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Multistage hydraulic fracturing of horizontal wells (MFHW) is a promising technology for controlling coal
burst caused by thick and hard roofs in China. However, challenges remain regarding the MFHW control
mechanism of coal burst and assessment of the associated fracturing effects. In this study, these chal-
lenges were investigated through numerical modelling and field applications, based on the actual oper-
ating parameters of MFHW for hard roofs in a Chinese coal mine. A damage parameter (D) is proposed to
assess the degree of hydraulic fracturing in the roof. The mechanisms and effects of MFHW for controlling
coal burst are analyzed using microseismic (MS) data and front-abutment stress distribution. Results
show that the degree of fracturing can be categorized into lightly-fractured (D<0.3), moderately fractured
(0.3<D<0.6), well-fractured (0.6<D<0.9), and over-fractured (0.9<D<0.95). A response stage in the frac-
turing process, characterized by a slowdown in crack development, indicates the transition to a well-
fractured condition. After MFHW, the zone range and peak value of the front-abutment stress decrease.
Additionally, MS events shift from near the coal seam to the fractured roof layers, with the number of MS
events increases while the average MS energy decreases. The MFHW control mechanisms of coal bursts
involve mitigating mining-induced stress and reducing seismic activity during longwall retreat, ensuring
stresses remain below the ultimate stress level. These findings provide a reference for evaluating MFHW
fracturing effects and controlling coal burst disasters in engineering.
© 2024 Published by Elsevier B.V. on behalf of China University of Mining & Technology. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Coal burst or rock burst has been one of the most severe
dynamic disasters occurring in Chinese coal mines [1]. In 2019,
there were 132 coal burst incidents reported in coal mines in
China, rising to 319 in 2022 [2]. Rock burst is a dynamic event
characterized by the abrupt instability and failure of the surround-
ing rock and its support structure during longwall retreating and
roadway excavation [2,3]. One of the crucial factors inducing coal
burst is the hard-thick roof above the coal [4]. Additionally, reten-
tion of coal pillars also plays a significant role in triggering coal
burst [5]. As the longwall retreats, the area of unsupported hard-
thick roof increases, with more elastic energy stored, which
increases the abutment stress, potentially exceeding 3-4 times
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the overburden stress [6]. Roof failure can then lead to high-
energy microseimic (MS) events. Such MS events occur with
high-dynamic loading, exerting on the abutment stress (high static
stress) and increasing the risk of coal burst [7]. Therefore, pre-
weakening of the hard roof is crucial for coal burst control [8,9].
In the past few years, presplitting blasting, roof cutting blasting,
and hydraulic fracturing have been increasingly used in China.
However, recently, Multistage hydraulic fracturing of horizontal
wells (MFHW) has gained increasing popularity.

Hydraulic fracturing is the process of pumping fluid through the
wellbore into rock to stimulate cracks for oil and gas production
[10]. MFHW have been extensively exploited for the production
of petroleum or gas, leading to the creation of multiple cracks
and fracture networks within the stratum [11,12]. Hydraulic frac-
turing in hard roof strata (Fig. 1) has been proven to be effective
in mitigating abutment stresses induced by longwall mining [13].
Using hydraulic fracturing on the base roof can reduce stress peaks
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Fig. 1. Schematic illustration of multistage hydraulic fracturing of horizontal wells (MFHW).

and shift them deeper into the coal wall. This changes the breakage
structure of rock strata, reduces the initial rupture distance of the
hard roof, and can even facilitate the extremely thick and hard rock
to move in layers [14,15]. To be specific, it could reduce the peri-
odic roof weighting interval, minimize prolonged periodic roof
weighting, and eliminate dynamic loading and mining-induced
seismicity due to massive roof rupture. During the process of long-
wall mining, the total number of MS events increases, but the num-
ber of high-energy MS events decreases, compared to the scenarios
of non-fractured hard roof [16]. In addition, it can alleviate the
response of support resistance in the working face and control
roadway deformation [17]. The target fracturing strata can be
determined based on the rock mechanics parameters, thickness,
and distance from the coal seam of the roof strata [18]. Balancing
the tensile stress zones and induced stress between cracks is
essential to determine appropriate fracture spacing, avoiding the
inefficiencies of too-small spacing that hinder fracture initiation
and expansion, and preventing the safety risks of too-large spacing
that can compromise the stope [19]. The evaluation of the effec-
tiveness of hydraulic fracturing in the target fracturing zone is
often based on the distribution of MS data [20].

The findings from previous studies have elucidated that the
MFHW could promote hard roof strata caving, reduce abutment
pressure, and mitigating high-energy MS events. However, the
MFHW control mechanisms of coal burst and assessment of the
associated fracturing effects remain unclear. Specifically, there is
a lack of detailed methodologies for assessing the extent of roof
fracturing, understanding how varying degrees of fracturing influ-
ence the evolution of MS events and abutment stress, and deter-
mining the corresponding effectiveness in coal burst prevention.
This exploration is crucial for providing a foundation for the
rational selection of fracturing strategies. Using the Hujiahe Coal
Mine in China as a case study, this research established a large-
scale UDEC model based on the mine’s geological conditions,
reproducing the process by which fracturing can reduce mining-
induced stress and high-energy seismic events, and analyzing the
MFHW control mechanisms of coal burst. Different fracturing sce-
narios were investigated under varying injection volumes, and the
degree of fracturing was calculated based on damage parameters.
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This provided a method for evaluating the fracturing effectiveness
during the MFHW process. By analyzing patterns of MS events and
stress changes, the study assessed the effectiveness of MFHW in
coal burst prevention, establishing a method for evaluating control
effectiveness and demonstrating a significant reduction in the risk
of coal burst after implementing MFHW in field practice.

2. Methodology
2.1. Prototype description

The Hujiahe coal mine is located in Shaanxi Province, China. The
mining field stretches 8.1 km from east to west and 6.5 km from
north to south. The current longwall mining operation is in the
No. 4 coal seam as shown in the mining plan in Fig. 2, which has
a burial depth of 680 m with a dip angle of less than 5° and an aver-
age recoverable thickness of 13.5 m. On the northern side of the
401106 longwall panel, it is the 401105 longwall face (the first
mining panel of the mining district), which has been mined. To
the west is the protective coal pillar of the 401 mining district,
while to the east is the sedimentary structure formed by river ero-
sion. DF5 is a reverse fault, which trends NE-NE and strikes NW-N,
with a dip angle of 45° and a throw ranging from 0 to 15 m. It
extends approximately 1454 m in this mining panel district.

Around the 401106 longwall panel, there are three drill holes
(B1, B2, and B3) located from west to east. The distribution of var-
ious rock layers within 100 m above the coal seam was analyzed at
these drill holes. The roof stratum above the coal seam primarily
consists of high-strength sandstone (Fig. 3). At drill hole B1, there
is a 36.1 m thick medium sandstone situated 6.5 m above the coal
seam. Additionally, there are coarse sandstone layers with thick-
nesses of 13.8 and 13.4 m, located 42.6 and 92.4 m above the coal
seam, respectively. At drill hole B2, there is a 14.5 m-thick coarse
sandstone layer at 53.9 m, a 17.1 m-thick medium-grained sand-
stone layer at 68.4 m, and a 24.3 m-thick siltstone layer at 85.5
m above the coal seam. At drill hole B3, there are two fine sand-
stone layers with thicknesses of 23.1 and 14.5 m, located 29.5
and 72 m above the coal seam, respectively. Additionally, there
are sandy mudstone layers, 18 and 21 m thick, situated 11.5 and
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Fig. 3. MFHW deployed in the 401,106 longwall panel. Lithological distribution characteristics of boreholes B1, B2, and B3.

86.5 m above the coal seam, respectively. The uniaxial compressive
strengths of these strata range from 73.3 to 85.3 MPa for siltstone,
55.7 to 69.8 MPa for fine sandstone, 11.7 to 16.3 MPa for coarse
sandstone, 18.2 to 23.8 MPa for sandy mudstone, and 49.2 to
78.3 MPa for medium sandstone. Under such multi-layer thick
and hard roof stratum conditions, the roof is less susceptible to
caving during longwall panel retreat. This results in suspended
strata in the goaf and stress concentration ahead of the longwall
face, increasing the risk of coal burst. Based on the comprehensive
analysis of boreholes B1, B2, and B3, it is observed that there is a
sandstone layer with an average thickness of 20 m above the coal
seam, within the range of 60-90 m. This sandstone layer is charac-
terized by calcareous cementation, making it a resilient rock layer
with good integrity and high strength. When it is broken, it will
cause strong activity within surrounding rock, potentially trigger-
ing coal burst. Therefore, this is the target stratum for MFHW.
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The arrangement of MFHW in longwall 401106 is illustrated in
Fig. 3. The H-01L horizontal well is divided into 14 segments, while
the H-02L horizontal well is divided into 20 segments. Each seg-
ment was designed with 50 m space, but some of them were
altered according to the well-logging information. The fracturing
operation was carried out with an injection rate of 16.0 m*/min,
which produced injection pressures ranging between 19.4 and
23.9 MPa. The relationship between the injection rate and pressure
during the fracturing operation in the H-01L well is depicted in
Fig. 4.

2.2. Numerical modelling
The discrete element method is a rock mechanics computa-

tional approach that has evolved from the theory of discontinuous
media [21]. It considers joints or weak planes as controllers of rock
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Fig. 4. H-01L hydraulic fracturing construction curves.

mass behavior. In universal distinct element code (UDEC), fluids
are stored within virtual pores/cracks formed by unit elements
(represented as blocks or particles). In UDEC, blocks are imperme-
able, and fluid flows only through contacts between blocks (Fig. 5).
UDEC performs fully coupled mechanical-hydraulic analysis,
where fracture conductivity depends on mechanical deformation,
and joint fluid pressures influence mechanical computations. This
enables accurate simulation of fluid-structure interactions in frac-
tured media. The corresponding equations for fluid computation in
UDEC are Egs. (1)-(3).

During the MFHW process, water flowing within the contact
zone generates significant tensile stresses, which decrease the
effective normal stress on the contact. This results in the opening
of incipient fractures, which subsequently serve as pathways for
hydraulic fracture propagation [22]. Fracture induced by MFHW
propagate in the direction where they can most easily open up
[23]. The fracture therefore tends to follow the direction of the
major principal stress while opening along the direction of minor
principal stress.

Contact

TT~<h  Effective
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Fluid pressure at a point of contact is calculated by Eq. (1).
Fi = pnil (1)

where F; is the contact force per unit length along the contact inter-
face; p the fluid pressure; n; the normal direction; and L the contact
length.

Darcy’s law is applied to describe fluid flow in the contact zone,
as shown in Eq. (2)

k(X QAL-AV)
1=-¢ 12uLV @)

where p is the dynamic viscosity of the fluid; a the contact hydrau-
lic aperture; L the length assigned to the contact between the
domains; > QAt the cumulative fluid volume over time; AV the
change in volume; K,, the bulk modulus of the fluid; and V the
volume.

The representation of the contact aperture as ‘@’ is calculated by
Eq. (3)
a=da+ Aa (3)

where qq is the joint aperture at zero normal stress; and Aa the
change in contact aperture, decreasing under compression and
increasing under tension.

This study utilizes UDEC to establish a large-scale numerical
model along the coal seam strike direction, corresponding to the
longwall face mining direction shown in Fig. 6, with Hujiahe coal
mine as the background.

Through UDEC’s coupled mechanical-hydraulic analysis mod-
ule, it investigates the stress and MS evolution during coal mining
under various fracturing degrees. The numerical model is 260 m
long and 130 m wide. MFHW for the target stratum is located 60
m above the coal seam. The target strata were divided into trian-
gles using the UDEC-Trigon model, while other strata were divided
into rectangles to simulate the rock blocks formed after mining. A
uniform grid with consistent edge length was subsequently gener-
ated for all blocks in the model. The blocks were modeled using a
Mohr-Coulomb model, while the contact was modeled using the
Coulomb slip model [24]. The calibrated [25,26] rock mechanical
parameters are shown in Table 1. The in-situ stress measurement
shows that the average horizontal stress reached 13.1 MPa and
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Fig. 5. UDEC hydraulic fracturing crack propagation model (Fluid/solid interaction in discontinua).
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Table 1
Mechanical parameters of rocks.
Rock strata Matrix properties Contact properties
Young's Poisson’s Cohesion Friction Tensile Normal Shear stiffness Aperture zero Permeability
modulus ratio (MPa) (©) strength stiffness (GPa/m) load (m) factor (Pa~' s7')
E (GPa) (MPa) (GPa/m)
Coarse sandstone 22.0 0.22 3.60 41.2 1.60 26.9 9.4 0.007 0.25
Fine sandstone 20.0 0.24 4.10 37.7 1.70 56.6 19.8 0.006 0.10
Medium sandstone 23.0 0.20 6.20 28.7 2.10 78.8 27.6 0.005 0.10
Coal 5.0 0.32 0.75 30.0 0.30 9.6 34 0.001 0.01
Mudstone 3.8 0.21 5.10 36.0 1.16 58.8 21.2 0.001 0.01

the average vertical stress reached 17.5 MPa in the coal mine.
Therefore, an initial horizontal stress of 13.1 MPa and an initial ver-
tical stress of 17.5 MPa were applied to the numerical model. In
addition, a vertical stress of 14.4 MPa was applied to the upper
boundary considering that the overlying rock layers were not fully
included in the model.

The flowchart of numerical modeling is depicted in Fig. 7. First,
the material properties are defined, and then the horizontal dis-
placements of the left and right boundaries of the model, as well
as the vertical position of the bottom boundary, are fixed. In addi-
tion, an equivalent vertical stress was applied to the upper bound-
ary, considering that the overlying rock layers were not fully
included in the model. Afterward, the number of fracturing seg-
ments is determined, and water injection is conducted at a con-
stant flow rate in corresponding positions in the MFHW. Next,
monitor the changes in water pressure at the injection point. Dur-
ing water injection, information on contacts within the model,
such as total fracture length, total fracture number, and total frac-
ture aperture is recorded using the FISH function in UDEC. This
function iterates through all contact information, assesses whether
the joints have failed (in tension or shear), and if so, records the
corresponding contact information.

Subsequently, changes in zone strain energy (MS) during the
longwall retreat process and variations in front-abutment pressure
peak are recorded. To calculate MS energy, first, function 1 loops
through all zones stored in the model’s temporary storage, known
as ‘model extras’, and records the zone’s xx-stress, yy-stress, xy-

stress, and corresponding strains. The strain energy of each zone
is calculated by multiplying the stress and strain values. Function
2 then continues looping to assess the current state of each block
using the Mohr-Coulomb failure criterion. If a zone experiences
failure, the zone’s coordinates, xx-stress, yy-stress, xy-stress, and
strain at that moment are recorded, followed by calculation of
the strain energy. The model extras store the state of the model
at the previous timestep, and the strain energy calculated from
the model extra variables is subtracted from the strain energy of
the zone undergoing failure at the current timestep to obtain the
released energy, which represents the MS energy. Finally, MS
events are exported using the table function in UDEC and used to
analyze the evolution patterns of MS. The methodology for calcu-
lating zone store energy and the corresponding formula is given
by Eq. (4).

U, = Ol + Oxy&xy + Oyy&yy

(4)

where U, is zone store energy; oxx, 0xy and ay, the zone stress com-
ponents (normal and shear stresses); and &, &, and &, the zone
strain components corresponding to the stress components.

3. Results and analyses
3.1. Hydraulic fracturing process

Based on the use of MFHW for hard roof construction parame-
ters of the Hujiahe coal mine, the numerical model adopts an injec-
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tion rate of 16 m>/min for the fracturing stratum. We assume the
boundary conditions are of the Neumann type, where an injection
rate of 16 m3/min is applied. Initially, water injection at positions
A1 and A2 is conducted. Subsequently, water injection at positions
A3 and A4 is performed. The spacing between A1, A2, A3, and A4
measures 50 m each. Fig. 8 depicts the variation of water pressure
and the expansion of fractures during the development of the
MFHW. As the water flows, the water pressure around the perfora-
tion begins to uniformly disperse and increase. This article ana-
lyzes the variation in water pressure under water injections of
400, 800, 1200, and 1600 m>, corresponding to Scenarios 1, 2, 3,
and 4, respectively. The injection rates are consistent across all sce-
narios, but the total injected volume varies. In Scenario 1, the water
pressure increases from 0 to 21 MPa, resulting in the creation of a
high-pressure zone (dashed-line area) with a 20 m vertical impact
range (Fig. 8a). The fracture induced by MFHW propagates and
develops along the direction of the maximum principal stress
(sig1), reaching a length of 16 m (Fig. 8b). In Scenario 2, water pres-
sure rises from 0 to 22.5 MPa, expanding the high-pressure zone
(dashed-line area) to a 30 m vertical impact range (Fig. 8c). The
length of the resulting hydraulic fracturing-induced fracture
increases to 27 m (Fig. 8d). The Scenario 3, water pressure climbs
from O to 23 MPa, further extending the high-pressure zone
(dashed-line area) to a 40 m vertical impact range (Fig. Se).
Consequently, the hydraulic fracturing-induced fracture length
reaches 40 m (Fig. 8f). In Scenario 4, the water pressure increases
from 0 to 23.5 MPa, covering a 50 m vertical impact range within
the high-pressure zone (dashed-line area) (Fig. 8g). Consequently,
the corresponding hydraulic fracturing-induced fracture length
reaches 45 m (Fig. 8h).

3.2. Characterization of fracturing effect

During the water injection in MFHW for hard roofs, MS can be
detected. MS data can effectively assess the fracturing effect and
range [20,27]. This study employed the FISH function to perform
areal-time analysis of fracture development induced by the MFHW
injection process. The FISH function continuously monitors all con-
tacts within the numerical model. When a contact’s normal stress
reaches zero, or when shear failure occurs according to the Mohr-
Coulomb criterion, the function automatically counts and records
the corresponding fracture’s length and aperture. These values
are continuously accumulated throughout the simulation, provid-
ing comprehensive data on the development of fractures. This
approach allows for a detailed and dynamic record of the fracture
count, length, and aperture induced by the MFHW injection pro-

1100

cess. Cai et al. [28] defined the damage parameter and established
arelationship between cumulative damage and the degree of dam-
age. In this context, a hydraulic fracturing-induced fracture dam-
age parameter D was defined, as shown in Eq. (5).

D =1 — exp(—cr/cp)

cr = —max{cr}/In{1 — D¢} (5)

where c¢ could be the cumulative count, aperture, and length of
fractures induced by hydraulic fracturing, respectively. The average
value of c¢;, denoted as cg, can be determined by assuming that the
critical damage Dp=0.95 corresponds to the maximum value of
cumulative hydraulic fracturing-induced fractures (count, aperture,
and length).

Damage parameters were calculated based on the cumulative
number of fractures, cumulative length, and cumulative aperture
during the water injection process, as shown in Fig. 9. We have
defined four levels of fracturing intensity: lightly-fractured degree
(D<0.3), moderately fractured degree (0.3<D<0.6), well-fractured
degree (0.6<D<0.9), and over-fractured degree (0.9<D<0.95). The
evaluation data corresponding to different levels of roof fracturing
are shown in Table 2. Before reaching the well-fractured stage,
which includes lightly and moderately fractured stages, both the
crack length and quantity show linear growth. When the fracturing
degree reaches the well-fractured stage, the crack development
rate starts to slow down. As the fracturing degree intensifies to
the over-fractured stage, the crack development rate further
decreases significantly. The initial slowdown in the crack develop-
ment rate indicates the transition to the response stage, which sig-
nifies that well-fractured has been achieved. This stage occurs at an
injected volume of approximately 700 to 1100 m>.

Based on relevant research on MS damage reconstruction [28],
we can assess the degree of fracturing. Based on the MS data
detected during the fracturing in the target stratum in the H-01L
and H-02L horizontal wells of Hujiahe coal mine, we calculated
the damage parameters corresponding to the fracturing stratum,
which led to the generation of the damage pattern shown in
Fig. 10. The area enclosed by the innermost contour line indicates
a damage parameter of approximately 0.9, suggesting that the rock
strata in this area have been well-fractured. The white area in the
figure indicates that the rock strata in this area have experienced
lightly fractured.

During MFHW, MS responses were monitored jointly from the
surface and underground. Statistical analysis of MS data was col-
lected during the fracturing stages in H-O1L stages 5, 6, 8, 9, and
12. The analysis revealed the relationship between the height,
length, and width of fractures generated during the MFHW. It also
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showed the relationship between these fractures and the volume
of fracturing fluid injected, as shown in Fig. 11. The length of frac-
tures increased linearly as the volume of water increased. How-
ever, after approximately 1000 m? of water, the rate of increase
in fracture length with increasing fluid volume became signifi-
cantly slower. The relationship between water injection and frac-
ture structure suggests that the target strata were not sufficiently
fractured before reaching the inflection point in fluid volume. As
water injection increased, the fracture gradually intensified as a
result. After reaching the inflection point, the target strata became
well-fractured, after which the rate of fracture development
decreased.

Fig. 12 illustrates the evolution of water pressure and the D-
value from both numerical simulations and field measurements.
Under the same water injection rate, the evolution of water pres-

1101

sure simulated numerically aligns closely with the actual mea-
sured water pressure observed in the field (Fig. 12a). As the
volume of injected fluid increases, the D-value evolution calculated
from fracture parameters in the numerical simulation shows a
strong consistency with the D-value calculated from MS events
monitored on-site (Fig. 12b). To quantify this relationship, we cal-
culated the Pearson correlation coefficient (r), which measures the
linear correlation between two datasets. The Pearson correlation
coefficient is calculated by Eq. (6).

D o)
V-0 S -y

where x; and y; are the individual data points from the two datasets
(numerical simulation and field applications, respectively); x the

(6)
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Table 2
MFHW effectiveness assessment expressed in terms of selected parameters.
Degree of rock fracturing Total fracture aperture Total fracture length Total fracture Injection volume Damage
(m) (m) count (m?) parameter
Lightly fractured 24 302 730 300 0.0-0.3
Moderately fractured 4.8 605 1446 520 0.3-0.6
Well-fractured 7.2 901 2169 1150 0.6-0.9
Over-fractured 7.6 950 2290 1600 0.9-0.95

mean of the values (numerical simulation data); and y the mean of
the values (field measurement data).

The Pearson correlation coefficient between these two sets of D-
values is 0.94, indicating a high degree of correlation (Fig. 12c).
This strong correlation indicates that the numerical simulation
results align well with field application data, thereby validating
the reliability of the model [29].

3.3. Fracturing effect on mining-induced stress

After hydraulic fracturing at points Al, A2, A3, and A4 in the
sandstone stratum, an artificial fracture zone dominated by four
primary vertical fractures is illustrated in Fig. 13.

Fig. 14 illustrates the distribution of yy-stress, xx-stress, and xy-
stress in the model under different fracturing conditions as the
longwall face retreats 60 m. Without MFHW for the sandstone
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layer, it is evident that during the longwall retreat, the overhanging
structure of the sandstone layer leads to increased yy-stress ahead
of the working face. In the cases without fractured, lightly-
fractured, and well-fractured, the affected area of the yy-stress
concentration zone (Fig. 14a, b, and c) in front of the longwall face
ranges from 32, 21 to 5 m respectively. The yy-stress peak ahead of
the working face diminishes from 27.2, 25.4 to 21.7 MPa. The xx-
stress (horizontal stress) of the target fracturing stratum is approx-
imately 17 MPa. The stress concentration zones, marked by the
dashed-lines in Fig. 14d, e, and f, cover ranges of 50, 40, and 34
m, respectively. As fracturing becomes more thorough, the degree
of weakening in the rock stratum increases. Therefore, the stress
concentration zones formed become more dispersed, resulting in
a smaller impact area. The xy-stress (shear stress) of the target
fracturing stratum is approximately 7 MPa. The stress concentra-
tion zones, depicted in magenta in Fig. 14g, h, and i, have ranges
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of 38, 29, and 15 m respectively. As the fracturing becomes more
thorough, the stress concentration zones formed become smaller
and shift deeper away from the longwall face.

Fig. 15 illustrates the vertical stress distribution within the
model as the longwall face retreats to 90 and 120 m under different
fracturing conditions. In the case of unfractured conditions, peak
stresses at the longwall face reach 27.5 and 26.5 MPa at 90 m
and 120 m retreats, respectively, with associated front-abutment
influence ranges of 69 and 64 m. The lightly fractured hard roof
promotes the controlled release, reducing the front-abutment
pressure peak to 25.7 and 24.5 MPa at the same retreat distances.
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Correspondingly, the influence ranges decrease to 55 and 49 m,
respectively. In the well-fractured condition, the front-abutment
pressure peaks further decline to 23.4 and 22.7 MPa at 90 and
120 m retreats, respectively, with corresponding influence ranges
diminish to 35 and 32 m.

It can be observed that application of MFHW in the sandstone
stratum reduces both the front-abutment pressure peak and the
front-abutment pressure zone, based on the comprehensive analy-
sis of Figs. 14 and 15. During the longwall retreat to 120 m, Fig. 16
illustrates the characteristics of the front abutment distribution
under three different fracturing conditions. In the case without
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fractured, the advance stress peak is 26.5 MPa. For the lightly frac-
tured case, the abutment stress peak decreases to 24.5 MPa, and for
the well-fractured case, the abutment stress peak further reduces
to 22.7 MPa. These findings show that after MFHW process, the
front-abutment pressure is significantly reduced, indicating a
decrease in mining-induced stress on the coal seam. This stress
reduction is beneficial for coal burst control, highlighting the effec-
tiveness of MFHW in mitigating mining-induced hazards.

3.4. Fracturing effect on mining-induced seismicity

During the longwall face retreat process, the FISH function in
UDEC was used to statistically analyze the strain energy differen-
tial generated by zone failure. The differential was subsequently
utilized as the MS energy, illustrated in Figs. 17 and 18, under dif-
ferent fractured conditions during the longwall face retreat pro-
cess. Fig. 17a, ¢, and e illustrate the distribution of MS energy
under different conditions of longwall face retreat by 60 m, for
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the unfractured, lightly fractured, and well-fractured cases, respec-
tively. Fig. 17b, d, and f depict the longwall face retreat by 90 m.
When comparing Figs. 14 and 15, it is evident that in models
without MFHW for hard roofs, MS events of 10° | primarily occur
within the front-abutment pressure zone of the longwall face. In
contrast to the scenario without fractured, the lightly-fractured
scenario and well-fractured scenario exhibit a decreasing trend in
the occurrence of 10° ] MS events. Overall, there is an apparent
transition of MS activity from higher to lower energy, and this
trend becomes more pronounced with increasing levels of fractur-
ing. Fig. 18a, ¢, and e illustrate the distribution of MS events, with
consideration given to the conditions involving unfractured,
lightly-fractured, and well-fractured scenarios, as the working face
retreats 120 m. Fig. 18b provides an overview of the total energy
and frequency of the MS events. Fig. 18d portrays the distribution
of MS events in the vertical direction. In comparison to the unfrac-
tured conditions, the total mining-induced seismic energy
increased during longwall retreats of 120 m. With the lightly-
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fractured and well-fractured conditions of the total MS energy rose
to 801057 and 876004 ], respectively, from the initial 759787 J.
Simultaneously, the frequency of occurrences also increased to
1177 and 1385, respectively, from 1012. The average energy per
occurrence decreased to 680.6 and 632.5 ], respectively, from
750.7 J.
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When the longwall face retreats, MS events exhibited reduc-
tions of 27% and 33% for the lightly fractured and well-fractured
models, respectively, in the 0-30 m range above the coal seam,
compared to the unfractured condition. Both models experienced
substantial increases in MS events within the 30-100 m range
above the coal seam. In comparison to the unfractured condition,
these increases were 88% and 150% for the lightly fractured and
well-fractured models, respectively. The MS events with energies
of 10 and 1000 ] show a decreasing trend, while those with ener-
gies of 100 ] show an increasing trend. These findings indicate that
after fracturing, the average energy of MS events is reduced, and
there is a significant decrease in high-energy (1000 J) MS events
close to the coal seam. This indicates a reduction in dynamic stress
disturbances, which is beneficial for coal burst control.

Fig. 19 and 20 depict the distribution of MS events after the
110 m retreat of the 401106 longwall (post-fractured) and the
401105 longwall (without fractured). During the 110 m retreat of
the 401106 and 401105 longwall panels, 629 and 537 MS events
were detected in the roof of each longwall, respectively, concen-
trated within 200 m ahead and 50 m behind the face. With MFHW
development, the total energy of MS events in the 401106 longwall
was 1145484 ], with an average energy of 1821 J. Without MFHW
development, the total energy of MS events in the 401105 longwall
was 1042685 ], with an average energy of 1942 ].
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Fig. 17. Distribution characteristics of MS.

After MFHW development, a trend of MS events shifting from
lower to higher positions (MFHW for target stratum) was
observed through statistical analysis of MS events at different
heights, as shown in Fig. 20. Compared to the 401105 longwall,
the number of MS events decreased by 34% for the 401106 long-
wall within the 0-20 m range above the coal seam. However,
within the 20-110 m range, the number of MS events increased
by 64%.

4. Discussions
4.1. Mechanism of mining-induced stress mitigation

Fracturing the hard strata using MFHW weakens the structural
integrity of the roof, causing the initially formed long-distance can-
tilever of the hard strata roof to converted into a short-distance
cantilever [30]. This modification not only reduces the roof bend-
ing moment but also diminishes the front abutment pressure in
the longwall face. Concurrently, fracturing within rock strata
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weakens their structural integrity, leading to a reduced load-
bearing capacity of the overlying strata and consequently decreas-
ing the transmission of additional loads.

Numerous studies confirm that coal burst incidents commonly
occur due to external dynamic loading superimposed on high static
loads [28]. MFHW for the hard strata roof results in a substantial
reduction in the periodic roof weighting intensity on the longwall
face [31]. This process eliminates the strong dynamic stress caused
by massive roof caving and releases mining-induced stress [14,19].
Consequently, this approach alleviates MS events associated with
the fracturing for thick, robust rock strata above the gob area of
a longwall, ultimately achieving the prevention of coal burst.

After the longwall face retreat, the development of a cantilever
structure in the overlying hard roof leads to stress concentration in
front of the longwall face, as shown in Fig. 21. Fracturing the hard
roof through MFHW shortens the cantilever length and releases
some accumulated bending elastic energy. This process achieves
depressurization effects and helps mitigate the risk of coal burst.
We have established a mechanical model, as depicted in Fig. 22,
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to analyze the impact of different cantilever lengths on bending
elasticity.

We assume that the left side hard roof is the fixed end, while
the right side cantilever is above the goaf. We have analyzed the
variations in the peak stress position, stress concentration factor,
and the area of advanced influence range in front of the working
face under different fracturing conditions. Here, L denotes the can-
tilever length, L, represents the roof control distance, g, signifies
the uniformly distributed load and self-weight borne by the hard
roof, and g, denotes the load and self-weight of the cantilever sec-
tion end hard roof. Field monitoring has revealed that the peak
load increment on the hard roof is located several meters in front
of the coal wall. This load increment can be simplified as a triangu-
lar distribution with aqq as the peak load increment, xq as the posi-
tion of the load increment peak relative to the coal wall, x; as the
distance where the load peak decreases to the elastic zone, pg as
the support resistance of the strata, My as the bending moment
on the roof directly above the coal wall, and Qq as the shear force
at the same position.
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Eq. (7) [32] describes the displacement (y;) of a semi-infinite
elastic foundation beam subjected to the actions of My and Qq,
within the framework of an elastic foundation beam. The dis-
placement (y,) caused by the distributed load g on the embed-
ded section of the elastic foundation beam is expressed in Eq.
(8).

¥1(x) = 2/k [Qo0(x) + Moy (x)]

0(x) = e " cos x

W (x) = e (cos px — sin Bx)

B = (k/4ED)""

I=bh*/12
where p represents the stiffness ratio, which reflects the ratio of
foundation stiffness to the bending stiffness of the hard roof; E
the elastic modulus of the hard roof, GPa; I the moment of inertia

of the hard roof section, m*: b the width of the hard roof, m; and
h the thickness of the hard roof; m.
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@(x) = e*[cos(px) + sin(px)]

V(X)) = fga% + fﬁ"bq“ + f)(()UCCIn + fioa%z + f;l:bfhz + ffocqu

where t represents the distance of the advanced coal face, m.

A smaller deflection occurs at x=0 above the coal wall, which
can be regarded as a fixed-end segment. With the constraint con-
ditions for one end fixed, My and Qo are calculated by Eq. (9)

{ Qo = (qo + 9g)L/2 — Polk

Mo = (4o/6 + qg/3)L* — polic/4 ©

By utilizing M(x)=Ely”, the bending moment of the cantilever
beam in the pressurized zone can be determined. Using U(x)
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Fig. 22. Force schematic of the hard roof.

=M?(x)/2EI, the strain energy U(x) at the x-section of the rock beam
can be calculated.

The study examines how the elastic bending performance of the
hard roof strata changes with or without MFHW. Consider the fol-
lowing basic parameters: the elastic foundation stiffness K is 500
MN/m, the thickness of the sandstone layer is 8 m, and the strain
modulus of the sandstone layer is 20 GPa. $=0.104 m, the ahead-
of-face influence range b=60 m, uniformly distributed load go=15
MPa, load concentration factor a=1.5, distance from the load peak
position to the coal wall xo=3 m, load on the cantilever beam seg-
ment g,=1 MPa, support load p;=0.8 MPa, and controlling distance
Lk=2 m.

As depicted in Fig. 23a, after development of MFHW for hard
roofs, the length L of the sandstone cantilever decreases, resulting
in a decline in the bending elastic energy of the roof. When the
cantilever decreases from 20 to 5 m, the maximum value of bend-
ing moment decreases from 1549 to 127 MN. As illustrated in
Fig. 23b, after MFHW development, the peak stress concentration
factor decreases, leading to a reduction in the bending elastic
energy of the roof beam. When the stress concentration factor
decreases from 3.4 to 1, the maximum value of bending moment
decreases from 715 to 237 MN. The energy released from the frac-
ture of the roof beam decreases with MFHW, lowering the risk of
coal burst on the longwall face.

1600

4.2. Mechanism of mining-induced seismicity reduction

After the development of MFHW for hard roofs, cracks form
within the hard strata roof, causing long beams to become short
beams and large blocks to become smaller ones. The prompt rup-
ture of the hard strata roof is beneficial [16]. The strain energy
(U) generated during periodic roof stratum breakage is calculated
by Eq. (10)

U = 3Lq?/10ER® (10)

After MFHW development, the hard roof unsupported length (L)
decreases, resulting in lower strain energy (U) and reduced
dynamic stress associated with mining-induced seismicity during
roof rupture. The decrease in hard roof length makes it more prone
to collapse. This movement provides space for the overlying strata
above the fractured layer, promoting their movement and resulting
in more MS events. Due to the decrease in hard roof length, the
energy generated by the sliding movement between fractured
blocks decreases, as shown in Fig. 24. After MFHW development,
as the longwall face retreats, the overlying strata structure
(Fig. 24a) transitions to that shown in Fig. 24b above the coal seam.
This transition lead to a decrease in the stress exerted on the coal
seam, as illustrated in Fig. 16. As a result, the number of MS events

L=5-9- [=10-9-L=159-L=20

1400
1200 |7

1000

Bending moment (MN/m)
(=23 o
=] b4
(=] (=]

N
1=
S

)
=3
S3

20 30 40 50
Distance from longwall face (m)

(a) Impact of overhang length on bending moment distribution

60

a=1.0-9-a=1.89-6=2.69-a=3.4

60

20 30 40 50
Distance from longwall face (m)

(b) Effect of peak stress concentration on working face

Fig. 23. The influence of fracturing degree on roof bending elasticity.
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Fig. 24. The influence of fracturing degree on mining-induced seismicity.

in the nearby area of the coal seam decreases. These results align
with the trends observed in Fig. 18, where the MS average energy
decreased to 680.6 and 632.5 ] in lightly and well-fractured condi-
tions, respectively, from 750.7 ] in unfractured conditions. Addi-
tionally, the frequency of MS events within 0-30 m above the
coal seam decreased by 27% and 33% for lightly and well-
fractured models, respectively. This reduction in dynamic stress
disturbances is advantageous for coal burst control, highlighting
the effectiveness of fracturing in mitigating seismic hazards.

4.3. Mechanism of hydraulic fracturing for coal burst control

The underground mining space around the longwall is primarily
constituted by three objects: the roof, coal, and floor. The interac-
tion of the roof-coal-floor system essentially controls the coal fail-
ure processes. The hard-roof-induced coal burst mechanism model
can be depicted as shown in Fig. 25 [28,33]. In this figure, coal was

assumed to exhibit fractured or softened behavior with non-linear
characteristics, while the roof and floor were simplified as the sur-
rounding rock and treated as intact material with linear elastic
behaviour. The stress behavior of the coal can be described on
the right-hand side, while that of the surrounding rock under load-
ing can be depicted on the left. The energy forms involved in the
roof-coal-floor system during the entire coal burst process include
released elastic energy (U;) from the surrounding rock, the dissi-
pated energy (U,) from U,;, and released energy (Us) from the
roof-coal-floor system. o, and o}, represent the initial stress and
residual stress before and after the coal burst, respectively.

Under quasi-static loading (os), when there is a strain incre-
ment Aé, in the coal seam, the corresponding strain increment
Aég; in the surrounding strata of the roof and floor is induced.

k]AS] = szﬁz (11)

“ Stress o
Hard roof strata
type coal burst Stress increment
D
Os 2 3 4
NO
A A 1
ostoy ' !
Seismic-derived dynamic stress
Permanent deformation
04
s 0.~ Dynamic
¢ ¢ * ‘ * ¢ stress
| [——i %
™ k ~—Roof Dynamic
™ ~ stress B
Confining ‘
pressure Coal
oy, Us
ky Floor 4
E
Strain & 48 0 [&y Strain &

Fig. 25. Schematic diagram of the hard roof-induced coal burst mechanism model.
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where k; is the elastic modulus of surrounding rock; k; the elastic
modulus of the coal during unloading; Consequently, the ratio of
coal strain (Ag,) over whole strain (Ag) in the system can be
expressed as:

A, Agy 1
Ae _A81 + Ag, 1 +k2/k1

(12)

During the occurrence of coal burst, the Us can be calculated:

Us=U; -U; =~ (k1 +k2) X (0'127 — 03)/2’(1’{2 (13)

According to Eq. (12) and Fig. 25, during stage (AB), where k;>0
and k>0, the coal-rock system is in the elastic storage stage. Mov-
ing to stage (BD), where k;>0 and k>0, the surrounding strata of
the roof and floor continue to accumulate elastic energy, while
the coal begins to undergo plastic deformation, indicating the pre-
cursor stage of failure. In stage (DS;), where k,<0 and gradually
decreases while k; remains constant, k;+k,>0 and Us<O0 at this
point. When k;+k,=0, corresponding to point S; in the figure,
Aé&y/Ae— oo, indicating coal burst occurrence. Stage S,E represents
the end of the rock burst process. In hard roof-type coal burst,
where the surrounding strata of the hard roof and floor have high
strength, the unsupported roof area increases. This implies that
kqi+k; is significantly greater than 0. Once the hard roof reaches
its ultimate strength, the energy released from the failure of the
surrounding strata can be enormous, inducing the entire system
to undergo a hard roof-type coal burst as illustrated in Fig. 25. Tra-
ditional methods (Fig. 26) can be utilized to prevent coal burst.
These methods include large diameter borehole [34], borehole

MFRw

Ro;ulwav
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blasting [35], borehole slotting [36], water injection, roof blasting
[37], and hydraulic fracturing [9].

The primary objective of these measures is to weaken the roof
and floor, which effectively reduces k; and decreases the elastic
energy storage of the surrounding rock (U;). As a result, it takes
more stress or repeated dynamic stress for the coal mass to reach
point D, where potential impact coal burst may happen. On the
other hand, measures to weaken the coal mass focus on timely
releasing the elastic energy stored in the coal mass, thereby
increasing the energy consumption for coal mass failure (U,). How-
ever, the effectiveness of the mentioned methods in preventing
coal burst is limited due to several factors. Firstly, these operations
require multiple activities along the axial direction of the roadway
at different positions, leading to significant manpower consump-
tion. Secondly, the mitigation of mining-induced stress range by
these methods is limited. MFHW for hard roofs can significantly
weaken the hard roof, reducing k; and decreasing both the storage
of elastic energy (U;) in the hard roof and the dynamic stress
induced by hard roof collapse.

After the development of MFHW for hard roofs, the hard roof
can promptly collapse, restricting the extent of U; increase, the
stress state of the coal mass tends to remain near point B. This is
corroborated by the findings in Fig. 14, where the yy-stress peak
ahead of the working face diminishes to 25.4 and 21.7 MPa in
the lightly and well-fractured conditions, respectively, compared
to 27.2 MPa in the unfractured condition. Additionally, the
dynamic stress generated by hard roof is limited, making it difficult
to reach point D. This is supported by the findings in Fig. 18, where
the average energy of MS events decreased to 680.6 and 632.5 ] in
lightly and well-fractured conditions, respectively, compared to

Horizonta] well

<,
e gy

ey
\ R

Fig. 26. Prevention strategies of the hard roof-induced coal burst.
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Table 3
Evaluation of horizontal multistage hydraulic fracturing effects.

Degree of rock Total seismic Total seismic Max seismic Average seismic Front-abutment pressure Front-abutment peak
fracturing energy (J) count energy (J) energy (]) zone (m) (MPa)

Unfractured 759787 1012 38530 750.7 64 26.5

Lightly fractured 801057 1177 20047 680.6 49 24.5

Well-fractured 876004 1385 9937 632.5 32 22.7

750.7 ] in unfractured conditions. Moreover, the occurrence fre-
quency of MS events within 0-30 m above the coal seam reduced
by 27% and 33% for lightly and well-fractured models, respectively.
In summary, the MFHW control mechanisms of coal bursts involve
mitigating mining-induced stress and reducing seismic activity
during longwall retreat, ensuring stresses remain below the ulti-
mate stress level.

4.4. Assessment of fracturing efficiency and stress mitigation

Fig. 27 illustrates the process flowchart for evaluating the effec-
tiveness of MFHW. Initially, a numerical model is established using
the actual rock mechanics parameters and prevailing stress condi-
tions of the mine. Hydraulic fracturing is then simulated in the
numerical model, corresponding to the actual water injection loca-
tions in the horizontal well. The FISH function is used to quantify
the total number, length, and aperture of fractures during the
water injection process. Based on these fracture characteristics,
the degree of fracturing in the target layer is calculated using the
methodology described in Ref [28]. This assessment enables the
determination of the required water injection volume for achieving
different degrees of fracturing. After the developing MFHW for
hard roofs, coal seam retreat begins, allowing for the evaluation
of its effectiveness in preventing coal burst. A quantitative assess-
ment of the MFHW effects is summarized in Table 3.
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In terms of dynamic stress, the model calculates the total num-
ber of MS events, total energy, maximum energy, and average
energy during the mining-induced seismicity process. For static
stress, parameters such as the influence range of front abutment
pressure, peak front abutment pressure, and distance from the coal
wall where the peak front abutment pressure occurs are calculated.
Finally, a comparative analysis is conducted to examine changes in
indicators related to dynamic and static stress. This analysis com-
pares the conditions under different degree of fracturing to the
unfractured condition. The aim is to pre-assess the efficacy of
hydraulic fracturing in the hard roof strata for improving stress
conditions during longwall face retreat.

5. Conclusions

This paper reproduces the process by which MFHW reduces
mining-induced stress and high-energy seismic events, using both
simulation and field data analysis. The MFHW control mechanisms
of coal burst is discussed. The main conclusions are as follows:

(1) The MFHW control mechanisms of coal burst involve miti-
gating mining-induced stress and reducing mining-induced
seismic during the longwall retreat process, ensuring these
stresses fall below the ultimate stress level. This reduction
in stress and seismic activity decreases the likelihood of coal
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burst development. Additionally, the effectiveness of MFHW
fracturing can be assessed through the parameter D, while
the coal burst control effectiveness is evaluated using
static-dynamic stress analysis. It has been established how
the degree of fracturing influences the improvement in the
stress environment during longwall mining.

(2) The study introduces a classification system for the degree of
roof fracturing based on the total number, length, and aper-
ture of fractures generated during the MFHW process. The
fracturing degrees are classified as lightly fractured
(D<0.3), moderately fractured (0.3<D<0.6), well-fractured
(0.6<D<0.9), and over-fractured (0.9<D<0.95). A response
stage in the fracturing process, characterized by a slowdown
in crack development, indicates the transition to a well-
fractured condition.

(3) The implementation of MFHW leads to an increase in the
number of MS events, with total frequency and energy
release increasing, while the average energy per event
decreases. Specifically, events corresponding to the 10, 103,
and 10*J decrease, whereas the 10? ] events increase. Within
the range of 0-30 m above the coal seam, the quantity of MS
events decreases, whereas in the range of 30-100 m, the
quantity of events increases. Compared to the unfractured
scenario, both lightly and well-fractured scenarios resulted
in increased total mining-induced seismic energy by 5%
and 15%, and total frequency by 16% and 37%, respectively.
Meanwhile, average mining-induced seismic energy
decreased by 9% and 16%, respectively.

(4) Hydraulic fracturing significantly weakens the structural
integrity of the hard roof, facilitating its prompt collapse
and reducing additional loading caused by the overhanging
structure. This collapse leads to a reduction in the front-
abutment pressure zone and a decrease in the front-
abutment peak. Additionally, it increases the distance
between the front-abutment pressure peak and the coal
wall. Compared to the scenario without fractured, both
lightly and well-fractured scenarios resulted in reductions
of 7.5%, 14.3%, 23%, and 50% in the front-abutment peak
and pressure zone, respectively.
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