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Abstract: With the gradual shift of coal mining to deeper levels in recent years, rock burst has become
one of the primary dynamic hazards faced in deep mining. It has been shown that the pore structure
in rocks affects the mechanical properties, but the relationship with the rock burst phenomenon
still needs to be clarified. In this paper, we investigated the causes and effects of pore structure on
impact mechanical properties using RFPA2D numerical simulation software, established several
numerical models with different porosities and pore diameters, and analyzed the stress-strain curves,
the relationships between porosity and pore diameter and each the bursting liability indices of the
coal rock body were elaborated, and the fitting equations in the range of porosity (0%~10%) and
pore diameter (0.25~2.0 mm) were obtained. The results showed that the increase in porosity and
pore diameter effectively attenuated the bursting ability of coal rocks, which has some reference
significance for the study of early warning and prevention of rock burst phenomenon.
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1. Introduction

As a typical dynamic disaster in the coal mining process, rock burst involves the release
of a large amount of energy, making it very likely to cause casualties, equipment damage,
and roadway deformation, thus posing a severe threat to coal mine safety [1-6]. Over the
years, many scholars have conducted in-depth studies on the mechanism underlying the
occurrence of rock burst phenomena, and scholars from Germany, the Soviet Union, and
Poland have proposed strength theory [7], stiffness theory [8-10], energy theory [11-13],
and bursting liability theory [14-16], thus laying the theoretical cornerstone for explaining
rock burst phenomena. On this basis, researchers have studied the mechanism and pre-
diction of rock burst, in terms of coal rock body strength, stress, energy, brittleness index,
and critical depth, and have made progress in this regard [17-27]. Proposed evaluation
indices and methods to measure whether coal rock is liable to burst, and the associated
probability have significantly impacted the study of early warning prediction for rock burst
dynamic hazard.

As a natural porous mineral, the large number of pore structures inside the coal rock
body directly affect its macroscopic physical and mechanical properties. Therefore, it is
of great practical significance to explore the intrinsic connection between the pore struc-
ture and the macroscopic mechanical properties of coal rock for the early warning and
prevention of rock burst in mines. To date, many scholars have studied the influence of
pore structure characteristics on the macroscopic physical and mechanical properties of
rocks, and many results have been obtained. For example, Al-Harthi et al. [28] determined
the porosity of porous basalt using image analysis techniques, and they established the
relationships between uniaxial compressive strength, elastic modulus, and Poisson’s ratio
of basalt with porosity. Palchik [29] developed an empirical model based on experiments,
in order to predict the coupled effects of porosity, elastic modulus, and grain size on
the uniaxial compressive strength in high-porosity soft sandstones (27%—47% porosity).
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Chang et al. [30] established an empirical equation for the relationship between compres-
sive strength and pore content for rocks without lateral confinement using an experimental
approach. Nambiar et al. [31] investigated the effect of factors such as pore size on strength
and found that materials with smaller pore sizes were more robust. Schaefer et al. [32]
investigated the effects of porosity and pore shape characteristics on the engineering prop-
erties and mechanical strength of basalt specimens from Pacaya volcano (Guatemala) using
an experimental method. Hilal et al. [33] argued that larger volumes of pores in materials
are more likely to be connected when subjected to external forces, reducing the material’s
strength significantly. Jamshidi, A et al. [34] find out the effect of density and porosity on
the correlation between Uniaxial compressive strength and P-wave velocity of eighteen
limestone samples by multivariate regression analysis. He et al. [35] showed that the pore
size and distribution affect the material’s physical and mechanical properties to a large
extent. Namiki, A et al. [36] measured the rheology and strength of high porosity rhyolitic
magma at 500-950 degrees C, measurements show that the elastic energy originated by
deformations avoids attenuation and is stored in the bubbly magma until released by
fracturing. Hughes, A et al. [37] use variably porous synthetic glass samples (8, 19, and 30%
porosity) to explore the frictional behavior and development of wear in geomaterials at
low normal stresses (<1 MPa), it was concluded that the porosity of the material, and the
resulting coefficient of friction, work, and wear rate, can influence slip dynamics in events
such as shallow crustal faults or mass movements. Mineo, S et al. [38] prediction of rock
porosity through infrared thermography for non-destructive testing procedures for natural
stones and prediction equations were developed from statistical analysis, establishing a
standardized, non-destructive, and quick alternative to the common procedures currently
used in the laboratory for measuring porosity. Zengin, E et al. [39] investigated the effect
of porosity and pore parameters on rock materials’ failure behavior using experimental
approaches involving unconfined and confined stress conditions.

Physical experiments are undoubtedly the most direct method to study the relationship
between pore structure characteristics and rock mechanical properties; however, the non-
homogeneity of the microstructure and the complexity of the pore structure in coal and rock
masses prevent large-scale parametric investigations. In contrast, numerical techniques
have been shown to be a powerful tool for studying the mechanics of sub-surface rocks [40].

Bubeck et al. [41] determined the shape characteristics of pores in rocks using CT
scanning techniques and investigated the effect of different pore shapes on the strength of
rocks using numerical simulation methods. Griffiths et al. [42] used RFPA2D software to
investigate the effect of pores with different shapes and distribution orientations on the
mechanical behavior of rocks under uniaxial compression test conditions. Obara et al. [43]
developed a fine-scale numerical model of concrete and jointed rock masses using CT scan-
ning techniques, and they conducted numerical tests to study the damage characteristics of
the specimens. Heap et al. [44] investigated the effect of porosity and pore shape on the
brittle strength of volcanic rocks under compressive loading conditions using numerical
experimental methods. Nguyen et al. [45] proposed the use of a combined numerical and
experimental method to characterize the mechanical behavior of concrete. They showed
that the pore distribution has a negligible effect on the bearing capacity of the material.
Zhu et al. [46] studied the static compressive strength of PMMA microporous foam ma-
terials and found that porosity had the most significant effect on the static compressive
strength. Zhang et al. [47] found that reducing a foam material’s porosity or pore size
can increase its compressive strength through experimental tests and finite element model
(FEM) simulations. Wang et al. [48,49] used a Monte Carlo method to generate a random
aggregate structure combined with a finite element method to simulate the crack expansion
process in concrete materials; furthermore, the effects of different pore structure charac-
teristics on the damage pattern, peak strength, and crack expansion pattern of Brazilian
disc specimens were investigated using the RFPA3D software. Liang et al. [50,51] used
RFPA3D finite element software to construct a direct tensile numerical model that can
characterize the three-dimensional fine-scale pore structure of basalt, and they investigated
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the effects of rock inhomogeneity and pre-existing defects on three-dimensional crack
generation and extension. Yuexiang Lin et al. [52] proposed a systematic approach for
generating stochastic void geometry with controllable shape features, the effects of the void
morphology, including the void aspect ratio, orientation and their coupling effects, on the
mechanical and fracturing behaviors of porous rocks are discussed.

Although the studies mentioned above have elucidated the laws of the influence of
pore structure on mechanical rock properties from different perspectives and with various
methods, few scholars have established a link between the pore structure and bursting
liability of coal rock bodies, and few studies have constructed mathematical relationships
between the pore structure characteristics of coal rock and bursting liability indices.

In this paper, focusing on the intrinsic factors of rock burst in coal bodies, based on
indicators to determine whether a coal body possesses bursting liability or not, numerical
simulation experiments were conducted regarding the uniaxial compressive strength, im-
pact energy index, and elastic energy index of a coal rock model by establishing numerical
models with different porosity and pore size. In this way, we could explore the relationship
between the impact damage index of a coal body and its pore structure, in order to derive
the influence law and mathematical relationship between different pore structures and
impact mechanical properties. This paper provides theoretical reference for early warning,
as well as prevention and control, of rock burst phenomena.

2. Establishment of the Numerical Model

For a natural mineral, non-homogeneity is a fundamental characteristic, which is
manifested by the varying composition and the inhomogeneity of particle size and loca-
tion distribution, the complex and various connection methods, and the difference in the
mechanical properties of internal elements under the action of external load leading to the
inhomogeneous distribution of stress and displacement fields, affecting the damage and
rupture evolution process in coal rock. The calculation method of RFPA numerical simula-
tion software is based on the finite element theory, and the simulation of non-homogeneity
of natural rock-like materials is realized by embedding statistical distribution functions,
and the numerical model established can highly restore the mechanical properties of natu-
ral minerals. When subjected to load, the damage occurs when the stress of the internal
element reaches the Mohr-Coulomb damage criterion, the stiffness of the damaged unit
is degraded, and the change of mechanical properties in the damaged unit is irreversible
so that the numerical simulation of the damage process of non-homogeneous materials is
realized so that the RFPA numerical simulation software can restore the damage process of
the original coal body under load to a high degree. In this paper, the relationship between
the impact damage index of a coal body and the pore structure in a coal rock body is
investigated in the form of numerical simulation by setting different porosity and pore
size based on the indexes for determining the impact propensity of coal body and using
RFPA2D numerical simulation software. The influence law of different pore structures on
their impact mechanical properties is derived from providing the theoretical basis for the
early warning and prevention of impact ground pressure phenomenon.

2.1. Parameters and Boundary Conditions of the Coal Rock Model

The experimental coal samples were selected from a mine in Shanxi Province. During
the field survey, it was found that the two gangs of the roadway were shifted to a high
degree, the bottom drum phenomenon was obvious, and the mine pressure appeared to
be serious, which hinted at the potential of impact phenomena, posing a safety hazard to
both equipment and personnel. Figure 1 shows the photos of the coal samples taken in the
field, and it can be seen that there are a large number of pore structures in the specimens.
The physical and mechanical properties of coal samples were tested by using WDW-100
kN microcomputer-controlled electronic universal testing machine (Figure 2), and the test
results are shown in Table 1.
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Figure 1. Photograph of a coal rock sample from a mine in Shanxi. (a) Photographed at 45° above
oblique; (b) End view of the coal sample.

Figure 2. Mechanical properties testing of coal samples.

Table 1. Elastic Modulus of coal samples.

Uniaxial Compressive Angle of Internal

Specimen Density Elastic Modulus

Number p/(g/cm®) s;::flclgl’t: E/GPa Poisson’s Ratio F:;j?o(;n
1 1.44 6.87 6.37 0.34 28
2 1.53 7.54 6.23 0.27 30
3 1.55 7.55 5.59 0.33 29.5
4 1.51 7.32 5.64 0.31 27
5 1.47 7.22 6.07 0.25 32
Average 15 7.30 5.98 0.3 30

The macroscopic mechanical parameters measured in the laboratory were converted
into exemplary parameters, according to the RFPA2D macroscopic conversion formula,
and the physical and mechanical parameters of the pore structure were set as detailed
in Table 2.
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Table 2. Parameters used in RFPA numerical simulation model.

Uniaxial Compressive Angle of Internal

Materials I/D(egr;csllrg) Strength ElastlE(::/g/[I()):ulus Poisson’s Ratio Friction
P o /MPa @/(°)
Coal matrix 1500 35.78 8.03 0.3 30
Pore structures 1x10°8 0.1 1x 10714 0.498 30

In order to numerically simulate the experimental conditions, the coal rock model
size was set as a rectangular section of 100 mm X 50 mm, as shown in Figure 3, and
200 x 100 = 20,000 quadrilateral cells of the same size were used to discretize and mesh the
model. The Mohr-Coulomb strength criterion can reflect the strength properties of rocks
more comprehensively (e.g., the tensile strength of rocks and soils is much smaller than the
compressive strength), so the Mohr-Coulomb strength criterion is chosen to simulate the
coal rock model for the experiments.

Coal matrix

Pore structures

Figure 3. Numerical simulation model.

The simulated experiment used a plane strain model, the loading type was set to
displacement loading, and the side of the model was a free surface without enclosing
pressure. When loading, an axial load with a single step increment of 0.01 mm was
applied to the upper end of the specimen, and the specimen was continuously loaded it
was damaged.

2.2. Setting of Pore Position

The principle of using C language to generate random numbers is as follows: (D Set
the random number seed, time(null), to get the time stamp, representing the current time
from January 1, 1970, (in terms of how many seconds), as a way to obtain a changing
number. The unsigned int time(null) is then used to obtain the value of an unsigned integer,
for which the statement srand ((unsigned int)time(null)) is used to convert the return value
of time(null) into an unsigned integer to provide a seed for the next operation. (2) Obtain
a random number using the rand() function, taking the seed provided by srand() as a
reference to some recursive formula to derive the result, as the seed value can be considered
to be random. The random number changes: rand()%x takes the remainder to control the
range of the random number it produces as [0,x—1]. The random pore coordinates can be
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obtained by randomly generating values for the horizontal and vertical coordinates of the
specimen separately.

3. Analysis of the Rupture Process of the Uniaxially Compressed Coal Rock Body

Figure 4 compares the loading process of specimens with 10% porosity and 1.5 mm
pore size with that of specimens without pores. By analyzing the evolution law of the stress
and displacement fields corresponding to different stress—strain stages, the effect of pore
structure on the mechanical properties of specimens can be determined.
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Figure 4. Stress field and displacement field evolution clouds. (a) Cloud diagram of the evolution
of stress and displacement fields of specimens without porosity. (b) Cloud diagram of stress and
displacement field evolution of pore specimen.

It can be seen from Figure 4 that there is no significant change in stress in Figure 4a
during the online elastic deformation stage. In contrast, the pore structure in the model of
Figure 4b makes the rupture process change significantly. In the linear elastic deformation
stage, the stress concentration phenomenon in Figure 4b appears around the pores; the
denser the distribution of pores, the more pronounced the stress concentration phenomenon.
The AE event rate variation caused by small piece collapsed defects was also noted by
Dong et al. [53] in acoustic emission (AE) experiments on granite samples. With further
loading, the stress concentration area around the pores gradually expands to form a stress
concentration zone. In contrast, the stress concentration zone in the specimen without pores
is not apparent. After entering the plastic stage, an evident destabilization phenomenon
occurs in the matrix element around the pores in Figure 4b. The stress concentration
generated at the crack tip leads to its expansion. After reaching the peak stress point, a
central fracture zone is formed, and the stress field rapidly completes re-distribution.
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Comparing the displacement field evolution process of two different pore feature mod-
els, it can be concluded that, in the linear elastic deformation stage, the displacement field
distribution of the specimen without pores is relatively uniform, while the pore structure
in Figure 4b has a specific influence on the local displacement field of the specimen. After
entering the plastic deformation stage, the destabilized primitives gradually interconnect
with each other to form macroscopic cracks, and the distribution of the displacement field
changes, with the high displacement area expanding toward the pore aggregation part, thus
profoundly affecting the location of crack generation. After reaching the peak stress point,
the displacement field quickly completes re-distribution. You et al. [54] used the discrete
element method to analyze the damage process of the cubic specimen, and the stress and
crack evolution patterns were similar to the results in Figure 4, which also supports the
reliability of the experiments in this paper.

It was concluded, from the analysis, that the parts with a higher degree of pore
aggregation are potential rupture locations, and the areas around pores form unsafe zones,
which are prone to stress concentration, leading to destabilization of the matrix element
and the alteration of its mechanical properties. The evolution of the displacement field
corresponds to the development of damage deformation inside the model [55]. With
continued loading, the cracks around the pores gradually interconnect to form macroscopic
cracks, eventually leading to loss of the load-bearing capacity of the specimen.

As can be seen from Figure 4, the strain interval corresponding to the elastic deforma-
tion stage of the specimen without pores is (0, 0.09), while the strain interval corresponding
to the elastic deformation stage of the specimen with pores is (0, 0.06), which indicates
that the pore structure in the specimen makes it easier to produce plastic deformation
during the loading process, and the ability of the specimen to accumulate energy in the
elastic deformation stage is weakened; in the plastic deformation stage, although The
strain intervals corresponding to the plastic deformation stages of the two specimens in
Figure 4a,b are (0.09, 0.16) and (0.06, 0.1), respectively, and the non-porous specimen still
accumulates a large amount of energy in the plastic deformation stage, which indicates that
the pore structure in the specimen weakens its ability to accumulate energy in the plastic
deformation stage. In summary, the pore structure in the specimen can greatly reduce its
ability to accumulate energy during the plastic deformation stage, and the specific reasons
and laws will be discussed in Section 4.2.

4. Impact Damage Index Analysis of Pore Coal Rock Mass
4.1. Uniaxial Compressive Strength Analysis

Uniaxial compressive strength is the load per unit area in the unconfined rock speci-
men when damage occurs under axial force. Statistical studies have found that uniaxial
compressive strength has a good correlation with dynamic damage time, elastic energy
index, and impact energy index, and an increase in uniaxial compressive strength of coal
rocks often increases their bursting liability substantially, which reveals the interaction
between the bursting liability of coal rocks and strength.

4.1.1. Analysis of the Influence Law of Pore Structure on Compressive Strength

Figure 5 shows the change curve for the compressive strength of specimens under
different pore characteristics. Figure 5a visually reflects the action law of porosity on
the compressive strength of specimens under different pore sizes. It can be seen that the
uniaxial compressive strength of specimens decreased with an increase in porosity, showing
a strong linear correlation, this is similar to the relationship between porosity and uniaxial
compressive strength of basalt [28]. The compressive strength of specimens at 10% porosity
under different pore sizes can be compared with the decay spoke values: at 0.5 mm, 1 mm,
1.5 mm, and 2.5 mm pore sizes, the compressive strength decreased from 7.37 MPa to
4.99 MPa, 3.83 MPa, and 3.29 MPa, respectively, and the decay range reached 32.3%, 48.1%,
and 55.4%, respectively, indicating that the porosity led to a more considerable attenuation
of the compressive strength of the coal rock model under different pore sizes. It was found
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that an increase in pore size aggravated the attenuation of compressive strength. The
relationship curves between pore size and compressive strength are plotted in Figure 5b,
with pore size as the independent variable. Under the conditions of 2.5%, 5%, 7.5%, and
10% porosity, the decreases in compressive strength were 0.87, 0.96, 1.11, and 1.16 MPa
when increasing pore size from 0.5 mm to 1 mm, respectively, while the decreases were only
—0.24,0.38, 0.35, and 0.55 MPa when increasing pore size from 1 mm to 1.5 mm, respectively.
It can be seen that increasing the pore size under different porosity conditions tends to
weaken the effect of the compressive strength gradually, Hilal [33] also concluded in his
experiments on foamed concrete that materials with larger pore volumes under the same
porosity conditions are more likely to lead to pore continuity, resulting in lower material
strength, and the effects of porosity and pore size are not wholly independent; furthermore,
the coupling effect between the two also has a significant impact on the calculation results.

—&— Pore size 0.5mm —=— Porosity 2.5%
—&— Pore size 1.0mm
—4A— Pore size 1.5mm

—&— Porosity 5.0%
—4&— Porosity 7.5%
—w— Porosity 10%

Uniaxial compressive strength (MPa)

1 1 1 3 1 1

4 6 8 10 0.0 0.5 1.0 1.5
Porosity (%) Pore size (mm)

(a) (b)

Figure 5. Variation curve of compressive strength of specimens under different pore characteristics.
(a) Uniaxial compressive strength-porosity relationship diagram; (b) Uniaxial compressive strength-
pore size relationship diagram.

The calculation results show that the pore structure in the coal rock model affects
its compressive strength. The reasons for this phenomenon may be that, compared with
the non-porous specimen, the pore structure in the coal rock model leads to its lack of
volume, resulting in its actual volume being less than the theoretically calculated volume
under the same external force, such that the natural stress on the model with pores being
more significant than that on the non-porous model, resulting in its calculated value being
lower. In addition, the randomness of the pore structure distribution in the coal rock model
makes it easy to generate stress concentration at the pore aggregations during the uniaxial
compression test. Here, damage occurs in advance, compared to other parts. As the loading
proceeds, the destabilized primitives are interconnected to generate macroscopic cracks
which, in turn, lead to instability of the specimen.

When the experimental porosity was low and the distribution of pores was dispersed,
the pores in the model did not produce a large area of connectivity, the stress concentration
level of the primitive elements around most of the pores in the model was similar, and
there were no conditions to allow for sudden changes in compressive strength; thus, the
compressive strength maintained an excellent linear relationship with porosity. However,
when the pore distribution was too concentrated and the stress concentration level was
significantly higher than in other parts, the early generation of macroscopic fractures inside
the model occurs, leading to a sudden reduction in compressive strength in the model.
With an increase in pore size, the influence on the compressive strength of the coal rock
model gradually weakened. A possible reason for this is that, when the pore size increased
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from 0.5 mm to 1 mm, the area of individual pores in the two-dimensional numerical model
increased by four times, while the area increased only 2.25 times from 1 mm to 1.5 mm; the
latter area change is minor in comparison and, so, the influence of the second half of the
curve in Figure 5b on the compressive strength is minor. The pore shape and distribution
pattern were similar in this series of experiments, so it was presumed that the difference
in pore volume in the actual situation will also have different degrees of influence on the
compressive strength.

4.1.2. Mathematical Relationship between Pore Structure Characteristics and
Compressive Strength

Combined with the above expression of the effect of pore structure on the compressive
strength law of the coal rock model, the data in Figure 5 were fitted using polynomials,
and the fit was obtained as shown in Figure 6. This process draws on the idea of Taylor’s
formula, which approximates some complex functions as simple polynomial functions, and
this function of Taylor’s formula to simplify makes it a powerful tool for analyzing and
studying many mathematical problems. In Figure 6, R? indicates the correlation coefficient,
calculated as shown in Equation (1), and takes values between 0 and 1. The closer the value
of R? is to 1, the better the fit is.

Wi —y)?
n

i:1(yi - ]7)2

R? = 1)

where 7j; is the predicted value obtained by fitting, y is the average value, y; is the actual

value, Y7, (#; — y)? is Explained Sum of Squares, and Y7, (y; — y)? is the Total Sum
of Squares.

Uniaxial compressive strength (MPa)
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Figure 6. Fitted curve of compressive strength vs. pore size for coal rock model. (a) Uniaxial
compressive strength-porosity fitting curve. (b) Uniaxial compressive strength-porosity fitting curve.

In addition, the porosity and pore size variation in this series of experiments follows
a particular pattern, so the parameters of different pore characteristic expressions should
also present a certain regularity between them. Under careful consideration of correlation
coefficients and regularity between parameters, the fitted relational equation in Figure 6
is derived.

According to the analysis of the relationship equation between compressive strength
and pore size under different porosity conditions in Figure 6, the mathematical model of
compressive strength of the specimen versus pore size is derived as follows:

o(p) = A¢* + By + 0y @)
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0.4

0.2

0.0

where 0(¢) is the compressive strength in the coal rock specimen when the pore size is ¢
(unit: MPa); oy is the compressive strength in the non-porous specimen (i.e., matrix; unit:
MPa); ¢ is the pore size in the specimen (unit, mm); A and B are the coefficients of the
quadratic term and the primary term in the mathematical model related to the porosity
of the specimen. Figure 7 represents the relationship between the parameter values and
the porosity.

=)
2
. . n
= Discrete point s ®  Discrete point
Curve fitting Curve fitting

1 1 1 1 0 1 1 1 1 1
4 6 8 10 0 2 4 6 8 10

Porosity (%) Porosity (%)

(a) (b)

Figure 7. Fitting curves of parameters A and B vs. porosity. (a) Fitting curve of parameter A and
porosity. (b) Fitting curve of parameter B and porosity.

According to the fitted curves in Figure 7, the relationship between the parameters A
and B and the model porosity can be written as follows:

A =0.138p, — 0.135 3)

B = —0.444p, — 0.361 @)

where p,, is the porosity of the model.
The mathematical relationship between the uniaxial compressive strength of the coal
rock model and the porosity and pore size was obtained by combining the above equations:

o(¢) = (0.1380, — 0.135) 9> — (0.4440, + 0.361)¢ + 0y (5)

The numerical simulation results of Equation (5) and the compressive strength are
fitted, and the fitting effect in the three-dimensional spatial coordinate system is shown
in Figure 8.

It can be seen that the correlation coefficients R? between the surface and the experi-
mental results for pore diameters of 0.5 mm, 1.0 mm, and 1.5 mm are 0.989, 0.904, and 0.959,
respectively, all of which have sound-fitting effects. In addition, numerical models with
pore diameters of 0.25 mm, 2.0 mm, and 2.5 mm were established to verify the obtained
mathematical relations, and blue spheres indicate the results in Figure 8. From the correla-
tion coefficients R? corresponding to the experimental results of each group, it can be seen
that the correlation coefficients R? for pore diameters of 0.25 mm and 2.0 mm are 0.924 and
0.935, respectively, which is a good fit, indicating that the fitted Equation (5) can be used as
a basis for predicting the uniaxial compressive strength of coal rock (single pore diameter
pore) within the porosity (0%—-10%) and pore diameter (0.25-2.0 mm); however after the
pore diameter increased to 2.5 mm, the correlation coefficient R? decreased to 0.821, and
the fitting effect was poor, which indicated that the reliability of the fitting Equation (5) was
reduced and the values of each parameter needed to be readjusted.
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Figure 8. Uniaxial compressive strength fitting effect.

In fact, there are many pores with different pore sizes in the coal rock, and it is
known from the above analysis that the pores with different pore sizes have different
degrees of influence on the compressive strength osy. The calculation method of oy is
shown in Equation (6), so it is necessary to discuss the classification of pores in the coal
rock body according to the size of pore sizes and calculate them separately to reduce the
calculation error.

Osx = 00 — U((Px) (6)

where o (¢y) is the uniaxial compressive strength value of the coal rock model under a
certain pore size condition derived by fitting Equation (5).

In summary, the relationship between the porosity (0%-10%), pore size (0.25-2.0 mm)
range, and the uniaxial compressive strength of the coal rock model was derived as:

O = 09 — [A1051 + A200 + - - - + ,,054] (7)

where ¢, denotes the uniaxial compressive strength of the coal rock model, a4,4ay, - - - a,
is parameters indicating the weight of the effect of different pore sizes on the compres-
sive strength.

It should be noted that, for the values obtained in this series of numerical experi-
ments, the pore positions were determined using random numbers, and their shape and
distribution were also limited by specific conditions. Equation (7) only considers the effect
of porosity and pore diameter changes on compressive strength and, in order to more
accurately describe the relationship between the two and compressive strength, in-depth
research is required to make appropriate corrections to the various parts of the equation
and parameter values.

4.2. Impact Energy Index Analysis

Through the physical process of rock burst conception, occurrence, and manifestation,
the uniaxial compression properties of coal rock samples should be divided into the pre-
peak stage and post-peak stage. The pre-peak stage coal rock is mainly characterized by
compacted density, elastic deformation, and elastic energy accumulation, while the post-
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peak stage coal rock is mainly characterized by damage accumulation, residual deformation,
and energy dissipation. The impact energy index, Kg, is the ratio of the deformation
energy accumulated before the peak of the full stress-strain curve of the coal sample to
the deformation energy consumed after the peak in the uniaxial compression state, which
visually and comprehensively reflects the whole process of energy accumulation and energy
dissipation and indicates the physical nature of the impact tendency of coal rocks.

4.2.1. Effect of Pore Structure on Elastic and Plastic Softening Modulus

In order to investigate the mechanism of the effect of pore structure on the impact
energy index of the coal rock model, specimens with different pore characteristics in the
same material were used for comparison. Figure 9 shows the full stress—strain curves of
specimens with different pore characteristics. A linear fit to the elastic deformation phase
before the peak strength of the total stress-strain curve of each specimen was performed to
derive the elastic modulus E. In the damage softening phase, a linear fit to the post-peak
damage softening phase was performed to derive the plastic softening modulus, A, of the
specimen, in order to characterize the effect of different pore characteristics on the strength
recession rate of the specimen. The calculated results for each specimen are given in Table 3.
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Figure 9. Stress—strain curves of materials with different pore characteristics.

Table 3. Test results for material elastic modulus E and plastic softening modulus A.

Uniaxial Compressive Plastic Softening

5153:1111];1:;1 Po(r:/)s)lty P()(ll';a1 nS11)ze Strength Elasg/c( 11\\/[/112:)“1115 Modulus
° (MPa) A(MPa)
Program 1 0 0 7.37 6330 9930
Program 2 5 0.5 6.14 5646 9360
Program 3 10 0.5 4.99 4956 9500
Program 4 5 1 518 5436 6780
Program 5 10 1 3.83 4580 5120
Program 6 5 1.5 4.79 5363 7590
Program 7 10 15 3.29 4388 4130

As can be seen from Table 3, the pore structure in the model had an enormous impact
on both the pre-peak and post-peak moduli of the specimen. In the pre-peak stage, an
evident stress concentration phenomenon around the pores in the specimen can be observed
from Figure 4. As the loading proceeded, the matrix elements around the pores gradually
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lost their load-bearing capacity, and the matrix bearing the external force was subsequently
reduced, which is more likely to produce deformation when subjected to external forces,
compared to the specimen without pores, resulting in the modulus of elasticity of the
specimen being reduced, Al-Harthi [28] et al. also concluded in their study of basalt
that the modulus of elasticity decreases gradually with increasing porosity. Entering the
post-peak stage, the pore structure was gradually compressed and compacted, the stress
completed re-distribution, and the specimen obtained a specific load-bearing capacity
under the new equilibrium system; at the same time, relative sliding between the cracks in
the specimen generated friction and interlocking, thus slowing down the rate of decline
of the post-peak stress in the specimen. The stress concentration phenomenon inside the
pore specimen made it produce more cracks, and the pore characteristics of high porosity
and large pore diameter were more favorable to the development of cracks. Thus, the
friction and interlocking phenomena between cracks were more prominent and had a more
significant effect on the plastic softening modulus.

4.2.2. Analysis of the Influence Law of Pore Structure on Impact Energy Index

Figure 10 shows the impact energy index curves of the coal rock models with different
porosity characteristics. Overall, it seems that the pore structure in the specimens led to
different degrees of weakening of the impact energy index. Figure 10a reflects the effect of
different porosities on the impact energy index. Comparing the variation of impact energy
index of specimens under different pore size conditions, we found that the impact energy
indices of the specimens all decreased, to different degrees, with increasing porosity. Under
the 5% porosity condition, the impact energy indices for the 0.5 mm, 1 mm, and 1.5 mm
pore size models decreased to 1.33, 1.31, and 1.26, respectively, which were at most 7.3%
lower, compared with the non-porous model, while the impact energy indices decreased to
1.22,1.13, and 0.97 after the porosity was increased to 10%, comprising decreases (compared
to the 5% porosity model) of 8.3%, 13.7%, and 23%, respectively. It can be seen that, in the
second half of the curve, the reduction in the impact energy index increased significantly,
and the change of pore size became the dominant factor affecting the impact energy index.
From Figure 10b, it can be seen that the impact energy index decreased with the increase in
pore size under different porosity conditions, presenting a strong linear correlation.

Impact energy index

1.5
—=— Pore size 0.5mm —&— Porosity 2.5%
—&— Pore size 1.0mm —e— Porosity 5.0%
—4— Pore size 1.5mm 1.4 F —4— Porosity 7.5%

—w— Porosity 10%

1L3F

Impact energy index
&
T

1 1 0-9 " 1 L 1 n
5.0 7.5 10.0 0.0 0.5 1.0 1.5

Porosity (%) Pore size (mm)
(a) (b)

Figure 10. Variation curve of impact energy index of specimens under different pore character-
istics. (a) Impact energy index-porosity relationship diagram; (b) Impact energy index-pore size
relationship diagram.

Figure 11 shows the statistics of the pre-peak area and post-peak area of stress-strain
curves for specimens with different porosity characteristics, and it can be seen that the
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difference between the two under different porosity conditions shows a decreasing trend
with the increase in porosity. This is because the pore structure in the model reduces the
compressive strength, elastic modulus, and plastic modulus, decreasing the area before and
after the peak of the curve, while the different degree of influence of the elastic modulus
and plastic modulus leads to the rate of decrease in the area before the peak is significantly
greater than that after the peak, which makes the ratio of the two change, and the impact
energy index of the specimen decreases.

~—@— Pre-peak area
©— Post-peak area

0.8 F
0.6 |-
3 L
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.///
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Figure 11. Pre-peak and post-peak area statistics.

From an energy point of view, in the pre-peak stage, the pore structure dramatically
weakened the ability of the coal rock model to accumulate energy, and the maximum energy
it could release was severely limited, making the intensity of energy release lower which,
in turn, is conducive to weakening the bursting liability of the coal body. Figure 12 shows
the distribution of cracks in the models with different pore characteristics after crushing.
It can be seen that more initial cracks and secondary cracks were produced in the models
with higher pore development as the load increased. In addition to the expansion of the
main fracture, the secondary cracks also expanded, to varying degrees. A portion of the
deformation energy accumulated before the peak was gradually converted into damage
dissipation energy, consumed due to sub-crack expansion, and the remaining energy was
converted into kinetic energy when the coal rock was damaged; that is, if the damage
dissipation energy is more tremendous during the destruction of coal rocks, less energy
will be released, and it the less likely it is that the coal rocks will be violently damaged.

In addition, the distribution, shape, and other characteristics of the pores inside the
model may contribute to the dispersion of the experimental data. Uncertainties in the
pore distribution, shape, spacing, and other pore characteristics in the specimen may lead
to differences in the macroscopic mechanical properties of the specimen under the same
experimental conditions, biasing the experimental results.

4.2.3. Mathematical Relationship between Pore Structure and Impact Energy Index

Combined with the description of the effect law of pore size on the impact energy index
above, the data in Figure 10b were fitted using a polynomial, as shown in Figure 13. Similar
to the fitting process between the pore structure characteristics and compressive strength
in the above paper, this fitting also draws on the idea of Taylor’s formula, introduces the
correlation coefficient R?, and considers the premise that the parameters of different pore
characteristics expressions should show a certain regularity among themselves, resulting
in the fitted relationship equation in Figure 13.
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Figure 12. Distribution of fractures after crushing under different pore characteristics.
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Figure 13. The coal rock model impact energy index and pore size fitting curve. (a) Impact energy
index-porosity fitting curve. (b) Impact energy index-porosity fitting curve.

According to the relationship between impact energy index and pore diameter un-
der different porosity conditions in Figure 13, the type of function is analyzed, and the
mathematical model of impact energy index and pore diameter is derived as follows.:

K(¢) = D¢ + Ko 8)

where K(¢) is the impact energy index in the coal rock specimen when the pore size is ¢, Ko
is the impact energy index of the non-porous specimen (i.e., matrix), and D is a parameter
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related to the porosity of the specimen. Figure 14 presents the relationship between the
value of the parameter and the porosity.

-0.30

-0.25

-0.20 -

= .0.15

-0.10

®  Discrete point
Curve fitting

-0.05

Porosity (%)

Figure 14. Fitting curve for parameter D vs. porosity.

According to the fitted curve in Figure 14, the relationship between the parameter D
and the model porosity was as follows:

D = —0.0027p,2 + 0.00380, — 0.0187 )

The mathematical relationship between the impact energy index of the coal rock model
and the porosity and pore size was obtained by combining the above equations:

K(p) = — (0.0027,)1,2 — 0.0038p, + 0.0187) ¢+ Ko (10)
The numerical simulation results of Equation (10) and the impact energy index are

fitted, and the fitting effect in the three-dimensional spatial coordinate system is shown
in Figure 15.
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Figure 15. Impact energy index fitting effect.



Minerals 2023, 13, 146

17 of 24

It can be seen that the correlation coefficients R? between the surface and the experi-
mental results for pore diameters of 0.5 mm, 1.0 mm, and 1.5 mm are 0.935, 0.947, and 0.952,
respectively, all of which have sound fitting effects. In addition, numerical models with
pore diameters of 0.25 mm, 2.0 mm, and 2.5 mm were established to verify the obtained
mathematical relations, and blue spheres indicate the experimental results in Figure 15.
From the correlation coefficients R? corresponding to the experimental results of each
group, it can be seen that the correlation coefficients R? for pore diameters of 0.25 mm
and 2.0 mm are 0.922 and 0.914, respectively, which is a good fit, indicating that the fitted
Equation (10) can be used as a basis for predicting the impact energy index of coal rock
(single pore diameter pore) within the porosity (0%—-10%) and pore diameter (0.25-2.0 mm).
However, the correlation coefficient R? decreases to 0.692 after the pore diameter increases
to 2.5 mm, and the fitting effect is poor, which indicates that the fitting Equation (10) is no
longer applicable, and the values of each parameter need to be readjusted.

In fact, there are many pores with different pore sizes in the coal rock, and it is known
from the above analysis that the pores with different pore sizes influence the impact energy
index Kx. The calculation method of Ky is shown in Equation (11), so it is necessary to
discuss the classification of pores in the coal rock body according to the pore size and
calculate them separately, to reduce the calculation error.

Ksy = Ko — K(qvx) (11)

where K(¢y) is the impact energy index value of the coal rock model under a certain pore
size condition derived by fitting Equation (10).

In summary, the relationship between the porosity (0%—-10%), pore size (0.25-2.0 mm)
range, and the impact energy index of the coal rock model was derived as:

KE = K(] — [blel + bZKSZ + ce + ansn] (12)

where K denotes the impact energy index of the coal rock model, by, by, - - - by, is parameters
indicating the weight of the effect of different pore sizes on the compressive strength.

It should be noted that, for the values obtained in this series of numerical experiments,
the pore positions were determined randomly, and their shape and distribution were also
limited by specific conditions. Equation (12) only considers the effect of porosity and pore
diameter changes on the impact energy index. In order to more accurately describe the
relationship between the two and the impact energy index, in-depth research is required to
make appropriate corrections to the various parts of the equation and parameter values.

4.3. Elastic Energy Index Analysis

The elastic energy index is the ratio of the deformation energy accumulated before the
coal sample is damaged under uniaxial compression conditions to the energy consumed
to produce the plastic deformation. The more energy accumulated, and the less energy
consumed, the greater the possibility of rock burst, thus reflecting the bursting liability of
coal rock.

Due to the limitations of numerical experiments, in the process of numerical simulation
of cyclic loading-unloading of the specimen, it was found that the experimental data were
distorted after the instability of the coal rock model, and accurate data were not obtained.
Therefore, the ratio of the elastic strain energy to the plastic strain energy before 80% of the
peak stress of the specimen was selected to characterize its elastic energy index. Figure 16
shows the test results for the 0.5 mm and 1 mm pore-size coal rock models. It can be seen
that the presence of a pore structure inside the model had an attenuating effect on the
elastic energy index of coal rock in the range of 2.5-10% porosity; furthermore, the higher
the porosity, the larger the pore size, and the more pronounced the effect. After the porosity
increased to 7.5%, the effect of porosity on the elastic energy index weakened.
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Figure 16. Statistical graph of elastic energy index in coal rock model.

To investigate the mechanism of the effect of pore structure on the impact energy
index of coal rock models, elastic energy index tests and uniaxial compression tests were
performed on two models with different pore characteristics. Figure 17 shows the test
results for the two materials, where the pore characteristics of material 1 were 10% poros-
ity, pore size 1.5 mm, while material 2 was a non-porous numerical model with similar
compressive strength. In Figure 17, the area enveloped by the acceleration-unloading
curve is the plastic strain energy, which indicates the energy consumed by destruction
of the internal material primitive and crack extension. It can be seen that more energy
was consumed by material 1. Figure 18 shows the first half of the stress—strain curves
of the two materials, where H and K are the extensions of the elastic part of the lines
of materials 1 and 2, respectively. The model is considered to start plastic deformation
when it starts to separate from the stress—strain curve. L denotes the 80% peak stress line,
whose intersection with the stress—strain curve is the extreme value point of the stress
during loading in the elastic energy index measurement experiment. Due to the stress
concentration phenomenon around the pores inside the model during loading, damage
occurred earlier in the primitives around the pores. Figure 18 depicts the earlier plastic
deformation of material 1. It can be seen from Figure 18 that the deformation of material 1
was higher after stress loading to 80% of the peak, as material 1 produced more initial and
secondary cracks. The damage to the internal primitives was more serious. The damage
to the primitives in the material and the generation and expansion of cracks all released
a certain amount of energy, dramatically weakening the model’s ability to accumulate
deformation energy. In the second half of the experiment, when the stress was unloaded,
this part of the damaged primitive lost its ability to recover from the deformation. At the
same time, the frictional force between the cracks inside the model inhibited the rebound of
the material, such that the deformation of the material could not be fully recovered. Most
of the work done by the external force on the model is absorbed by the crack closure and
slip and, so, the plastic strain energy of material 1 in Figure 17 was much higher. Compared
with the coal rock model with low porosity and small pore size, the high porosity and large
pore size model had a more obvious stress concentration phenomenon during loading, and
produced more initial cracks and secondary cracks, thus weakening the model’s ability to
accumulate energy and rebound to a greater extent and having a more significant impact
on the elastic energy index.
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Figure 17. Experimental results for elastic energy index.

2.4
(0. 04, 2. 41) (0.06.2. 57) \

Stress (Mpa)

—=a— Material 1
—e— Material 2

Strain (%)
Figure 18. Comparison of elastic and plastic stages.

5. Discussion

It has been shown that the pore structure in rocks affects their physical and mechanical
properties; however, no clear findings have been obtained regarding the effect on the
bursting liability of coal rocks. In this paper, the rupture process of coal rock masses was
analyzed to visualize the effects caused by the pore structure on the evolution of the stress
and displacement fields of the specimen during loading. By analyzing the experimental
data, the influence laws of porosity and pore diameter of coal rocks on each bursting liability
index were derived, and the mathematical relationships between the pore characteristics
(porosity and pore diameter) of coal rocks and uniaxial compressive strength and impact
energy index were also established, which is vital for the early warning and prevention of
rock burst in the coal mining process.

(i) Relationship between pore structure and uniaxial compressive strength

The relationships between the test results of uniaxial compressive strength and porosity
and pore diameter were analyzed, the influence law of different pore characteristics on the
compressive strength was clarified, and the intrinsic reasons were analyzed. After that,
the mathematical relationship equation between the two and the compressive strength
was derived through fitting, and the method for calculating the uniaxial compressive
strength with respect to the pore characteristics of a coal body was given. In the existing
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literature, few scholars have considered the effect of pore size in the influence of porosity
on compressive strength when discussing the effect of porosity on compressive strength,
and a mathematical relationship between porosity, pore size, and uniaxial compressive
strength of coal rocks has not previously been established. Thus, in this paper, we made
some progress in this regard, making quantitative calculation of the degree of influence of
pore structure on compressive strength possible.

(ii) Relationship between pore structure and impact energy index

The relationships between the impact energy index and porosity and pore size were
analyzed, respectively, the influence laws of different pore characteristics on impact energy
index were clarified, and the intrinsic reasons were analyzed from the perspective of energy.
The mathematical relationship between the two and the impact energy index was then
derived by mathematical fitting, and a method for calculating the impact energy index of
pore coal bodies was thus given. In the existing literature, only the general law regarding
the influence of pore characteristics on the impact energy index has been derived, and
the mathematical relationship between the two had not been established. In this paper,
we clarified the law between the two and made quantitative calculation of the degree of
influence of pore structure on the impact energy index possible.

(iii) Relationship between pore structure and elastic energy index

Based on the experimental results from the numerical simulation, the influence laws
of different pore characteristics on the elastic energy index were clarified, and the intrinsic
reasons were analyzed according to the stress—strain curves of the materials and the energy
perspective. In the existing literature, few scholars have discussed the influence of pore
structure characteristics on the elastic energy index of coal rocks. In this paper, we explored
this aspect, to some extent, and clarified the law between the two.

We conducted numerical simulations based on the mechanical parameters of coal
samples taken from a mine in Shanxi province. The numerical simulation results presented
a good fit between the samples and the mathematical relationships, indicating that the
obtained equations have some reference significance. The obtained results have essential
scientific significance in engineering. When the coal rock body at the engineering site is
obtained, its impact damage index can be quickly obtained through assessment of its pore
characteristics, which is vital for the early warning and prevention of rock burst in the coal
mining process.

According to this research method, other types of rocks can be analyzed to obtain
mathematical relationships between them, and the results obtained can be applied to
projects such as coal mining and tunneling: By analyzing the pore characteristics of the
rock body at the engineering site and obtaining its impact damage index, it is of great
significance for the early warning and prevention of rock explosions in mining, tunnel
tunneling, and other projects.

The rationality of this study is discussed below.

In RFPA, the non-linearity of materials is simulated by considering the non-uniformity
of materials, and the non-continuous behavior of deformation and damage of materials
is simulated according to the weakening of cells, which can be used to study the whole
process of rock materials, from acceptable view damage to visible damage. The model
of rock media is discretized into a numerical model consisting of mesoscopic elements,
where the mechanical properties of the units in the model conform to a particular statis-
tical distribution law (i.e., Weibull distribution) establishing a relationship between the
mesoscopic and macroscopic mechanical properties. On this basis, the evolution of stress
and displacement around the pores in the coal rock mass can be assessed by assigning a
null model to some units in the model. Few studies have focused on the effects of both
porosity and pore size on mechanical properties and, usually, only one major factor is
analyzed. Therefore, the modeling process in this experiment mainly considered the effects
of both variations.
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In actual engineering, the pore characteristics of different coal species are very different:
even for the same coal seam, the pore characteristics of coal rocks at different locations are
not the same. Thus, in this paper, we considered a variety of cases to analyze the effects
caused by both on the mechanical properties of coal rocks. In particular, we verified that
the formula was still applicable when the pore characteristics changed.

However, there were some shortcomings to this paper: taking the porosity and pore
size in coal rocks as the research focus simplifies the influence of the remaining pore
characteristics (e.g., pore spacing and shape) on mechanical properties and, therefore, there
may be some limitations with respect to practical engineering applications. At the same
time, we conducted few field and indoor tests, and, in subsequent research, the sampling
and testing of various coal rocks will be carried out to further clarify the influence of
porosity and pore size on the bursting liability of coal rocks and improve the obtained
mathematical relationships. In addition, the influence of the remaining pore characteristics
(e.g., pore shape, distribution) on the mechanical properties of coal rocks will be explored.
In terms of analysis methods, we will continue to expand the analysis ideas proposed in
this paper, try to classify the pores in rock materials by shape and fractal dimension, and
derive the relationship between each mechanical property index and the shape and fractal
dimension of pores, which together with this paper will form a prediction system for the
mechanical property index of pore rock bodies.

6. Conclusions

In this paper, numerical models considering similar pore characteristics and mechan-
ical properties of coal rocks were established using the RFPA2D numerical simulation
software, and the effects of porosity and pore size on various physical and mechanical
properties of coal rocks were analyzed. The results indicated the following;:

1.  The pore structure in the coal rock profoundly affects the evolution of the stress and
displacement fields. The analysis shows that the evolution of the displacement fields
corresponds to the development of the internal damage and deformation of the model,
the stress concentration around the pores is easy to occur, microcracks are generated,
and the expansion of these microcracks causes changes in the mechanical properties
of the specimen and weakens its ability to accumulate energy.

2. The pore structure in the coal rock leads to the reduction in uniaxial compressive
strength. by fitting the porosity and pore diameter to the uniaxial compressive strength
of the coal rock model, the relationship between uniaxial compressive strength of coal
rock and porosity and pore diameter was obtained in the range of porosity (0%~10%)
and pore diameter (0.25~2.0 mm) in Equation (7).

3. The pore structure in the model has different degrees of attenuating effects on its
compressive strength, elastic modulus, and plastic softening modulus, which in turn
affect its energy storage and dissipation processes in the uniaxial compression state.
By fitting the porosity, pore diameter, and model impact energy index, the relationship
between the pore grouping of different pore sizes and the model impact energy index
of coal rock in the range of porosity (0%—-10%) and pore diameter (0.25-2.0 mm) was
calculated by Equation (12).

4. The pore model produces plastic deformation earlier in the experiment, weakening the
ability to accumulate deformation; during the unloading process, the matrix element
that produces plastic deformation loses the ability to recover the deformation, and
the friction between the cracks also inhibits the rebound of the material, making the
elastic energy index of the specimen decrease. The numerical simulation results show
that the pore size is the dominant factor affecting the elastic energy index.
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