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Abstract: For studying the law of crack propagation around a gas drilling borehole, an experimental
study about coal with a cavity under uniaxial compression was carried out, with the digital speckle
correlation method capturing the images of coal failure. A sequence of coal failure images and
the full-field strain of failure were obtained. The strain softening characteristic was shown by the
curve. A method of curve dividing—named fitting-damaging—was proposed, combining the least
square fitting residual norm and damage fraction. By this method, the five stages and four key
points of a stress-strain curve were defined. Then, the full-field stress was inverted by means of the
theory of elasticity and the adjacent element weight sharing model. The results show that o; was
30.28-41.71 percent of oy and 0.4 was 83.08-87.34 percent of 0y, calculated by the fitting-damaging
method, agreeing with former research. The results of stress inversion showed that under a low stress
level (0.15 0¢ < 0 < 0.5 0f), microdamage evolving into plastic failure later was formed around the
cavity. Under a high stress level (0.5 0y < 0 < 0.85 0y), the region of stress concentration suddenly
crazed and formed a brittle crack. When ¢ > 0.85 oy, the crack was developing, crack lines were
connecting with each other, and the coal finally failed. The outcome of the stress inversion was
completely concomitant with the images of crack propagation. Additionally, the stress around the
cavity was able to be calculated accurately.

Keywords: crack propagation; digital speckle correlation method; stress inversion; uniaxial
compression

1. Introduction

Extraction is widely used in the prevention and management of gas, and drilling construction is
bound to change the original stress distribution of coal and rock mass [1]. A complex stress distribution
increases the difficulty of studying the crack propagation law of coal around the borehole. As the
stress can reflect a crack’s propagation intuitively, stress inversion is helpful to reveal the evolutionary
mechanism of crack propagation.

In order to study the evolutionary mechanism of crack propagation, a large number of samples
are taken and a gypsum-like compression test is carried out [2]. Finally, the crack is divided into four
types, and the state of each crack is described in detail. Strain gauges are used to measure the strain
around the borehole [3]. A single cavity and multiple cavities are simulated by RFPA2D, and the lateral
compressive coefficient is calculated [4]. A three-dimensional (3-D) model is built to reveal the crack
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propagation around cavities [5]. The stability of the hole is calculated by theory and an engineering
experiment is carried out to verify the results [6].

However, the above conclusions are limited by research methods, which mainly use continuous
media and classical elastoplastic theory to carry out research. Researchers believe that the elastic
and plastic range and equilibrium theory cannot completely solve the problem of damage to
coal and rock damage, and need to analyze the damage from different scales of evolution [7].
So, acoustic emission and electromagnetic wave observation methods are used to reveal the evolution
of coal and rock with a uniaxial compression test [8]. The digital image correlation (DIC) method
is a measure of surface displacement. The basic principle of DIC was introduced by [9]. The DIC
method is used for rock deformation observation and to explain the process of rock failure from
the perspective of strain localization [10]. The uniaxial compression test on sandstone with two
nonparallel fissures has been carried out, and the relationship between the crack angle and the
failure type was discussed [11]. A uniaxial compression test on rock materials was conducted with
DIC [12]. With a numerical simulation analysis, the relationship between the macroscopic mechanical
response and the micromechanical mechanism was discussed. Now, the DIC method is being used for
a wide range of applications on all kinds of materials, such as metal [13], rubber [14], and rock [15].
Furthermore, the effects of mixed-mode 1/1I loading on fracture studies have been performed by [16].
Additionally, the accuracy of the DIC method under a recoding resolution of 1000 x 1000 pixels? and
aimed at a 10 x 10 mm object could achieve £100 mm [17].

The process of rock mass destruction is related to the elasticity and plasticity of solid materials.
It is still impossible to fully explain the structure of the rock mass during the change of elastic stage to
shaping stage. In order to explore the evolutionary mechanism of crack propagation of coal around
a borehole, this paper presents experimental investigations on a uniaxial compression test of coal with
a cavity. A compression test was used as the traditional research of coal sample damage is based on
an image analysis, which cannot quantitatively analyze the surface on the meso-scale. Furthermore,
the stress analysis of the experiment was very hard to carry out. Thus, the DIC method was used for
handling these problems to analyse the procedure of a sample’s destruction. With the DIC method,
detailed records of the image of the coal samples during destruction can be used to obtain a full
stress-strain curve and an image sequence of a coal sample’s surface failure. By an analysis of the
stress-strain curve and the surface damage of the coal samples, the key points and phases in the process
of failure are determined. By the elasticity theory and the adjacent element weight sharing model,
the surface stress of the coal sample is inverted, and the crack propagation process and evolutionary
mechanism are studied.

2. Method and Theory

2.1. Digital Image Correlation

Digital image correlation (DIC) is a non-contact measurement method that can be used to obtain
the surface deformation field of a specimen. The system is mainly composed of an acquisition system
and a data storage system, as shown in Figure 1. The experimental system calculates the deformation of
the entire field by the difference method and a pattern-matching algorithm by use of the computational
visual principle.

During the experiment, the system collects the surface images of a sample in real time and stores
it in the computer in the form of a digital image. Additionally, the output of this system is the field of
strain as a matrix. Assuming that there are i analysis points in the horizontal direction of each image
and j analysis points in the vertical direction, an image is collected at time t and the multidimensional
matrix R; is obtained by

Ri(Xy, Yy, Zyj, Ujj, Vij, Wj, ex;j, €yi7)

ijr &ijs

where Xy, Yj;, Z;j, U, Vi, Wi, ex;j, and ey;; are the X, Y, and Z coordinates, the displacement of the X,

Y, and Z directions of point(j, j), the X-direction strain, and the Y-direction strain, respectively.
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Figure 1. System structure. CCD: charge-colored device.

2.2. Model of Stress Inversion

In the elastic phase, the stress can be calculated from the strain, the elastic modulus E,
and Poisson’s ratio y, as in Equation (1).

_ _E
Oy = m(ﬁe +Ex)
_ _E I
Oy = m(kzye +€y) @
_ _E U
0, = m(llell9+€z>
To — E
Xy = 3014y TxY

After the sample is broken, the stress is calculated by the adjacent unit weighting model on the
hypothesis that the sample contains a total of L damage microcells. These microcells are randomly
distributed in the research system, forming M disconnected disruptive groups. L,, was used to denote
the number of broken microcells in the group.

L=)Y Lu @)

Additionally, the damage on the Group L;, should be borne by the adjacent unit to bear the stress,
expressed as:

TLmy = LF (L) W(d) ooy
OLmy = %P(Lm)w(d)UOy 3)
OlLmz = %P(Lm)W(d)O'OZ

where F(L;,) is the function of the L,, element in relation to the stress; W(L,,) is the function of the stress
in the X, Y, and Z directions of the group; W(d) is the distance weight; and d is the distance between
the complete unit and the damage unit. Considering the mutual influence among the damage units,
F(Ly,) is corrected to the function of the damage fraction A.

FA)=1+(1-A)" )
424 +7
(@)= 1pive ®)

2.3. Method of Defining the Stress-Strain Curve

For a more accurate study of the compression process, the key points (elastic starting stress o,
crack initiation stress 0y, crack failure stress 04, and peak stress 0y) in the full stress-strain curve are



Energies 2017, 10, 1743 4 of 14

determined and partitioned. Firstly, calculated the coal sample surface damage fraction D; is calculated.
Then, the damage score curve, which is defined by Equation (6), is drawn.

A* — Ag

D=~

(6)
where A is the original area of the coal sample’s surface, A" is the damage area on the surface, and A is
the initial damage area of the coal sample. In the DIC system, the coal sample’s surface corresponds to
i X j analysis points in the initial state. When the coal sample’s surface is damaged, the corresponding
analysis points would disappear. According to the relationship between the area and the analysis
point, the damage score can be defined as:

S — 50

D; = ()

iXj
where s is the analysis point of disappearance and sy is the number of analysis points missing from the
initial state.

The damage score curve of the compression process can be calculated according to Equation (7),
and the Nonzero starting point of the curve corresponds to the crack stress o,;. Secondly, according to
the physical meaning of the elastic modulus, we find the part of the full stress-strain curve closest to
the straight line segment as the elastic stage, and construct the European norm:

®)

The above equation, also known as the Euclidean distance, means the norm of the vector x,
commonly used to characterize the degree of curve fitting [18]. Let x; be the residual of each point of
the stress-strain fitting curve, n be the number of fitting points, and let ||x||? represent the merits of
the fitting curve. When ||x||2—0, the fitting curve is closest to the original curve. In this experiment,
since the stress sensor frequency of the testing Machine was fixed at 10 Hz, so that  is 10 times that of
t, n = 10t. In the experiment, the loading method is fixed at a load rate, v, which means n and ¢ are
a linear relationship, so the ||x||> — n curve can be directly drawn as a ||x||?> — & curve, as shown in
Figure 2.

008 0.1

Figure 2. Least square fitting residual norm.

The point of the stress-strain curve is fitted by the least square linear method, which starts with
o, and ends with o4. The point of participation is gradually increased, and the euclidean distance
remains constant, as shown in Figure 2, which means that the participation of the points is in the same
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line. There are two lines with a higher degree of fit, and the first (the end point corresponding to ¢;) is
much better than the second (the end point corresponding to ;). So, €; is the end point of the elastic
phase, and the corresponding stress is the crack initiation stress o;. When the strain is larger than ¢,
the coal sample enters the stable crack development stage.

3. Experimental Details

3.1. Specimen Preparation

For researching the stress around the hole, a hole must be contained in the coal sample. A complex
curve structure forms after boring a hole in the cylindrical sample, which makes the regular part of
our research harder. However, a flat plane forms after boring a hole in the cube sample, which makes
our research more convenient. Additionally, the diameter of the hole is 10 mm, and for reducing the
influence of the stress concentration and end effect, the distance between the edge of the sample and
the hole must be larger than 30 mm. So, a 70 mm cube sample was a better choice for this research.

First, the coal slurry must be prepared. The slurry was mixed with coal, fly ash, and water, with the
quality ratio as 11:2:7. Then, the slurry was cast in a 70 mm x 70 mm x 70 mm cube coal sample box.
Subsequently, a cylinder having a diameter of ¢ = 10 mm and a height of 100 mm was placed in the
center of the slurry, thereby prefabricating the holes. Finally, after the slurry was completely solidified,
the cylinder was removed and speckle was sprayed in the coal sample on the drilling side. The coal
sample situation is shown in Table 1. The experiment was loaded with a DDL200 electronic testing
machine, and the loading method was controlled by displacement. The loading speed was 0.2 mm /min.
Images are captured by two sets of Pointgrey® charge-colored device (CCD) cameras (Point Grey
Research® Inc., Richmond, BC, Canada) and Pentax® 75 mm lenses (Ricoh Imaging Company, LTD.,
Tokyo, Japan). To prevent any impact of strobe on data acquisition, two OSRAM® 55460 optical lights
(OSRAM Licht AG, Garching, Germany) were the light sources. During the loading process, the DIC
acquisition frequency was 1 Hz.

Table 1. Size of samples and experiment parameters.

Index E/MPa  Size(mm X mm X mm) ¢/(mm) Total Time/s

16 11.0948 69.9 x 69.7 x 69.9 10.4 820
18 2.0643 69.8 x 69.9 x 69.6 10.6 420
22 8.7863 69.5 x 69.5 x 69.7 10.2 490

3.2. Experiments Result

The full stress-strain curve of the coal sample is shown in Figure 3, and the curve is consistent
with the results of Martin [14]. The five stages and four key points are shown in Figure 3. The o, is
30.28-41.71% of the peak stress 0y, and the 04 is 83.08-87.34% of the oy. Table 2 shows o, 0, 0y,
and oy, the ratio of the crack initiation stress to the peak stress o;/ oy, and the ratio of the crack failure
stress to the peak stress 0/ 07.

Table 2. Key points of stress and ratios obtained by the fitting-damaging method.

Index o, (MPa) o, MPa) o, (MPa) oy (MPa) oilog (%) oeqloy (%)

16 0.0324 0.0718 0.1504 0.1722 41.71 87.34
18 0.0012 0.0304 0.0812 0.1004 30.28 80.89
22 0.0373 0.0671 0.1363 0.1641 40.87 83.08
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Figure 3. Stress-strain curve.

The stress-strain curves of Figure 3 are different from those in [19] where natural rock through
a complex diagenesis was used, and the internal gap was much smaller than the bricks produced in this
test. The internal porosity of the sample was much larger, and leads to the difference in the I partition.

Taking Sample 16 as an example, a coal sample is shown in Figure 4. The surface displacement
field of the sample is shown in Figure 5. It can be found that the evolution of the displacement field
in the process of the coal sample’s compression involved two stages: (1) from chaos to order; and (2)
from order to slice. The previous stage mainly occurs in the I, II, and III partitions, and the latter stage
mainly occurs in the IV and V partitions.

(b)

Figure 4. Sample images: (a) before sample destruction; (b) after sample destruction.
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Figure 5. Revolution of displacement field.
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In the beginning of the test, as shown in Figure 5a, the displacement of the coal sample’s surface is
different, showing a random distribution of a chaotic state. As the coal sample in the outside without
load is under a natural dry formation, there is a large gap within the coal sample. In the case of coal
pressure, the loose structure still has a certain carrying capacity, and the stress increases gradually
with the increase of strain. After the pressure is more than the carrying capacity, the loose structure
is destroyed and the coal sample is compacted, the stress is kept constant and the strain increases,
and the full stress-strain curve is shown to be an approximately horizontal straight line. Under the
action of axial pressure, the surface of the coal sample forms directional movement.

With an increase of axial strain, the displacement of each point on the surface of the coal sample
shows a linear distribution of 45° from top to bottom, and the displacement field gradually changes
to an orderly state, as shown in Figure 5b. As the axial strain increases, the stress increases to o,
and the internal voids of the coal sample are completely closed and enter the elastic phase (II partition
in Figure 3). In this stage, the displacement of the points on the surface of the coal sample has the
characteristic of diffusing downward from the top, the surface points are uniformly deformed, and the
displacement field distribution is kept constant, as shown in Figure 5b,c. The full stress-strain curve is
approximated as a straight line as shown in Figure 3, the coal sample is linearly elastic, and the surface
displacement field is ordered.

When the stress is larger than o;, the order of the displacement field of the coal sample is
strengthened, the internal cracks are dominated by the overall mechanical behavior of the coal sample,
and the typical linear elastic phase ends to enter the crack stabilization stage (III partition in Figure 3).
When the loading is carried out, the internal weak structure of the fracture is initiated and affects the
top-down displacement transfer process, eventually forming a displacement field associated with
the internal fracture, as shown in Figure 5c. At this time, the surface of the coal sample has not yet
produced macroscopic visible cracks, and the damage score at this stage is still constant.

When the stress is larger than o, the surface displacement field of the coal sample starts to transit
from an ordered state to a fragmented state, and the coal sample enters the crack acceleration stage
(IV partition in Figure 3). Under the action of the upper load, the displacement field, which exists in the
coal sample, begins to fragment and show a localized trend, as shown in Figure 5d. The discontinuous
fracture at the displacement results in the rapid expansion of cracks, the formation of macroscopic
cracks, and the damage scores rise sharply.

As the axial strain increases, the stress is loaded into g2 and the coal sample breaks as shown in
Figure 5e, indicating an entry into the post-peak phase (V-partition in Figure 3). The crack pattern
divides the coal sample into four regions, and the coal surface displacement field is completely in
a fragmented state.

4. Results and Discussion

4.1. Stress Calculation around the Hole

The elastic modulus E of the coal sample was obtained from the full stress-strain curve according
to least squares fitting. Based on the ratio of the average transverse strain €’y to &,y, the method was
used to calculate the lateral strain proposed by [20]. The coordinates of the measurement points of the
system boundary in the elastic phase were obtained by using the left and right boundary coordinates.
The average transverse strain could be calculated by the difference in the approximation. The final
Poisson’s ratio can be calculated from Equation (9).

n
1 Ax;
& vx ﬁigl ©
p= o g ©)
vy yy

where 7 is the number of boundary points, w is the initial distance of the boundary, and Ax; is the
distance between the left and right borders at the same level. Based on the data from each image,
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we obtained the function of y; and the Poisson’s ratio y at time ¢. Additionally, o = 11.0948e — 0.0936
and E = 11.0948 MPa according to the stress-strain curve in the elastic phase.

The surface stress of the coal sample’s surface was inverted by Equation (1) before the macroscopic
failure on the surface of the coal sample (i.e., the elastic phase and the crack stabilization expansion
stage). The stage of the crack accelerates the expansion, the coal surface of the macro cracks, and the
damage increase. By using the adjacent unit weighting model, the surface stress of the coal sample was
obtained though Equation (3). Finally, the surface full-field stress of the coal sample in the compression
process was obtained, as shown in Figure 6.
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Figure 6. Cont.
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Figure 6. Revolution of stress field: (a) elastic starting point; (b) crack initiation; (c) crack failure;
(d) sample failure; and (e) finally destroyed.

4.2. Stress Evolution around the Hole

The stress field of the surface of the coal sample during compression is shown in Figure 6. The first
to fourth columns are the 0y, 0y, 022, and Ty stress distributions. The horizontal stress concentration
coefficient Ky, the vertical stress concentration coefficient Ky, the o, stress concentration coefficient
Kz, and the Ty, shear stress concentration coefficient Ky, are shown in Figure 7.
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Figure 7. Revolution of the stress concentration factor and entropy (a) Kyx and Syy; (b) Ky, and Syy;
(c) Kz; and Sz;; and (d) Kyy and Syy,.
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In order to describe the stress field distribution more accurately, the entropy S was used to
characterize the stress field discretization. The entropy was extended into the two-dimensional case by
Equation (10).

m n
S = *Z Pij In Pl‘]‘ (10)
j=1i=1
TG0 =12,
pj = (i=12---,nj=12,---m) (11)
Os
m n
Os = Z Uij (12)
j=1i=1

where 07 is the stress of point (i, j).

The horizontal stress field entropy Sy is maintained at around 0.99 at the beginning of loading,
showing a chaotic state, as shown in the first column of Figures 6 and 7a. However, there was
a tendency to decrease slowly, indicating that the horizontal stress field ¢y, was gradually changing
to an orderly state. As the coal sample contains a large number of randomly distributed primary
voids, the surface stress of the coal sample was different and discontinuously distributed. There were
individual regions showing a slight stress concentration, but the whole sample was still at a low stress
level with an enhanced trend; when ¢ > 0.0116, entering the elastic phase, the coal sample was closed
with the original void, and was gradually compacted. Additionally, Sy, at this stage reaches the first
extreme 0.9518, as shown in Figure 7a. Its characteristics still remain chaotic. The stress concentration
factor Ky, reaches the extreme value of 28.04 at this stage, as shown in Figure 7a. When ¢ > 0.0150,
entering the crack stabilization stage, new fissures were gradually generated due to the original defects
with the strain increase. As the internal fissure was generated, the orderly transition process of the
stress field was interrupted. The stress field spontaneously evolved to a lower degree of concentration
according to entropy theory. In this process, Sy returns to the initial state of 0.9941, and Ky reduces to
0.5 with a release of stress concentration, as shown in Figure 7a. As the loading continues, the energy
of the coal sample turns to an ordered state, Sy, decreases again, and Ky increases. Additionally,
K,y increases significantly before the crack is destroyed. When & > 0.0378, the crack is destroyed
and forms a macroscopic crack, and Ky, rapidly increases, as shown in Figure 7a. So, the stress
concentration is significant, and the stress concentration in the vicinity of the crack is significant.
When the destruction of the coal is close, Ky, goes up to 39.57. When & > 0.0453, the coal sample falls
into the after-peak stage, due to damage caused by coal-like fragments. In some areas, the stress
concentration intensifies, while in the other parts of the sample, the stress releases. Additionally,
the stress field distribution evolves into a chaotic state as the volatility of Ky, becomes larger, and the
overall trend weakens.

The variation of the vertical stress field 0y, over the entire loading phase is smaller than that of
the other stress field as shown in the second column of Figures 6 and 7b. Only in the early stage of the
elastic phase and the stable crack development stage is the stress field more uniform. The stress field
is unified: (1) when the chaotic state was the main behavior in the elastic stage and the stable crack
development stage; and (2) when in the crack expansion stage the stress field was ordered, and when
in the post-peak stage the stress field was chaotic.

At first, the 0, stress field increased from a low stress level to the peak value, as shown in
Figure 6’s third column and Figure 7c. When ¢ = 0.0378, the coal sample ruptures and K, reaches 23.55.
When € > 0.0378, K, gradually decreases at the post-peak stage. While ¢ — 0.0378, the stress field is
gradually ordered when the macroscopic crack is almost at failure. When & > 0.0453, most of the stress
is gradually released after the peak phase. Only the localized stress concentration is localized, and the
stress field is characterized by disorder.

The shear stress field Ty, exhibits a significant increase in strength at the initial stage of loading,
and the shear stress distribution of the coal sample is larger due to the random distribution of the
primary pores of the coal sample’s randomness, showing the characteristics of chaos, as shown in
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Figure 6d. Additionally, Ky, was 475 and then decreased rapidly. When ¢ > 0.0150, the shear stress was
increased after the crack stabilization stage. The stress concentration further reduced, the concentration
of Syy further reduced, and the concentration of the stress increased again. When ¢ > 0.0378, Ty, was
further ordered, Sxy decreased, and the stress concentration increased again. When ¢ > 0.0453,
entering the post-peak stage, the shear stress was completely released in the destructive area of
the coal sample, and the distribution of the stress field was chaotic. The shear stress of the crack tip
resulted in a significant increase in Kyy.

4.3. Crack Propagation Process around the Hole

In order to facilitate the description, the center was drilled as the center of the establishment of the
polar coordinates. Nine damage zones of the coal sample were eventually formed, numbered as shown
in Figure 8, where the A and B, C and E, and F and G areas format three macro cracks. The evolution
of the nine failure zones on the coal sample’s surface is shown in Figure 9.

Figure 8. Direction of the coal.

The damage regions of A, C, E, and F were directly related to the horizontal stress field oy,
and the order of their failure is shown in Figure 9a. After entering the elastic stage, the original pores
of the coal sample were completely closed and the axial loading was transferred to the bottom of the
coal sample. The horizontal stress field oy, gradually ordered and the first peak of surface stress was
concentrated. A stress concentration region was formed at the bottom of the borehole, i.e., § = 240° and
0 =300°. As 0 =18.84% oy ata low stress level, the degree of stress concentration was in a low stage.
Additionally, the area of 8 = 240° did not produce brittle cracks and expansion, but existed in the coal
sample’s surface with a stable stress concentration, so that a tensile stress concentration formatted in
region C. By combining Equation (1), the stress concentration here also indicates that the horizontal
strain &,y increases, which is the deformation localization described by Ma [21]. Due to the low stress
level at this time, it was difficult for macroscopic cracks to form in the stress concentration area in
the direction of 6 = 300°, as the wall structure had loosened. The hole was gradually shifted from the
right side of the low lateral hole along the wall (i.e., the right side of the cell wall) and maintained
for about 111 s (t = 141 s to t = 252 s). In the process of the right side of the hole wall producing
large-scale damage and a large amount of damage, the formation of normal shear (NS) damage in [2]
eventually resulted in the destruction of the right side of the hole wall rather than the left side of the
wall, as shown in Figure 4. Then, the stress concentration zone stabilized at the top of the hole 8 = 60°
to form the tensile stress concentration in region A. In the crack propagation stage, o > 87.34% oy,
the A, C, and E regions had been broken down under the combined loading of high stress, a high stress
concentration, and a highly ordered stress field. With such a comprehensive effect, a brittle fracture
occurred in the crack tips of A, C, and E, and the crack propagated rapidly along the stress field. In the
post-peak stage, the regions A and B and C and E were successively passed, and the crack was fully
expanded. The stress concentration in region A was gradually expanded and the region F was split.
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The region F gradually extended upwardly along the stress field direction and formed the main tensile
(T1) damage. At the same time, the region F gradually penetrated into region G, and the 45° crack
formed by ABCE ran through the surface of the coal sample. The coal sample was broken, and the
carrying capacity significantly decreased.
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Figure 9. Revolution of stress and failure: (a) relationship of oyy and destruction evolution;
(b) relationship of ¢y, and destruction evolution; (c) relationship of 0, and destruction evolution;
and (d) relationship of Ty and destruction evolution.

In the post-peak stage, as shown in Figure 9b, due to the lack of a strong stress concentration,
in the region D of the coal sample’s surface under the combined action of the vertical stress field o,
and the ordered field, plastic damage emerged, the stress released, and the local stress field began to
enter into a chaotic state. The destruction of the region no longer increased, with only a small range of
yield, and the border of destruction was arc-shaped.

Also, in the post-peak stage, as the 0, field became chaotic after the failure, the effect on the
region of 6 = 0-60° was significant, which exacerbated the damage of region B, as shown in Figure 9c.
The destruction of the surface area directly lead to the formation of an ordered stress field and stress
concentration in the local area, resulting in a small range of damage, and forming a horizontal crack.

The failure of surface regions B and E were dominated by 7., stress. In the stable crack
development stage (41.71% o > o > 87.34% 0y), a stable stress concentration region was formed
under the action of moderate and low stress levels and an ordered Ty, field, as shown in Figure 9d.
With the order of the stress field, the stress concentration increased continuously until the axial stress
o > 87.34% oy, when the cracks in the A, B, and E regions occured one after another. The region
A ruptured under the complex action of Ty, and oyxy. The damage of region E was more complex,
which involved 0yy, 0z, and Ty,. Additionally, the rupture of region B was caused by Tyxy and 0.
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Finally, the region B continued to expand along the 7y, and ¢, directions, and passed through the
region A after the post-peak stage.

The destruction behavior of the sample, which mainly were the T1 crack and an X-shaped failure,
was similar to MA’s research [21]. As the diameter of the hole in [21] was too large, the influence of
the stress concentration and end effect caused the X-shaped failure. Additionally, the unavoidable
friction between the sample and the loading machine similarly caused the end effect, leading to the
X-shaped failure. However, the emergence of the T1 crack was more similar to LAJTAI’s research [2]
and YIN'’s research [22]. Under the loading process, the top of hole moved to the left and right sides,
forming a region of tension, which could have caused the T1 crack. However, the length of the crack
in our experiment was shorter than LAJTAI [2], YIN [22], and YANG [23], which was caused by the
strength of the sample. The strength of the sandstone was much higher than the strength of the sample
we made, whose crack expansion was more plastic.

5. Conclusions

The fracture initiation stress 0; calculated according to this method is 30.28-41.71% of the oy,
and the crack failure stress 0, is 83.08-87.34% of the oy. The results are similar to existing experimental
results, which proves that the fitting-damage method can be used for stress inversion. The perimeter
crack’s propagation experienced two stages, which were the low stress and high stress levels. In the
low stress level, including the II and III regions, that is, the 0.15 0f<o< 0.5 oy period, there resulted
invisible micro-damage, the macro effect of the formation of plastic deformation; in the high stress
level, mainly for the IV and V region, that is, the 0.5 0F<0 <0850 period, the stress concentration
coefficient K is greater than 10, and the stress concentration area around the hole had rapid cracking,
resulting in macro brittle cracks. Into the V region, that is, ¢ > 0.85 2 the cracks are fully developed,
perforating with each other, which eventually lead to the coal sample’s rupture.
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