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Abstract: Research on the deformation and failure behavior of coal is a key scientific issue in
the study of coal-rock dynamic disaster prevention technology. It is a critical means to grasp
the structural effect of coal-rock deformation and failure behavior to explore the effects of
fracture structure on coal-rock deformation and failure behavior. Our experiment on the
failure characteristics of coal-rock and the evolution of deformation—fracture structures
before the peak stress of coal-rock primarily investigates the influence of fracture structures
on its deformation and failure behavior under loading, with a focus on analyzing the size
of the primary fractures. The results indicate that the influence of the primary fracture
structure on the physical and mechanical properties of coal-rock varies, and the sensitivity
of different properties to these structures also differs. Compared to coal-rock without
outburst proneness, the fracture structure evolution of coal-rock with strong outburst
proneness before failure is more intense and exhibits significant geometric nonlinearity.
The size of the fracture that plays the main role in the pre-peak deformation of coal-rock
with strong outburst proneness is about one-third of the size of the specimen, and it is
about one-fifth of the size of the specimen for coal-rock without outburst proneness. The
fracture structure affects the whole deformation process before the failure of coal-rock with
strong outburst proneness, but its influence on coal-rock without outburst proneness is
gradually reduced with the loading.

Keywords: fracture; structural effect; the size of main fracture; CT scanning; experimental
study

1. Introduction

The occurrence of rock burst accidents is primarily due to the loss of the original
equilibrium state of the coal-rock mass under the influence of mining disturbances, leading
to subsequent deformation and failure [1-4]. Therefore, to reveal the mechanism of rock
burst accidents, it is essential to study the controlling mechanisms of three factors: the
inherent properties of coal-rock, the structure of coal-rock, and the environmental stress
during the process of disaster initiation, occurrence, and development.

Coal bursting liability is the likelihood of coal to accumulate strain energy and cause
impact damage. The damage and failure of coal-rock media under external load is a
nonlinear evolution process far from equilibrium [5,6]. It is also the result of the hetero-
geneity and collective effect of the media at macro, micro and micro levels and different
scales [7-9]. The failure of coal-rock medjia is characterized by a sudden catastrophe, which
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presents uncertainty. The basic reason causing this complex feature lies in the multi-scale
coupling effect [10-12]. It is generally a trans-scale evolution process, i.e., a large number
of micro-damages accumulate and induce the macro catastrophe through trans-scale non-
linear cascades and development. In the whole process, some disordered structure effects
at the micro-scale may be strongly amplified and give rise to significant large-scale effects,
which will have an important impact on the catastrophic behavior of the system. Since it is
impossible to describe the disordered structure and its sensitive effects at various scales in
detail, the catastrophic behavior presents uncertainty [13,14].

The structural control of coal-rock catastrophic damage means that coal-rock damage
is mostly controlled by the structure of coal-rock mass. During this process, the geometric
distribution and material properties of coal-rock structural planes will directly affect the
failure strength of the coal-rock mass. Researchers have carried out in-depth research on
the structural control of coal-rock catastrophic failure behavior [15-18]. Moreover, Zheng
et al. [19,20] analyzed the relationship between the shear strength of the structural plane
and that of the rock block and discussed the failure mode and strength theory of the mass.
Yang et al. [21] conducted uniaxial compression tests on through joint mass and found it
has three main forms of failure, i.e., split, slippage along the joint surface and the composite
form of split and slippage; in addition, the variation in joint plane inclination is the main
reason for the difference in the strength, deformation and failure mode of the specimen.
Nasseri et al. [22] carried out triaxial test research on shale and slate, respectively. The result
indicates that the failure of the rock mass can be divided into three forms: slippage, shear
and composite failure along the structural plane. Sun [23] proposed that the rock mass is
a discontinuous structure controlled by the structural plane, and the rock mass structure
controls its deformation, failure and mechanical properties. Meanwhile, the control effect
of rock material is far less obvious than that of the rock mass structure from the aspect of
control effect. However, with the continuous increase in mining depth and the emergence
of complex working conditions during the mining engineering process, the control effect
of the rock mass structural plane will weaken or disappear along with the high ground
stress conditions at its depth. In this case, shear failure becomes the main form of rock mass
failure. The stress control and the synergistic control effect of structure and stress will be
more significant, while the mechanical behavior of the rock mass will shift from structural
control to stress control [24].

In addition, regarding the fracture structure effect of coal-rock mechanical behavior,
the effect of coal-rock fracture structure on the deformation and failure of materials during
loading is studied, which is the core content of the fracture structure effect of coal-rock
mechanical behavior. Xiao et al. [25] found that the failure strength and deformation
characteristics of deep rock masses with a single fissure are strongly influenced by the
structural surface under triaxial conditions. Du et al. [26] developed a combined test
system to study the size effect on the shear strength of rock joints and explored its initial
applications, finding that the shear strength of rock joints exhibits a significant size effect.
Zhang et al. [27] concluded that the permeability of both intact and fractured coal changes
significantly under cyclic loading and unloading, with fractures playing a key role in
permeability evolution. Sun [28] presents an image-based multi-grid and adaptive multi-
scale modeling method to simulate the trans-scale process of reinforced concrete, from
evolving random meso-damage to macro-scopic cracks and eventually to catastrophic
rupture, and verified the feasibility of the method. The influence of coal-rock fracture
structure on coal-rock mechanical behavior is a basic scientific issue in studying the
occurrence mechanism of coal-rock dynamic disaster, especially the effect of coal-rock
fracture structure on the deformation and failure behavior of coal-rock media, which is the
basis to explore the occurrence and development of coal-rock dynamic disaster.
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To reveal the impact of fracture structures on the deformation and failure behavior of
coal-rock with different impact tendencies, this paper conducted pre-peak deformation
fracture structure evolution experiments. It analyzed the evolution characteristics of
fracture structures during the pre-peak deformation process of coal-rock with varying
impact tendencies and identified the dominant fracture scale in the pre-peak deformation
process at the laboratory scale. Meanwhile, the evolution behavior of the elastic and plastic
deformation of coal-rock with different fracture structures under the same loading path and
the effect of fracture development on the failure characteristics of coal-rock were analyzed.

2. Experimental Procedure
2.1. Experimental Setup

The test includes two parts: (1) Uniaxial cyclic loading/unloading test. The main
equipment is the TAW-2000 electro-hydraulic servo testing machine and LVDT displace-
ment sensor by U.S.A (as shown in Figure 1). (2) The in situ CT (computed tomography)
scan test of coal-rock media after unloading. The equipment is the advanced industrial
CT machine produced by U.S. BIR (as shown in Figure 2). The experiment employs a
high-precision 16-bit micro-focus X-ray for full-height scanning, with a total of 1000 layers,
each 0.1 mm thick. Due to equipment limitations, the criteria for different loading stages
remain consistent, resulting in an image resolution of 100 pum.

(b)

Figure 1. Main test equipment: (a) TAW-2000 electro-hydraulic servo testing machine; (b) LVDT
displacement sensor.

Figure 2. Computer tomography scan imaging system.

Coal samples were selected from two coal mines with different impact tendencies:
Bayan Gaole Coal Mine (with strong bursting liability) and Shennan’ao Coal Mine (without
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bursting liability). The mechanical properties of the test coal samples are as shown in
Table 1. If the uniaxial compressive strength is less than 7 MPa and the elastic energy index
is less than 2, the coal mine is considered to have no outburst proneness. If the uniaxial
compressive strength is greater than or equal to 14 MPa and the elastic energy index is
greater than or equal to 5, the coal mine is considered to have strong outburst proneness.
In the laboratory, cylindrical standard specimens with dimensions of @50 mm x 100 mm
were prepared. Among them, 3 specimens were prepared from Bayan Gaole Coal Mine,
labeled B1~B3, and 2 specimens were prepared from Shennan’ao Coal Mine, labeled S1
and S2.

Table 1. The mechanical properties of test coal samples.

Coal Mine Poisson’s Tensile Uniaxial Compressive Elastic Energy = Bursting
Name Modulus/(GPa)  Ratio Strength/(MPa) Strength/(MPa) Index—Wegr Liability
Bayan Gaole 0.28 1.158 28.568 17.603 Strong
Shennan’ao 0.38 0.56 5.929 1.82 No

This group of tests is aimed to observe the evolution behavior of the fracture structure
characteristics of coal-rock media at different loading stages. The test is completed in four
stages: (1) load 5 coal-rock specimens on the testing machine, and then carry out the in
situ CT scan test to acquire the initial structures; (2) load the coal-rock specimens to the
elastic stage and unload them, and then carry out the in situ CT scan test; (3) load the
coal-rock specimens to the plastic stage and unload them, and then carry out the in situ
CT scan test; and (4) load the coal-rock specimens to the near-failure stage and unload
them, and then carry out the in situ CT scan test. The loading/unloading rate in the test is
100 N/s. Due to the great difference in coal-rock samples, even the coal-rock samples with
the same bursting liability have different stress values at different stages during loading.
Therefore, the judgment process is mainly based on the slope of the stress—strain curve,
i.e,, the curve is approximately a concave arc during the compaction stage, and the slope
will increase rapidly after it passes through the bottom of the arc. The slope of the primary
curve is read at the interface of the testing machine every 1 kN. When the slope has no
obvious change more than 3 consecutive times and is close to the elastic modulus of the
sample, it can be judged that the coal-rock deformation has entered the linear elastic stage;
when the slope shows a downward trend more than 3 consecutive times, it can be judged
that the deformation enters the plastic stage; and when the slope decreases rapidly and
greatly compared to the previous stage, it can be judged that the deformation enters the
near-failure stage. See Table 2 for the specific loading/unloading scheme.

Table 2. The specific plan of test loading.

No. of Specimen Bursting Liability =~ Loading Rate/(N/s) Loading Stage Actual Load/kN

Elastic deformation stage 10.00

Bl Plastic deformation stage 28.00
Near-failure stage 34.00

Elastic deformation stage 18.00

B2 Strong 100 Plastic deformation stage 39.00
Near-failure stage 54.00

Elastic deformation stage 21.00

B3 Plastic deformation stage 29.00

Near-failure stage 33.00
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Table 2. Cont.
No. of Specimen Bursting Liability =~ Loading Rate/(N/s) Loading Stage Actual Load/kN
Elastic deformation stage 3.00
S1 Plastic deformation stage 7.00
Near-failure stage 8.00
No 100 Elastic deformation stage 5.00
S2 Plastic deformation stage 8.00
Near-failure stage 9.00

2.2. Data Image Processing Method

Due to the uneven density of coal and rock media and the fact that CT scan imaging is
a very complex process, it is easy for the overall high gray value of some CT scan sections
and the overall low gray value of some CT scan sections to appear, which directly affects
the subsequent threshold segmentation results. Therefore, the CT scan image is processed
by gray standardization, so that the pixels of the image are distributed in the whole gray
range. At the same time, after standardization, the difference between the gray value of the
target and the background is amplified, which is convenient for subsequent recognition
and segmentation. Figure 3 shows the CT scan slice effect before and after processing. On
this basis, the Gaussian filtering algorithm is applied to remove some special noise and
artifacts, and the difference algorithm is applied to smooth the image as a whole. The image
obtained by subtracting the image obtained by the former from the image obtained by the
latter is the final processed result, as shown in Figure 4. It can be seen that this processing
method can highlight the edge of the fracture image on the premise of removing some
special noise and artifacts, and it greatly improve the image effect after processing so as to
prepare for the subsequent three-dimensional reconstruction and statistical analysis of the
spatial geometric characteristics of the original fracture structure.

(@) (b)

Figure 3. Effect diagram before and after the slice normalizing process: (a) original slice; (b) pro-
cessed slice.

The primary fracture structures were obtained by three-dimensional reconstruction
and threshold segmentation. Figures 5 and 6 show the reconstruction effect of primary
fracture structures of 5 coal-rock mediums. The length and volume are selected to quanti-
tatively describe the morphological characteristics of fracture space, in which the length is
the maximum Feret diameter and the volume is the pixel volume. The fracture structure
with the largest space volume and the best connectivity in the coal-rock medium is called
the primary fracture structure.
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(a) B1 (b) B2 (c) B3

Figure 5. Three-dimensional reconstruction of primary crack structure of coal-rock with strong
outburst proneness (Bayangaole Coal Mine).

(a) S1 (b) S2

Figure 6. Three-dimensional reconstruction of primary crack structure of coal-rock without outburst
proneness (Shennanao Coal Mine).
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3. Results
3.1. Evolution Process of Pre-Peak Deformation Fracture Structure of Coal and Rock

Figure 7a—d respectively show the evolution behavior of two coal-rock fracture struc-
tures with different bursting liabilities. The specimen undergoes a complete loading and
unloading process, forming a hysteresis loop in the stress—strain curve. The loading curve
can be represented by the curve before the peak in the clockwise direction along the hys-
teresis loop, while the unloading process is represented by the curve after the peak. Owing
to many minor damages in coal-rock, defects of a volume less than 10 mm? are hidden in
favor of the visual observation, and the remaining large volume fractures are smoothed.
For the fracture evolution behavior of coal-rock without bursting liability, it is difficult
to observe the obvious changes visually; therefore, only one group is shown. But this
does not mean that there is no fracture evolution behavior. Due to the high degree of the
development of the primary fracture structure in its initial state, the image of subsequent
crack propagation is masked, which makes it difficult to distinguish visually. However,
there are obvious differences that appear later in the statistical analysis.
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Figure 7. Fracture structure evolution diagram before peak value: (a) B1; (b) B2; (c) B3; (d) S1.

3.2. Evolution Behavior of Pre-Peak Deformation Fracture and Main Control Fracture Scale of
Coal-Rock

The main control fracture refers to the fracture structure that plays a leading role
in different deformation stages of the coal-rock pre-peak [29]. The coal-rock media are
always accompanied by fracture structure expansion and new cracks in the process of
deformation and destruction. Therefore, the dynamic evolution behavior of structure will
significantly degrade the material. Some scholars [30,31] use a full stress—strain curve
to classify the different stages of rock deformation and failure, crack development and
propagation behavior. The reason that coal-rock exhibits different deformation and failure
characteristics under loaded conditions is that the evolution of its fracture structure plays
an important role.

The fracture scales at different loading stages are counted, their changes are analyzed,
and the evolution coefficient 11 is defined to describe its scale change. In order to indicate
the reason for variation, the absolute value is not taken and the sign is kept. n > 0 indicates
that the number of fractures increases at this scale; 1 < 0 indicates that the number of
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n

fractures decreases at this scale; 1 = 0 indicates that the number of fractures has no change
at this scale; and 1 = —1 indicates that the fracture of this scale “disappears”, which may be
caused by the fracture closure or by the expansion or compression of the scale fracture to
other scales. The breakpoint on the curve indicates that there are new fractures at this scale.

p’t B pt*l (1)
Pt—1

T]:

where p; is the number of fractures at a certain scale in the current stage, and p;_1 is the
number of fractures at the same scale in the previous stage. Figure 8 shows the fracture
scale change in coal-rock media with strong bursting liability.
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Figure 8. Fracture scale evolution of coal-rock with strong bursting liability (B1 specimen) at
different stages.

It can be analyzed from the curve in Figure 8 that in the elastic deformation stage,
27,000 um is the dividing line. The number of fractures will increase between the 0 um
and 27,000 um scale and decrease above the 27,000 um scale. Especially for the scale over
27,000 um, n mostly take 0 and —1, and there are almost no breakpoints in the curve,
which indicates that the fracture evolution behavior at this scale is dominated by complete
compaction. Figure 9 compares the CT scan slices of coal-rock at this stage with those in
the initial state. New small fractures appear during the elastic deformation stage, so there
are two reasons for the increase in fractures between the 0 um and 27,000 um scale: large-
scale fractures are compressed to this size; and small new cracks appear. Few breakpoints
occur in the whole curve, indicating that there are few new fracture scales in the elastic
deformation stage, and the fracture evolution behavior is relatively continuous; therefore,
the deformation characteristics of coal-rock media are relatively stable in this stage. After
the deformation and failure behavior of coal-rock enters the plastic stage, the scale range of
fracture evolution behavior in this stage is more concentrated, mostly between 10,000 pm
and 39,000 um. All three breakpoints in the curve appear in this scale range, i.e., the scale
of new fractures is concentrated here. This is precisely the macroscopic manifestation of the
self-organization characteristics of the meso organizational behavior of the coal-rock system
under load, and the crack evolution will develop from disorder to order. In the elastic and
plastic deformation stage, the maximum sizes of fractures are 82,000 pm and 86,000 pm,
respectively. When the coal-rock enters the near-failure stage, the crack distribution scale
will increase significantly compared to that in the first two stages; that is why the macro
fracture begins to form. The entire curve is almost all in the negative range and tends to
—1. It indicates that almost all the fractures in the original scale “disappear” when the
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coal-rock is close to failure. The three breakpoints that occurred in the curve are 42,000 pum,
49,000 um and 104,000 pm, respectively. The 104,000 pm scale especially exceeded the
full height of the specimen, which was clearly the scale of the macro fracture surface.
The curve characteristic of this stage shows that in the near-failure stage of coal-rock,
the continuity of deformation and failure behavior decreases, and the fracture structure
begins to concentrate to several scales, especially the 104,000 pm scale. Compared to the
maximum scales 82,000 pm and 86,000 um in the elastic and plastic deformation stage, it
sees a significant leap. This is strong proof of the geometrically nonlinear characteristics of
the coal-rock fracture structure evolution behavior near the catastrophic moment.

ew small crack in XY
B direction

Figure 9. Comparison diagram of slices in same position of specimen (XY direction).

In the elastic deformation stage, the scale of the fracture evolution behavior of coal-rock
with strong bursting liability is relatively scattered, and the overall performance is disorder.
The evolution behavior of large-scale fractures is mainly characterized by compaction,
and the number of them decreases, while the number of small-scale fractures increases.
This may be caused by new small cracks or large-scale fractures being compressed to this
scale. The dividing line of these two scales is about one-third of the specimen size. After
entering the plastic stage, the self-organization characteristics of the coal-rock system come
into play. The fracture evolution behavior begins to develop in order, and the fracture
evolution behavior concentrates to a certain scale, i.e., approx one-third of the specimen size.
In the elastic and plastic deformation stage, the fracture evolution behavior is relatively
continuous, so the macro deformation behavior of coal-rock is relatively stable. In the
near-failure stage, the fracture scale begins to concentrate to several points from a certain
range. Here, most fractures no longer evolve, and only a few fractures play a leading
role. The fracture evolution behavior exhibits geometrically nonlinear characteristics with
leaps in the spatial scale, and eventually, the larger-scale fracture abruptly changes into
macro breakdown. Therefore, the entire failure process of coal-rock specimens with strong
bursting liability is divided into two stages: one is the catastrophe-forming stage (the elastic
and plastic stage) and the other is the quasi-catastrophic stage (the near-failure stage).
When it is detected that the cracks near one-third of the loaded size begin to concentrate, it
is predicted that the coal-rock is at the end of the catastrophe-forming stage and is going
into the quasi-catastrophic stage, which can be used as an early warning.

The coal-rock media without bursting liability and the change in its fracture scale
are shown in Figure 10. It can be seen from the variation curve of S1 that the fracture
distribution scale is significantly increased compared to the coal-rock with strong bursting
liability. There is also a limit value (16,000 um) for the increase and decrease in fractures
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in the elastic deformation stage. 1 mostly takes 0 and —1 when the scale is larger than
16,000 pm. The fracture evolution behavior in the plastic deformation stage is concentrated
between 8000 pm and 22,000 pm. In the near-failure stage, the fracture evolution behavior
of the coal-rock without bursting liability is different from that with strong bursting liability,
and the curve shape is close to that in the plastic deformation stage. Its fracture evolution
behavior is concentrated between 4000 pm and 20,000 um, which is slightly reduced
compared to that in the plastic stage. In addition, in different deformation and failure
stages, the overall fracture scale distribution range of coal-rock without bursting liability
has no change. Especially when it is near the failure stage, there is no sudden change and
leaps in scale. Generally, in the whole process of S1 deformation, the curve change is not as
sharp as that of coal-rock with strong bursting liability, and the difference between each
stage is relatively weak. From this point of view, it is more difficult to predict the loading
failure of coal-rock media without bursting liability. It can be concluded from the curve
that there is little evolution behavior of large-scale fractures in the whole deformation
process, so it is speculated that the evolution behavior of small-scale fractures plays a
leading role. The generation and expansion of small-scale cracks will make the large-scale
cracks that are about to be penetrated in the initial state penetrate into the macroscopic
failure surface. In the S1 specimen, the main control fracture size is less than 20,000 pm.
In the process of deformation and failure, the fracture structure evolution behavior of
coal-rock without bursting liability is softer than that with strong bursting liability, without
sudden increases or leaps in scale or strong geometric nonlinear characteristics, and the
meso structure evolution behavior is more orderly. In the whole deformation process, the
fracture scale that plays a leading role in its macro failure is about 20,000 pm, i.e., one-fifth
of the specimen size.

25
20F —— Elastic deformation stage
—— Plastic deformation stage
LSt —+— Near failure stage
10+
=05+
0.0 X
-0-5 _ WV \// V
-1.0+ 1
—1.5 L L 1 1 |
0.0E+00 2.0E+04 4.0E+H04 6.0E+04 8.0E+04 1.0E+H05 1.2E+H05
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Figure 10. Fracture scale evolution of non-bursting liability coal-rock (S1 specimen) at different stages.

3.3. The Failure Characteristics Are Affected by the Fracture Development

The effect of fracture structure on the failure characteristics is also reflected in the
coal-rock failure mechanism. It is known from the CT scan experiment that the integrity of
coal-rock with strong bursting liability is high, and there are often fillers in the primitive
fracture [32,33], so the failure is mostly from the coal matrix and fillers. Figure 11 depicts
the physical graphs of coal sample failure. It can be seen from the stress—strain curve
that in the initial stage of material loading, the primary fracture structure with an angle
of approximately 90° to the principal stress is compacted, meaning that this part of the
primitive fracture has “disappeared”. If there is no filler, the “disappeared” primitive
fracture will become the primitive coal; if there is a filler, the primitive “disappeared”
fracture will become the primitive rock. For the primary fracture structure with an angle of
approximately 0° to the principal stress, if there is no filler, the coal matrix materials on
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both sides will be affected by the tensile stress on the two surfaces of the fracture, making
the fracture expand parallel to the direction of the principal stress loading, mainly forming
type I cracks. If there is a filler, due to the difference in the elastic modulus between the
filler and coal matrix material, the two will show inconsistent deformation behavior under
load, i.e., different displacements, and the propagation fractures will mostly be type I and
II cracks. Under the loading condition, the strength of coal-rock with strong bursting
liability is mainly that of the media themselves, and its failure is mainly the failure of
coal-rock materials.

(b)
Figure 11. Physical graphs of coal sample failure: (a) B1; (b) S1.

The main fracture structure of the coal-rock without bursting liability is approx.
30~60° to the main stress, or it is exhibited, as a net structure, as a whole in the coal-rock.
The failure of the material is mainly shear failure or plastic deformation. The failure
mechanism of coal-rock with strong bursting liability is tension failure.

According to the principle of elasticity [34],

g3 = %[03 —v(o1 + 02)] )

The ultimate tensile strain of the material is assumed to be €3, and its failure crite-
rion is

03 — V(O‘l + 0'2) = —EE3,0 3)
When o3 = 07 =0,
1
€ = O 4)

where o¢ is the uniaxial compressive strength of the material. Therefore,

Oc
€30 = Yot = Vo ®)

€3,0
Vo = (6)
€1,0

Combining with (3) and (5), then
03 = V0(0'1 + 0 — O'C) (7)

If it is a false triaxial condition, then

1—V0
Vo

01 =

03 + 0O¢ 8)

Equations (7) and (8) are the tensile fracture criteria of materials.
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The failure of coal-rock media without bursting liability is mainly shear failure, the
plastic deformation of rock material, or the sliding of rock material along the fracture
structure. The shear failure follows the maximum shear stress theory and is brittle failure;
the plastic deformation follows Mohr-Coulomb’s strength theory and is flexible failure.
The former is a special case of the latter, but the two are the same in the essence. According
to Mohr—Coulomb’s criterion [35], under the plane stress condition,

1 1

5(01—03) = 5(01+03)sin(p+ccoscp 9)
where c is the cohesion of the material and ¢ is the internal friction angle of the material.
Equation (9) is rewritten into

1 B 1 o1+03
2(01 G3)coscp = {( 5 )+c (10)
1
S(o1— 31+ )7 = (T 4 (11)
a[1+8)? —f = os[(1+ )"+ 1] +2 (12)

When o3 =0, 07 = o..
When o1 =0, 03 = —0¢.
ot is the unique strength of the material. When combined with Equation (12), then

1/27

2¢ = oc[(1+£7) f] (13)

1/2
Gt

2¢ = oy[(1+ ) f] (14)

When combined with Equations (13) and (14), then

or _ (1—|—f2)1/2—f (15)
O¢ (1—|—f2)1/2+f
When combined with Equations (12)-(14), then
1/2
1+f f
01:Gc+ﬁ63:<7c+( )1/2+ 03 (16)
Ot (142" —f
When combined with Equation (8), then
1-po (1487 41 -
Mo (142
then 1
ho = 5(1—sin @) (18)

The criterion of transformation from tensile failure to shear failure or plastic deforma-
tion can be obtained accordingly. When

1
Ko < 5(1 —sing) 19)

The material will be damaged in the form of tensile failure controlled by tensile strain;
when )
Ho > 5(1 —sing) (20)
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In the material, shear failure or plastic deformation will occur. Because the structural
characteristics of materials will affect the relationship between Poisson’s ratio and the
internal friction angle, it will affect the failure mechanism of coal-rock media with different
bursting liabilities.

The correlation between the primary fracture structure of coal-rock and the Poisson’s
ratio of material is quite weak. Therefore, the effect of structure on the coal-rock failure
mechanism is manifested in its effect on the internal friction angle in essence [36]. The
damage degree of coal-rock media with different bursting liabilities is significantly different,
so it is assumed that the complete coal-rock materials can be subjected to different degrees
of damage and deterioration treatment in order to obtain the coal-rock media with different
bursting liabilities. According to the nonlinear brittle damage dynamic model [37], the
relationship between the internal friction angle of intact rock material and the effective
internal friction angle of damaged rock material is as follows:

tan o* = (1 — D3/2)n tan @ (21)

where 7 is the material parameter. It can be seen from Figure 12 that the internal friction
angle of the material will gradually decrease with the increase in damage; the greater the #,
the higher the sensitivity of the internal friction angle to the damage. Therefore, when the
bursting liability decreases, the failure mechanism will gradually transit from the tensile
failure to the shear failure and plastic deformation.

1|7 T
¢=60° =l
>n=2
0.8F =3
--n=10
0.6f
*9-
0.4r ]
0.2r ]
O | | =t -8B
0 0.2 04 0.6 0.8 1
D

Figure 12. Effect of damage degree on internal friction angle.

4. Conclusions

Based on the test of coal-rock failure characteristics, the evolution test of coal-rock
pre-peak deformation fracture structure and the deformation numerical test of coal-rock
with different structural characteristics, this paper focuses on the effect of coal-rock fracture
structure on its deformation and failure behavior under load and obtains the following
understanding:

(1) The fracture evolution behavior of coal-rock specimens with strong bursting liability
in their elastic deformation stage exhibits disorder and the scale is relatively dispersed.
The boundary is about one-third of the specimen size; after entering the plastic
deformation stage, the fracture evolution behavior becomes orderly, the continuity is
improved, and the scale is gradually concentrated in the range of about one-third of
the specimen size. When it is observed that the fractures in this range begin to develop
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concentratedly, the specimen can be considered to be in the “quasi-catastrophic” stage,
and an early warning can be given.

(2) Under the loading condition, the fracture evolution behavior of coal-rock with no
bursting liability is relatively soft and orderly without a leap or sharp rise in the scale.
The damage of the material is mainly controlled by the increase in small fractures,
which contributes to the penetration of large fractures. The size of this small fracture
is less than one-fifth of the specimen size.

(3) The failure mechanism of coal-rock is affected by the fracture structure. Regarding the
coal-rock media with different bursting liabilities, two different failure mechanisms
under uniaxial loading will occur: tensile failure and shear failure/plastic deforma-
tion. The root cause lies in the relationship between Poisson’s ratio and the internal
friction angle. Specifically, the property of the coal-rock fracture structure controlling
the internal friction angle of the material makes the coal-rock failure mechanism
transition from tensile failure to shear failure or plastic deformation as the bursting
liability decreases.
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