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Simulation Study of Coal Failure Law under High-Pressure Water Jetting
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Abstract: High-pressure water jetting impinging on coal plays a relatively important role in improving pressure relief and permeability of the coal body, which can elevate the
gas drainage effect and eliminate the outburst danger. But the slot formed by high-pressure water jetting impinging on the coal is affected by various factors in pressure relief
and permeation of the surrounding coal. To explore how to improve the effect of pressure relief and permeability of the coal body in the process of high-pressure water jetting,
the stress-strain and failure of the surrounding coal after the formation of slots were analyzed based on Fast Lagrangian Analysis of Continua 3D(FLAC3D) software, the
influence and law exerted from each of the factors was screened out on pressure relief of the slot, and the mathematical model of the slot failure range was constructed.
Results show that stress of slots impinged by high-pressure water jetting changes considerably in different directions. As vertical stress increases, the range of pressure
relief and failure of the coal body gradually increase, and the pressure relief range enlarges exponentially with the increase of depth. The synergy pressure relief between
slots can strengthen the pressure relief of the coal body. The findings obtained from this study can provide construction guidance and reference value for the onsite application

of related hydraulic measures.
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1 INTRODUCTION

Considering the special energy structure in China, coal
has dominated the national energy consumption structure
for a long time [1-4]. A huge amount of gas can be
contained in many coal seams, which poses great safety
threats to coal mining. For example, fire accidents resulting
from the outburst of coal and gas must be eliminated
urgently [5-6]. Gas, as a clean energy source, has minimal
environmental pollution during utilization, and its
application potential can be widely tapped [7, 8]. This
feature makes gas mining a focus in the field of coal mines.
However, many coal seams are characterized by large
stress and poor permeability, which directly lead to low gas
extraction efficiency [9]. High-pressure water jetting is
used to impinge on the coal body, coming out of a slot to
make the deep coal move and enhance the pressure relief
and permeability of the coal body, thereby reducing the
stress and unlocking the penetrating channel of gas [10].
Thus, the permeability of the coal body and the gas
extraction are enhanced. This hydraulic method has been
widely applied [11]. The improvement of coal seam
permeability is affected ultimately due to the large
mechanical parameters of different coal seams,
compounded with various effects caused by the same high-
pressure water jetting measures. Thus, it is greatly
important for the application of hydraulic measures
through studying destruction law of coal impinged by high-
pressure water jetting.

Most previous studies on improving high-pressure
water jetting are only applicable to a specific coal mine
based on a specific coal seam condition [12], and lack a
comprehensive consideration of various influencing
factors of high-pressure water jetting to improve coal
permeability because different influencing factors affect
others in different degrees. The correct and rapid setting of
parameters during the application of the hydraulic measure
is insufficient in existing studies and applications, and a
model that can quickly obtain the application parameters of
high-pressure water jetting measures must be studied based
on relevant mechanical parameters of the coal body.
Therefore, this study examines the coal destruction

impinged by high-pressure water jetting by using Fast
Lagrangian Analysis of Continua 3D(FLAC3D) software.
Subsequently, the law and finding ways to determine the
coal damage range are summarized via hydraulic measures.
This study aims to provide a feasible solution to the
problem that the damage range coming out of the hydraulic
onsite application is difficult to determine.

2 STATE OF THE ART

According to the problem of high-pressure water
jetting impinging on the coal body to reduce the stress and
improve the permeability of the coal body, the existing
literature discusses the influence of a specific mine or an
influencing factor on pressure relief and permeability
enhancement of the coal body.

Although several references on improving pressure
relief and permeability of coal seam are available from
previous research, the existing literature mostly starts the
research through understanding a series of pressure relief
and permeability enhancement effects of a coal body with
the participation of a specific coal mine and influencing
factors. Previous research lacks a comprehensive
consideration of various influencing factors of high-
pressure water jetting to improve coal permeability, and
different influencing factors will affect others in different
degrees. Research on the correct, rapid setting of
parameters during the application of the hydraulic measure
is insufficient, and a model that can quickly obtain the
application parameters of high-pressure water jetting
measures must be studied based on relevant mechanical
parameters of the coal body.

Therefore, this study sets the typical model
parameters, analyzes the stress-strain and failure of the
surrounding coal after the formation of slots, examines
each effect of various influencing factors on the pressure
relief effect of the slot, studies the effect of synergy
pressure relief under different slot arrangements, and
finally designs the mathematical model of slot failure range
based on numerous numerical simulations of the same
type, previous studies, and application of FLAC3D
software platform to address the shortcomings of existing
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studies. Moreover, this study offers a method for quickly
determining appropriate parameters for the field
application of hydraulic measures.

The remaining chapters of this study are organized as
follows: Section 3 introduces and analyzes the applicability
of FLAC3D software as well as establishes the numerical
calculation model. Section 4 analyzes and discusses the
results. Section 5 presents the conclusions.

3 METHODOLOGY
3.1 FLAC3D Software Introduction and Applicability
Analysis

FLAC3D numerical simulation software is suitable for
replicating mechanical changes of materials such as rock
and soil, especially for plastic rheological characteristics.
This method can obtain data faster and more accurately
compared with other methods [25, 26].

3.2 Establishment of the Numerical Calculation Model

Parameters of numerical calculation model are set
according to the actual situation of a typical coal seam.
First, a numerical model is needed, combined with an
Excel model. A cuboid model is built considering actual
onsite situation, computer performance, and time required
for calculation. The outermost surrounding rock
establishes a radial grid around the outside of the cylinder.
It only bears crustal stress because it is far from the
borehole, thus encountering difficulty in producing
deformation and damage. Hence, the larger grid is set as
well. The unit of the numerical model is set to 1 m in the X
and Z-axis directions, and 0.05 m in the Y-axis direction. A
cylindrical shell grid is built on the inner wall rock. It is
easy to deform and destroy because it is close to the
borehole; thus, the grid is smaller. The cell is 0.5 m in the
X, Y, and Z-axis directions. The core part of the model is
the cylindrical drilling model, and the cell unit body is set
to 0.25 m in the X-axis and Z-axis, and 0.05 m in the Y-
axis. The model is duplicated with a length of 17 m, an
inclination of 10 m, and a vertical of 17 m to satisfy
numerical calculation; slot depth is designated as Im
according to limitations of computer hardware.

The numerical calculation model is divided into 53 600
units. Based on the onsite situation, the operation surface
of the model is set to the X-axis, and the inclination
direction is the Y-axis. The slot model is partially enlarged
to facilitate observation, as shown in Fig. 1.

Figure 1 Numerical simulation model and hydraulic cutting model

Second, numerical calculation needs to assign values
to the model. Parameter assignment is determined
according to experiments or related data for accuracy of

numerical simulation results. Numerical model material
assignment parameters are shown in Tab. 1.

Table 1 Mechanical parameters in numerical simulation
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The numerical calculation model should be initialized
with the reference of the actual situation. The self-weight
stress field and horizontal tectonic stress field must be
provided during initialization. The vertical stress field
applied to the model gradually increases as the vertical
depth magnifies to obtain more real data. The displacement
and velocity of the model in the horizontal and vertical
directions are fixed. Numerical simulation adopts the
Mohr-Coulomb constitutive model, whose calculation
accuracy is set to 10 - 5 according to the timeliness and
accuracy of the simulation.

After finalizing numerical simulation, stress-strain and
changes of the plastic area appearing near the coal body are
recorded through a cloud chart, and the effect of the slot on
the surrounding coal is studied qualitatively and
quantitatively.

After selecting appropriate crustal stress parameters,
the model must be initialized with stress to balance the
initial crustal stress. The stress cloud diagram after crustal
stress initialization is shown in Fig. 2.
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Figure 2 Initial stress field vertical stress state

4 RESUILT ANALYSIS AND DISCUSSION
4.1 Analysis on Influence of Pressure Relief of the Coal
Surrounding the Slot

This section provides a reference for subsequent
numerical simulation by studying changes in stress, strain,
and plastic zone of the coal surrounding the slot during the
impinging process of high-pressure water jetting.

4.1.1 Stress Variation Law of Coal Surrounding the Slot

Basic parameters of the numerical model are set as
follows: the slot is set in a depth of 1 m, a width of 0.2 m,
and a water jetting pressure of 30 MPa. The simulated
model is sliced, as shown in Fig. 3, where Fig. 3a, Fig. 3b,
and Fig. 3c are slices perpendicular to the Y, Z, and X-axis,
respectively, and each represents stress distribution clouds
in the respective directions of the model. Fig. 3d, Fig. 3e,
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and Fig. 3f are slices perpendicular to the Y, Z, and X-axis,
respectively, and each represents stress distribution clouds
in the respective directions of the model. The stress cloud
diagram shows the stress distribution of the coal
surrounding the slot. The stress gradually decreases in the
X and Y-axis directions and is symmetrically distributed
with the center of symmetry at the midpoint of the slot. The
stress distribution of the coal surrounding the slot gradually
decreases in the Y-axis direction with a symmetry
"butterfly" layout, whose symmetry center is also at the
midpoint of the slot. Stress distribution law in the Z-axis
direction is similar to that in the X-axis, showing a
gradually and symmetrically decreasing trend from the

vicinity to the center of the slot.

I
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Figure 3 Stress distribution cloud of single slotting

Observation points are set at different positions from
the slot center in the model, stress values at each
observation point are calculated after numerical simulation
is completed, and corresponding stress concentration
coefficients are calculated to carry out quantitative
analysis. Tab. 2 shows that stress variation law is the same
as the cloud diagram, that is, the stress is at the same
distance from the center point of the slot, and the degree of
stress relief in the Y-axis direction is much greater than that
in the X and the Z-axis directions.

Fig. 4 displays variation law of stress unloading
volume of the coal body corresponding to different stress
concentration coefficients in X, Y, and Z-axis directions. In
the entire stress concentration factor range, stress
unloading volume decreases when stress concentration
factor increases, which is consistent with stress distribution
law studied previously. When stress concentration factor is
large, stress concentration factor in the Y-axis direction is
greater than in the two other directions because the depth
of the slot is much larger than the width, resulting in a
larger stress unloading in the Y-axis direction. By contrast,
the degree of stress relief in the Y-axis direction is smaller
than that in the X-axis direction when the stress
concentration factor is small because the influence of
pressure relief is much better than that in the Y-axis
direction when the X-axis direction has a greater slot depth
than the Y-axis direction. Fig. 4 shows that stress unloading
volume increases in different directions at various speeds.
As stress concentration factor magnifies, stress unloading
volume in each direction decreases, and speed gradually
increases. When stress concentration factor increases,
stress relief volume in the Y-axis direction decreases, and
speed decreases compared with other directions. When slot
width is much smaller than the slot depth, the pressure
relief effect in the Y-axis direction is better than that in the
two other axis directions.

Table 2 Stress concentration factor of different center distances

Position- Stres§ Stressconcentrationfactor Position- Stres_s Stressconcentrationfactor Position- Stres_s Stressconcentrationfactor

X unloading /% Y unloading 1% VA unloading %
/ m / MPa / m /MPa / m / MPa

1.3 4.8 60 0.5 0.5 95 1.3 5.0 50
1.5 6.5 50 1.0 2.0 80 1.5 6.7 40
1.8 8.5 30 1.5 4.3 70 1.8 8.0 20
2.0 9.0 30 2.0 11.0 20 2.0 9.2 10
2.2 11.0 20 2.5 11.0 10 2.2 9.7 10
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Figure 4 Relationship between concentration factor and unloading volume

After hydraulic measures are completed, stress at the
edge of the slot is zero. The coal body is forced to move
from the edge to the deep part due to the existence of a
pressure gradient. When distance from the slot is great,
stress concentration coefficient is low. The slot plays a key
role in pressure relief for the coal in the nearer position, but
this pressure relief effect decreases rapidly with the
increase of the distance. This analysis shows that stress
concentration factor in the Y-axis direction is larger than
that in other directions due to the geometry particularity of
the slot, resulting in a better stress unloading effect in the
Y-axis direction.
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4.1.2 Failure Law of the Coal Surrounding the Slot

The above research results show that the difference of
distance between coal and slot generates a varied stress
distribution, which is consistent with the difference with
the stress concentration factor. When stress on part of the
coal exceeds the limit, the coal body will break and enter a
plastic state, stability of the coal body in the plastic state is
extremely poor, many cracks will appear inside, and
strength of the coal body drops sharply. As internal cracks
in the coal body expand, the permeability of the coal body
increases dramatically, and the coal gas migration channel
is dredged, together with the accelerating speed of gas
migration to the slot. The drainage effect can eliminate
outburst risks via a connected pipe. Compared with other
regions, the coal body in the plastic state is in danger of
outburst due to the small internal elastic potential energy
and gas kinetic energy as well as no condition for the
occurrence of dynamic phenomena. The range of the coal
surrounding the slot in the plastic zone is shown in Fig. 5.

b)
Figure 5 Map of plastic zone

The model is sliced for easy observation. Fig. Sa, Fig.
5b, and Fig. Sc are slices perpendicular to the X, Y, and Z-
axis, respectively. Fig. 5a shows that the model has an
elliptical distribution in the plastic area perpendicular to the
Y-axis direction. The plastic damage area is larger in the
horizontal direction than in the vertical direction.
Generally, the horizontal stress on the borehole is greater
than the vertical stress; thus, the slot built in the horizontal
direction is easily destroyed. Fig. 5b illustrates that the
influence exerted on the surrounding coal after the
formation of the slot is much greater than that of the
drainage borehole, which also shows that the effect of
hydraulic gas extraction is more substantial than that of
drilling gas only. The area where the coal body is under
plastic destruction is much larger in parallel to the
horizontal direction of the borehole than perpendicular to
the borehole because the slots' depth is greater than its
width. The whole model illustrates that the coal body in the
plastic zone shows a distribution similar to the slot model,
with a larger diameter and plastic zone in the Y-axis
direction (see Fig. 5c). Observation points at different
distances from the slot center are installed to investigate the
degree of stress unloading at the boundary of the plastic
zone. Stress unloading at the boundary of the plastic zone
reaches a high level, indicating that all coal bodies in the
plastic zone are relieved of pressure. For field application,
the radius of the slot influence range can be formulated
according to the range of the plastic zone, which can better
reflect the pressure relief area and avoid the occurrence of
gas drainage blind areas.

4.2 Analysis of Synergy Pressure Relief between Slots

In practical applications, the coal body between the
slots will be jointly affected by multiple slots, thus
changing the pressure relief effect. This section
summarizes mutual influence law of pressure relief in the
case of multi-slot drilling by studying parallel arrangement
and staggered arrangement between drillers.

4.2.1 Effect of Parallel Relief between Boreholes

The relevant model is depicted in Fig. 6. Numerical
calculation model parameters are 400 m depth of coal
seam, 30 MPa of water-jetting pressure, 1 m depth of slot,
0.2 m width of slot, and 5 m spacing distance of slots. The
stress changing cloud diagram of the coal body is displayed
in Fig. 7, and the range of the plastic zone is shown in Fig.
8.

Figure 6 Numerical simulation model and hydraulic cutting model

-
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Figure 7 Contour map of parallel slotting model

The stress-strain cloud diagram shows that when the
distance between two horizontally adjacent boreholes is 5
m, the range of pressure relief gradually increases from
starting to completion of the construction, compounded
with the expanding displacement range of the coal body.
The coal body in the middle of the two slots is affected by
the deformation of the coal bodies on both sides; thus, the
pressure relief range of the middle coal is greater than that
of a single hydraulic measure. When numerical simulation
is completed, all coal bodies between the two horizontally
adjacent hydraulic measures are relieved of pressure.
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The plastic damage area diagram has shown
eliminated that the coal body is jointly affected by the
hydraulic measures on both sides, causing the degree of
plastic destruction to be greater than when a single
hydraulic measure is drilled. When numerical simulation is
completed, the coal body between the two horizontally
adjacent hydraulic measures boreholes undergoes plastic
deformation completely under the influence of the slot
effect, which confirms the synergy pressure relief effect
when the slot and borehole are arranged adjacently.

Figure 8 Block state of slotting model

4.2.2 Pressure Relief in the Staggered Arrangement
between the Slot and the Borehole

This section examines the effect of mutual pressure
relief when hydraulic measures intersect in the borehole.
The numerical calculation model arranges a 5 m distance
of two centers between the slot and borehole in the X-axis
and 2 m in the Y-axis, as shown in Fig. 9. Changes in stress
and the plastic zone due to the influence on coal affected
by staggered arrangement of the coal seam between the two
slots are shown. The stress cloud diagram is shown in Fig.
10, and the plastic zone is displayed in Fig. 11.

Figure 9 Numerical simulation model and hydraulic cutting model

Fig. 10 shows that when the two hydraulic measures
are arranged in a staggered manner, the coal body between
the two slots is affected by pressure relief in the X and Y-
axis directions. In the wake of pressure relief in the two
axes, the degree of pressure relief is greater than when
drilling with a single hydraulic measure. When numerical
simulation is completed, the coal body between the two
hydraulic measures is comprehensively relieved of
pressure.

Figure 10 Contour map of parallel slotting model

Fig. 11 shows that the degree of plastic failure poses
greater threats than a single hydraulic measure used for
drilling because the coal body is under the control of slots
in different directions. When numerical simulation is
finished, the coal body between the two hydraulic
measures has been plastically damaged by the effect of the
staggered slots. Therefore, the measures of staggered

arrangement between slotted holes can effectively increase
the pressure relief range and reduce the work of measures.

Figure 11 Block state of slotting model
4.3 Mathematical Model of Coal Failure Radius

Several sets of numerical simulations with a staggered
parameter are added given the lengthy duration of
numerical simulation and the difficulty of clarifying the
failure radius of coal under different conditions in field
applications. In general, factors that affect the failure radius
of coal include crustal stress, and depth and width of the
slot. The radius of destruction should be calculated
separately in the X, Y, and Z-axis because the slot is disc-
shaped. Previous research on the width and depth of the
slot found that the influence of slot depth on the plastic
zone in the Y-axis direction is considerable, but that on the
X and Z-axis is less; slot width is totally contrary to slot

1804

Technical Gazette 27, 6(2020), 1800-1806



Beifang GU et al.: Simulation Study of Coal Failure Law under High-Pressure Water Jetting

depth. Therefore, the mathematical model must be
simplified. According to geometric characteristics of the
slot, destruction radius of the coal body in all directions is
formulated as follows:

X =r+AX) ()
Y=d+AY)
Z=r+AZ)

In Eq. (1), r is the slot depth; d is the slot width. F is
the crustal stress. AX), A(Y)andA(Z) represent the range of
plastic zone in all directions.

Crustal stress is expressed by buried depth, F=yH . A
numerical simulation program is designed with a staggered
setting of various parameters to obtain AWX), AY)andA(Z), as
shown in Tab. 3.

Table 3 The relationship between the parameters of plastic area

Depth / SIOt Slot Plastic Plastic Plastic
width/ | depth/

m m m range-X/ m | range-Y/ m | range-Z / m
400 0.1 1.0 1.188 3.105 0.875
400 0.2 1.0 2.932 3.105 2.412
400 0.3 1.0 4.488 3.105 3.989
600 0.1 1.0 3.785 4.688 1.322
600 0.2 1.0 5.522 4.688 2.867
600 0.3 1.0 6.988 4.688 4.442
800 0.1 1.0 4.665 6.255 2.734
800 0.2 1.0 6.291 6.255 4.292
800 0.3 1.0 7.921 6.255 5.861
400 0.2 0.5 2.932 1.876 2412
400 0.2 1.0 2.932 3.105 2412
400 0.2 1.5 2.932 4.341 2412
600 0.2 0.5 5.522 3.465 2.867
600 0.2 1.0 5.522 4.688 2.867
600 0.2 1.5 5.522 5.920 2.867
800 0.2 0.5 6.291 5.036 4.292
800 0.2 1.0 6.291 6.255 4.292
800 0.2 1.5 6.291 7.395 4.292

Matlab is applied to fitting, generating the range of the
plastic area:

A(Y)=0.0079H +2.462r -2.517 2)

A(X)=0.00433H +16.46d —2.192
A(Z) =0.00468H +15.58d — 2.588

When Eq. (2) is brought into Eq. (1), fracture radius of
the slot in all directions can be obtained as follows:

Y =d+0.0079H +2.462r -2.517 3)

X =r+0.00433H +16.46d —2.192
Z =r+0.00468H +15.584 —2.588

Destruction range of the slot in all directions can be
quickly determined in field application through this
mathematical model, which provides a reference for the
drilling arrangement of hydraulic measures.

5 CONCLUSIONS

To solve the problem of slot's damage and range
formed during high-pressure water jetting impinging on
coal and to improve the pressure relief and permeability of
the coal body, the stress-strain and destruction of coal
surrounding the slot during the impinging of high-pressure
water jetting and mutual influences between slots were

analysed, a mathematical model of slot damage range was
duplicated by conducting numerous simulations. The
following conclusions are drawn:

(1) A long, narrow slot is incubated from the coal within
the impinging of high-pressure water jetting,
simultaneously forming a stress gradient of the coal
surrounding the slot. The stress gradient drives the coal
body to gradually move toward the slot, thereby releasing
stress. This experiment increases the number of cracks in
the coal body, improves the gas drainage effect, and solves
the problem of low-permeability coal seam drainage.

(2) Mutual influence between slots can improve the
pressure relief effect of the coal between adjacent slots.
The pressure relief effect is more substantial when drill
holes are arranged in a cross. In practical applications,
using a staggered arrangement can appropriately increase
spacing between boreholes to improve engineering
efficiency and finally solve the problem of low
construction efficiency.

(3) Through the cross numerical simulation of various
factors, destruction range of the slot in different directions
under different combinations of factors is obtained. The
mathematical model of the coal damage range around the
slot is fitted by MATLAB. The model provides a method
for quickly determining slot damage range according to the
coal body and equipment conditions, which can provide a
reference for field application.

The conclusions in this study are based on the high-
pressure water jetting impinging on the coal platform built
by numerical simulation software. The platform can
intuitively be aware of the stress-strain and failure of the
coal surrounding the slot, providing a convenient method
for studying law of pressure relief and permeability
enhancement of complex coal bodies, and a quick way to
determine destruction range of the coal for the application
of onsite hydraulic measures. However, it needs more
efforts on resolving the fluid-solid coupling problem of
gas-bearing coal rocks.
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