and
1.0 MPa, respectively (a residual cohesion of 1.0 MPa
implies that the strain-softening of coal and rock
is not considered). Meanwhile, the borehole radius
remains unchanged at 0.2 m, and the plastic zone is
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Table 5 Comparison

. Residual cohesion ¢,/MPa Theoretical calculation =~ Numerical simulation ~ Error /%
between the theoretically value /MPa value /MPa
calculated and numerical
simulation values of 02 0.693 0.694 0.144
tangential stress at the 03 1,039 1041 0.192
borehole boundary
04 1.386 1.423 2.670
0.5 1.732 1.745 0.751
0.6 2.078 2.049 —-1.396
1.0 (Strain-softening is not 3.464 3.428 -1.039

considered)

bounded by an equivalent plastic shear strain equal to
0. The range of the plastic zone of surrounding rocks
of the borehole under different cohesion conditions is
shown in Fig. 9.

Figure 9 shows that under the two-way isobaric
state, the plastic zone of surrounding rocks of the
borehole is distributed in a circular shape. With
increasing residual cohesion, the range of the plastic
zone of surrounding rocks of the borehole gradually
decreases. The numerical simulation results show that

when the residual cohesion values are 0.2, 0.3, 0.4,
0.5, and 0.6 MPa and strain-softening is not consid-
ered, the plastic zone radii of surrounding rocks of
the borehole are 0.723, 0.606, 0.521, 0.476, 0.433,
and 0.377 m, respectively. The theoretical value of
the plastic zone radius of surrounding rocks of the
borehole considering strain-softening can be deter-
mined by Eq. (20), and that without considering
strain-softening can be determined by Eq. (27) (Qian
et al. 2010). After substituting the parameters, the

Fig. 9 Plastic zone range of surrounding rocks of the borehole under different residual cohesion conditions: a 0.2 MPa; b 0.3 MPa; ¢

0.4 MPa; d 0.5 MPa; e 0.6 MPa; and f 1.0 MPa
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theoretical calculation results and numerical simu-
lation results are presented in Table 6. Notably, the
maximum and minimum errors between the numeri-
cal simulation and theoretically calculated values
of surrounding rocks of the borehole are 8.924 and
2.446%, respectively. The absolute error value of
the numerical simulation and theoretical calculation
is less than 10.0%, indicating the accuracy of the
numerical simulation of the plastic zone radius of
surrounding rocks of the borehole.
1-sing
(00 +c, cot(p)(l —sin ¢) | 2sine

R, =R, (27)
o cotp

In summary, the peak value of the tangential stress
of the surrounding rocks of the borehole, the tangen-
tial stress value of the borehole boundary, and the
plastic zone radius of the surrounding rocks of the
borehole calculated by numerical simulation have
slight errors compared with those from the theoreti-
cal calculation results, indicating the accuracy of the
established model.

4.2 Variation law of stress and plastic zone in
surrounding rocks of boreholes of different radii
considering strain-softening

Hydraulic flushing gas extraction technology uses
a high-pressure water jet to break the coal body and
flush the coal body out under the action of water flow.
This expands the radius of the ordinary borehole
by several fold or even more than ten-fold and can
improve the gas extraction effect. Hydraulic flush-
ing technology can change the radius of the borehole
by controlling the coal flushing amount according to
specific requirements. Therefore, it is necessary to

study the variation law of the stress and plastic zone
of surrounding rocks of the borehole with different
radii considering strain-softening. The COMSOL
numerical simulation software is used to establish the
same numerical calculation model shown in Fig. 5.
The residual cohesion c, is set to 0.5 MPa. Except for
the borehole radius, other parameters are the same,
as presented in Table 4. We studied the variation law
of stress and plastic zone of surrounding rocks of
the borehole with borehole radii of 0.1, 0.2, 0.3, and
0.4 m, respectively.

4.2.1 Variation law of stress of surrounding rocks
of boreholes with different radii

The simulation results of the tangential stress distri-
bution of surrounding rocks of boreholes with dif-
ferent radii, both without considering strain-soften-
ing and considering strain-softening, are shown in
Figs. 10 and 11.

Figures 10 and 11 show that regardless of
whether strain-softening is considered or not, with
increasing borehole radius, the tangential stress of
surrounding rocks of the borehole increases with
increasing distance away from the borehole center.
This indicates that the increase in borehole radius
will increase the stress reduction zone of the sur-
rounding rocks of the borehole and transfer the high
stress of the surrounding rocks of the borehole to
the deep part. Under the same borehole radius, the
distance from the borehole center to the tangential
stress peak of surrounding rocks of the borehole
considering strain-softening increased compared
with that without considering strain-softening. Our
analysis shows that the larger the borehole radius,
the stronger the disturbance to the surrounding rock
of the borehole, and the lower part of the bearing

Table 6 Comparison

. Residual cohesion ¢,/MPa Theoretical calculation ~ Numerical simulation  Error/%
between the theoretically value/m value/m
calculated and numerical
simulation values of the 0.2 0.691 0.723 4.631
plastic zone radius of 0.3 0.564 0.606 7.447
surrounding rocks of the
borehole 0.4 0.489 0.521 6.544
0.5 0.437 0.476 8.924
0.6 0.399 0.433 8.521
1.0 (Strain-softening is not con- 0.368 0.377 2.446

sidered)
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Fig. 10 Cloud chart of the tangential stress distribution in surrounding rocks of boreholes with different radii without considering
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Fig. 11 Cloud chart of the tangential stress distribution in surrounding rocks of boreholes with different radii considering strain-

softening: a 0.1 m; b 0.2 m; ¢ 0.3 m; and d 0.4 m

capacity of the surrounding rock of the borehole
increases. Therefore, there can be a transfer of the
peak stress to the depth. The tangential stress dis-
tribution curve of surrounding rock under the same
borehole conditions is shown in Fig. 12.

Figure 12 shows that when the borehole radii were
0.1, 0.2, 0.3, and 0.4 m, the distances between the tan-
gential stress peak considering strain-softening and
the borehole center increased by 0.045, 0.099, 0.123,
and 0.172 m, respectively, compared with those with-
out considering strain-softening. When strain-sof-
tening is not considered, with borehole radii of 0.2,
0.3, and 0.4 m, the distances of the peak value of tan-
gential stress transfer to the deep part of surrounding
rocks were 0.185, 0.383, and 0.589 m, respectively,
as opposed to those for a borehole radius of 0.1 m.
When considering strain-softening, with borehole
radii of 0.2, 0.3, and 0.4 m, the distances of the peak
value of tangential stress transfer to the deep part of
surrounding rocks were 0.239, 0.461, and 0.716 m,
respectively, as opposed to those with a borehole
radius of 0.1 m. Simultaneously, we observed that the
tangential stress at the borehole boundary remains
unchanged with increasing borehole radius, regard-
less of whether strain softening was considered.

4.2.2 Variation law of the plastic zone
of surrounding rocks of boreholes with different
radii

The distribution ranges of the plastic zone of sur-
rounding rocks of the borehole with different radii
without and with considering strain-softening are
shown in Figs. 13 and 14.

Figures 13 and 14 show that, regardless of whether
strain-softening was considered or not, with increas-
ing borehole radius, the plastic zone radius of sur-
rounding rocks of the borehole gradually increases.
When strain-softening is not considered, the plastic
zone radii are 0.192, 0.377, 0.575, and 0.781 m while
the borehole radii are 0.1, 0.2, 0.3, and 0.4 m, respec-
tively. When considering strain-softening, the plastic
zone radii are 0.237, 0.437, 0.698, and 0.953 m while
the borehole radii are 0.1, 0.2, 0.3, and 0.4 m, respec-
tively. We found that under the same borehole radius,
the plastic zone radius when considering strain-sof-
tening is more significant than when strain-softening
is not considered. To observe the influence of the
borehole radius on the plastic zone of surrounding
rocks when considering strain-softening, the variation
of the plastic zone radius with borehole radius with
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Fig. 12 Tangential stress distribution curve of surrounding rocks of boreholes with different radii without considering strain-soften-
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Fig. 13 The distribution ranges of the plastic zone of surrounding rock of boreholes with different radii without considering strain-
softening: a 0.1 m; b 0.2 m; ¢ 0.3 m; and d 0.4 m
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Fig. 14 The distribution ranges of the plastic zone of surrounding rocks of boreholes with different radii considering strain-soften-

ing:a0.1 m;b0.2m; c0.3m;andd 0.4 m

and without considering strain-softening is expressed
as a curve, as shown in Fig. 15. This figure shows that
a linear relationship exists between the plastic zone
radius and borehole radius. The larger the borehole
radius, the greater the impact of strain-softening on
the plastic zone.

Based on the study of the tangential stress and
plastic zone of surrounding rocks of boreholes with
different radii, we found that in gas extraction bore-
holes, it is necessary to consider the strain-softening
of surrounding rocks. This is especially true for a
hydraulic flushing borehole, wherein the borehole
radius can usually reach more than 0.4 m; thus, the
strain-softening of surrounding rocks should be
considered.

5 Field verification of strain-softening
of surrounding rocks of the borehole

To investigate the temporal and spatial evolution
law of in-situ coal stress around the hydraulic flush-
ing borehole, Wang et al. (2020) considered the No.
21 outburst coal seam of Liangbei coal mine, Henan
Province, as the engineering background. They con-
ducted the synchronous monitoring of the regional
in-situ stress field of the cross-measure hydraulic
flushing borehole by using the self-developed stress
monitoring system. The equipment and test location
used in the paper are shown in Fig. 16. They con-
cluded that the stress reduction zone is within 4 m
from the hydraulic flushing borehole center, the stress
transition zone is between 4 and 5 m, the stress con-
centration zone is beyond 5 m, and the radius of the
stress reduction zone is about 10 times the equivalent
radius of the hydraulic flushing borehole. The stress

—a—

1.0 -Strain-softening is considered

Plastic zone radius/m
(=)
N
T

04

- £
0.2 ' Strain-softening is not considered

1 n 1 n 1 n 1

0.10 0.15 0.20 0.25 0.30 0.35 0.40
Borehole radius/m

Fig. 15 Comparison of variation curves of the plastic zone
radius with borehole radius with and without considering
strain-softening

distribution of surrounding rocks of the hydrau-
lic flushing borehole measured on site is shown in
Fig. 17. Combined with the published papers of Han
(2020), the parameters of the No. 21 coal seam in
Liangbei coal mine, Henan Province can be deter-
mined, as presented in Table 7. According to the
research in the second part of this paper, the residual
cohesion of coal and rock can be reduced by more
than 99% compared to peak cohesion. We assumed
that the residual cohesion of the No. 21 coal seam in
Liangbei coal mine, Henan Province reduced by 95%
compared with the peak cohesion; namely, the resid-
ual cohesion is 0.075 MPa.

We established the numerical calculation model
(the same as Fig. 5) according to the coal seam,
borehole parameters, and residual cohesion c,. The
model size was increased to 20X 20 m to reduce the
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Fig. 16 The equipment and test location (Wang et al. 2020)
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Fig. 17 Field measured stress distribution of surrounding
rocks of the hydraulic flushing borehole (Wang et al. 2020)

influence of the boundary. The comparison of the
simulation results of the tangential stress distribution
curve, plastic zone radius, and stress reduction zone
radius of surrounding rocks of the borehole without
and with considering strain-softening is shown in
Figs. 18, 19 and 20.

Figures 18, 19 and 20 show that the peak stress
depth, plastic zone radius, and stress reduction zone
radius of surrounding rocks of the borehole when
strain-softening is considered are far greater than
those when strain-softening is not considered. When
strain-softening was not considered, the plastic
zone and stress reduction zone radii were 0.707 m

@ Springer

Planar graph Profile chart

Table 7 Parameters of the No. 21 coal seam in the Liangbei
coal mine, Henan Province

Parameters Value
Initial in-situ stress of coal seam o,/MPa 7.0
Elastic modulus of coal seam E/GPa 1.2
Internal friction angle of coal seam ¢/° 20
Poisson’s ratio of coal seam v 0.46
Density of coal seam p/kg/m? 1440
Peak cohesion of coal seam ¢,/MPa 1.5
Borehole radius Ry/m 0.4

(theoretical value was 0.695 m) and 0.522 m,
respectively. When strain-softening was consid-
ered, the plastic zone and stress reduction zone radii
were 3.416 m (theoretical value was 3.379 m) and
2.665 m, respectively. When strain-softening was
not considered, the calculated stress reduction zone
radius was 1.305 times the borehole radius; when
strain-softening was considered, the calculated stress
reduction zone radius was 6.663 times the borehole
radius. Comparing the results measured on the field
with those from the simulation, we found that the
simulation results were smaller than those in the
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Fig. 18 Tangential stress distribution curve of surrounding
rocks of the borehole
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Fig. 19 Distribution ranges of the plastic zone of surrounding
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Fig. 20 Distribution ranges of the stress reduction zone of sur-
rounding rocks of the borehole when: a strain-softening is not
considered; and b strain-softening is considered

field, regardless of whether strain-softening was con-
sidered. However, compared with the result with-
out considering strain-softening, that considering

strain-softening was closer to the result measured in
the field. This indicated that strain-softening does
occur in the field, which is an essential factor for the
significant difference between the field-measured
stress distribution results and previous theoretical cal-
culation results.

6 Conclusion

1. Through the analysis of previous experimental
data, we proved that the essence of strain-sof-
tening of coal and rock is that the internal fric-
tion angle remains unchanged, and the cohe-
sion decreases. According to the variation law
of cohesion, we theoretically analyzed the stress
distribution of the crushing, plastic, and elastic
zones of the borehole surrounding rock when
considering strain-softening. We also provided
the theoretical equation for the plastic zone radius
of the surrounding rocks of the borehole.

2. We established a two-dimensional plane-strain
model for a borehole by considering strain-sof-
tening. The influence of residual cohesion on the
stress and plastic zone of surrounding rocks of
the borehole is simulated and analyzed. We found
that with decreasing residual cohesion, the peak
stress of surrounding rocks of the borehole will
be transferred to the deep part, and the radius
of the plastic zone will gradually increase. The
simulated peak tangential stress value, the tan-
gential stress value of the borehole boundary, and
the plastic zone radius are compared with those
calculated theoretically. We found that the error
is less than 10%, which verifies the model’s accu-
racy.

3. We studied the influence law of strain-softening
on the stress and plastic zone of surrounding
rocks of boreholes with different radii. We found
that the larger the borehole radius, the greater the
difference between the peak stress of surrounding
rocks and the borehole center when considering
strain softening, and the greater the difference in
the radius of the plastic zone.

4. The field measurement results show that the
stress reduction zone radius of the hydraulic
flushing borehole is about 10 times the borehole
radius. When strain-softening is not considered,
the stress reduction zone radius calculated by the
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simulation is 1.305 times the borehole radius;
when strain-softening is considered, the stress
reduction zone radius obtained by the simulation
is 6.663 times the borehole radius. Considering
that the calculated result of the strain-softening
model is closer to reality, we proved that strain-
softening is an important factor influencing the
large difference between the measured stress dis-
tribution results and the previous theoretical cal-
culation results.
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