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Abstract: Mechanics-seepage synchronous tests on gas-bearing coal under three different stress paths
were designed and implemented to evaluate how load path affected the mechanical strength and
permeability of deep mining-disturbed coal. The cracks-count evolution of coal specimens during
instability was observed through DEM numerical simulation. The results showed significant stress-
strain and strength variations under different paths. At the time of failure, the specimen deformation
and peak strength were Test 1 > Test 2 > Test 3, while the permeability was Test 3 > Test 2 > Test 1,
with specimen permeability in Test 3 rising prominently. From numerical simulation, the cracks count
was Test 2 > Test 3 > Test 1, with tensile cracks taking the largest proportion in Test 2 and shear cracks
taking the largest proportion in Test 3. Our findings shed some light on the research and disaster
prevention regarding coal and gas outburst.

Keywords: triaxial; permeability; strain; DEM; crack

1. Introduction

Coal and gas outburst, as a major cause of gas hazards in coal mines, results from a
very complex dynamic instability process at underground mine sites [1,2]. When such a
hazard occurs, the gas adsorption/desorption and seam stress-strain at the outburst site
undergo tremendous change. The gas also affects the deformed coal body, causing it to
change further [3-5]. Currently, the mechanisms underlying coal and gas outburst remain
unsolved. Wider investigation into the mechanical properties and seepage behavior of
gas-bearing coal under stress-seepage coupling is of great importance.

As field testing is impractical, given the high risk factor of seams prone to coal and
gas outburst, experimental study of coal-gas coupling mechanisms forms the fundamen-
tal means of understanding coal permeability evolution and damage mechanisms [6,7].
Xu et al. [8,9] experimentally characterized coal deformation and permeability under load-
ing/unloading conditions and revealed that coal permeability variation is closely related
to coal deformation and damage. Yin et al. [10] evaluated the effect of loading/unloading
conditions on the mechanical properties of gas-bearing coal and established a whole process
seepage speed—axial pressure equation. Wang et al. [11] studied the dynamic behaviors
in coal seams under different mining layouts. Zhao et al. and Wang et al. [12,13] an-
alyzed the relationship between coal permeability, stress difference and strain during
loading /unloading through whole-process stress-strain permeability tests. Li et al. [14]
observed the deformation and permeability behaviors of outburst coal samples under
cyclic loads and found that permeability variation is closely related to coal damage and
deformation. Cao et al. [15] analyzed how confining pressure and axial pressure affect
coal gas seepage under constant gas pressure. Xue et al. [16] performed uniaxial tension
and compression, conventional triaxial and dynamics tests, and obtained the mechanical
characteristic parameters and deformation failure behaviors of coal samples under different
load paths and load rates.
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The discrete element method (DEM) is an important numerical method of solving
coal mechanical problems due to its ability to assess coal mechanics and crack mechanisms
from a mesoscopic perspective [17-19]. Indraratna et al. [20] made cyclic biaxial simulation
tests at different frequencies with DEM software. They also analyzed the evolution of
meso-mechanical parameters such as contact force and bond force formed during cyclic
loading and explained the mechanism of particle fracture. Wang et al. [21] simulated crack
propagation with a PFC-based particle flow model and observed how coal stress affects
crack propagation. Jiang et al. [22] simulated a series of biaxial compression tests with
DEM and observed the mechanical behavior of deep-sea methane-hydrate-bearing soils.
Ismail et al. [23] built a DEM model for visualizing damage evolution and predicting failure
envelopes of composite laminae under biaxial loads. Yang et al. [24] numerically simulated
the failure behavior around a circular opening under biaxial compression. Sagong et al. [25]
made experimental and numerical analyses of the sliding of fissures and joints in fissure-
bearing rock under biaxial compression. Raisianzadeh et al. [26] used DEM to simulate
the interaction between particles under biaxial load, and studied the crack propagation
path and failure strength of rock containing prefabricated cracks Xu et al. [27] studied
the influence of the angle between two cracks on the strength and crack propagation of
the specimen.

From the literature review above, both physical experiments and numerical simula-
tions help to understand the mechanisms behind coal and gas outburst. However, few
attempts have been made to combine physical experiments with numerical simulation.
In this paper, the deformation failure and gas-seepage behavior of briquette specimens
under different stress paths are tested. The test results are then verified through particle
flow code (PFC) numerical simulation. Specimen-crack evolution under different paths is
also characterized. Our method offers a new approach to understanding the mechanisms
behind coal and gas outburst.

2. Experimental Section
2.1. Specimen Procurement and Preparation

The structural complexity of raw coal can give rise to substantial discreteness of test
results. Previous studies have demonstrated that briquette, in one way or another, possesses
the physical-mechanical and adsorption properties of raw coal. It is also easy to transport
and handle. For this reason, briquette is often used in laboratory studies as a substitute for
raw coal [28].

The coal sample came from Jixi Mining Group’s Xinfa coal mine, which is a high-gas
mine. The sample has an ash content of 61.28%, a volatile content of 22.9%, and a solidity
factor of 0.5866. After the sample was recovered from the mine face, it was sealed and
delivered to the laboratory where it was crushed. When preparing specimens, 30 g river
sand, 30 g cement, 210 g crushed coal, and 30 g water were mixed together and kept under
200 kN moulding pressure for 12 h before the specimens were demoulded and placed in a
curing box for further use. Figure 1 shows the ready-made briquette specimens.

2.2. Experimental Apparatus

A triaxial servo-controlled seepage apparatus for thermofluid—solid coupling of gas-
bearing coal shown in Figure 2 was used for the test, featuring $50 mm x 100 mm standard
specimens [9].
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Figure 1. Briquette specimens.

Figure 2. The triaxial servo-controlled seepage equipment for thermofluid-solid coupling of coal
containing methane.

2.3. Experimental Methods

The real load state of mining-disturbed coal at deep levels was simplified into three
load paths: axial pressure loading in Test 1, confining pressure unloading in Test 2, and
composite loading/unloading in Test 3, as shown in Figure 3, where o represents axial
pressure and o3 represents confining pressure, and the flow chart for the experiment is
shown in Figure 4. The exact test plan is described below:
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Figure 3. Schematic diagram of experimental loading path. (a) Test 1, (b) Test 2, (c) Test 3.
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Figure 4. Flow chart for the experiment.

Test 1: Load o and o3 to 6 MPa, then feed 1 MPa gas. After adsorption for 24 h, load
o1 at the rate of 5 kN /s until the specimen fails. Conduct gas seepage test at the same time.

Test 2: Load ¢ and o3 to 6 MPa, then feed 1 MPa gas. After adsorption for 24 h, load
o1 to oy (which is 60% of the peak axial stress in Test 1) at the rate of 5 kN/s, keep o
unchanged and unload c3 at the rate of 0.01 mm /min until the specimen fails. Conduct
gas seepage test at the same time.

Test 3: Load oy in the same steps as Test 2, then keep the loading rate of o1 unchanged
and unload o3 at the rate of 0.01 mm/min until the specimen fails. Conduct gas seepage
test at the same time.

3. Results and Analysis
3.1. Strain and Strength Characteristics

Figure 5 compares the stress-strain relationship of specimens under the true-triaxial
path, where € and &3 are the axial strain and radial strain of the specimen, and Ac is the
principal stress difference, i.e., c1—03. From these diagrams, the stress-strain curves of
gas-bearing coal are much the same under the three paths. They all involve five stages:
compaction, linear elasticity, plastic deformation, stress decline, and residual stress. Stress
path is shown to have a strong impact on the deformation and strength of gas-bearing coal.
In Test 1, the specimen strength is the highest, with stress difference of 33.750 MPa. In
Test 2, the specimen strength is the second highest, with stress difference of 23.480 MPa.
In Test 3, the specimen strength is the lowest, with stress difference of 16.711 MPa. The
specimen-bearing capacity is greatly reduced.

At peak strength, €1 and 3 are 2.607 and —1.771 in Test 1; 1.301 and —1.354 in Test 2;
and 0.793 and —2.186 in Test 3. In Test 1, the axial strain is the largest. In Test 3, the axial
strain is the smallest, but the radial strain is the largest. At peak strength, the axial-to-
radial strain ratios of the specimens are 1.472, 0.961, and 0.363. The gradual reduction
in the axial-to-radial strain ratio indicates that, during instability, the axial deformation
intensifies and the specimen is more prone to axial failure, especially in Test 3, where
the specimen has a strong shear dilatancy. Also, by observing the stress-strain curves,
it can be seen that the post-peak curve slope gradually increases. In Test 2 and Test 3,
with the unloading of confining pressure, the strain increment gradually increases. When
this increase has accumulated to a limit, the bearing capacity declines and the specimen
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immediately becomes unstable. This is particularly obvious in Test 3, where the specimen
gradually changes from ductile failure to brittle failure.

35

Figure 5. Stress—strain curves of specimens under different test paths.

3.2. Permeability Evolution Characteristics

Gas seepage in the specimens obeys Darcy’s law. Permeability is calculated by the
following formula [29]:

- e
1712
where K is permeability (m?); Q is the gas flow (m3/s); u is the absolute viscosity of the
methane; L is the specimen length (m); A is the effective area of permeability (m?); Py prime
is standard atmosphere; P is the inlet pressure (MPa); and P is outlet pressure (MPa).
Figure 6 compares the principal stress difference and permeability variations of gas-
bearing coal as a function of axial strain under different test paths. From the e;—Ac and &;-K
curves, as the test goes on, permeability first reduces then increases; the valley deflection of
permeability falls before the peak deflection of the ej—Ac curve in all cases. This is because,
during elastic deformation at the beginning of the test, with the loading of external stress,
the primary pores and fissures inside the specimen are compressed, which narrows the gas
seepage pathway and brings down the permeability. With the loading of ¢, the specimen
enters plastic deformation. Cracks begin to develop inside and damage is expanded, adding
more seepage pathways and stepping up permeability. After that, with the further increase
of 0, cracks inside become interconnected, leading to instability failure. The gas seepage
pathway is opened and the permeability soars.

35
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Figure 6. Variation curves of principal stress difference and permeability with axial strain during test.
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Relative permeability (w) variations were observed against initial permeability to
examine how stress path affects permeability evolution. From the diagram in Figure 7,
under Test 1, the specimen permeability variation is modest, with minimum w of 0.222,
which increases marginally to 0.913 at the end of the test. Under Test 2, w is 0.353 minimum
and 0.358 maximum. Under Test 3, w is 0.370 minimum and 1.405 maximum. Compared
with the other paths, the specimen permeability variation is the largest at the end of the
test under composite loading /unloading path, proving that the specimen is more badly
damaged under this path.

1.5 —=— Testl-w
—A— Test2 w
—o— Test3-w
1.2
- O'E)
0.6
03
0.0

00 05 10 15 20 25 30 35 40
/M

Figure 7. Relative permeability change.

4. Numerical Simulation of Crack Characteristics

In order to examine how cracks in gas-bearing coal evolve under triaxial stress paths,
numerical simulations were performed with PFC software to see how crack-count changes
in the specimens during loading.

4.1. Model Construction

The model was sized with the same dimensions as the laboratory specimens,
ie., $50 mm x 100 mm. In the computational model, the minimum particle radius was
0.25 mm, with a particle size ratio of 1.66. A total of 3665 particle samples were generated.

Figure 8 shows the initial and boundary conditions used for simulation. First, the
model was loaded with biaxial compression of axial and confining pressure to 6 MPa by
the servo mechanism. Then a high-pressure zone with pressure P was set at the top of the
model. The fluid field pressure at the bottom of the model was fixed to 0.1 MPa to indicate
connecting to atmospheric pressure.

PIG‘
Hl [y

O3

B

Figure 8. Model, initial conditions and boundary conditions.
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4.2. Determination of Coal Meso-Mechanical Parameters

First, coal compression and tension simulations were made with PFC software to
correlate the meso- and macro-mechanical parameters of coal.

Data regression yielded a correlation coefficient of 0.992 (R? = 0.992) between elastic
modulus and meso-mechanical parameter, 0.998 (R?> = 0.998) between Poisson’s ratio
and meso-mechanical parameter, 0.997 (R? = 0.997) between compressive strength and
meso-mechanical parameter, and 0.995 (R% = 0.995) between tensile strength and meso-
mechanical parameter. The empirical equations between these coefficients are shown in
Equations (2)—(5).

E =a1+b ln(—") 2)

where E is the elastic modulus, GPa; E, is the Young’s modulus, GPa; k;, /k; is the stiffness
ratio; a; = 1.652, and by = —0.395.

k
p=ay+byIn(") ®3)
ks
where y is the Poisson’s ratio; a, = 0.111; b, = 0.209.
oo _f (@) +hI,0<I< @
[ 1 , 1< %

where o, is the compressive strength, MPa; 7 is the parallel connection normal strength,
MPa; T is the parallel connection tangential strength, MPa; a3 = —0.965; b3 = 2.292; and
cp =1.327.

A
—_

©)

Q]

72 —
_ ) a(3) bt 0<
Co , 1<

RUISTET

where 0} is the tensile strength, MPa; a4 = —0.174; by = 0.463; c; = 0.289. Based on
Equations (2)—(5) and the data in Table 1, the coal mesoscopic parameters required for
simulation can be retrieved as shown in Table 2.

Table 1. Macro-mechanical characteristics of the moulded coal specimen.

Bulk Density Elastic Modulus Internal Friction Tensile Strength Cohesion (MPa) Poisson
(kN/m?3) (104 MPa) Angle (°) (MPa) Ratio
13.57 6.89 42.6 1.34 2.43 0.28

Table 2. Mesoscopic mechanical parameters of the DEM numerical model.

Parameters Value
Contact stiffness ratio 2.14
Contact modulus (GPa) 5.1
Friction factor 0.4
Parallel bond modulus (GPa) 5.1
Normal strength of parallel bonding 4.6
Parallel bond tangential strength (MPa) 4.6
Parallel bond stiffness ratio 2.14

It has been demonstrated that among all fluid parameters, residual pore size a3 and
fluid viscosity y make the greatest difference to permeation pressure-stress coupling during
permeation. After repeated simulation, fluid computational parameters were worked out,
as presented in Table 3.
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Table 3. Computational parameters of fluid.

Fluid Viscosity Fluid Volume Residual Pore Size ag Initial Normal Stress Time Step Af (s)
w/(Pas) Modulus K (GPa) (m) Fo (kN) P
0.015 0.0096 1x1073 5 x 10° 0.1

Figure 9 compares the numerical simulation results with the test results of gas-bearing
coal under the stress path of triaxial loading. From this diagram, at the end of the loading
path of axial pressure, an oblique shear crack appears in the specimen. The stress-strain
curve and failure form from numerical simulation almost entirely agrees with the laboratory
test results. This suggests that our numerical simulation model and meso-mechanical
parameters are appropriate enough for subsequent meso-mechanical simulation.

35

Expermental result
= = = Simulated result

0
-4 -3 -2 -1 0 1 2 3 4
&/%

Figure 9. Comparison of physical test and numerical simulation results.

4.3. Crack Number Characteristic Analysis

To observe crack development inside the specimen under different paths, a cracks
count-axial strain plot shown in Figure 10 was drawn. The cracks count inside the specimen
changes in much the same way. As axial stress increases, cracks count first increases slowly
and then increases quickly, especially near the site of peak stress. Finally, the rate of increase
slows down and gradually stabilizes. The evolution of tension and shear-induced cracks
count is not much different: it first increases and then stabilizes. However, as tensile
strength is greater than shear strength in coal particles, there are many more tensile cracks
than shear cracks.

Figure 11 compares the cracks counts at the end of simulation under different paths.
In Test 1, the total model cracks count is 4.36 x 103, including 3.72 x 103 tensile cracks,
accounting for 85.29% of total cracks; and 0.64 x 10 shear cracks, accounting for 14.71% of
total cracks. In Test 2, the model cracks count is 7.29 x 103, including 6.05 x 103 cracks,
accounting for 82.91% of total cracks; and 1.25 x 103 shear cracks, accounting for 17.09% of
total cracks. In Test 3, the model cracks count is 5.65 x 103, including 4.46 x 10° tensile
cracks, accounting for 78.93% of total cracks; and 1.19 x 103 shear cracks, accounting for
21.07% of total cracks. By cracks count, Test 2 > Test 3 > Test 1; by cracks proportion, from
Test 1 to Test 3, the proportion of shear cracks gradually increases, suggesting that both
tensile cracks and shear cracks are present at the time of failure. For this reason, the model
displays a composite tensile—shear failure, although the specimens are more prone to shear
failure under loading and composite loading/unloading paths.
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Figure 10. Relationship between the number of cracks and axial strain. (a) Test 1, (b) Test 2, (c) Test 3.
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Figure 11. Characteristics of the number of cracks under different paths.



Processes 2022, 10, 2255 10 of 11

5. Conclusions

In Test 1, the specimen strength is the highest, with Ac = 33.750 MPa. In Test 2, the
specimen strength is the second highest, with Ac = 33.750 MPa. In Test 3, the specimen
strength is the lowest, with Ac = 23.480 MPa. The specimen-bearing capacity is much lower
under loading and composite loading /unloading paths.

Under the three paths, as the test goes on, permeability first reduces then increases;
the valley deflection of permeability falls before the peak deflections of the ¢1—Ac curve
in all cases. Compared with the other paths, the specimen-permeability variation is the
largest at the end of Test 3, proving that the specimens are more badly damaged in Test 3.

The total cracks count is the largest in Test 2. From cracks proportion, from Test 1 to
Test 3, the proportion of shear cracks in the model gradually increases, suggesting that both
tensile and shear cracks are present at the time of macroscopic failure. For this reason, the
model displays a composite tensile-shear failure, although the specimens are more prone
to shear failure under loading and composite loading /unloading paths.
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