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The key to the construction of underground reservoirs in abandoned mines is the construction of coal pillar-artificial dams, and
the choice of bonding parameters between the coal pillars and artificial dams is the deciding factor that determines the engineering
stability. Based on the analysis of the force state of coal pillar-artificial dams, the influence of the interface angle was analyzed.
Seven sets of coal pillar-artificial dam specimens were prepared and a PFC*™ numerical model was constructed to carry out the
uniaxial compression test without lateral pressure. Based on the strength, deformation, and energy evolution characteristics of the
coal pillar-artificial dam, the influence of the angle of the coal pillar-artificial dam interface on the performance of the specimen
was analyzed. The research results showed that the force state of the coal pillar-artificial dam can be divided into three types. The
composite simulation curve showed obvious postpeak viscosity. The compressive strength, peak strain, and average dissipated
energy curves of the coal pillar-artificial dam showed a unimodal trend that first increased and then decreased. The total energy
and elastic energy of the coal pillar-artificial dam showed an increasing trend during loading. The simulated initiation stress and
damage stress of the coal pillar-artificial dam specimens were intermediate to that of the coal pillars and the artificial dams, which

first increased and then decreased with the increase in inclination, reaching the peak at 70°.

1. Introduction

The Fourteenth Five-Year Plan focuses clearly on increasing
the concentration of coal production in resource-rich areas.
As outdated coal production units are phased out, the
number of closed/abandoned coal mines will continue to rise
[1-3]. In this context, it is pertinent to develop overall
strategies, basic theoretical research, and key technological
breakthroughs for the development and utilization of re-
sources and energy from closed/abandoned mines [4, 5]. In
addition, the reuse of the resources contained in abandoned
mines and underground spaces plays a vital role in the
optimization and sustainable development of the industrial
structure of coal enterprises [6]. The construction of un-
derground reservoirs in coal mines provides a realistic basis
for innovative ideas such as using abandoned mines to build

pumped-storage power stations [7]. The construction of
abandoned mines pumped-storage power stations can im-
prove the integration of China’s power source network and
load storage, facilitating the establishment of a clean energy
base with multiple complementary energy sources. [8]. The
construction of safe and controllable underground reser-
voirs has important experimental and practical value for the
protection of groundwater resources and the development
and utilization of subterranean space in closed/abandoned
mines [9]. To this end, many researchers have studied the
safety and stability of the reuse of subterranean spaces in
abandoned mines [10-13] and established a stability eval-
uation system for water storage systems in underground
mines. Case evaluations for the structural stability of un-
derground reservoirs in coal mines were also carried out
[14, 15].
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At the same time, the researchers also carried out a series
of experimental studies on various parameters of the un-
derground reservoir dam. Artificial dams were constructed
to study the dynamic failure characteristics under different
intensity conditions, and studies on the comprehensive
strength measurement of ultrasonic rebound, cyclic loading,
and uniaxial compression acoustic emission test were car-
ried out [16, 17]. The seismic performance and dynamic
response [14, 18] were tested, based on which a fuzzy
multilevel comprehensive evaluation model for the safety of
artificial dams was proposed [20]. The FLAC®® numerical
simulation software was used to establish an artificial dam
model, on which graded water pressure was applied to study
the water-rock migration interaction [21-23]. The limiting
water head value that the artificial dam can bear, and the
vulnerable position were determined, [24, 25] and the fluid-
solid coupling numerical model of the underground res-
ervoir under the coupled action of mining and flooding was
constructed [16]. Through underground sampling, the rock
fragmentation characteristics [27] and size effect test were
carried out to analyze the deformation behavior of under-
water coal and rock [28, 29]. Some researchers have also
carried out the mechanical characteristics testing of coal-
rock composite as per the existing state of coal-rock in the
mine, [27] analyzing the deformation behaviors and indi-
vidual characteristics of the coal-rock composite [31], [32] to
understand the characteristics of damage and failure of the
composite as well as progressive instability [33], [34]. Based
on existing data regarding underground reservoirs, the dam
thickness was optimized, [35] and the stability of the coal
pillar-artificial dam connection was simulated [36-38].
These studies focus mainly on the analysis of the coal-rock-
artificial dam structure, and the composite structure is
considered only with respect to the plane bonding. However,
the construction of the abandoned coal pillar-artificial dam
is not a simple plane bonding process. Research on the
instability characteristics of the bonded structure in the
composite state is of great significance to the utilization of
underground space in abandoned mines.

Considering the bonding angle as the research object,
seven sets of coal pillar-artificial dam type coal-rock spec-
imens were prepared and a PFC®” numerical model was
constructed. A uniaxial compression test was carried out
without lateral pressure. Based on the strength, deformation,
and energy evolution characteristics of coal pillar-artificial
dams, the influence of the angle of the coal pillar-artificial
dam on the performance of the specimen was analyzed. The
PFC®® model was used to explore the crack evolution,
particle displacement, and spatial distribution behaviors,
based on which the bonding structure of the water storage
dam in the underground space of the abandoned mine was
optimized.

2. Deformation Mechanics Analysis of Coal
Pillar-Artificial Dam

2.1. Stress State of Coal Pillar-Artificial Dam. Different from
complete coal seams or rock formations, coal pillar-artificial
dams are composed of two different media, which differ
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significantly from the single structure when they are loaded.
When bonding them to each other, it is necessary to consider
not only the strength of the artificial dam, but also the
coordinated bearing capacity of the remaining coal pillars.
The interaction between the two media restricts each other
and carries the load together. The tightness of the bond
between the two media determines the stress state under
loading (Figure 1).

(1) When the coal pillars and artificial dam are loosely
bonded (Figure 1(a)), they are subjected to their
respective loads, and stress concentration is easily
formed at the interface. The stress states of the single
structure on both sides are unidirectional, and they
will break when each side reaches the critical value.
At the same time, the damage on one side aggravates
the damage on the other side.

(2) When the coal pillar-artificial dam bond is tight
(Figure 1(b)), the amount of deformation of the coal
pillar is larger due to its relatively weak physical
properties as it is influenced by the structural change
of the other side caused by stress. As a result, the
unilateral bearing capacity of the composite is in-
creased, with the coal pillar being subjected to bi-
directional stress and the artificial dam being
subjected to unidirectional stress.

(3) When the coal pillar-artificial dam is extremely
tightly bonded (Figure 1(c)), the two will carry the
load in a coordinated manner. The coal pillars share
the deformation while transferring part of the stress
to the side of the artificial dam, resulting in a uni-
directional stress of the overall structure with a stable
internal structure.

2.2. Mechanical Model of Coal Pillar-Artificial Dam. The coal
pillar-artificial dam is composed of a coal pillar side and
an artificial dam side, both of which are elastoplastic
bodies that can be represented by Saint-Venant bodies
(Figure 2).

At the same time, the elastomer part can be refined based
on different lithologies. That is, the dual strain Hooke’s law is
applied with the coal pillar approximated as the soft part and
the artificial dam as the hard part, which satisfies the Hooke’s
law, respectively. In addition, the mechanical components
on the coal pillar side and the artificial dam side are con-
nected in parallel according to the bonding method of the
coal pillar-artificial dam.

(1)

The change of the overall strain of the composite con-
siders the deformation of the single bodies on both sides, and
there is also the influence of interface bonding. Therefore,
the combined body will be deformed under the action of the
external force; however, due to the difference of o of the two
sides and the different degrees of bonding, different me-
chanical models may be suitable for use:
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FIGURE 1: Stress state of coal pillar-artificial dam. (a) Split bearing, (b) shared bearing, and (c) coordinated bearing.
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FIGURE 2: Schematic diagram of the constitutive relationship of Saint-Venant body. (a) Saint-Venant body mechanical model, (b) schematic

diagram of elastoplastic model.

2.2.1. Split Loading Constitutive Model of Coal Pillar-Arti-
ficial Dam.
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where 0, and 0, are the stresses applied to the coal pillar
side and the artificial dam side, respectively. The terms k;
and k, are the elastic coefficients of coal pillars and ar-
tificial dams, o and o are the frictional resistance be-
tween the coal pillar side and the friction plate of the
artificial dam, and m is the frictional resistance correction
factor, with og + a5 /m>ag.

When the combined body is loosely bonded, the strain is
dominated by the deformation of the coal pillar side. When
o, is smaller than the friction resistance o5 of the friction
plate on the side of the coal pillar, the combined body will be
elastically deformed. At the same time, as k, <k, then
0, < 0,. The artificial dam side inside the combined body
bears most of the stress and maintains a complete structure.
When g, > 5 , the deformation of the coal pillar side cannot
be controlled, and the stress on the other side increases
instantaneously with the failure of one side, leading to an
overall stable structure.

2.2.2. Shared Loading Constitutive Model of Coal Pillar-

Artificial Dam.
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(3)
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When the combined body is tightly bonded, the stress in
the coal pillar-artificial dam is dominated by the artificial
dam side. At this time, the friction resistance of the friction
plate o, shall prevail. Under the action of the external force,
the combined body deforms elastically. At the same time,
0,/0 gradually increases with the increase in the external
load, and the overall deformation is in a controllable range.
When o0, >0 , damage and deformation occur on the ar-
tificial dam side, and the overall structure becomes unstable.

2.2.3. Coordinated Loading Constitutive Model of Coal Pillar-
Artificial Dam.
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When the combined body is extremely tightly bonded,
the external load is carried together by the two parts. In such
a situation, the friction resistance of the integrated body
friction plate g + o5 /m shall prevail, where the value of m
depends on the bonding structure parameters of the two
sides. Here, the overall frictional resistance of the combined
body increases, which improves the overall load-bearing and
deformation capacity until 0> 05 + o5 /m, where the overall
structure of coal pillar-artificial dam is unstable and
damaged.

3. Experiment and Numerical Modeling

3.1. Experiment Setup. The combined body specimen of this
test is composed of two parts: coal pillar and artificial dam.
Because the lithology of natural coal is relatively brittle and
not suitable for processing, the coal pillar was made of coal
powder and cement in a mass ratio of cement: coal powder:
water =1:2.5:1. The artificial dam was made by mixing river
sand and cement, the mass ratio of which was cement: river
sand: water=1:1.5:0.5 where the sieving size of coal
powder was 2.0 mm x 2.0 mm and the sieving size of river
sand was 2.5 mm x 2.5 mm, as shown in Figure 3 (the ma-
terial ratio was selected according to the existing literature).

Since the connection between the coal pillar and the
artificial dam was a trapezoidal connection, it involved three
factors: angle, width, and depth. This test focused on the
impact of mechanical properties caused by angle changes
(Table 1 and Figure 4). The width was fixed to 30 mm and the
depth was fixed to 7.5mm, resulting in a total of seven
groups (including five coal pillars-artificial dam specimens,
one coal pillar specimen, and one artificial dam single
specimen) [30]. Each group had three test pieces, named
according to the number angle (such as A-80°). The test
pieces were cylinders with a size of ®50 mm x L100 mm, all
of which were taken from a large cubical test block.

The large cube test block was shaped by the model steel
plate in the mold. The coal pillar part was poured first, and
the steel plate was taken out after the vibration was com-
pleted, after which the artificial dam part was poured. After
vibrating, the test block was left to stand for 48 h prior to
demolding. After the large cube test block has been cured to
28 days under natural conditions, the core was extracted in a
direction to the interface (Figure 5). The unevenness of both
ends was polished with fine sand to ensure that the un-
evenness did not exceed 0.05mm, and the non-
perpendicularity of each adjacent surface did not exceed
+0.5".

A rock mechanics testing machine was used to perform
the uniaxial compression test without lateral pressure on the
test pieces (Figure 6):

(1) The test piece was placed on the lower platen of the
test machine. The center of the test piece was aligned
with the center of the lower platen of the test ma-
chine, and a digital dial gauge was installed to
connect to the computer system for debugging.

(2) The upper platen of the machine was lowered until it
barely touched the test piece. At the same time, the
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axis of the test piece was kept coincident with the
loading center line of the testing machine to avoid an
eccentric force, which will affect the test results.

(3) A high-definition camera was set up. The loading
rate and displacement acquisition frequency were set
to be 0.1 kN/s and 100 ms, respectively. The sample
was subjected to axial stress until the test piece was
finally destroyed.

(4) The data collected in the experiment were recorded
and saved for analysis and processing.

3.2. Model Establishment and Parameter Calibration. The
PFC particle discrete element starts from the mesoscale,
and does not need to assume a macroscopic constitutive
model of the material, but analyzes the propagation and
failure process of rock microcracks from the microscopic
level, and establishes the macroscopic and microscopic
correspondence of the rock. From the microlevel, the rock
is formed by the bonding of tiny mineral particles inside,
and the arrangement of its components affects the devel-
opment characteristics of the microcrack system inside the
rock. The bonding medium between the particles has
different contact relations, controlled by a certain fracture
criterion, and its deformation and strength parameters
have different degrees of dispersion. These many micro-
scopic factors all affect the macroscopic mechanical
properties of the rock to a certain extent. Express. Com-
pared with the traditional finite element, the discrete ele-
ment has the following advantages: the microparticle
model can reflect the process of microcracks in the rock
propagating into macro-cracks, reflecting the mutual in-
fluence of the cracks in the process of propagation, and the
redistribution of the contact force between particles. A
microscopic particle model that accurately reflects the
characteristics of the rock is constructed, which can rea-
sonably simulate the dynamic fracture process of the rock
microstructure. In order to study the crack evolution
characteristics of the coal pillar-artificial dam from a
mesoscopic perspective, based on the particle flow theory,
the PFC’? software was used to numerically simulate the
uniaxial compression of the specimen.

The particle discrete element method is developed based
on the discrete element theory of Cundall et al. It uses an
explicit difference algorithm to alternately use the force-
displacement law and Newton’s law of motion in the cal-
culation cycle, and update the contact force between con-
tacting particles through the force-displacement law. The
position of the particles is updated through the law of
motion to form a new contact of the particles, thereby
simulating the movement and interaction process of the
particles. There are many types of bonding models built in
the PFC. Here, a parallel bonding model is selected (Line-
arpbond), which is more suitable for simulating hard rock
materials. The Linearpbond model can transmit force and
moment. When the applied stress exceeds the bond strength,
the bond of the parallel bond model will be broken. It is
determined that the size of the simulated test piece is a
cylinder of ®50 mm x L100 mm, and the upper and lower



Advances in Materials Science and Engineering

Sieve 2.0 mmx2.0 mm

Coal

pillar

Sieve 2.5 mmx2.5 mm

Core drilling J;j

C32.5R Cement *

FIGURE 3: Sample preparation process.

TaBLE 1: Test parameter design.

Factor Angle (") Width (mm) Depth (mm)
50 30 7.5
60 30 7.5
Gradient 70 30 7.5
80 30 7.5
90 30 7.5

.—/
Depth

Width

FIGURE 4: Structure of the coal pillars-artificial dam.

end faces are calculated with rigid walls, and the surrounding
is a free boundary (Figure 7).

The microparameter calibration of numerical calculation
involves tuning to obtain reasonable microparameters by the
trial-and-error method based on the macro-parameters.
That is, before the numerical calculation, micromechanical
parameters are assigned to the model. Then, the calculated
macromechanical parameters of the material are compared
with the measured experimental values. The corresponding
micromechanical parameters are varied to calibrate the
macro-mechanical parameters of the material. When the

numerical calculation results are consistent with the ex-
perimental results, the model is considered reliable. The
material parameter calibration process is shown in Figure 8.

By calibrating the mechanical parameters, the micro-
mechanical parameters of the coal pillar and artificial dam
single bodies were obtained, respectively. The parameters
can then be substituted into the combined body to calibrate
the interface, as shown in Table 2.

The uniaxial compression experiment controlled by
displacement loading was simulated by specifying the rates
of downward and upward motion of the top and bottom
walls of the model, respectively. The friction coefficient
between the wall and the particles was set to 0.1 (to eliminate
the influence of the end face), and the rate of movement was
set to 0.05m/s. At the same time, to obtain a complete
stress—strain curve, loading was stopped when the stress
dropped to 70% after the specimen was broken. During this
process, the changes in the stress, strain, and number of
cracks during the entire loading process were recorded using
a code written in Fish.

4. Uniaxial Compression Characteristics of Coal
Pillar-Artificial Dams

Through experiment and PFC’P simulations, the stress—
strain curves and test data were obtained after uniaxial
compression (Figure 9, Table 3). Representative curves in the
test group were plotted.

It can be seen from Figure 9 that the experimental data
agreed with the simulated data. The small difference between
them was due to the denser and more homogeneous par-
ticles used in the simulation. In addition, during the ex-
periment, the pressure of the testing machine was released
after detecting the damage and so, compared with the nu-
merical simulation curve, it lacks the postpeak variation
curve.
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FIGURE 5: Coal pillars-artificial dam samples. (a) Cube test block, (b) core drilling of test piece (c) coal pillar samples, (d) artificial dam

samples, and (e) coal pillars-artificial samples.

Displacement monitoring|
system

FIGURE 6: Test equipment.

The test curves had the complete five-stage character-
istics of original void compaction—linear elasticity—elasto-
plastic transition—plasticity—failure, while the simulation
curves were monotonous. At the same time, the coal pillar
test curves showed a certain postpeak viscosity, which was
obvious in the simulation curves of the combined body. It
can also be seen that the peak stress and strain of the vis-
cosity curve decreased with the increase in the interface
angle, and the distance between the peak compressive

strength and the peak of the viscosity curve also decreased
gradually with the increase in the inclination. It shows that as
the angle increases, the structure of the combined body
becomes more complete.

4.1. Analysis of Strength Characteristics of Coal Pillar-Artificial
Dam. In order to analyze the coal pillar-artificial dam
strength characteristics in depth, combined with the uniaxial
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Ficure 8: Calibration trial and error method.

TABLE 2: Micromechanical parameters of the numerical model.

Type Name Value

Particle radius 1.0~1.5mm
Friction coefficient 0.4

Coal pillar Effective modulus 0.4 GPa
Normal stiffness 1.7 MPa
Tangential stiffness 3.4 MPa
Particle radius 1.0~1.5mm
Friction coefficient 0.4
Interface Effective modulus 2GPa
Normal stiffness 6 MPa
Tangential stiffness 12 MPa
Particle radius 1.0~1.5mm

Friction coefficient 0.4

Artificial dam Effective modulus 2 GPa
Normal stiffness 10 MPa
Tangential stiffness 20 MPa

compression laboratory test results, the relationship curve
between the compressive strength of the composite speci-
men and the angle of the interface is obtained, as shown in
Figure 10.

It can be seen that the strength of the composite spec-
imen is mostly between the strength of the coal pillar and the
individual strength of the artificial dam. As the angle
changes, the average curve of the coal pillar-artificial dam
test shows a single-peak change trend that first increases and
then decreases. At the same time, the peak point is greater

than the compressive strength of the single specimen of the
artificial dam, which indicates that the strength of the
composite specimen is not only determined by the pro-
portion of the coal pillar and the volume of the artificial dam,
but also related to the connection form and the angle of the
interface; the reduction after the peak point, both the small
rate and the increase rate are slightly larger than before the
peak; the angle change of the interface changes the stress
transmission conditions in the coal pillar and the artificial
dam, thereby affecting the stress state of the two, and finally
shows a clear difference.

Compared with the single body artificial dam, the
compressive strength of the coal pillar-artificial dam was
reduced by 8.16%, 5.17%, —0.70%, 4.09%, and 8.01% during
the process of increasing the bonding angle of coal pillar-
artificial dam from 50° to 90°. Compared with the single body
coal pillar specimen, the increase was 498.48%, 517.90%,
556.19%, 524.95%, and 499.43%, respectively.

The test mean curve was fitted using the single-peak
GussAmp formula:

(x, - 70.81)°

5
27.442 (5

0, =31.36+3.1le

where o is the uniaxial compressive strength of the test piece
and x; is the interface angle of the coal pillar-artificial dam.
The correlation coefficient R” is 1, indicating that the for-
mula can fully characterize the relationship between the
angle and the compressive strength of coal pillar-artificial
dam, and can guide the construction of artificial dams on-
site.

4.2. Analysis of Deformation Characteristics of Coal Pillar-
Artificial Dam. Drawing the relationship between angle and
peak strain (Figure 11), it can be seen that the strain of the
coal pillar-artificial dam specimen is larger than that of the
dam body specimen, and the peak strain of the coal pillar
specimen is the smallest. This is due to the combined coal.
The column not only has the deformation characteristics of a
single unit, but also bears a much higher limit stress than the
single unit. The severe deformation greatly increases the
strain of the combined body; the average curve of the coal
column-artificial dam test shows a single peak that first
increases and then decreases, changes trend, and the increase
rate before the peak is higher than the increase rate after the
peak.

Compared with the single body artificial dam, the peak
strain of coal pillar-artificial dam was increased by 12.04%,
12.96%, 14.81%, 11.11%, and 10.19% during the process of
increasing the bonding angle of the coal pillar-artificial dam
from 50° to 90°. Compared with the single body coal pillar
test piece, the increase was 28.72%, 29.79%, 31.91%, 27.66%,
and 26.60%, respectively. In the coal pillar-artificial dam test
piece, the deformation of the pillars was shared by the coal
pillar; therefore, the total deformation was much higher than
that of the single body artificial dam test piece.

The mean curve from the test is fitted using the single-
peak Laplace formula:
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F1GURE 9: Test and simulated stress—strain curves.

TABLE 3: Test and simulation results.

. Test Simulation
Serial . .
number Mean stress  Mean strain Stress Strain

(MPa) (%) (MPa) (%)
Dam 34.21 1.08 34.33 1.14
Coal 5.25 0.94 5.40 0.97
50° 31.42 1.21 32.85 1.23
60° 32.44 1.22 33.46 1.24
70° 34.45 1.24 33.71 1.24
80° 32.81 1.20 32.85 1.20
90° 31.47 1.19 32.20 1.17
|x, — 66.54|
€ =L19+——¢ 654 (©)
13.08

where €, is the peak strain of the test piece and x, is the
interface angle of the coal pillar-artificial dam. The corre-
lation coefficient R is 0.79. The formula can characterize the
relationship between the angle and the peak strain of coal

pillar-artificial dam and can predict the stability of the site
structure.

4.3. Energy Evolution of Coal Pillar-Artificial Dam. The
specimen interacts energetically with its surroundings in the
form of elastic energy, dissipated energy, surface energy,
radiant energy, kinetic energy, thermal energy, etc. At the
same time, the energy transfer and transformations of the
specimen in the uniaxial loading process are divided into
four parts: energy input, energy accumulation, energy dis-
sipation, and energy release. Energy input refers to the
mechanical energy supplied by the surroundings. In the test
system, it refers to the work done by the test press on the
rock. Energy accumulation refers to the elastic deformation
energy during the load phase. The energy input from the
outside is stored in the test piece in the form of elastic
deformation energy. When the external force is removed, the
elastic deformation is restored, and the elastic deformation
energy is released to the surroundings. Energy dissipation
refers to plastic strain energy and surface energy. Because
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there are many discontinuous structures such as pores,
cracks, and joints inside, under the action of external force,
the energy input from the outside will not only bring about
elastic deformation, but also produce irreversible plastic
deformation, resulting in plastic deformation energy. With
the development and expansion of internal microcracks, it
also leads to the formation of new microcracks. In damage
mechanics, the energy consumed by new cracks in the
process of crack propagation is called surface energy. Energy
is released as the kinetic energy of splashing and breaking,
while acoustic energy, radiant energy, and thermal energy
are generated by the instability and destruction due to
failure. The energy released during failure comes from the
elastic deformation energy accumulated in the early stage.

Energy evolution under uniaxial compression is shown
in Figure 12. The coal pillar-artificial dam stress-strain curve
peak area represents the work done by the testing machine

0 £ €

c

FIGURE 12: Schematic diagram of energy evolution relationship.

on the sample. Energy input U, can be represented by the
OAC area in Figure 12. A straight line parallel to the
stress—strain plot along the peak point, and a straight line
perpendicular to the axis at the peak point are drawn. The
area of the triangle formed is the accumulated elastic energy
U, (ABC area in Figure 12). The area occupied by OAB
shown in Figure 12 is the dissipation energy U,;.

The input energy supplied to the combined body U, is
the sum of elastic energy U, and dissipated energy U,,.

U,=U,+U, (7)
€S

U, = J o.de, ®)
0
o.Ae

U = s s’ 9

e =", 9)

where o, (MPa) is the peak strength of the coal pillar-ar-
tificial dam, Ae is the axial strain difference, €, and €, are the
stress—strain curve edge nodes.

According to equations (7)-(9), the energy evolution
process during each combined loading process can be ob-
tained (Table 4). External energy is continuously input into
the coal pillar-artificial dam test piece during the loading
process. Part of the energy is transformed into dissipated
energy, which is manifested in the plastic deformation of the
combined body and microcrack initiation, expansion, and
other microdamages. The rest of the energy is stored inside
the test piece in the form of elastic energy.

The energy evolution behaviors of coal pillar-artificial
dam test pieces with different angles were similar. The A-70°
test piece was selected to draw the energy and stress rela-
tionship curve.

It can be found from Figure 13 that the total energy and
elastic energy increase in the same manner as the stress—
strain relationship curve. The rate of increase of the two in
the early stage was relatively small, and the curve was rel-
atively flat during the compaction stage of the stress—strain
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TaBLE 4: Uniaxial compression energy value of coal pillar-artificial
dam test piece.

Total Elastic - Percentage of
Grou energy energy Dissipated elastic energy
p Jm ) Jm) energy (J-m™) o)
Dam 18.86 16.26 2.60 86.21
Coal 2.19 2.09 0.10 95.43
50° 17.72 16.76 0.96 94.58
60° 18.93 17.33 1.60 91.55
70° 22.70 20.0 2.62 88.11
80° 16.34 15.14 1.20 92.66
90° 17.44 16.47 0.97 94.44
25 -
f
20 b i
f ]
—~ Y
T 15k r g
= S
S’a r ’ -‘rJ
E 10 + PR
P a4
. ’ " :
5F , - Iad ) & -
0 -2 2 #-F == I ] 1 I L |
0 5 10 15 20 25 30 35

Stress (MPa)

— — Total energy
— — Elastic energy
— — Dissipation energy

FIGURE 13: Relationship between energy and stress (A-70°).

curve, which was followed by a gradual increase in the rate. It
can be observed that the total energy and elastic energy in-
creased in a linear manner that corresponds to the elastic stage
of the stress—strain curve. When the sample reached the peak
stress, the total energy and elastic energy both reached the
maximum, and the proportion of elastic energy gradually
increased, subsequently starting to release. The internal cracks
of the specimen rapidly expanded into macroscopic cracks,
which eventually led to the destruction of the specimen. The
dissipation energy curve increased obviously in the early
stage, then tended to flatten, and finally decayed. It is related
to the three stages before the peak of the stress—strain curve. In
the initial compaction stage, not only the microcracks in the
coal pillar and the artificial dam, but also on the interface
between the coal pillar and the artificial dam were compacted.
At this time, most of the work done by the testing machine on
the sample was converted into work done on the compact
structure surface, and the accumulated elastic energy was
small. Then, in the elastic phase, almost all the work done by
the testing machine was converted into elastic energy.
Therefore, the dissipated energy density remained almost
unchanged. When entering the prepeak plastic yield stage, the
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FIGURE 14: Relationship between angle and dissipated energy.

strength of the sample was close to the peak value and the
deformation was reduced. At the same time, the internal
energy accumulation entered the peak period, at which time
the external radiation energy decreased.

It can be seen from Figure 14 that as the inclination
changes, the dissipation energy curve of the combined
sample shows a unimodal trend that first increases and then
decreases. Like the stress curve, the peak point was greater
than the single body specimen of the artificial dam, while the
dissipation energy of the single body specimen of the coal
pillar was much smaller than other curves.

Compared with the single body artificial dam, the
compressive strength of coal pillar-artificial dam specimens
was reduced by 63.08%, 38.46%, —0.77%, 53.85%, and
62.69% during the process of increasing the bonding angle
from 50° to 90°. Compared with the single body coal pillar
specimen, the increase was 89.58%, 93.75%, 96.18%, 91.67%,
and 86.69%, respectively.

The test mean curve was fitted using the single-peak
Logistpk formula:

7 24 ¥ 6806/3.72

— X~ 68.06/3.72)2’

U;=093+ (10)

(1+e

where U, is the peak strain of the test piece and x, is the
interface angle of the coal pillar-artificial dam. The corre-
lation coefficient R® is 0.99. The equation can characterize
the relationship between the dissipated energy and the peak
strain of coal pillar-artificial dam and can provide a basis for
on-site safety monitoring.

5. Crack Evolution Study of the Coal Pillar-
Artificial Dam

5.1. Analysis of Crack Evolution of the Coal Pillar-Artificial
Dam. In the process of simulating the uniaxial compression
of coal pillar-artificial dam specimens (Figure 15), the
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F1Gure 15: Crack evolution curves. (a) Single body artificial dam, (b) single body coal pillar, (c) 50° combined body, (d) 60° combined body,

(e) 70° combined body, (f) 80° combined body, and (g) 90° combined body.
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internal cracks in the combined body developed from ini-
tiation to evolution, which was followed by penetration,
causing the overall structure to become unstable. The be-
haviors of the coal pillar-artificial dam were similar to those
of the artificial dam, while the evolution of internal cracks in
the coal pillar-artificial dam specimen was the same.

With the application of stress, coal pillar-artificial dam
first experiences elastic strain. The contact stress between
particles is less than the bonding strength between particles,
and no cracks are generated inside at this time. The stress
increases gradually, and the contact stress between the
particles becomes greater than the bonding strength, which
leads to the destruction of the bonds between the particles
and the appearance of microcracks in the specimen. The
number of microcracks grows rapidly until the specimen is
damaged. The cracks in the specimen continue to increase
after failure, showing the final failure form. The coal pillar-
artificial dam specimen still has a certain degree of viscosity
after reaching the compressive strength. It shows a stable
period in the crack evolution curve, and the number of
cracks does not increase. After the energy is released, the
specimen collapses instantly with an even higher crack in-
crease rate.

The axial stress corresponding to crack initiation is the
initiation stress, and the stress corresponding to the point
where the number of cracks in the coal pillar-artificial dam
increases rapidly is called the damage stress. The initiation
stress 0; and damage stress o; of each combined body and
their relationship with peak stress o, are shown in Table 5.

It can be seen from Figure 16 that the simulated crack
initiation stress of the coal pillar-artificial dam specimen
showed a trend of increasing first and then decreasing with
the increase in the angle, reaching the peak value at 70°,
which bore out the experimental values. Since the bonding
contact stress between the particles in the artificial dam
exceeded that of the coal pillar particles, the initiation stress
of the artificial dam was larger than that of the coal pillar.
The initiation stress of the combined body is mainly con-
trolled by the contact stress between the filler particles.
Therefore, the initiation stress of the coal pillar-artificial dam
is mainly determined by the internal deformation of the coal
pillar.

The test mean curve was fitted using the single peak
extreme formula:

x, - 71.76 .
——n Xx,— 7L

730 -
7.30
0, = 9.18 + 1.74e ,

+1

—€

(11)

where 0, is the initiation stress of the simulated test piece and
x, is the interface angle of the coal pillar-artificial dam. The
correlation coefficient R” is 0.99. The formula can charac-
terize the influence of angle changes on crack initiation, and
the occurrence of internal cracks can be predicted by ob-
serving the increase in stress.

It can be seen from Figure 17 that the increase in the
angle caused the damage stress to increase first and then
decrease, but both were intermediate to the single body coal
pillar and the single body artificial dam. Since the damage

Initiation stress (MPa)
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TaBLE 5: Crack evolution of coal pillar-artificial dam.

Initiation stress Damage stress

i (o) Zd (9
Group (MPa) (MPa) o (%) 3 (%)
Dam 13.48 34.12 39.27 99.40
Coal 2.11 5.31 39.06 98.29
50° 9.19 32.38 27.97 98.56
60° 9.35 33.10 27.94 98.92
70° 10.86 33.22 32.22 98.55
80° 10.31 32.65 31.38 99.39
90° 9.50 31.83 29.50 98.86
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stress corresponds to the point of rapid growth of the
number of internal cracks in the model, it implies that the
bonds between the internal particles have been destroyed at
this time. Therefore, it is believed that the damage stress is
mainly controlled by the contact stress between the particles
on the side of the artificial dam, and the damage stress to the
combined body is mainly affected by the internal bonds of
the artificial dam.

The test mean curve was fitted using the single-peak
Gauss formula:

NEA 66.63)
oy =30.84 + 106.2534.91\]%6 34.312 (12)
where o, is the damage stress of the simulated test piece and
X, is the interface angle of the coal pillar-artificial dam. The
correlation coefficient R’ is 0.99. The formula can charac-
terize the relationship between angle change and crack
evolution, and the distribution and penetration of internal
cracks can be judged by observing the increase in stress.
The initiation stress and damage stress of the two-ma-
terial model were both intermediate to the values associated
with the coal pillar and the artificial dam single bodies, while
the ratio of the initiation stress to the peak stress was
smaller than the single body models. The ratio of damage
stress to peak stress was intermediate to that of the coal pillar
and the artificial dam. Inside the coal pillar single body
model, due to the low bond strength between the particles,
when cracks occur, they will rapidly expand and coalesce,
resulting in macroscopic damage to the coal pillar. In the
coal pillar-artificial dam model, after cracks occur, the crack

propagation and penetration speed were reduced due to the
restriction of the particle bonds on the side of the artificial
dam. Therefore, the macroscopic damage occurred later,
which was between the coal pillar and the artificial dam
single bodies.

5.2. Particle Displacement of Coal Pillar-Artificial Dam.
By observing the particle displacement on both sides of the
coal pillar-artificial dam interface (Figure 18), the combined
body stress state can be obtained, and the mechanical model
can be judged.

The particle displacements in the single body artificial
dam and the single body coal pillar were comparable. Both
moved along the axis from the center to either side, and the
displacement on both sides was the same. In contrast, the
main displacement of the coal pillar-artificial dam combined
body model was on the side of the artificial dam, and there
was an obvious interface.

As the angle increases, the particle displacement changed
from collision to intrusion, then to interaction, and then
again to intrusion and collision, respectively, corresponding
to the stress states of split bearing—sharing bearing—coor-
dinated bearing—split bearing—sharing bearing. On the side
of the artificial dam, the collisional displacement occurred
both along the vertical interface and in the opposite di-
rection, with the outward expansion displacement being
dominant (50° and 90° models). The monomers on both sides
are, respectively, subjected to force, and the particles expand
outward under the action of the force, and collide at the
interface.
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FIGURE 19: Numerical simulation of the spatial distribution of cracks.

The overall intrusive displacement was dominated by a
single direction displacement, with the displacement of the
coal pillar side increasing significantly (60° and 80" models).
The monomer on one side is mainly stressed, and the
particles move to the area with less stress, causing the in-
trusion of particles on one side.

The interactive displacement had strong displacement
clusters on both the coal pillar side and the artificial dam
side, and there was an interactive phenomenon at the in-
terface. The particles have no obvious directionality under
the action of stress, and the specimen expands outward as a
whole.

5.3. Spatial Distribution of Coal Pillar-Artificial Dam Cracks.
The final failure forms of coal-pillar single body, artificial-
dam single body, and coal pillar-artificial dam were ana-
lyzed. The test pieces were sliced at 25mm, 50 mm, and
75 mm heights to analyze the development of cracks in the
horizontal direction. At the same time, the axial crack
distribution was obtained by slicing at 12.5 mm, 25 mm, and
37.5mm in the transverse direction (Figure 19).

It can be seen from Figure 19 that the distribution of
cracks in the single body coal pillar and the single body
artificial dam specimen was relatively uniform, and the
main cracks were distributed throughout the test pieces.
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Both were dominated by monoclinic splitting failure, while
the evolution of individual coal pillar cracks was more
complicated.

The cracks in the coal pillar-artificial dam combined
body model were clearly demarcated along the interface. The
main cracks of the specimen were concentrated on the
artificial dam side with a clustered distribution, while the
cracks on the coal pillar side were relatively scattered and
basically covered the entire coal pillar area. At the same time,
as the inclination increased, the position of the main cracks
gradually shifted downwards and then upwards, and the
macroscopic particle splashing also followed this trend. The
damage of coal pillar-artificial dam was still dominated by
monoclinic splitting. Taking the damage test of a 70"
specimen as an example (Figure 20), the simulation and the
test macroscopic damages were the same.

6. Conclusion

(1) Judging by the tightness of the bonding between the
coal pillar and the artificial dam, the stress state can
be divided into three types: split bearing, shared
bearing, and coordinated bearing, corresponding to
three different constitutive models.

(2) The test stress—strain curve had five stages, while the
combined-body simulation curve showed an obvious
postpeak viscosity. The compressive strength and
mean peak strain curve for the coal pillar model
showed a single-peak change trend that first in-
creased and then decreased, and the peak value
exceeded the compressive strength of the single body
specimen of the artificial dam.

(3) The total energy and elastic energy of coal pillar-

artificial dam under load showed the same trend. The
dissipation energy curve showed an obvious increase
in the early stage, then tended to flatten, and finally
decayed. With the change in angle, the dissipation
energy curve of the combined body specimen
showed a unimodal trend of increasing first and then
decreasing.

(4) The simulated initiation stress and damage stress of

the coal pillar-artificial dam test piece were inter-
mediate to the coal pillar and artificial dam single
bodies. At the same time, with the increase in in-
clination, it showed a trend of increasing first and
then decreasing, reaching a peak at 70°. The crack
propagation and penetration speed were limited by
the particle bonding on the artificial dam side.

(5) As the angle increased, the particle displacement of

coal pillar-artificial dam model was collision—in-
trusive—interactive—intrusive—collision, corre-
sponding to the stress state of split bearing—shared
bearing—coordinated bearing—split bearing—shared
bearing.

(6) Failure mechanism in both the single-body and

combined body models was dominated by
monoclinic splitting. The cracks of the coal pillar-
artificial dam combined body model were clearly
demarcated along the interface. The main cracks of
the specimen were concentrated on the side of the
artificial dam with a clustered distribution. At the
same time, as the angle increased, the position of
the main cracks gradually shifted downwards and
then upwards [27, 30, 31].
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