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It is hard to control roadways effectively with a heightened burst risk using
conventional support technigues, which may cause burst fatalities in the coal
mine. Thus, an in-situ modification method, which involves artificially constructing
acracked zone and a reinforced zone, was proposed to improve the stability of the
roadways with heightened burst risk. This paper investigated the efficiency to non
of the in-situ modification method in improving burstroadway safety by
performing a physical experiment. The results of the experiment indicated that
the dynamic stress was obviously reduced in the modified roadway. Accordingly,
the influence factors of the in-situ modification method were explored using
numerical simulation. It was found that the thickness and the degree of damage to
the cracked zone were key governing factors in reducing energy and improving
roadway stability. The energy dissipation value increased as the thickness and the
degree of damage to the cracked zone increased but showed a slower growth
trend when the thickness and the degree of damage to the cracked zone
increased to a certain value. In addition, the high sensitivity to dynamic load
was found in parts of the roadway side exhibiting a larger stress reduction rate
even with thinner cracked zone thickness and a lower degree of damage. This
research provides an effective and economical method for coal roadways with
heightened burst risk.

KEYWORDS

coal burst, modifying the surrounding rock, cracked zone, energy absorption, influence
factors

1 Introduction

Coal burst is always one of the most severe threats to miners especially in deeper and
strong burst risk coal mines (Mark, 2016). In recent years, a number of coal burst fatalities
have been reported in various countries (Patyniska and Kabiesz, 2009; Liu et al., 2019; Cai
et al.,, 2020; Shi et al.,, 2021). With the increasing depth of coal mining, coal extraction is
facing ever-increasing stress conditions with an acute occurrence and frequency of coal burst
cases. As mining conditions become rather complex, having a clear understanding of factors
contributing to coal burst, triggering mechanisms, control strategies, and realizing spatial-
temporal forecasting is extremely difficult (Cai et al., 2019).

Historically, research suggests that the contributing factors associated with a heightened
burst risk were high stress, depth of cover, thick sandstone roof, and seam rolling and
pitching (Hoelle, 1989; Maleki, 1995; Alber et al., 2008; Maleki et al., 2011). Under the
coupling effect of these factors, various hypotheses on the burst mechanism relating to
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strength, stability, stiffness, burst liability, energy, and superposition
of static-dynamic stresses have been proposed in the past several
decades (Kidybinski, 1980; Romashov and Tsygankov, 1993; Linkov,
1996; Xu and Cai, 2017a; He et al., 2017; Ma et al., 2018).

Based on the burst mechanism, the three physical parameters of
stress, strain, and energy are considered important indexes of
controlling coal bursts. Several studies argued that controlling
stress is the key to reducing burst risk. Corresponding studies
proposed burst-control strategies in different engineering
conditions (Qi et al, 2013; Pan et al, 2014; Zhang and Jiang,
2020), but in recent years, more scholars have attempted to
establish the connection between energy and controlling burst. In
terms of energy absorption, various innovative support structures
characterized by larger deformation were developed such as energy-
absorbing bolts (cables) (Anders, 2005; Charette and Plouffe, 2007;
Simser and Andrieux, 2007; Varden et al., 2008; He and Guo, 2014),
high-power hydraulic devices (Ma et al., 2014; Wang and Zhang,
2019; Wang et al,, 2020), and retractable steel sheds (Zhao et al.,
2014; Gao et al,, 2021). These innovative supporting structures have
greatly improved the safety of the burst roadway; however, in coal-
extraction activities, the failure of these supporting structures and
the occurrence of burst hazards were inevitable in the face of a more
complex mining environment. Thus, from the perspective of energy
dissipation, it has been suggested that the resistance of burst
roadways can be improved by increasing the degree of crack in
the surrounding rock (Wang and Pan, 2015; Xu and Cai, 2017b).
Previous studies identified the importance of cracked surrounding
rock in burst prevention, and they studied the energy-absorption
characteristics of the cracked zone generated by in-situ stress in coal
roadways. However, for heightened burst-risk roadways, it is hard
for the natural cracked zone formed by in-situ stress to resist the
powerful burst energy effectively. Until now, few attempts were
made to develop a systematic method by constructing a cracked
zone artificially in a heightened burst-risk roadway. Therefore, this
work presents an in-situ modification method by artificially
constructing a cracked zone and a reinforced zone to improve
the stability of a heightened burst-risk roadway. A set of physical
experiments and numerical simulations were carried out to verify
the efficiency of the proposed method associated with an analysis of
the dynamic response and energy dissipation. Additionally, we
explored the factors influencing this innovative method.

2 In-situ modification method of coal
burst roadways

Previous research (Xu and Cai, 2017b; Yi et al., 2021) has
established that the cracked zone existing in the roadway can
optimize the stress distribution of surrounding rocks. Therefore,
an in-situ modification method, which is done by artificially
constructing a cracked zone and a reinforced zone in a coal burst
roadway, is proposed to improve the stability of roadways with
heightened burst risk. The method intends to use multi-times
blasting, supercritical carbon dioxide, or hydrofracturing
technology to increase the degree of crack in the surrounding
rock of the roadway while simultaneously adopting the short-
hole grouting technique to strengthen the surface rocks of the

roadway. The coal burst roadway reconstructed by the in-situ
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FIGURE 1
The surrounding rock structure of the modified roadway with in-
situ modification method.

modification method contains a reinforced zone, a cracked zone,
and an intact zone, as shown in Figure 1.

Compared with the unmodified roadway, the advantages of the
modified roadway by the in-situ modification method are that more
dynamic energy is absorbed and the stress status of the surrounding
rock is improved (Yi et al., 2021). As plotted in Figure 1, curve A is the
stress distribution of the roadway before modification, and curve B is
the stress distribution of the roadway after modification. Comparatively,
the existence of the cracked zone in a modified roadway exerts an
obvious influence on the response of surrounding rock stresses. Before
modification, the vertical stress first increases and then decreases to the
in-situ stress, which indicates that there is an obvious concentration of
stress in the surrounding rock near the unmodified roadway. In
contrast, after modification, there is a significant drop in the vertical
stress in the surrounding rock near the roadway, and the area of stress
concentration is located on the outside of the cracked region. This
means the degree of concentration of the elastic energy is reduced in the
modified roadway by the in-situ modification method, and, as a result,
the possibility ofrock burst can be eliminated to some extent by a
decrease in peak stress value and enlarged bearing areas of elastic
energy.

Thus, the roadway modified by the in-situ modification method
provides a double guarantee for coal burst resistance. One guarantee
is that the artificial cracked zone transfers stress concentration far
away from the roadway side and absorbs the dynamic energy of
surrounding rocks, and the other is that the reinforced zone plays a
role in enhancing the overall strength of the roadway.

3 Physical model experiment
3.1 Physical model setup
3.1.1 Rock mass parameters

The selected 1010203 panel of the Kuangou coal mine is located
near the city of Hutubi, Xinjiang Province, China. The panel belongs
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Columnar Th(l;l‘()ncss Lithology Geologic description
6 Sandy mudstone Grayr argillaceous structure, layered structure, mainly
mudstone
7.6 Coarse sandstone| Grey, gritty texture, layered texture, calcareous cementation
Black powder, stepped fracture, layered structure, hard,
1.5 B, coal seam vertical fractures
9.6 Fine sandstone | White gray. fine sanq structure, layered structure, dense,
. calcarcous cementation
4 By, coal seam | Black, striped structure, block structure
9 Finie sandstonie Gray wh|.tc, fine sand structure, layered structure, calcarcous
cementation
3 Coarse sandstone| Gray white, coarse sandy structure, layered structure,
calcareous ¢ ion
1.8 B; coal seam | Black, lumpy, pitch glossy, semi-bright briquette
4.8 Siltstone Gray, silt structure, layered structure, dense and hard
193 Fifie sandstone White gray, fine sand‘ structure, mfunly sandstone, with a
2 small amount of medium sand, thick layered structure
118 B, coal sesin Etlack, massive, stepped fracture, semi-bright briquette,
single coal seam structure
4 Sandy mudstone | Gray, argillaceous structure, layered structure
. Gray white, coarse sand structure, with a small amount of
21 Fine sandstone :
sandstone, calcarcous cementation
5.6 B, coal seam | Black, lumpy, semi-bright briquette
FIGURE 2

Thelithology of the rock layers near the B, coal seam.

TABLE 1 Physico-mechanical parameters of rock mass near the 101023 panel.

Lithological Density Young’s Poisson’s Cohesion Friction Tensile
(kg.m3) modulus (MPa) ratio (MPa) angle () strength (MPa)

Coarse Sandstone 2530 5990 0.18 6.57 39.2 521
Fine sandstone 2580 4090 0.2 5.42 37 42
Siltstone 2570 2250 0.2 4.43 374 3.28
Sandy mudstone 2510 3425 0.21 3.16 36 2.75
Coal seam 1335 1530 0.25 221 303 1.64
Reinforced zone 1900 1193 0.22 2.84 343 246
Cracked zone 1600 918 0.28 1.32 20 0.6

to the B, coal seam with a mean buried depth of 480 m and a mean
thickness of 11.8 m. The lithology of the rock layers near the B, coal
seam is shown in Figure 2. To obtain the physico-mechanical
parameters of the rock mass near the B, coal seam, some
specimens taken from the Kuangou coal mine were tested in the
laboratory. Young's modulus, Poisson’s ratio was obtained from
uniaxial compression tests. The Triaxial compression tests were
carried out to obtain cohesion and fiction angle, and the tensile
strength was determined by Brazilian Splitting tests. The detailed
physico-mechanical parameters of rock mass are listed in Table 1.

In light of the dimensional similitude principle, the density (p),
geometric length (J), and elastic modulus (E) were selected as the
fundamental dimensions. The similarity ratios of p, I, and E were
defined as 1.5:1, 100:1, and 1:1 based on the ratio of the physical
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model’s prototype. As the prototype and physical model existed in
the same acceleration field, the ratio of acceleration (a) was
determined to be 1:1. Subsequently, the similarity ratios of
displacement (6), stress (o), cohesion (C), friction angle (¢),
strain (¢), Poisson’s ratio (v), speed (V,) time (f), damping ({),
force (F), and energy (e) were calculated, as listed in Table 2.

The mixtures of river sand, slaked lime, plaster, and water were
used as similar materials to simulate the rock layers near the B, coal
seam and artificial regions around the roadway. In the starter phase,
a series of consolidation tests and orthogonal tests were carried out
to confirm whether the proportions of the similar material
corresponds with the similarity coefficient. Both the physical
models with an unmodified roadway and a modified roadway
were constructed in the experiments, as shown in Figure 3A. The
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TABLE 2 The similarity coefficient for the physical model experiments.

Parameters Similitude relations Similarity ratios
Length C 100
Density C, 1.5

Young’s modulus Ce=C,C,C; 150

Displacement Cs =C; 100

Stress Cy=Cg 150
Cohesion C=Cg 150

Friction angle Co 1
Strain C, 1

Poisson’s ratio Cy 1
Speed Cy=C"C,* 10

Acceleration Co=Cq 1

Time C=C; Cy! 10
Damping C=C,C°Cr* 1.5 x 10°
Force Cp=C,C,C/ 1.5 x 10°
Energy C.=CrC; 1.5 x 10®

FIGURE 3

The physical models with an unmodified roadway and a modified
roadway. (A) integral physical model, (B) placing a layer of black foam,
(C) compacting the similar materials, (D) using a concentric
configuration to model the cracked zone and reinforced zone,

(E) appling the iro blocks on model top.

dimensions of the physical models were 1.2 m high, 2 m wide, and
0.3 m thick; the roadways were arranged in the B, coal seam with a
radius of 20 mm. For the physical model with a modified roadway,
the thickness of the reinforced zone and the cracked zone
constructed by the in-situ modification method were 10 mm and
50 mm, respectively. In the physical model B, the reinforced zone
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was made of similar material as the coal seam but with a higher
proportion of 3wt% plaster and less river sand to achieve
approximately 30% increment in elastic modulus, and the
cracked zone was modeled with 14wt% plastic particle to
simulate the cracks and to reduce the elastic modulus by
approximately 60% in comparison to the intact rock.

3.1.2 Modeling procedures

In the physical model experiments, the modeling procedures of
physical model A with unmodified roadway and the physical model
B with modified roadway were as follows:

(1) First, a layer of black foam was placed around the inner wall of
the model experiment platform to eliminate the knock-on effect
of the rebound of dynamic waves on the platform border, as
displayed in Figure 3B.

(2) Next, the similar materials of each rock layer and artificial regions
of the roadway were prepared based on similar material
proportions obtained by a preliminary test. Accordingly, to
avoid many voids in the model, similar materials were
compacted gently layer by layer, as shown in Figure 3C.

(3) Then, when it came to modeling the roadway, different
construction methods were adopted for two different types
of roadways. For the unmodified roadway, a polyvinyl
chloride (PVC) tube with an outer diameter of
approximately 40 mm was inserted into the corresponding
layer. After the whole model was finished, the PVC tube was
slowly pulled out to simulate the unmodified roadway. For
the modified roadway, a concentric configuration was used to
model the cracked zone and reinforced zone. As shown in
Figure 3D, from the inside to the outside, the concentric
configuration was done by successively inserting a PVC tube
with a diameter of 40 mm and two cylinders coated with an
aluminum sheet with a diameter of 60 mm and 80 mm. The
similar materials of the cracked zone and the reinforced zone
were filled in corresponding regions of the concentric
configuration to preform the modified roadway. After the
whole model was finished, the PVC tubes and aluminum
sheet were pulled out eventually.

(4) Finally, the iron blocks with the equivalent weight of the
overburden layer were applied on top of the model to
simulate the overlying pressure, as shown in Figure 3E.

3.2 Dynamic loading and monitoring point

The dynamic load applied to the physical model was
simulated by the free fall impact of a steel ball. In the
experiments, to simulate the strong impact effect of the
roadway with heightened burst risk, a steel ball with a weight
of 50 N fell freely from a height of 0.1 m to produce the effect of
the dynamic energy of approximately 5 J. which is equivalent to
the dynamic energy of 7.5 x 10°] in a coal mine. The dynamic
stress was monitored by pressure sensors embedded at the
different positions (top, side, and bottom) around the
roadway. The locations and numbers of the monitoring points
are shown in Figure 4.
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A-Original unmodified roadway

B-Modified roadway

FIGURE 4

Stress monitoring point layout of the physical model with (A) original unmodified roadway, (B) modified roadway.

3.3 Experimental results

The dynamic stress-time curves of the monitoring points in the
unmodified roadway were plotted, as shown in Figure 5. Figure 5A
shows that the dynamic peak stresses of a; 1, a; ,, and a; 3 at the top
of the unmodified roadway are 4.74, 3.96, and 6.57 MPa. In addition,
it can be seen from Figure 5B that the dynamic peak stresses of b;_j,
by 2, and b, 3 at the side of the unmodified roadway are 8.48, 19.86,
and 11.17 MPa. Figure 5C shows that the dynamic peak stresses of
C1.1> €12, and ¢; 3 at the bottom of the unmodified roadway are 4.62,
3.07, and 4.24 MPa, respectively.

The dynamic stress-time curves of the monitoring points in
the modified roadway are shown in Figure 6. Compared with the
data in Figure 5, it is apparent that the dynamic stresses in the
modified roadway are much smaller than that in the unmodified
roadway. As shown in Figure 6, after the dynamic wave passed
through the cracked zone, the dynamic peak stress at the top of
the roadway decreased from 6.52 MPa to 0.17 MPa with a stress
reduction of 97.4%. The dynamic peak stresses at the side of the
roadway decreased from 21.66 MPa to 0.047 MPa, and the
dynamic peak stresses at the bottom of the roadway decreased
from 6.78 MPa to 0.063 MPa resulting in a stress reduction of
98-99%. However, as the dynamic wave passed through the
reinforced zone, there was a slight rise in the value of the
dynamic peak stress. The dynamic peak stress at the top, side,
and bottom of the modified roadway increased from 0.17 MPa to
0.86 MPa, 0.047 MPa-1.15MPa, and 0.063 MPa-0.83 MPa,
respectively. From the above data obtained by physical model
experiments, this study identified a clear benefit of the cracked
zone in reducing the dynamic stress of the roadway.

In contrast to the monitoring points in the unmodified
roadway, dynamic peak stresses of the monitoring points
between the cracked zone and the intact zone had different
changing values at different positions of the roadway. There
had been a slight decrease (approximately 0.76%) in the
dynamic peak stress at the top of the roadway; however, there
had been a sharp increase in the dynamic peak stress at the side
and bottom of the roadway with increases of 93.91% and 59.91%,
respectively These results indicated that a reflection effect of the
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dynamic wave was inclined to occur at the side and bottom of the
modified roadway, comparatively. Taken together, after the
dynamic wave passed through the cracked zone, the dynamic
peak stress of all positions of the modified roadway decreased by
more than 95%. At the side of the modified roadway in particular,
the decrease of the dynamic peak stress reached 99.76%. Then,
when the dynamic waves traveled through the cracked zone to the
reinforced zone, the dynamic peak stress showed a smaller
increase at each position of the modified roadway. In general,
the dynamic peak stress of the modified roadway shows a
considerable decrease of more than 80% compared with the
unmodified roadway.

4 Numerical modeling of modified
roadway with different influence
factors

4.1 Numerical model establishment and
correction

The LS-DYNA is a finite element software for non-linear
dynamic analysis that is intrinsically capable of studying
problems such as high-speed collision, impact, and explosion.
Therefore, the numerical model of the 1010203 panel was used to
investigate the influential factors of the modified roadway with the
in-situ modification method, as shown in Figure 7. The dimensions
selected for the model were 200 m long, 180 m wide, and 50 m high,
and boundary conditions with no reflection effect was set up around
the model. According to the measured in-situ stress of the B, coal
seam, a horizontal stress of 6 MPa and a vertical stress of 7.5 MPa
were applied to the model, and the model’s horizontal sides and
bottom were roller constrained. Because the study objects were
centered on the surrounding rock of the roadway, the area of interest
around the roadway was discretized into triangular blocks with an
average edge length of 0.25 m, while the remainder of the model
were divided into triangular blocks and the triangular blocks were
progressively graded with an increasing edge length (1 m, 1.5 m,
2 m) at a distance from the roadway to avoid a sudden large increase
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FIGURE 5

The vertical dynamic stress-time curves of monitoring points

located at (A) roadway top, (B) roadway side, and (C) roadway bottom

in the unmodified roadway.

in grid size, which would have adversely affected the modeling

accuracy.

In the model, the HJC (Holmquist-Johnson-Cook) model was
used to simulate the behavior of the cracked zone. The HJC model is
a constitutive model that can describe material damage and can be
used to calculate large deformation of materials at high strain rates.

The HJC model can be expressed as:
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located at (A) roadway top, (B) roadway side, and (C) roadway bottom
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6*=[A(1-D)+Bp™](1+Clné*) 1)

Where o¢* is the normalized equivalent stress, and
0% =0/f:<Smax (0 is the actual equivalent stress, and f, is
the uniaxial compressive strength); D is the damage variable; p*
is the normalized pressure, and p*=p/f. (p is the actual
pressure); € is the dimensionless strain rate, and € = &/ (¢
is the actual strain rate, and & is the reference strain rate usually
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FIGURE 7
Schematic diagram of the numerical model.

equal to 1.0 s™'); C is the strain rate coefficient; A, B, and N are
the material constants; S,,.x is the normalized maximum
strength.

The damage D of the HJC model is accumulated from the
equivalent plastic strain and plastic volumetric strain, which is
expressed as:

Agy + Ay,
D= ru @
P P
& +u = Dy (P*+ T > EFMIN ©)

Where Ag, and Ay, is the equivalent plastic strain and plastic
volumetric strain. T* = T/ f . (T is the maximum tensile hydrostatic
strength); D; and D, are the damage constants. EFMIN is a material
constant to suppress fractures from weak tensile waves and can be
represented by the minimum equivalent plastic strain to fracture.

Additionally, the Mohr-Coulomb model was used to simulate
the behavior of the remaining rocks. The Mohr-Coulomb model can
describe the response of the brittle materials to normal stress as well
as shear stress. The Mohr-Coulomb model can be expressed as:

T=octan(¢)+C (4)

Where 7 is the shear strength; o is the normal stress; ¢ is the
angle of internal friction, and C is the cohesion.

In order to ensure the accuracy of the mechanical parameters of
the rock layers in the numerical model, a correction model (with
diameterxheight =5 m x 10 m) of coal rock was established to subject
the uniaxial compression test. The mechanics parameters of the
model were defined by the correction model and laboratory tests.
In numerical simulations, the influence factors of the thickness of the
cracked zone, the degree of damage to the cracked zone, and the
thickness of the reinforced zone were selected as research objects to
determine the dynamic mechanical behavior of the modified roadway.
Accordingly, seven numerical models with different conditions were
constructed, and the detailed parameters of each model are shown in
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Table 3. To record the dynamic stress of the modified roadway in the
numerical simulation, the monitoring points were arranged at
different positions around the modified roadway. The detailed
layout and numbering of monitoring points are shown in Figure 8.

4.2 Dynamic load application

Previous studies (Zhu et al., 2016) have shown that the dynamic
load induced by roof collapse can be analyzed by P-wave, and
P-wave (Wang et al., 2017) can be expressed by Equation (5). In light
of previous studies (Guo et al., 2017; Wang et al., 2017; Wang et al.,
2018), the in-situ parameters of dynamic load in numerical models
are listed in Table 4.

1 2nt
7A0[1—C05<7>], th<t<T+1
An=42 T

0, t<ty,t>T+1t

(5)

where A is the impulse amplitude; 7 is the pulse width, and 7 = 1/f
where f corresponds to the tremor frequency; ¢ is action time of
dynamic load, and t; is the pulse start time.

4.3 Simulation results

The dynamic peak stresses of the monitoring points in
numerical models were extracted, as shown in Table 5. From
Table 5, the dynamic response of the modified roadway in
different conditions can be compared. Before the dynamic wave
passes through the cracked zone, the dynamic peak stress of the
monitoring points between the cracked zone and intact zone is much
higher, especially in the positions of the side of the roadway, which
exceeded 200 MPa in each numerical model. However, there was a
significant drop in the dynamic peak stress after the dynamic wave
passed through the cracked zone. As in model-I, the dynamic peak
stresses at the top, side, and bottom of the modified roadway show a
considerable decrease of 52.03 MPa-31.70 MPa,
220.55 MPa-0.63 MPa, and 62.36 MPa to 1.19, respectively. These
results demonstrated again that the cracked zone exerts a significant
influence on the dynamic mechanical behavior of the modified
roadway. Simultaneously, a slight rise in the dynamic peak stress
was observed after the dynamic wave passed through the reinforced
zone. The results obtained by numerical simulations were entirely
consistent with the results of physical experiments.

4.3.1 Dynamic stress analysis
(1) Influence of the cracked zone thickness

The state of dynamic stresses with different thicknesses of the
cracked zone was studied in the numerical simulations. As shown in
Figure 9, the dynamic stress-time curves of different cracked zone
thicknesses (1 m, 3m, 5m) were seen. At the top of the roadway,
corresponding to the cracked zone thickness of 1 m, 3 m, and 5 m, the
dynamic peak stresses of the monitoring points located at the inner wall
were 21.36, 12.05, and 8.18 MPa with a reduction of 58.9%, 80.8%, and
87.9% compared with the dynamic peak stresses of the monitoring points
between the cracked zone and the intact zone. Concurrently, at the side of
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TABLE 3 The detailed parameters of the numerical models.

10.3389/feart.2023.1128697

Numerical Damage Cracked zone Reinforced zone Dynamic impact Distance to the left of the
model no. degree (%) thickness (m) thickness (m) stress (MPa) roadway (m)

il 90 3 1 150 50

1 90 5 1 150 50

v 90 5 15 150 50

\% 90 5 2 150 50

VI 60 5 1 150 50

VII 30 5 1 150 50

Model I Model I1T

E Avs

No. VvV

Model VI Model VII

FIGURE 8

The monitoring points’ layout and numbering in (A) model |, (B)
model Il, (C) model Ill, (D) model IV, (E) model V, (F) model VI and (G)
model VII

the roadway, the dynamic peak stresses of the monitoring points located
at the inner wall were 31.70, 15.90, and 10.96 MPa, respectively, which
showed a decrease of 85.6%, 93.2%, and 94.7% with the cracked zone
thicknesses of 1 m, 3 m, and 5m. Accordingly, at the bottom of the
roadway, the dynamic peak stresses decreased from 62.36 MPa to
21.80 MPa, 62.32 MPa-10.60 MPa, and 63.04 MPa-7.61 MPa with a
decrease of 65.0%, 81.7%, and 87.9%, respectively. These results indicated
that the reduction of dynamic stress increased with the increase in the
cracked zone thickness, but the reduction rate of dynamic stress is likely
to decline when the cracked zone thickness increases above 3 m.

(2) Influence of the reinforced zone thickness
In the conditions of 5m cracked zone thickness and 90%

degree of damage, the state of dynamic stress with different

Frontiers in Earth Science

studied. As
Figure 10, dynamic stress-time curves of different reinforced

reinforced zone thicknesses was shown in
zone thicknesses (1 m, 1.5 m, and 2 m) were seen. Under the
conditions of the reinforced zone thickness of 1 m, 1.5 m, and
2 m, the dynamic peak stresses of monitoring points located at
the inner wall of the roadway top were 8.18 MPa, 10.12 MPa, and
12.31 MPa, with a decrease of 87.9%, 85.2%, and 81.4%,
respectively. For the monitoring points located at the inner
wall of the roadway side, the dynamic peak stresses with
reinforced zone thickness of 1m, 1.5m, and 2m were
10.96 MPa, 11.81 MPa, and 12.51 MPa, which showed a
decrease of 94.7%, 94.7%, and 94.3%. Simultaneously, at the
bottom of the roadway, the reduction rates of dynamic peak
stresses showed a decrease of 65.0%, 81.7%, and 87.9%,
corresponding to the reinforced zone thickness of 1 m, 1.5m,
and 2 m, respectively. The results indicated that the influence of
the reinforced zone thickness on the method was not obvious if
the cracked zone has a competent energy absorption capacity.

(3) Influence of the degree of damage to the cracked zone

In conditions of the cracked zone thickness of 5 m and reinforced
zone thickness of 1 m, the state of dynamic stress with different
reinforced zone thicknesses was studied. As shown in Figure 11, the
dynamic stress-time curves with different cracked zone degrees of
damage (30%, 60%, 90%) were seen. When the degrees of damage to
the cracked zone were 90%, 60%, and 30%, the dynamic peak stresses
of monitoring points located at the inner wall of the top of the
roadway were 1231 MPa, 12.94 MPa, and 17.20 MPa, which
decreased by 87.9%, 81.1%, and 74.1%. Accordingly, there was a
decrease of 94.7%, 93.0%, and 92.7% for the monitoring points located
at the inner wall of the roadway side, and there was a decrease of
87.9%, 79.5%, and 75.3% at the bottom of the roadway. This indicated
that the degree of damage to the cracked zone has a significant impact
on the distribution of dynamic stress of the modified roadway. As the
degree of damage to the cracked zone increased, the reduction rates of
dynamic stress increased. There was also a significant difference in
dynamic response at different positions of the modified roadway. The
dynamic responses of the roadway side were extremely sensitive to the
degree of damage to the cracked zone; even with the cracked zone
thickness of 1 m and the degree of damage of 30%, the reductions of
dynamic stress were greater than 92%. In contrast to the roadway side,
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TABLE 4 The parameters of dynamic load.

Frequency f (Hz)

Velocity of the wave V; (m/s)

Distance to the impact source R(m)

10.3389/feart.2023.1128697

Impact
energy E (J)

Peak velocity V (m/s)

TABLE 5 Dynamic peak stress monitored in different numerical models.

Numerical model no. (¥) Monitoring points at the

roadway top

Dynamic peak stress (MPa)

Monitoring points at the
roadway side

Monitoring points at the
roadway bottom

Acsy Acs
1 21.36 4.37 52.03 31.70 0.63 220.55 21.80 1.19 62.36
11 12.05 2.42 62.79 15.90 0.51 232.36 10.60 0.72 62.32
111 8.18 1.66 67.56 10.96 0.45 205.78 7.61 0.60 63.04
v 10.12 2.08 68.34 11.81 0.38 224.42 8.82 0.87 63.90
\' 12.31 2.24 66.30 12.51 0.44 220.6 9.34 1.06 65.25
VI 12.94 241 68.4 16.25 0.82 232.74 13.62 0.84 66.30

VII 17.20 3.11 66.29 17.11 0.98 236.03 15.84 1.22 64.11

the dynamic responses of the roadway top and roadway bottom
exhibited a lower energy absorption capacity in conditions of a
smaller thickness and degree of damage to the cracked zone.

4.3.2 Energy density analysis

The energy dissipation rates of the modified roadway in different
conditions were summarized in Table 6. It can be seen from Table 6 that
the energy dissipation rates of the cracked zone in all models were above
82%, which means the energy dissipation increased enormously in the
modified roadway. In general, the energy dissipation of different regions
in the modified roadway is presented asroadway top> roadway side>
roadway bottom. Additionally, the energy dissipation increased as the
thickness and the degree of damage to the cracked zone increased, but it
was weakly affected by the thickness of the reinforced zone. Taking the
energy dissipation of the area of the roadway top as an analytical object, it
showed that when the cracked zone thickness was 1 m, 3 m, and 5 m, the
corresponding energy dissipation rates were 93.56%, 97.65%, and
99.48%. When the degree of damage to the cracked zone was 30%,
60%, and 90%, the corresponding energy dissipation rates were 89.57%,
92.97%, and 99.48%. When the reinforced zone thickness was 1 m, 1.5 m,
and 2 m, the energy dissipation rates were 99.48%, 99.54%, and 99.51%,
which indicated that the influence of the reinforced zone thickness on the
energy dissipation was not obvious.

5 Discussion

To explain the above research results, a mechanical model was
constructed, as shown in Figure 12. In the mechanical model, the
original surrounding rocks were supposed to be isotropic elastic
materials and followed the Hoek-Brown failure criterion. A

Frontiers in Earth Science

dynamic disturbance source induced by roof caving, a static
stress of Py, and dynamic stress P; was applied to the outer
surface of the intact zone, and a reaction stress og, generated
by the cracked zone was applied to the inner surface. Additionally,
the cracked zone was subjected to o, from the intact zone and Py
from the reinforced zone. It also assumed that the radius of the
roadway is Ry, the thickness and the radius of the reinforced zone
are dy and Ry, and the thickness and radius of the cracked plastic
zone is dp and Rp, respectively.

Based on the elastic and plastic theory, when the surrounding
rock of the roadway is subjected to static load, the normal stress o¢
and tangential stress op at the radius r in the intact zone can be
obtained as:

R 2
O'i = Po - (P(] _GRP)(TP)

, (6)
R
0'; = Po + (Po - aRP)(TP)
Based on Eq. 6, it can be deduced that:
o) + 0y = 2P, (7)

At the interface between the intact zone and the cracked zone
(r = Rp), the element of that interface satisfies the elastic equilibrium
condition and Hoek-Brown vyield failure criterion (Varden et al,
2008), namely:

O'i = Opp (8)

a
¢
oo =0, + ac<mb—' + s) )

<
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FIGURE 9

Dynamic stresses with different cracked zone thicknesses for
monitoring points located at the inner wall of (A) roadway top, (B)
roadway side, and (C) roadway bottom.

where 0, is the radial stress; 0 is the tangential stress; mb, s, and a are
the empirical parameters related to rock lithology around the roadway.

Combined with Egs 7-9, the abutment pressure of the cracked
zone to the intact zone can be calculated as:

2P, -2 ‘
og, = [0——<ﬂ+s> ]ac (10)
o, o,
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FIGURE 10

Dynamic stresses with different reinforced zone thicknesses for
monitoring points located at the inner wall of (A) roadway top, (B)
roadway side, and (C) roadway bottom.

Substituting Eq. 8 into Eq. 4, the radial stress and tangential
stress of the element in the intact zone are obtained as:

R\ R [2P -2 (m ‘
65=P0(1—r—f>+r—f[:;——<a—b+s> ]ac

R\ R[2P,-2 [(m, \°
"5:”0(“73‘75[2*‘(?“ o
c c

(11)
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Dynamic stresses with different degrees of damage to the
cracked zone for monitoring points located at the inner wall of (A)
roadway top, (B) roadway side, and (C) roadway bottom.

For the cracked zone of the modified roadway, the stress relation

of rock element has an expression of:
p P_ P
dar _ (Uﬂ — Gr)

dr r (12)

=0
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Combined with Eq 9 and Eq 12, and the boundary condition of

T’ZRN, UPZ

» =Py, the normal stress and tangential stress of the

element in the cracked zone can be put forward as:

1-a 1
[(mbPN/Uc +s> +(1-a)m, In(r/RN)] /o) _ g

my, /o,

a
o?
m,—"—+8
0,

P —
o, =

13)

c

_ ot
oJ,,’—a,+er<

Then, another expression of the normal stress and tangential
stress of the element in the cracked zone can be obtained by the
conditions of r = Rp, Uf = og, , that is:

{

1

1-a
m, \° /(-0
_mb<ﬂ—c+s> +s] +(1-a)my, ln(r/RP)} -5

my, /o,

2P, -2

my

(3
of =

r

o? ¢
b= +o. m—"+8
0 r o

c

(14)

Therefore, the support resistance of the reinforced zone applied
to the cracked zone under static load was deduced as:
Py=—"

a 1-a
R 2P, -2 1
‘ <{m,,(1—a)ln—N+[m,, g —mb(ﬂ+s> +S] }W
my, Rp o, o,

Additionally, if the dynamic load induced by roof caving is
considered as well, the impact stress of the element on the interface

between the cracked zone and the reinforced zone is:

oxs=P(d—R,) ™ -d, " (16)

where P; is the initial stress of the impact source, d is the distance
from the impact source to center point O of the roadway, 7, is the
energy decay index of the impulse wave passed through the intact
zone, and 77, is the impulse wave energy decay index passed through
the cracked zone.

Under the combined action of static and dynamic loads, the total
stress produced on the interface between the reinforced zone and the
cracked zone can be expressed as:

a 1-a 1
{ [mby—mb(%hS) +s] +(1-a)m, ln(r/RP)} -a) — g

"e/g,

+P(d-R,) ™ -d, ™

OKT

17)

Assuming the ultimate bearing capacity of the modified roadway
support system is P,, to ensure the safety of the roadway, the
following criteria should be achieved:

a 1-a 1
{ [m,,zpn -2 —m,,(ﬂJrs) +s] +(1-a)m, ln(r/R ) } Ji-a) — g o -
P> Oc Oc P +P,(d—R,)™ -d,"

Mg,

(18)

According to Eq. 18, two effective methods are provided to improve
the impact resistance of the modified roadway. One efficient method is
to improve the ultimate bearing capacity P, of the modified roadway.
An alternative method is to reduce the total stress okt applied to the
support system. The value of ok is closely related to the influential
factors Py, d, Py, Rp, 1], and 77, which means the stressed state of the
modified roadway is affected by the dynamic energy and distance of the
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TABLE 6 The energy dissipation value and rate of the modified roadway with different conditions.

Energy dissipation value (J)

Energy dissipation rate (%)

Numerical model no. Roadway = Roadway side  Roadway bottom Roadway top = Roadway side = Roadway bottom
top
I 2.32E+08 1.04E+08 7.28E+07 93.56 92.29 87.23
I 2.60E+08 1.12E+08 6.45E+07 97.65 97.41 94.19
I 2.91E+08 1.16E+08 5.18E+07 99.48 98.25 95.19
v 2.96E+08 1.09E+08 531E+07 99.54 98.05 95.09
% 3.03E+08 L.11E+08 5.45E+07 99.51 98.01 95.31
VI 231E+08 9.73E+07 7.13E+07 92.97 91.59 85.42
VII 2.22E+08 9.58E+07 6.92E+07 89.57 89.64 82.53
B
I-The reinforced zone 1 P,
1I - The cracked zone N\ 5 /
101 - The intact zone m /
"'.”_
~

FIGURE 12

The mechanics model for (A) overall, (B) intact zone, and (C) cracked zone in a modified roadway.

impact source, and the size and energy decay characteristic of the
roadway’s surrounding rock. If the geological conditions and impact
source are determined, namely the parameters of Py, d, Py , and 7, are
specified, the stress value ok mainly depends on Rp and 77,,. These two
parameters are closely related to the thickness and degree of damage to
the cracked zone. Additionally, with the increase in thickness and
degree of damage to the cracked zone, the value of Rp and 77, increases,
thus making the stress oxr to become smaller. In conclusion, in a
modified roadway, the parameters Rp and #, should be given more
attention to reduce coal burst risk.

6 Conclusion

This paper proposed an in-situ modification method by
artificially constructing a cracked zone and a reinforced zone
in a heightened burst risk roadway. Based on physical
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experiments, the dynamic responses of the unmodified and
modified roadway were analyzed. The results showed that the
cracked zone constructed by the in-situ modification method had
a significant effect on reducing the burst risk of roadway in the
coal mine. In the modified roadway, the dynamic peak stress
decreased by more than 95% after the dynamic waves passed
through the cracked zone, and the dynamic stress reduction rate
at the roadway side is the highest. However, a slight rise was
observed in the dynamic peak stress after the dynamic wave
passed through the reinforced zone. Overall, compared with the
unmodified roadway, the total reduction rates of dynamic peak
stress in the modified roadway were more than 80%.

The influence factors of the in-situ modification method were
analyzed by a set of numerical simulations. The results showed
that (1) the reduction of dynamic stress (or dynamic energy)
increased with the increase of cracked zone thickness but showed
a declining trend in the reduction rate when the cracked zone
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thickness is greater than 3 m. (2) The larger the degree of damage
to the cracked zone the better the energy absorption effect of the
modified roadway. Both the stress reduction value of the roadway
top, side, and bottom increased as the degree of damage to the
cracked zone increased. Additionally, there were regional
different
conditions. The dynamic responses of the roadway side were

variation differences of dynamic stress under
extremely sensitive to the degree of damage to the cracked zone;
even with the degree of damage of 30%, the stress reduction is
greater than 90%. However, the dynamic responses of other
positions exhibited a lower energy-absorption capacity in
conditions of smaller thickness and degree of damage to the
cracked zone. (3) In the condition of a cracked zone with a
competent energy-absorption capacity, changing the thickness of
the reinforced zone has a slight influence on the dynamic state of

the modified roadway.
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