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Abstract: The clean utilization and green development of coal resources have become a research
focus in recent years. Underground hydraulic fracturing technology in coal mines has been widely
used in roof pressure relief, top coal pre-splitting, gas drainage, roadway pressure relief and goaf
disaster prevention. Different in situ stress types cause great differences in the stress field around the
boreholes, the critical pressure of the fracture initiation, and the direction of the fracture expansion
trend; in addition, the stress shadow effect generated by the superposition of stress fields between
boreholes relatively close together has a mutual coupling effect on the evolution of the stress field,
the development of the plastic zone, and the crack propagation of the rock mass. Therefore, an
effective method to solve the problem is to establish a mechanical model of hydraulic fracturing
in boreholes for theoretical calculation, determine the influence mechanism of the crack shadow
effect, and design a numerical simulation experiment of the equivalent stress fluid-solid coupling
of hydraulic fracturing under different pore diameters and spacings. In addition, combining rock
mechanics and fracture mechanics to analyze the influence of the shadow effect of the stress field
between cracks on the evolution of the equivalent stress and the plastic zone is one of the important
advances in this paper. Considering the engineering background of the site, the geological conditions
and the requirements of general regulations, it is considered that the parameter selection of roof
fracturing hydraulic fracturing technology in the Yushen mining area is more suitable when 0.12 m
hole diameter and 3.5 m hole spacing are selected.

Keywords: prescribed hydraulic fracturing; fracture mechanics; fluid—solid coupling; stress shadow effect

1. Introduction

In recent years, the research into the fluid-solid coupling of hydraulic fracturing has
attracted the attention of experts and scholars in many fields around the world. In 1925,
Terzaghi [1] regarded the consolidation of deformable saturated porous media as a coupling
problem of flow boundary-solid boundary deformation. On the basis that the flow field
satisfied Darcy’s law, taking the total stress and pore fluid pressure of the saturated rock
and soil as the state variables, a relatively complete three-dimensional consolidation theory
was established. Barenblatt [2,3] (1959) introduced the definition of the field near the
crack boundary and analyzed the linear elasticity by using the relevant provisions and
assumptions in elasticity.

Therefore, the rational development of some resources with special mining difficulties
in the past two decades has also become the global focus of scientific mining researchers.
The research and development of safe and effective mining technology for near-vertical
coal seams, deep high-thermal coal seams, short-distance thin coal seams, and deep strong-
impact-prone coal seams has entered a new stage. In the 1990s, the hydraulic fracturing
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process carried out by the American Petroleum System for shale gas development and
oil penetration and production was introduced into the mining industry and successfully
applied to the seam cutting of the hard roof plate of the mine, the pressure relief of the
roadway, and the treatment of the weakening of the top coal. In order to determine that
the layout plan of the prescribed hydraulic-fracturing (PHF) boreholes can ensure that
the fractures can be successfully expanded and the roof can be cut without premature
penetration leading to early pressure reduction, it is important and difficult to reasonably
design the spacing of the hydraulic-fracturing boreholes.

On this basis, Hutchinson [4], Sneddon [5], Green [6], Warpinski et al. [7], Wang [8],
and Nagel et al. [9] have made some progress in determining the spatial distribution char-
acteristics of stress shadowing. Considering the effects of crack spacing, rock mechanics
parameters, and in situ stress in three-dimensional conditions, it was found that the in-
fluence range of the increase in the minimum horizontal stress was large and extended
in the direction of the crack height, but it had little effect on the crack tip region. Zhao
et al. [10] studied the three-dimensional propagation mechanism of the hydraulic fracture
in a borehole with multiple angles and different spacings in a three-dimensional rock
mass and concluded that the increase in the intermediate principal stress suppressed the
propagation of the fracture perpendicular to the direction of the intermediate principal
stress; the propagation track of the crack in the direction of the intermediate principal stress
became straighter. The change in the intermediate principal stress did not change the main
direction of the crack propagation (the direction of the maximum principal stress).

In terms of the development of multi-physical field numerical simulation experimental
software, in the past two decades, scholars at home and abroad have mainly carried out
engineering scale research on the basis of binary numerical models to explore the law
of interaction between porous hydraulic fracturing and fracture propagation. Wang [11],
Liu et al. [12], and Michael [13] found in experiments that when designing the perforation
spacing and aperture, the stress shadow effect could be weakened by reasonably optimizing
the setting of large or nonuniform perforation spacing, so as to make the spatial morphology
of the hydraulic fracture propagation more uniform.

To summarize, it is of new significance to study the influence of the borehole size and
borehole spacing on the shadow effect between the hydraulic fracturing fractures within
the three-dimensional rock mass scale model. Building a three-dimensional mechanical
model and grid division of three-dimensional multi-cluster perforated rock materials can
more realistically simulate the propagation of fracturing fractures in order to then design
the reasonable arrangement of hole spacing and aperture, so that the spatial form of
fracture propagation is more conducive to engineering applications. It has been planned to
obtain the optimal parameters applicable to roof hydraulic fracturing drilling in the Yushen
mining area under the influence of special conditions, such as shadow effect, by means of
mechanical model establishment, theoretical calculation and analysis, multi physical field
coupling numerical simulation experiments and mutual verification.

2. Simulation Engineering Background and Boundary Condition Setting
Geological Condition Background and Working Face Overview

Hydraulic fracturing and roof cutting are widely used to prevent rock burst or strong
ground pressure in deep buried or deep mines from 400 m to 1000 m. With the increase in
the buried depth and the change in the importance of the tectonic stress in the in situ stress
of the unit coal body, the type of in situ stress changes, as shown in Figure 1a. Therefore, the
research background of the shadow effect of deep-hole hydraulic-fracturing jet-fracturing
boreholes was set as the type I1I geostress type with vertical stress as the maximum principal
stress, as shown in Figure le; in the absence of cutting-induced fractures and the influence
of the stress shadow effect between adjacent boreholes, the dominant trend of fracture
space expansion gradually moves to the minimum horizontal principal stress o3 direction
deflection. In most cases, deep-hole hydraulic fracturing is conducted from the leading
position of the roadway to the hard roof above the stope, see Figure 1b. The overall
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development trend of fracturing fractures is perpendicular to the advancing direction of the
working face and along the vertical stress direction. This fracture development mode has
natural advantages for cutting the hard roof along the mining fracture direction, shortening
the fracture step, and weakening the leading support pressure of the stope. Therefore, it is
particularly important to reasonably optimize the spacing and aperture of the boreholes to
reduce the disturbance of the stress shadow effect on the crack propagation and to avoid
the influence of water leakage from the adjacent boreholes on the effect of roof cutting.
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Figure 1. Relationship between the spatial development pattern of the deep-hole hydraulic-fracturing
fractures and the evolution of the in situ stress types. (a) Comprehensive geological histogram.
(b) The spatial relationship between the layout of the long-hole hydraulic-fracturing drilling site
and the stope roof in the advance roadway (o is the vertical maximum principal stress; oy is the
maximum horizontal principal stress; and ¢y}, is the minimum horizontal principal stress); the red
dotted line is the possible jet direction when the high-pressure water-jet drill pipe is used to induce
the kerf. (c) Type I geostress. (d) Type II geostress. (e) Type III geostress.
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We selected the geological conditions in the Xiangning mining area of Hedong Coal-
field, Shanxi Province, where the buried depth of the coal seam was 555 m~631 m, which
was the Shennan’ao coal mine. In order to facilitate a unified calculation, the buried depth
parameter was determined to be 600 m, the working face length was 180 m, and the ad-
vancing length was 1286 m. The hard sandstone on the roof was treated to weaken the rock
pressure and high-energy dynamic load test pieces, and the multilayer mudstone and fine
sandstone on the roof were subject to hydraulic fracturing.

As shown in Figure 1c—e, there were three distinct development stages in the spatial
form of hydraulic-fracturing fracture propagation under different in situ stress types: 1. the
crack initiation stage along the prefabricated fracture or the jet nozzle; 2. the deflection
stage dominated by the ground stress; and 3. the continuous expansion along the direction
of the maximum principal stress and perpendicular to the direction of the minimum
principal stress.

An excessive size of a three-dimensional fluid—structure coupling experimental model
leads to non-convergence; however, too small a size makes it difficult to meet the actual
rock-block size at the field. Considering this, a similar model of a normal-cube rock mass
with a side length of 10 m was established. The boundary conditions were selected to
assign parameters to the model through the measured in situ stress state of the basic roof
rock in the Xiangning mining area; by comparing the convergence effects of three adaptive
mesh generation methods (coarsening, thinning, and refining), it was determined that the
refined mesh better considered the above experimental purposes.

The experimental scheme of borehole spacings of 3 m, 3.5 m, and 4 m was intended to
further study the common situation of the borehole spacing for hydraulic fracturing in coal
mines in “Detailed rules for prevention and control of rock burst in coal mines” published
by the Ministry of Coal Industry of the People’s Republic of China.

The pore diameters of the high-pressure fracturing drills were taken to be 0.08 m,
0.10 m, and 0.12 m, which were designed according to the three most commonly used
boreholes for hydraulic fracturing in coal mines.

Based on the above two considerations, an experimental scheme was designed for
the research object of this manuscript: first, the scheme most suitable for the studied engi-
neering background geological conditions was selected by comparing the fluid-structure
coupling boundary surface stress and flow velocity of three different hole diameters; then,
the influence of the stress shadow effect on the fracturing effect under 3.0 m, 3.5 m, and
4.0 m hole spacing was compared on the basis of this aperture.

Due to the self-adaptive mesh generation function developed in the multi-physical
field coupling numerical simulation software COMSOL 5.6, the mesh at the boundary of
the borehole wall of the hydraulic fracturing jet could automatically adapt to the transition
state of laminar flow and turbulence, better converge the calculation of the surface velocity
and the equivalent stress at the fluid—solid coupling boundary in the turbulent state, where
the internal flow velocity exceeded 2300 Reynolds number, and densify and set smooth
grids at fewer positions at the borehole wall boundary, as shown in Figure 2. In the
practical application of underground hydraulic-fracturing engineering in coal mines, the
most common drill pipe sizes are 0.08, 0.10, and 0.12 m. These three sizes of drill pipes
can simultaneously meet the rapid and high-pressure passage of the large-flow fracturing
fluid and have no destructive impact on the coal pillar in the cross roadway. Three drilling
sizes with different diameters of 0.08 m, 0.1 m, and 0.12 m were set, with a hole depth of
3 m,5m, and 8 m (5% of different hole spacings) x five X 5 m sandstone-rock material test
block. The density was p 2460 kg/m?3; the Young’s modulus E was 4.2 Gpa; Poisson’s ratio
was pu 0.75; the vertical stress oy was 20 Mpa; the horizontal maximum principal stress oy
was 18.5 Mpa; and the horizontal minimum principal stress oy, was 15.5 Mpa. First, we
determined the optimal aperture; then, we conducted the stress shadow effect experiment
under a fixed aperture size.
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Figure 2. Boundary conditions and mesh generation. (a) Boundary load setting method of type I
in situ stress rock specimen. (b) Grid of 0.08 m borehole. (c) Grid of 0.10 m borehole. (d) Grid of
0.12 m borehole.

In the fluid solid coupling simulation experiment, for the fluid mechanics calculation
part, the water inlet (the starting point of the fracturing fluid inflow), the wall (the part
where the fluid contacts the solid) and the water outlet (the end point of the fracturing fluid
outflow) are usually set. The water outlet is free in the jet stage, closed in the fracturing
stage, and the model is pressurized.

Figure 1b shows the development trend of fracture propagation direction induced by
different geostress types, while Figure 2 shows the experimental model to be consistent
with the standard specimen of rock mechanics experiment in the laboratory and the drilling
hole layout.

The flow field inside the borehole was determined by the inlet flow velocity, outlet
pressure, and wall equation, where the inlet flow velocity was 3 x 10? m/s, the outlet
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was open and free, and the orifice pressure was 0 Pa. The flow field wall was smooth
without sliding. The total pressure of the internal flow field was 35 Mpa under the pressure
holding state.

Considering that the COMSOL multi physical field simulation software is based on
the calculation principle developed by finite element method, the excellent simulation
on the boundary of the two physical fields and the relatively accurate calculation of the
corresponding stress field and velocity field are highlighted when the hydraulic fracturing
process is simulated. However, there is also a defect that the fracture expansion cannot
be visualized. Therefore, this manuscript illustrates the scientific problems of the research
object by comparing its equivalent force field and surface velocity field, and looks forward
to fitting the reflection of crack propagation mode in the laboratory with the simulation
results in this manuscript in the future research work.

In consideration of both convergence and experimental effect, it is considered that the
finer adaptive mesh generation method is most suitable for the experimental study of fluid
structure coupling mechanical model established in this manuscript.

Based on the above boundary conditions and the multi-physical field fluid—solid
coupling parameter settings, the mesh division and model size are shown in Figure 2.

The turbulent governing equation of the transient solver inside the borehole was

as follows:
p%—'t‘ +o(u-Vu=V-[-pl+«|+F

oV-u=0 (1)
K= (+ pr) (Vi + (Vug)") )
ok
pﬁ*"(”'V)K:V'[(u+g—T)VK]+Pk—ps 3)
K
3 +p(u-V)e =V - [(u-+ E)Vel + Ca i — Caply @
&= ep
K2 .
HT = PCH?, P = VT[VM : (Vu —+ (Vu) )} (5)

where u is the velocity field component, m/s; P is the pressure, MPa; F is the boundary
pressure of the solid mechanics, MPa; K (K is an capital English letter) is the turbulent
flow energy N-m; ¢ is the turbulent dissipation rate; p is the fluid density, kg-m3; v/ is
the symbol of the nabrakin operator; x (kappa ‘x” is a Greek alphabet) is the directional
gradient matrix, y is the dynamic viscosity coefficient, n-s/m3; C; is the compressibility of
the fluid; here, the incompressible flow was selected, and the parameter was 1; and k (k is
an italic lowercase English letter) is the turbulence auxiliary variable constant.
The solid boundary coupling governing equation is:

o%u
where s is the displacement of the solid boundary, m; and Fy is the normal stress at the
solid boundary, MPa.

3. Internal Flow Field and Boundary Surface Pressure of Solid Mechanics in
Different Boreholes

Based on the above flow-field transient control equations and solid-mechanics bound-
ary equations, the transient solver was used to solve them. The borehole surface velocity
and fluid pressure obtained after convergence and equilibrium are shown in Figures 3-5.
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Figure 3. Fluid—solid coupling boundary state of 0.08 m borehole. (a) Surface velocity of inner wall
of 0.08 m borehole. (b) Surface velocity of inner wall of 0.08 m borehole (velocity peak position).

(c) Hole wall pressure of 0.08 m hole diameter. (d) Hole wall pressure of 0.08 m hole diameter (stress
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Figure 4. Fluid—solid coupling boundary state of 0.10 m borehole. (a) Surface velocity of inner wall
of 0.10 m borehole. (b) Surface velocity of inner wall of 0.10 m borehole (velocity peak position).
(c) Hole wall pressure of 0.10 m hole diameter. (d) Hole wall pressure of 0.10 m hole diameter (stress

peak position).
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Figure 5. Fluid-solid coupling boundary state of 0.12 m borehole. (a) Surface velocity of inner wall
of 0.12 m borehole. (b) Surface velocity of inner wall of 0.12 m borehole (velocity peak position 1).
(c) Surface velocity of inner wall of 0.12 m borehole (velocity peak position 2). (d) Hole wall pressure
of 0.12 m hole diameter. (e) Hole wall pressure of 0.12 m hole diameter (stress peak position 1).
(f) Hole wall pressure of 0.12 m hole diameter (stress peak position 2).

According to the analysis of the flow velocity—stress state of the inner wall of the
0.08 m borehole as shown in Figure 3, under the abovementioned computational fluid
dynamics (CFD) flow-field parameter setting conditions, the peak flow velocity in the
0.08 m borehole reached about 1.47 Mach number, which met the turbulence state, and the
peak velocity appeared at the slot position of the borehole wall. The peak pressure on the
surface of the inner wall of the hole reached about 9 MPa, and the position of the peak
pressure was basically the same as the position of the peak flow rate. This phenomenon
indicated that the crack initiation position of the 0.08 m hole was more likely to occur at
the wall of the hole but less likely to occur at the fracturing target rock layer at the bottom



Processes 2023, 11, 367

9of 12

of the hole. Therefore, it is not recommended to select the 0.08 m hole for drilling and
fracturing hard-rock layers under the working conditions assumed in this paper.

As shown in Figure 4, the flow velocity and boundary surface pressure of the internal
flow field of the 0.10 m borehole were analyzed. The peak position of the flow velocity
mainly occurred in the area between the jet nozzle and the bottom of the borehole. The peak
flow velocity reached about 2 x 10? m/s. The peak position of the surface pressure also
mainly appeared at the hole bottom, and the peak stress was about 10.2 MPa. Compared
with the 0.08 m hole diameter, the peak flow velocity and peak pressure were reduced to
some extent, but the flow velocity and pressure in the general area were increased, and the
area of the peak position was also significantly increased, mainly at the bottom of the hole,
which may weaken the roof by causing multiple cracks.

Figure 5 shows the internal flow velocity and fluid—solid coupling boundary pressure
state of the 0.12 m borehole. When the 0.12 m borehole was selected for hydraulic fracturing,
the peak flow velocity reached 1.4 x 10> m/s, which was widely distributed at the slit
between the hole bottom, the hole orifice, and the hole wall. The surface peak pressure was
about 7 MPa, which was distributed throughout the hole wall. Through comprehensive
analysis of Figures 3-5, with the gradual increase in the borehole diameter, the peak flow
velocity and peak surface pressure of the flow field weakened to a certain extent but
remained on the same order of magnitude as a whole, while the distribution of the peak
area increased significantly, which was not advantageous for the pressure of hard but
thin rock layers. However, during the fracturing operation of hard roof plates in deep
mines, the target fracturing rock layers are generally thicker basic roof layers. Therefore,
in these three schemes, the selection of the 0.12 m borehole diameter for the next step of
the stress-shadow effect experiment comparison is of more practical significance for the
fracturing optimization under the hypothetical conditions in this paper. When the borehole
spacing is small, a stress shadow effect appears, and the influence range of the plastic
zone overlaps, resulting in the rock between the boreholes being relatively broken, and the
stress in the plastic zone decreases. When the two boreholes move further away, the cracks
around the boreholes are developed and connected, but the stress shadow effect does not
appear; hence, the stress field value between the boreholes increases.

4. Contrast Experiment of the Stress Shadow Effect between Different
Borehole Spacings

The study of the stress shadow effect between natural primary cracks or artificial
cracks was initially carried out for fractures created during shale gas extraction [14,15]; in
Yu et al. [16], an analytical equation was given for the redistribution of the induced stress
components between the stress shadows [17-19]:

A 2 2 2,2
jf/cxc (qxx,inducedll +‘Tyy,inducedml +2Txy,inducedll my )dx

Aaxx,induced = 2A;
"Ac 2 2 2,2 (7)
A o ijC (axx,inducedIZ +‘Tyy,inducedm2 +2Txy,induced12 my )dx
Oyy,induced = 2A.

where x is the average induced stress along the tangent direction and normal direction
of the crack, A, is the half length of the crack, taken as 0.5 m; m; is the distance between
end cracks, m; J; is the crack width, m; oyy inguced, Txx induced, Txy,induced 1 the stress tensor,
respectively, MPa; Aoy induceds DOxx induced, DTxy induced 15 the increment in the stress tensor,
respectively, MPa [20-23].

Figure 6a,b shows the influence range of the von Mises equivalent stress in the rock
mass caused by 0.12 m borehole fracturing with 3.0 m spacing; Figure 6¢,d shows the
influence range of the von Mises equivalent stress in the rock mass caused by 0.12 m
borehole fracturing with 3.5 m spacing, and Figure 6e,f shows the influence range of the
von Mises equivalent stress in the rock mass caused by 0.12 m borehole fracturing with
4.0 m spacing. Through comparative analysis, with the increase in the borehole spacing,
the damage range around the borehole also increased, especially the damage range at
the orifice, and the overall average value of the equivalent stress around the borehole
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also increased at the spacing of 4.0 m. Therefore, in order to avoid the influence of the
stress shadow effect on the spatial shape of the fracture development and the expansion
and the pressure relief in advancing during the actual hydraulic-fracturing rock-breaking
construction, it is necessary to ensure that the influence range of the equivalent stress of the
fracture is at the overlapping critical edge as far as possible.

von Mises stress (N/m?)

x10°8
1.4
1.2

0.8
0.6
0.4
0.2

(b)

x10°

H N W & U0

(d)

%107

(e) (f)

Figure 6. Stress shadow effect represented by an equal-effect stress field with different hole spacings.
(a) Equivalent stress field of 0.12 m borehole with 3 m spacing. (b) Equivalent stress field of 0.12 m
borehole with 3 m spacing (details). (c) Equivalent stress field of 0.12 m borehole with 3.5 m spacing.
(d) Equivalent stress field of 0.12 m borehole with 3.5 m spacing (details). (e) Equivalent stress
field of 0.12 m borehole with 4 m spacing. (f) Equivalent stress field of 0.12 m borehole with 4 m
spacing (details).
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With the increase in the buried depth, the spatial shape trend of the fracture surface
development and the expansion of the hydraulic-fracturing borehole wall changes signifi-
cantly. Under the condition of shallow-buried in situ stress, where the horizontal maximum
principal stress is the maximum principal stress, and the vertical stress is the minimum
principal stress, the fracture surface tends to expand along the water square direction to
weaken the thickness of the fractured rock stratum. Under the in situ stress condition of
deep mines, where the vertical stress is the maximum principal stress, and the horizontal
stress is the minimum principal stress, the fracture plane tends to shorten the fracture
step of the fractured rock layer along the vertical direction. Therefore, it was concluded
that under different in situ stress types and different purposes of cutting hard-rock layers,
appropriate drilling orientations and induction methods should be selected to optimize
and control the spatial morphology of the fracture plane.

5. Discussion and Conclusions

Based on the established rock-mechanics multi-physical field fluid—solid coupling
hydraulic-fracturing mechanical model and the assumptions and boundary conditions
in computational fluid mechanics and rock mechanics, the turbulent control equation of
the internal flow field in the borehole, the boundary laminar-flow control equation, and
the fluid—-solid coupling boundary conditions were obtained, and the rock-mass model
borehole surface was substituted as the load boundary condition to simulate the impact of
the stress shadow effect on the fracturing effect under different borehole spacings. At the
same time, the borehole diameter and spacing suitable for the geological conditions of the
example were compared.

In practice, the conclusions of this paper are the following:

1.  Through the comparison of the fluid—solid coupling numerical simulation experi-
ments, it was concluded that hydraulic fracturing is more effective for roof presplitting
and pressure relief when the 0.12 m diameter borehole spacing is 3.5 m, consider-
ing the spatial development scale of the fracture network and fracturing efficiency
(large-flow borehole).

2. The coupling relationship between the traditional hydraulic-fracturing fracture prop-
agation model, the surface flow field velocity—stress model, and the solid material
is difficult to express with the three-dimensional model. In view of the improve-
ment of the above conditions, the displacement and stress constitutive relationship
of the solid boundary were selected as appropriate functions to reconcile, and the
boundary solution formula suitable for the three-dimensional shape of the borehole
was obtained.

3. Further, deep-seated mechanism research should also be carried out on the flow
field conditions of the cutting effect of the hydraulic fracturing technology on rock
materials. The impact of the inlet flow velocity and pressure, outlet aperture, outlet
pressure and flow, and the seepage state of the whole section of the borehole under the
pressure-holding state on fracture propagation will be reflected in our further research.
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