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Highlights:

What are the main findings?

• The 3D stress distributions around the gob after mining are numerically calculated.

What is the implication of the main finding?

• The propagations of hydraulic fractures in different disturbed areas caused by mining-induced
stress are compared.

• The influence of the geological conditions that often appear in situ in hydraulic fracturing
patterns in a hard roof is examined.

Abstract: A hard roof can cause serious issues corelated with the stability of the panel including
large deformation of the roadway in the gob, rock burst, coal and gas outbursts, etc. Currently,
hydraulic fracturing has ever-increasingly been used to help control these above-mentioned issues
in many engineering cases. This paper presents a series of numerical simulations for hydraulic
fracturing with a recently developed model to examine the weakening effect of this pre-conditioning
measure on a hard roof. The results show that large deflections in the principal stress direction
occur above the coal seam after mining, which can be progressively enhanced as the working face
continuously advances. This further could significantly affect the hydraulic fracturing pattern and
result in arc-shaped fracture propagation, especially for the hydraulic fracture in stress-descending
areas. The obtained results suggest that the hydraulic fracturing operation in a hard roof is preferable
in the areas close to the middle of the gob where the created fractures would be deflected more.
At last, sensitivity analysis shows that geological conditions have great influence on the hydraulic
fracturing pattern. Among the factors analyzed in this paper, the difference between the maximum
and minimum stress has the largest influence and should be fully considered. This study could
provide a theoretical basis for the practical hydraulic fracturing operation in a hard roof.

Keywords: hydraulic fracturing; hard roof; numerical simulation; mining-induced stress; fracture

1. Introduction

In coal mines, a hard roof refers to a roof that is located above the coal seam and could
supply structural support. It is characterized by large thickness, high strength and good
integrity. In China, a hard roof exists in more than 30% of coal mines [1]. After the extraction
of the coal seam, the hard roof is usually exposed and suspended without collapse in the
mined-out area, which could concentrate stresses and elastic energy as being deformed and
gradually bent. Once the hard roof suddenly collapses, it is often accompanied by strong
dynamic pressure phenomena such as large deformation of the roadway in the gob, rock
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burst, coal and gas outbursts, etc. [2–6]. Such cases are more serious at large mining depths
due to the larger overburden stresses. Data statistics show that the accidents caused by a
hard roof account for approximately 70–80% of the total mine accidents every year [7,8].
Clearly, the hard roof has become a major threat to the safety and efficient production of
coal mines. It is therefore necessary that pre-conditioning measures be evolved to tackle
the strong damaging effects caused by the hard roof.

At present, approaches such as support, water-infusion softening, blasting and hy-
draulic fracturing are adopted for weakening the hard roof. However, support cannot
fundamentally solve the problem induced by the tight roof and coal pillar support often
leads to huge resource waste; water-infusion softening is limited to its effective range and
also cannot decrease the working face pressure on a large scale and blasting often results in
serious underground air pollution and coal and gas outbursts. In comparison with these
approaches, hydraulic fracturing has the advantages of improved control of the fracture
geometry through the shadow stress effect and directional fracturing. Hydraulic fracturing
technology was first successfully applied in the field of oil and gas in 1949 [9], and now it
has been gradually extended to the application of the coal mine. In addition to pressure
relief and permeability enhancement of the coal seam [10–14], it is also increasingly applied
to solve the problem of the hard roof [15–24]. In engineering practice, hydraulic fracturing
boreholes are drilled from the ground surface/subsurface excavations into the target rock
strata and then water is artificially injected to create complex hydraulic fractures. That
is, the objective of hydraulic fracturing in the hard roof is to make the hard roof blocky
so that it can collapse with desirable fragmentation sizes as the working face advances.
Engineering practices confirm that hydraulic fracturing could bring about stress relief in
the hard roof and realize better control in the deformation of the roadway in the gob. For
instance, Shimada et al. [25] realized the better control of periodic weighting and wind blast
with the application of hydraulic fracturing and moistening technique. Hays [26] applied
hydraulic fracturing to successfully achieve consistent desirable falls and then avoided the
potential sudden caving with the longwall coal panel mining. Huang et al. [27] succeeded
in increasing the cavability of top coal during longwall top coal caving using hydraulic
fracturing. A field case study has shown that hydraulic fracturing in the main roof above
the coal seam could significantly reduce abutment stresses [28]. In essence, the key of this
technology is to control the initiation and propagation of created hydraulic fractures so as
to cut rock stratum accurately and directionally. The existing knowledge has suggested that
the orientation of hydraulic fractures be positively corelated with the stress state imposed
to the target stratum, and that it often propagates along the direction perpendicular to the
minimum principal stress [29–31]. In engineering practice, hydraulic fracturing operations
are often carried out based on this principle to create hydraulic fractures. Nevertheless, it is
found that in most practical cases, the pre-conditioning hydraulic fracture patterns are not
effective and desirable for weakening a blocky hard roof that can collapse under gravity.
The main reason for such cases is that hydraulic fracturing operations are often designed
based on the stress states in the target rock stratum before mining; however, after mining,
the original stress states are strongly disturbed by the mined-out area [32–34], which fur-
ther results in some undesirable deflections of hydraulic fractures. Uncontrollable fracture
complexity is a huge threat to mining safety and also to high efficiency exploitation. Hence,
a better understanding of the mechanism for the hydraulic fracturing pattern in response to
mining-induced stresses is essential for achieving good hard roof control. However, limited
studies have been directly conducted on this issue in coal mining practice.

Up to now, numerous studies on hydraulic fracturing patterns in the hard roof have
been experimentally and numerically performed. Xu et al. [35] built a sheet model with
four fixed sides and found that hard roof square breaking caused the mine pressure to be
the greatest. Li [36] used physical models with the AE monitoring technique to investigate
fracture characteristics in the hard roof and discovered that when a hard roof fractured,
lots of energy was released; meanwhile, the AE warning increased dramatically. In fact,
laboratory tests often need to build similar physical models, which is time-consuming,
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costly, laborious and unrepeatable. This is particularly true for 3D cases. Numerical
simulation, which can reproduce the engineering geological conditions in a more real
way and is also more convenient for establishing the model, has gradually become the
main method to study the propagation and evolution of the hydraulic fracturing pattern.
He et al. [29] concluded that the re-orientation geometry of the hydraulic fracture was
affected by both the differential stress between σ2 and σ3 and between σ1 and σ3. Xia
et al. [37] studied the weakening effects of hydraulic fracturing on the hard roof under the
influence of a stress arch. The results showed that the principal stress directions deflected
after mining, which further led to the inclination in the hydraulic fracture propagation
path. However, these above-mentioned simulations are limited to 2D cases, which are
strictly not the same as the actual 3D in situ cases and therefore this limits the engineering
application of relevant research results to a certain extent. To design an effective strategy
for creating a hydraulic fracturing pattern with controllable orientation in each geological
condition, comprehensive research in 3D cases is required and critical. In addition, He
et al. [38] confirmed that hydraulic fractures were influenced by various factors such as the
differential stress, the minimum principal stress direction, etc. Therefore, the sensitivity of
the hydraulic fracturing pattern to these factors is significant and must be well understood.

In this paper, the hydraulic fracturing patterns in the hard roof in response to the
mining-induced stresses are numerically studied with a finite difference code to improve
the understanding of the hydraulic fracturing pre-conditioning method. The major relevant
theory details of the used models can be found in [39,40]. A brief description for these
models is given in this paper. First, the mining-induced stress fields around the coal seam
are identified for different mining distances. Second, the spatial morphologies of hydraulic
fractures in the hard roof under different mining stresses are simulated. Finally, sensitivity
analysis is conducted to examine the effect of various geological factors on the hydraulic
fracturing pattern. The novelty in this paper is in clarifying how many hydraulic fracture
defects there are in response to the complicated mining-induced stresses on 3D scales. The
obtained results could provide a helpful guide for obtaining desirable fracture complexity
by means of hydraulic fracturing.

2. Theoretical Background
2.1. Constitutive Models for Longwall Mining

Based on the equivalent continuum theory, it is assumed that rock deformation is
comprised of two parts, namely rock matrix (rock element without fracture) and fracture
(rock element with fracture), which are described as follows.

2.1.1. The Models for Rock Element without Fracture

The most widely used Mohr–Coulomb criterion in the rock engineering field is adopted
for determining the yield of the rock matrix, which is given as follows:{

Fs
Ft

}
=

{
σ1 − Nϕσ3 + 2c

√
Nϕ

σ3 − σt

}
(1)

where σ1 and σ3 are the maximum and minimum principal stresses, [Pa]; ϕ is the internal
friction angle, [◦], and σt is the rock tensile strength, [Pa]. Nϕ = (1 + sinϕ)/(1− sinϕ).
Once rock matrixes are yielded, the plastic strain increment is determined by the associated
flow rule. Herein, we use the second strain deviator and maximum tensile strain to evaluate
the shear and tensile plastic strain, respectively. They read [41] as follows:
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where ε
p
i (i = 1, 2, 3) is the principal plastic strain, [–].
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2.1.2. The Models for Rock Elements with Fracture

Once the pre-designed εs or εt is reached, the rock element falls and a fracture is
formed in this element. For a rock element with fracture, it is assumed that it has no
plastic strain and only elastic strain is generated. The total elastic strain increment dεt

ij,

which contains the elastic strain increment of the rock matrix dεr
ij and fracture dε

f
ij [42], is

expressed as follows:
dεt

ij = dεr
ij + dε

f
ij (3)

It is worth noting that the fracture actually has two cases (a contact and non-contact
state), as shown in Figure 1. For the contact state [43], the normal dε

f
nc and shear dε

f
sc strains

are calculated as follows:{
dε

f
nc

dε
f
sc

}
=

[
1/(knlc) 0

0 1/(kslc)

]{
dσn
dτs

}
(4)

where σn and τs are, respectively, the normal and shear stresses on the fracture, [Pa]; kn
and ks are, respectively, the normal and shear stiffness, [Pa/m], and lc is the characteristic
length, [m]. For the non-contact state, both normal and shear stresses are zero. The normal
dε

f
no and shear dε

f
so strains are calculated as follows:{

dε
f
no

dε
f
so

}
=

{
−σn/(K + 4G/3)
−τS/2G

}
(5)

where K and G are, respectively, the bulk and shear modulus, [Pa]. The models in this
section, which have been verified to be effective for 3D longwall mining in [34], are used to
calculate the mining-induced stresses for hydraulic fracturing.
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Figure 1. Contact condition of fracture (m, l axis in local coordinate system is decomposed from τs):
(a) non-contact; (b) contact. The wavy lines represent the fractures and the arrows imply that the two
fracture walls separate.

2.2. Governing Equations Used for Hydraulic Fracturing

Hydraulic fracturing is a complicated hydro-mechanical coupling process, which
mainly includes rock deformation, the fluid flow in the fracture, fracture propagation
and deflection, flow exchange between rock matrix and fracture. Therefore, the hydro-
mechanical coupling must be taken into account, which is not the same as that in Section 2.1.
Details are given as follows.

2.2.1. Geo-Mechanical Model

In this section, we also assume that the total rock deformation is the sum of both the
deformation of the rock matrix and fracture (Equation (3)). For the deformation of the rock
matrix, it is controlled by the following [44]:

dσij + αbdPpδij = 2Gdeij +

(
K− 2

3
G
)

dεvδij (6)
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where αb is the Biot coefficient, [–]; Pf is the fluid pressure, [Pa]; δij is the Kronecker delta;
eij is the strain deviator tensor and εv is the bulk strain, [–]. As for the deformation of the
fracture, it is also divided into contact and non-contact states, respectively. If the fracture
contacts, plastic strain is considered and the strain in Equation (3) can be approximately
calculated according to the equivalent continuum theory, as follows [44]:{

dε
f ′
nc

dε
f ′
sc

}
=

[
1/(knlc) 0

0 1/(kslc)

]{
dσn
dτs

}
+ 〈F〉

{
F/kslc·tanφ

τsF/kslc

}
(7)

F = τs − [C−
(

σn + Pf

)
tanφ] (8)

where Pf is the fluid pressure in the fracture, [Pa]; C is the cohesion, [Pa]; φ is the dilation

angle, [◦], and 〈F〉 =
{

0 F < 0
1 F ≥ 0

. If the fracture is in the non-contact state, the fluid pressure

equals the normal stress and the shear stress must be zero. Hence, the strain yields
according to Hook’s law are as follows:{

dε
f
no

dε
f
so

}
=

[
− 1

E
0
− υ

E
0
− υ

E
0

0
− 1

2G

]{
dPf dσf m dσf l dσf s

}
(9)

where n, m and l are the local coordinates. More details of the models are described
in [40]. To solve the variables related to stress fields, equilibrium equation Equation (10)
and geometric equation Equation (11) are additionally needed.

σij,j + ρ

(
bi −

dvi
dt

)
= 0 (10)

εij =
1
2
(
ui,j + uj,i

)
(11)

where ρ is rock density, [kg/m3]; b is body force vector per unit volume, [m/s2], and v is
velocity vector, [m/s].

2.2.2. Fracture Flow Model

Laminar flow is assumed for the fracture and the modified cubic flow equation is
adopted to express the fluid flow in the fracture [45]:

q = − bw3

12µ

dPf

dL
(12)

where q is the flow rate, [m3/s]; b is the fracture width, [m]; µ is the fluid dynamic viscosity,
[Pa · s], and L is the fracture length, [m]. Moreover, the mass conservation equation is also
required for solving the pressure distribution. Given that pressure change is significantly
affected by the variation in fracture volume, it is assumed that the fluid is incompressible.
The mass conservation equation reads as follows:

∂Vf

∂t
+ Qs +∇q = 0 (13)

where Vf is the fracture volume, [m3], and Qs is the source term, [m3/s].

2.2.3. Fracture Propagation and Orientation

An innovative method was proposed by Ren et al. [40] to make the created fracture
surface induced by hydraulic fracturing be visualized, which is adopted for this study.
The fracture propagation is controlled by the tensile stress criterion that fracture starts to



Minerals 2023, 13, 308 6 of 22

propagate when tensile stress exceeds rock tensile strength [46]. For hydraulic fracturing, it
is modified with the consideration of fluid pressure, as follows:

f = σ3 − Pf − σt (14)

2.2.4. Solution Strategy

Hydraulic fracturing is a complex multi-field coupling problem, and it also requires
time to be discrete. Therefore, the solution efficiency and accuracy are impacted by different
solving methods such as fully coupling, stepwise coupling and sub-iteration coupling. The
full coupling has high consistency and accuracy, but it is time-consuming and is not easy
to converge. The stepwise coupling solution has high computational efficiency, but it is
only suitable for weak coupling problems. For strong coupling problems such as hydraulic
fracturing, large non-convergent iteration errors exist and affect the accuracy of the cal-
culated results. To solve the disadvantages of stepwise coupling, sub-iteration coupling
is developed and more sub-iterations are designed in each step for higher computational
accuracy. Therefore, the sub-iteration coupling model is adopted in this paper. For the
details of this method, see [47,48].

3. Numerical Study on the Hydraulic Fracturing Pattern in Hard Roof
3.1. Modeling Setup

In order to better guide the engineering practice, this study takes the 8101 working
face of Datong Mine as the prototype. According to the geological condition in situ, the 3D
modeling setup is established after the simplification of rock strata, as shown in Figure 2.
The model is in a dimension of 300 m (length) × 250 m (width) × 166 m (height). There
are a total of 25 layers in the model, and an ultra-thin layer (0.1 m) is inserted between
every two adjacent layers. The vertical distribution in rock strata is listed in Table 1. The
coal seam is 7 m away from the bottom of the model. The size of the designed mining area
is 180 m × 120 m × 22 m (x, y, z), which is located in the middle of the coal seam and is
shown in Figure 2.
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Table 1. Physical and mechanical parameters of 8101 working face after rock strata merger.

No. Rock Strata Depth
(m)

Thickness
(m)

Density
(kg/m3)

Young’s
Modulus

(MPa)

Poisson’s
Ratio

Cohesion
(MPa)

Internal
Friction

Angle (◦)

Tension
(MPa)

25 Sandy sandstone −316 8 2535 23.4 0.22 5.5 33 5.2
24 Medium sandstone −324 4 2526 14.27 0.17 6.80 31.00 7.00
23 Sandy mudstone −328 6 2571 8.87 0.2 5.96 32.29 5.84
22 Sandy sandstone −334 7 2535 23.4 0.22 5.5 33 5.2
21 Medium sandstone −341 15 2526 14.2 0.17 6.8 31 7
20 Sandy sandstone −356 6 2535 23.4 0.22 5.5 33 5.2
19 Fine sandstone −361 5 2585 12.17 0.19 6.51 36.37 5.83
18 Sandy sandstone −366 6 2535 23.4 0.22 5.5 33 5.2
17 Sandy sandstone −372 6 2535 23.4 0.22 5.5 33 5.2
16 Fine sandstone −378 7 2585 12.17 0.19 6.51 36.37 5.83
15 Sandy sandstone −385 5 2535 23.4 0.22 5.5 33 5.2
14 Sandy mudstone −390 5 2571 8.87 0.2 5.96 32.29 5.84
13 Sandy sandstone −395 4 2535 23.4 0.22 5.5 33 5.2
12 Sandy mudstone −399 5 2571 8.87 0.2 5.96 32.29 5.84
11 Fine sandstone −404 7 2585 12.17 0.19 6.51 36.37 5.83
10 Sandy sandstone −411 5 2535 23.4 0.22 5.5 33 5.2
9 Fine sandstone −416 7 2585 12.17 0.19 6.51 36.37 5.83
8 Sandy sandstone −423 3 2535 23.4 0.22 5.5 33 5.2
7 Fine sandstone −426 7 2585 12.17 0.19 6.51 36.37 5.83
6 Sandy mudstone −433 7 2571 8.87 0.2 5.96 32.29 5.84
5 Sandy mudstone −440 4 2571 8.87 0.2 5.96 32.29 5.84
4 Sandy mudstone −444 6 2571 8.87 0.2 5.96 32.29 5.84
3 Mudstone −450 4 2676 9.87 0.23 5.04 35.45 4.51
2 Coal −454 20 1426 2.89 0.31 9.50 30.00 2.60
1 Floor −474 7 2590 23.60 0.18 8.50 31.00 5.20
- Bedding plane - 0.1 1000 1 0.1 0.1 20 0.1

3.2. Simulations of Longwall Mining

Rock layers satisfy the constitutive relationship of the rock matrix in Section 2.1.1,
while the ultra-thin layers (bedding plane) were regarded as the fracture in the contact state
and its discontinuous mechanical behaviors are described in Section 2.1.2. The constitutive
parameters of each rock layer are given in Table 1. It should be noted that the 21st layer in
the model was set as the hard roof. The gravity effect was considered in the model and the
gravity acceleration was set to −9.8m/s2. The constant stress, which equaled the gravity of
the rock strata between the top of the model and the ground surface, was applied to the
top face of the model. The remaining boundaries of the model were fixed in their normal
directions. The initial stress state of the working face was σxx = 12 MPa, σyy = 6.4 MPa
and σzz = 11.4 MPa. The in situ stress field can be numerically reproduced based on the
initial state. After the stress balance, longwall mining was started. The cut was located at
x = 60 m, and the mining area along the dip (y) was 65 m ≤ y ≤ 185 m. Each step along the
strike (x) was 5 m, with a total of 36 steps. At each step, a sufficient calculation step (40,000)
was set to relieve the stress around the gob and to allow the overburden rock to fail.



Minerals 2023, 13, 308 8 of 22

Two sections, namely 1 and 2, were set to detect the mining-induced stresses, as shown
in Figure 3. As for deformation and fractures, they were not the interest of our objective in
this paper and thus are not given. Section 1 (y = 125 m) was perpendicular to the y-axis
and Section 2 was perpendicular to the x-axis and was located through the center of the
mined area. In each section, a monitoring line through the center of the hard roof strata was
set to quantitatively illustrate the variations in the mining-induced stresses and a series
of monitoring points were arranged in advance to be uniformly spaced with an interval
distance of 10 m.
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First, it is worth noting that discontinuities are the limitation of this form of modeling;
however, 3D longwall mining is still a great challenge for numerical simulations of the
mining-induced effects. Figure 4 shows the evolution of vertical stress on monitoring
sections at different advancing distances (20 m, 60 m, 100 m, 140m and 200 m). Due to
the mining, the stresses around the gob are redistributed in the form of stress release and
concentration, which are similar for each advancing distance. However, the disturbed zones
where stress release and concentration occur expand with the working face advancing. It
is clear that the stress concentration becomes severe during this process, showing that its
magnitude progressively increases. For the advancing distance of 20 m, the maximum
compressive stress is about 16 MPa, whereas it is 34 MPa for the case of 180 m. In addition,
the full stress release zone exhibits an elliptical shape, which seems to be symmetrically
distributed along the center of the goaf in each section. These characteristics indicate
that the perturbance caused by the mining becomes increasingly stronger in response to
continuous advancement, which is the same for mining-induced stresses. For convenience
in comparison, the stress variations in the monitoring line for different advancing distances
(20 m, 60 m, 100 m, 140 m and 200 m) are quantitatively drawn in Figure 5. The value
in the y-axis represents the ratio of abutment stress after mining to that before mining.
The abutment stresses along the monitoring line in Section 1 show four-stage shapes
characterized by ascending–descending–recovery–stabilization. The stress variations in
Section 2 are similar, but it seems that they are symmetrical.
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3.3. Simulations of Hydraulic Fracturing in the Hard Roof above the Gob

In this section, the fracturing operations were performed above the middle of the gob
along the y-axis direction. Based on the variations in mining-induced stresses shown in
Figure 5, five injection points were designed to explore the influence of mining-induced
stresses on hydraulic fracturing patterns. The numbers #1 and #5 were placed in the stress-
amending areas ahead of the working face, #2 and #4 were located around the working face
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and #3 was situated in the middle. A total volume of 150 m3 water with an approximate
injection rate of 1 m3/min water was injected into the hard roof. The relevant parameters
used are shown in Table 2.

Table 2. Fracture and fluid parameters used in the numerical investigation.

Category Parameter Value Unit

Fracture

Normal stiffness 10 GPa
Shear stiffness 10 GPa
Friction angle 30 ◦

Cohesion 6 MPa
Initial aperture 0.01 mm
Dilation angle 10 ◦

Effective conductivity coefficient 0.1 -

Fluid
Dynamic viscosity 0.001 Pa·s

Density 1000 kg/m3

Effective stress coefficient 1 -

Hydraulic fracturing operations were carried out at each advancing distance (20 m,
60 m, 100 m, 140 m and 200 m) and the numerical results are shown in Figure 6. It can
be found that the fracturing patterns are not the same in response to the various mining-
induced stresses. The fracture propagations on both sides (#1 and #5, #2 and #4) are
symmetrical because of the approximately symmetrical mining-induced stresses. Due to
the influence of the mining-induced stresses, fracture propagations are strongly perturbed,
which becomes more significant for a larger advancing distance. The results demonstrate
that the created fractures gradually deflect and become arc-shaped as the advancing dis-
tance increases. This is particularly clear for the fracture in the stress-descending area/near
the #3 injection point, which deflects the most and gradually propagates along the direction
that varies from the vertical to the horizontal. However, the deflection angles of fractures
in stress-ascending areas on both sides are relatively small, but they cannot be neglected,
especially for a larger advancing distance. In engineering practice, the deflection of the
hydraulic fracture could not only horizontally reduce the thickness of the hard roof, but
could also vertically cut off the hard roof. This further effectively weakens the integrity of
the hard roof and makes it easy to collapse due to stress release.

It is well known that the hydraulic fracture propagates along the direction perpen-
dicular to the minimum principal stress. Therefore, the deflection of the hydraulic frac-
ture is closely related to the variation in the orientation of the minimum principal stress.
Figures 7 and 8 depicts the stress magnitudes of each injection point at different advancing
distances (20 m, 60 m, 100 m, 140 m and 200 m). In contrast, the perturbance caused by the
continuous mining around the #3 injection point is the largest, showing that its magnitudes
of the three principal stresses fluctuate the most. In particular, when the advancing distance
exceeds 120 m, the minimum principal stress changes from σyy to σzz, which indicates that
the orientation of the minimum principal stress is transformed from the y-axis direction
to the z-axis direction. This phenomenon is in good agreement with the observations in
Figure 6. Regarding the points of #1, #2, #4 and #5, the minimum principal stress is always
σyy, which is the main reason for their fractures deflecting less in Figure 6.

Taking the #3 points as a specific example, the directions of the minimum princi-
pal stress at different advancing distances (20 m, 60 m, 100 m, 140 m and 200 m) in
Sections 1 and 2 in the hard roof are illustrated in Figures 8 and 9, respectively. Note that
the shown part in Section 1 is only for the hard roof above the gob whereas the directions
for the whole hard roof are given in Section 2. It is directly observed that the orientation
of the minimum principal stress is strongly affected by mining-induced stress and the
directions at the #3 points progressively deflect to the z-axis direction in either Section 1 or
Section 2, which is consistent with the above analysis.
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3.4. Simulations of Hydraulic Fracturing in Hard Roof ahead of the Working Face

Based on the results in Section 3.3, it is clear that when the advancing distance exceeds
120 m, the mining-induced stresses become significant and can largely affect the hydraulic
fracturing pattern. Thus, in this section the advancing distance is arbitrarily fixed to 140 m,
and we are focused on the influence of the mining-induced stresses ahead of the working
face on the hydraulic fracturing pattern. Three injection points are situated in Section 2,
being 20 m, 40 m and 60 m away from the working face, as shown in Figure 10. The
calculated results of the hydraulic fracturing patterns at different injection points for the
advancing distance of 140 m are given in Figure 11. It is found that the hydraulic fracturing
pattern at each injection point is similar and the deflection along the propagation direction
is rather small. The directions of the minimum principal stress at each injection point are
shown in Figure 12. Figure 12 depicts that the directions of the minimum principal stress
do not practically change, indicating that the defection of the hydraulic fracturing pattern
caused by mining-induced stress is not significant in the hard roof.
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3.5. Sensitivity Analysis

The sensitivity of the geological conditions on the propagation of hydraulic fractures
is important for the optimization of the hydraulic fracturing operations in engineering
design. In this section, we primarily focus on the parameters that often appear in situ and
that have not been taken into account on the 3D scale, including the position of the hard
roof, the stress difference and the initial minimum principal stress direction. The hydraulic
fracturing operation in Section 3.4 is adopted as the base case for the sensitivity analysis in
this section.

3.5.1. Effect of the Position of the Hard Roof

In Section 3.4, it was shown that the hydraulic fracturing pattern is not strongly
impacted by mining-induced stress, where the hard roof is far away from the coal seam. In
general, the mining-induced effect constantly degrades with the increase in the distance
away from the roof. Therefore, in order to explore the characteristics of the hydraulic
fracture in the low hard roof (which is closer to the coal seam) in response to the mining-
induced stress, the fifth, sixth and seventh strata in Figure 2 were artificially set as hard
roof, and the original hard roof strata (the 21st layer) was set as non-key strata. The relevant
parameters and methods of numerical calculation were the same as that in Section 3.4.

Figure 13 shows the evolution of the vertical stress ratio on monitoring sections at
different advancing distances (20 m, 60 m, 100 m, 140 m and 200 m). Compared to the
characteristics in Figure 5, the mining-induced stresses are more significant in the low
hard roof, showing that the magnitude of the vertical stress ratio at the same position is
larger and fluctuates more. In particular, the stress-disturbed range (stress-ascending area,
stress-descending area and rock stability area) ahead of the working face increases. For
convenience in comparison, hydraulic fracturing operations were also set to the same as
those in Section 3.4.
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The directions of the minimum principal stresses corresponding to Figure 14 are 
given in Figure 15. As shown in Figure 15, the directions are significantly disturbed ahead 
of the working face, especially in the middle. However, this disturbance decreases as the 
distance between the injection point and the working face increases. These characteristics 
are consistent with the observations in Figure 14. By comparing Figure 11 and Figure 14, 
for the hard roof closer to the coal seam, the fracturing propagation deflects more and the 
created fracturing pattern is more complex, which implies that the hydraulic fracturing 
operation in situ is disturbed more. 

Figure 13. The evolution of vertical stress on monitoring lines in different mining stages.

The calculated results of the hydraulic fracturing patterns at different injection points
in the low hard roof for the advancing distance of 140 m are illustrated in Figure 14. It can be
seen that the influence of the mining-induced stress on the hydraulic fracture propagation
at the middle of the injection points is the largest, where the hydraulic fracture is generated
in the arc-shaped form. However, vertical fractures on both sides are formed. This implies
that if in situ the fracturing points are set ahead of the middle working face, the mining-
induced stress should be fully considered. In addition, when the distance between the
injection point and the working face exceeds 40 m, the hydraulic fracturing pattern does
not practically vary any more.
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Figure 14. Numerical results of hydraulic fracturing patterns at different injection points ahead of
the working face for the advancing distance of 140 m in the low hard roof.

The directions of the minimum principal stresses corresponding to Figure 14 are given
in Figure 15. As shown in Figure 15, the directions are significantly disturbed ahead of
the working face, especially in the middle. However, this disturbance decreases as the
distance between the injection point and the working face increases. These characteristics
are consistent with the observations in Figure 14. By comparing Figures 11 and 14, for the
hard roof closer to the coal seam, the fracturing propagation deflects more and the created
fracturing pattern is more complex, which implies that the hydraulic fracturing operation
in situ is disturbed more.
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deflect, whereas a larger deflection is observed in Figure 17b. 
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3.5.2. Effect of the Stress Difference between the Maximum and Minimum
Principal Stresses

The ground stress has a great influence on the distribution characteristics of mining-
induced stress, which in turn affects the hydraulic fracture propagation in the hard roof.
In this section, the initial σzz and σxx imposed to the coal seam were fixed (σxx = 12 MPa
and σzz = 11.4 MPa), but σyy was progressively increased from 6.4 MPa to 10 MPa. In
each case, the ground stress field was inverted based on the imposed stress of the coal
seam. After stress balance was reached, the longwall mining was simulated and then the
fracturing operation was performed the same as that in Section 3.4. In this section, the
advancing distance was set to be 140m and only the fracturing pattern at the fracturing
position of 20 m ahead of the working face is given. Figure 16 shows the calculated results
for different stress differences. It is observed that as σyy increases from 6.4 MPa to 10 MPa,
the deflection angle at each injection point increases, especially for that in the middle, which
is deflected from the vertical fracture to the horizontal arc-shaped fracture. The cutting
degree of the hard roof increases and the stratification effect is enhanced. The directions of
the minimum principal stress corresponding to Figure 16 are demonstrated in Figure 17. It
is clear that when σyy is increased to 10 MPa, the directions of the minimum principal stress
are perturbed more by mining-induced stress and the deflection increases sharply, showing
that those near the middle point in Section 2 change from the y-axis direction to the z-axis
direction. In addition, the disturbed range expands wider for σyy = 10 MPa. For example,
the directions in Section 1 near 20 m, indicated in Figure 17a, do not deflect, whereas a
larger deflection is observed in Figure 17b.
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3.5.3. Effect of the Initial Minimum Principal Stress Direction

The initial stress state of the working face was σxx = 12 MPa, σyy = 6.4 MPa and
σzz = 11.4 MPa. In this section, the stress states of σxx = 12 MPa, σyy = 6.4 MPa and
σzz = 11.4 MPa were adopted for comparison to examine the effect of the initial minimum
principal stress direction on the hydraulic fractures. The other conditions were the same as
that in Section 3.4. Figure 18 compares the calculated results of different minimum principal
stress directions. It is found that when the minimum principal stress is converted to σzz,
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the fracture propagation is clearly changed, which is deflected from the vertical fracture to
the oblique arc fracture.

Minerals 2023, 13, 308 20 of 24 
 

 
Figure 18. Numerical results of hydraulic fracturing patterns at different injection points ahead of 
the working face for the advancing distance of 140m for different initial directions of the minimum 
principal stress. 

 
Figure 19. The directions of minimum principal stress in the hard roof at different injection points 
ahead of the working face for the advancing distance of 140 m for different initial directions of the 
minimum principal stress. 

The directions of the minimum principal stress corresponding to Figure 18 are 
demonstrated in Figure 19. It is clear that when the minimum principal stress is converted 
to 𝜎௭௭, the disturbed range is extended, which is shown as follows: the directions in Section 
1 near 20 m, indicated in Figure 19a, do not deflect, whereas a larger deflection is observed 
in Figure 19b. It seems that the initial minimum principal stress direction affects the cre-
ated fractures more and the details are discussed in the next section. 

Figure 18. Numerical results of hydraulic fracturing patterns at different injection points ahead of
the working face for the advancing distance of 140 m for different initial directions of the minimum
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The directions of the minimum principal stress corresponding to Figure 18 are demon-
strated in Figure 19. It is clear that when the minimum principal stress is converted to σzz,
the disturbed range is extended, which is shown as follows: the directions in Section 1 near
20 m, indicated in Figure 19a, do not deflect, whereas a larger deflection is observed in
Figure 19b. It seems that the initial minimum principal stress direction affects the created
fractures more and the details are discussed in the next section.
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4. Discussion

In this study, taking the 8101 working face of Tashan Coal Mine with a hard roof
problem as the example, the longwall mining was simulated and hydraulic fracturing
operations were performed in different areas, namely the stress-ascending area, stress-
descending area and stress-stable area, respectively. Due to the mining-induced effect, the
hydraulic fracture was accompanied by a certain degree of deflection forming arc-shaped
fractures, and the deflection angle progressively increased with the continuous working
face advancing. Taking the advancing distance of 140 m as an example, the deflection angle
at each injection point above the gob is shown in Figure 20. It is seen that the deflection
angle in the stress-descending area is the largest, which reaches over 80◦. However, it is
approximately 35◦ for the stress-ascending area and about 25◦ for the stress-stable area.
Due to the invisible underground situation and the limitation of the monitoring device, this
phenomenon of deflection in hydraulic fracture propagation is difficult to be observed in
situ. However, it was captured via laboratory physical simulation [37]. It was found in [37]
that the hydraulic fracture is gradually deflected when subjected to stress concentration
caused by the coal pillar, which is similar with the case of the hard roof and can confirm
the correctness of the simulated results in this paper to some extent.

Minerals 2023, 13, 308 21 of 24 
 

4. Discussion 
In this study, taking the 8101 working face of Tashan Coal Mine with a hard roof 

problem as the example, the longwall mining was simulated and hydraulic fracturing op-
erations were performed in different areas, namely the stress-ascending area, stress-de-
scending area and stress-stable area, respectively. Due to the mining-induced effect, the 
hydraulic fracture was accompanied by a certain degree of deflection forming arc-shaped 
fractures, and the deflection angle progressively increased with the continuous working 
face advancing. Taking the advancing distance of 140 m as an example, the deflection an-
gle at each injection point above the gob is shown in Figure 20. It is seen that the deflection 
angle in the stress-descending area is the largest, which reaches over 80°. However, it is 
approximately 35° for the stress-ascending area and about 25° for the stress-stable area. 
Due to the invisible underground situation and the limitation of the monitoring device, 
this phenomenon of deflection in hydraulic fracture propagation is difficult to be observed 
in situ. However, it was captured via laboratory physical simulation [37]. It was found in 
[37] that the hydraulic fracture is gradually deflected when subjected to stress concentra-
tion caused by the coal pillar, which is similar with the case of the hard roof and can con-
firm the correctness of the simulated results in this paper to some extent. 

 
Figure 20. The deflection angle at each injection point above the gob after hydraulic fracturing. 

Sensitivity analysis of the geological conditions on the propagation of hydraulic frac-
tures ahead of the working face was studied and the results are summarized in Figure 21. 
Note that the average value of the deflection angles on both sides is adopted for quantita-
tive comparison. It is shown that the closer to the coal seam and the smaller the difference 
between the maximum and minimum principal stresses, the greater the deflection angle 
of the hydraulic fracture. In addition, the initial minimum principal stress direction 
should be fully considered for hydraulic fracturing optimization. In contrast, the stress 
difference has the greatest influence on the fracture deflection, followed by the initial min-
imum principal stress direction, and the hard roof position has the least influence. In prac-
tice, the controllable fracture complexity is positively corelated with the weakening effect 
in the hard roof. However, an actual geological condition such as stress distribution is 
rather complicated and could strongly affect the fracturing networks, which is often a 
challenge in the deep. The obtained results could provide meaningful guidance for direc-
tional hydraulic fracturing and improve the safety level in mining. 

Figure 20. The deflection angle at each injection point above the gob after hydraulic fracturing.

Sensitivity analysis of the geological conditions on the propagation of hydraulic
fractures ahead of the working face was studied and the results are summarized in Figure 21.
Note that the average value of the deflection angles on both sides is adopted for quantitative
comparison. It is shown that the closer to the coal seam and the smaller the difference
between the maximum and minimum principal stresses, the greater the deflection angle of
the hydraulic fracture. In addition, the initial minimum principal stress direction should
be fully considered for hydraulic fracturing optimization. In contrast, the stress difference
has the greatest influence on the fracture deflection, followed by the initial minimum
principal stress direction, and the hard roof position has the least influence. In practice,
the controllable fracture complexity is positively corelated with the weakening effect in
the hard roof. However, an actual geological condition such as stress distribution is rather
complicated and could strongly affect the fracturing networks, which is often a challenge in
the deep. The obtained results could provide meaningful guidance for directional hydraulic
fracturing and improve the safety level in mining.
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5. Conclusions

In this paper, we used the models recently developed by Chen et al. [39] and Ren
et al. [40], which were implemented into the finite-difference 3D dynamic time-marching
explicit code, for the numerical simulations. By using the numerical model, the propagation
of hydraulic fractures in the hard roof was systematically studied. Based on the calculated
results, a better understanding of the spatial fracture propagation behavior was achieved
and the main conclusions are as follows:

(1) The stress field around the gob is strongly perturbed due to the mining. After the
extraction of the coal seam, the stress field around the mined-out area is redistributed in
the form of stress release and concentration showing a four-stage shape characterized by
ascending–descending–recovery–stabilization above the coal seam. The principal stress
directions are strongly perturbed as well. The mining-induced effect gradually increases
with the continuous working face advancing.

(2) Mining-induced stress could significantly affect the propagation of the hydraulic
fracture. Due to the mining-induced stress, the hydraulic fracture starts to deflect and
gradually becomes arc-shaped as the advancing distance increases. The deflection that
occurs in the stress-descending area is clearly larger in comparison with that in both
stress-ascending and stress-stable areas. The main reason for these features is that the
changes in the principal stress direction vary in different disturbed areas. In addition, no
matter whether hydraulic fracturing is designed above the gob or ahead of the working
face, operation in the areas close to the middle of the gob is preferable where the created
fractures would be more arc-shaped.

(3) Mining-induced stress differs with the variations in geological conditions imposed
to the target strata. This further impacts the propagation of the hydraulic fracture and
should be fully considered in engineering practice. Sensitivity analysis shows that the
difference between the maximum and minimum principal stress gives the fracture a larger
deflection compared to the initial minimum principal stress direction and hard roof position.
Exact geological data are essential for practical hydraulic fracturing operations.
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