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Abstract. It is normal to observe the presence of numerous cracks in coal body. And it has significantly effective on the
mechanical characteristics and realistic failure models of coal mass. Therefore, this paper is to investigate the influence of crack
parameters on coal body by comprehensive using theoretical analysis, laboratory experiments and numerical simulation through
prepared briquette specimens. Different from intact coal body possessing single peak in stress-strain curve, other specimens with
crack angle can be illustrated to own double peaks. Moreover, the unconfined compressive strength (UCS) of specimens
decreases and follow by increasing with the increase of crack angle. It seems to like a parabolic shape with an upward opening.
And it can be demonstrated that the minimum UCS is obtained in crack angle 45°. In terms of failure types, it is interesting to
note that there is a changing trend from tensile failure to tensile-shear mixing failure with tension dominant follow by shear
dominant with the increase of crack angle. However, the changing characteristics of UCS and failure forms can be explained by
elastic-plastic and fracture mechanics. Lastly, the results of numerical simulations are good consistent with the experimental
results. It provides experimental and theoretical foundations to reveal fracture mechanism of coal body with non-penetrating

single crack further.
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1. Introduction

It is fact that numerous cracks are formed in various
geotechnical materials, such as coal and rock body.
Obviously, the mechanical behaviours and failure forms of
materials as well as the geometry of fractures depend
largely on the distribution and evolution of cracks
(Bagheripour et al. 2011, Erarslan 2016, Komurlu et al.
2016, Shen and Barton 2018, Zhou et al. 2015, Panaghi et
al. 2015, Sun et al. 2018, 2017). This process can be
observed in many conditions, such as top-coal caving face,
rip spalling. Therefore, this problem has been attracted great
attention, especially for coal seam with cracks occurring.

Obviously, the confining pressure was key factor to
depend on the failure mode of specimens under triaxial
compression (Mohammadi and Tavakoli 2015). However, in
terms of uniaxial compressive test, the strength and failure
mode with cracks were closely related to crack angle,
width, spacing and number as well as loading rate.
Especially for the length of rock bridge smaller than crack
length, failure mode of rock samples was caused by the
joint action of single and multiple fractures (Yang et al.
2013). Meanwhile, various numerical simulation methods
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were also used to reveal the failure process and ultimate
failure mode, crack propagation, mechanical properties of
rock specimens under the effect of various crack physical
parameters (Fu et al. 2017, Yang et al. 2013, Goncalves da
Silva and Einstein 2013, Wang et al. 2014, Zhao et al. 2015,
Cao et al. 2017). Especially, CT scanner technology was
also employed to identify the position and propagation of
inside crack in specimens (Lu et al. 2015). Moreover, the
method of field measurement was adopted to investigate the
distribution and development of structure cracks in coal
seams by Song (1998). Especially for top-coal caving
workface, there are a large number of tiny joint cracks in
top coal as well as tensile stress would be formed with the
action of continuously dynamic stress. And the crack
continued to spread until top coal failure or cut (Zhang and
Wu 2000). Therefore, the number of crack groups, azimuth,
spacing and their matching with working face position are
the key factors that affects the caving ability of coal seam.
And shear failure was dominant in top-coal caving
workface according to the crack development and failure
degree of top-coal (Wang and Yang 2009, Wang 2018).
Moreover, the failure range of coal wall can also be
obtained based on the evolution of cracks in coal seam (Liu
et al. 2008, Yang et al. 2013). In terms of theoretical
foundations, rock strength obeyed Weibill distribution and
the mechanical characteristics, failure process and
morphology of rock specimens were also revealed (Tang
1998, 20004, b).

The existing findings considering the geometry and
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spatial position of cracks focused on single crack, non-
parallel/parallel multiple sets of cracks and composite
cracks (Haeri et al. 2014, 2015, Sarfarazi et al. 2017, Zhou
et al. 2018, Fu et al. 2017, Wang and Tian 2018). However,
there are few researches focusing on investigating the
influence of crack angle on the mechanical parameters and
failure forms of coal samples by comprehensive using
theoretical analysis, experiment tests and numerical
simulation. Therefore, it is necessary to illustrate coal body
with non-penetrating single crack in order to deeply explore
the failure mechanism top-coal and coal wall. In this paper,
comprehensive methods are selected to reveal the
mechanical properties and the evolution of failure modes of
coal samples with the increase of crack angle.

2. Experimental work
2.1 Sample preparation

In order to study the influence of crack behaviours on
the mechanical properties and failure modes of coal body,
the pulverized coal is screened by 0.5 mm aperture sieve
followed by mixed with cement and proper moisture
content. And the specific mass ratio of pulverized coal,
cement content and moisture content are 1.5:1.5:1.
Moreover, the standard intact and single-crack coal
specimens were prepared with diameter 50 mm and height
100mm. For obtaining non-penetrating single crack with
different angle (0°, 15°, 30°, 45°, 60°, 75° and 90°) in coal
samples, the steel slice was adopted to pre-insert into the
moulds. Before performing unconfined compressive tests,
all samples were cured with 15 days at a room temperature
of 30°C. The details of specimen parameters and partial
specimens are listed and shown in Table 1 and Fig. 1,
respectively.

2.2 Test apparatus and testing schemes

The TAW2000 micro-computer-controlled electro
hydraulic servo universal testing machine was used in this
study as shown in Fig. 2. It is mainly composed of the
following parts: 600kN axial actuator, axial load and
displacement transducers, screen display and testing results
treatment. The device can be regarded as a rigid test
machine because the failure strengths of both the coal and
rock are very small in relation to the measurement range of
the test apparatus. Therefore, it meets the requirement of the
International Society for Rock Mechanics (Hatheway
2009). The uniaxial compressive tests were performed with
strain-controlled and the loading rate was 0.5 mm/min.
During the process of loading, high-speed camera was used
to record the whole failure process of specimens from crack
initiation to propagation until complete destroyed.

2.3 Results and discussion

2.3.1 Whole stress-strain curve

Uniaxial compressive tests were performed for
specimens with intact and different crack angles.
Meanwhile, the number of specimens with same condition
are four and the average results of each series are adopted to

Table 1 Details of specimen parameters

Specimen Number of

Angle/° - Length/mm
parameters specimens
Crack specimen  0/15/30/45/60/75/90 28 40
Intact specimen - 4

Fig. 2 Experimental equipment

insure its reliable and accurate. The corresponding details of
whole stress-strain curves are illustrated in Figs. 3 and 4.

It can be observed that the whole stress-strain curve
underwent five stages: compaction stage, linear elastic
deformation stage, inelastic deformation stage, strain-
hardening stage, post-peak softening stage. The initial
compaction stage showing an inelastic was concave-upward
shape because of the closure of the existing microcracks.
This was followed by linear elastic deformation stage. The
slope of straight line can be regards as the average elastic
modulus of coal specimens because the material exhibited
intact geomaterial behaviour with a constant stiffness
during this stage. With the continuous increase in the stress,
the specimens entered a inelastic deformation stage, during
which the non-linearity can be demonstrated because there
was a significant increase in the strain occurred as the
cracks gradually form and propagate in a stable manner.
And the specimens reached the initial yield point when the
axial stress was up to roughly 80% of peak strength. The
subsequent strain hardening stage dominated a strain
increase in an unstable manner up to the peak stress of 7.8
MPa as well as an asymptotic failure state was observed.
After peak stress point, there was a post-peak softening
stage characterised by the crack inside specimens beginning
to unsteady propagate and fulling of all material. And it
caused the internal structure highly disrupted. Therefore,
the stress exhibited brittle drop with the continuous increase
of strain.

It can be observed that the whole stress-strain curve
underwent five stages: compaction stage, linear elastic
deformation stage, inelastic deformation stage, strain-
hardening stage, post-peak softening stage. The initial
compaction stage showing an inelastic was concave-upward
shape because of the closure of the existing microcracks.
This was followed by linear elastic deformation stage. The
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slope of straight line can be regards as the average elastic
modulus of coal specimens because the material exhibited
intact geomaterial behaviour with a constant stiffness
during this stage. With the continuous increase in the stress,
the specimens entered a inelastic deformation stage, during
which the non-linearity can be demonstrated because there
was a significant increase in the strain occurred as the
cracks gradually form and propagate in a stable manner.
And the specimens reached the initial yield point when the
axial stress was up to roughly 80% of peak strength. The
subsequent strain hardening stage dominated a strain
increase in an unstable manner up to the peak stress of
7.8MPa as well as an asymptotic failure state was observed.
After peak stress point, there was a post-peak softening
stage characterised by the crack inside specimens beginning
to unsteady propagate and fulling of all material. And it
caused the internal structure highly disrupted. Therefore,
the stress exhibited brittle drop with the continuous increase
of strain.

irst peak point
Second peak point

CIW/SRNS

Fig. 5 UCS in different peak points

In terms of specimens with non-penetrating single crack,
there were five stages as well for the whole stress-stain
curve. However, the initial compaction stage was more
obvious. Although the change of elastic modulus can be
ignored, the value of crack angle contributed on the range
of strain in linear elastic deformation stage. To be specific,
this range decreased followed by increasing with the
increase of crack angle. Moreover, the obviously
characteristic in specimens with different crack angle was
that a double peak points can be observed compared with
the whole stress-strain of intact specimen. It can be
explained that the cracks would rapidly propagate to cut the
specimens into blocks along with emitting an obvious
failure noise at the first peak point causing the loading
capacity of material dropped significantly. On the other
hand, with the continuous increase of strain, the crushed
coal blocks were compacted again until reaching the second
peak value.

2.3.2 Variation of mechanical parameters with crack
angle

Fig. 5 demonstrates the change trend of UCS in first and
second peak points with different crack angles. It is
observed that three categories can be divide in terms of the
specific strain values occurring first peak point according to
the crack angle. The maximum compressive stress is
obtained with 6~7 MPa when the strain is around 0.025 for
the crack angle of 0° and 15° And the maximum
compressive stress reduces to about 1.6MPa for the crack
angle of 30° and 45° under the strain of roughly 0.01.
However, if the crack angle increases to more than 60°, the
maximum compressive stress raises again to the range of
4~7MPa occurred with the strain of approximately 0.015.

However, the conditions of second peak point are rather
more complex. To be specific, the second peak point occurs
when the strain is about 0.03 for the crack angles of 0°~30°,
while the strain under same condition decreases to around
0.015 for the crack angles of 45° and 60° followed by
arising to approximately 0.02 again for the crack angles of
75° and 90°. In terms of maximum compressive stress in
second stage, expect for the crack angle of 0°, 15° and 90°
with the maximum compressive stress more than 6.2MPa,
this value can be revealed in the range of 3.7~4.7 MPa for
other conditions. It is interesting to note that the strain
occurring first peak point is usually in the range of 0.01 to
0.025, while this value has an increment of 0.005 in the
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Table 2 The relative parameters of fitting curves

Polynomial order  Intercept X X2 x3 x4 x5 x5 R?
2 7.7048 -0.1529  0.0017 - 0.8439
3 7.8548 -0.1862  0.0027 -7.4074x10™ 0.8529
4 7.5022 0.0450  -0.0108 2.3636x10" -1.3543x10° 0.9943
5 7.5093 0.0258  -0.0090 1.7834x10™ -6.1354x107 -3.2922x10° 0.9947
6 7.5000 02417  -0.0378 0.0015 -2.9355x10° 2.7984x107 -1.0486x10° 1.0000
9
= = Polynomial order 2 . .
st s Kkl w3 ) Therefore, selecting polynomial order as 4 can be regards
R =~ Puiyssstal sriics T the most reasonable value for balancing accuracy and
&7F \\\\‘ Polynomial order 6 ¥ practicability. And the corresponding equation to present the
Se “\ iy relationship of UCS versus crack angle can be obtained
b 7 4
£ i, ;’; 7 from Table 2.
i Ry % On the other hand, compared with the elastic modulus in
af e different crack angles, the minimum value can be observed
- with the crack angle of 45° in first stage, while the crack
M— 20 m o0 80 100 angle of 30° in second stage occurs the minimum elastic
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second peak point. For both peak points, the strain usually
decreases followed by increasing with the increase of crack
angle.

Selecting the maximum compressive stress as the
ultimate UCS, the value can be shown in Fig. 6 with the
increase of crack angle.

Obviously, UCS decreases followed by increasing with
the increase in crack angle. And the variation trend is
basically “V” shape with axial symmetry in position of
crack angle equalling to 45°, which is consistent with the
strength theory of single structure plane proposed by Jaeger
and Cook (1981). It means the minimum UCS of coal
specimens with non-penetrating single crack is obtained
when the crack angle is 45° And there is marginal
difference of UCS in terms of both conditions of crack
angle with 0° and 90°. They are 7.8MPa and 7.4MPa,
respectively. Therefore, the inclination angle of cracks in
coal mass has significant influence on its strength.

Moreover, polynomial type empirical formula is adopted
to fit UCS versus crack angle as shown in Fig. 6. The
relative coefficients of various orders can be listed in Table
3. It can be observed the multiple correlation coefficient
square (R?) increases with the increase of polynomial order.
On the other hand, the larger polynomial order can cause
computing process difficulty and complexity in practice.

modulus as shown in Fig. 7. Combined with two stages, the
maximum elastic modulus will be revealed in the crack
angle more than 75°, and 30° obtains the minimum elastic
modulus. However, other conditions have similar elastic
modulus.

2.3.3 Crack propagation process and failure mode

The inclination angle of pre-existing crack plays the key
role in the propagation process of cracks and contributes on
the ultimate failure mode and UCS of specimens. It is
necessary to illustrate the propagation mechanism of crack
in coal specimens with different crack angle under uniaxial
compressive. The genuine evaluation process and
corresponding sketch up of ultimate failure modes can be
revealed in Fig. 8.

In terms of intact specimen, there was almost no crack
appeared along with the material compacted slowly at the
initial stage of axial loading. However, the fracture can be
formed in the upper end of sample with the increase of
strain. And it can be presented that the subsequent
propagation direction of crack was parallel to the direction
of the maximum principle stress. The increase of fractures
number and length was followed until various macroscopic
main crack influencing the stability of specimen appeared in
the middle and two sides of specimen. Finally, the coal
mass was cut as long strip along with coal flaked in the
surface. And tensile failure can be expressed as the ultimate
failure mode of intact specimen.

On the other hand, although the initial process of
specimens with the presence of crack was basically similar
to that of intact specimen, such as the coal flaking
appearing on the surface as well, the failure mode has
significant different. Two failure modes with shear failure in
crack surface and tensile failure along the vertical direction
of crack surface can be represented with the continuous
increase of crack angle in coal specimens. To be specific,
the direction of pre-existing crack can be regards as
perpendicular to the direction of the maximum principle
stress under both condition of o equalling to 0° and 15°.
Therefore, the main macroscopic cracks were formed in the
vertical direction of crack surface as shown in Figs. 8(b)-
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(g) 0=75°
Fig.8 Crack propagation process and ultimate failure mode

8(c), respectively. The failure mode under these conditions
can also regards as main tensile failure. However, with the
continuous increase of crack angle reaching to 30°, 45°, 60°
and 75°, respectively, there was obvious angle occurring
between crack surface and loading direction. It caused the
crack surface and the coal bodies on both sides subjecting to
both shear and compression simultaneously. In details,
partial shear failure appeared at the two ends of crack
leading to secondary fracture formed with wing type with
crack angle 30° and 45°. The results were that the main
failure of specimens exhibited in the middle position under
the influence of various macroscopic cracks as shown in
Figs. 8(d)-(e), respectively. The failure modes can be
expressed as tensile-shear mixing failure with tension
dominant. However, there were coal mass falling directly
along the crack surface in the process of uniaxial
compression when the crack angles were 60° and 75°. And
one or two main secondary fractures can be observed
through the pre-existing crack near its tip with wing form as
well. Tensile-shear mixing failure with shear dominant was
the failure mode under both conditions as shown in Figs.
8(f) and 8(g), respectively. Finally, it is interesting to note
that the failure mode of specimens with crack angle 90° was

beondary cracls

Pre-exist|ng crack

(h) a=90°

similar to intact specimen again due to the axial loading
mainly acting on coal block with the pre-existing crack
beginning at its tips as shown in Fig. 8(h).

3. Mechanical analysis of coal mass with single
crack

3.1 Weak plane effect of prefabricated crack strength

As shown in Fig. 9, the angle of single crack (AB) and
the minimum principle stress (o3) can be expressed as a.
And the normal stress (o) and shear stress (z) acting on
crack surface are given as follow (Liu et al. 2014).

0'21(0'1+0'3)+1(0'1—0'3)C082a
2 2
: 1)
= 5(0'1 —o03)sin 2a
where o1 is the maximum principal stress.
In terms of uniaxial compressive test, there is
unconfined pressure with o3 equalling to zero. And the Eqg.
(1) can be simplified as follows
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(a) Stress analysis (b) Mohr-Coulomb envelop

Fig. 9 Theoretical analysis of surface strength with single
crack structural

Fig. 10 Extreme component of stress at crack tip

o= %01(1+ C0S2cx)
)

T =10'15in 200
2

According to Mohr-Coulomb criterion, Eq. (3) can
express the failure condition of specimen along the crack
plane.

where C; and 6; are the cohesive and internal friction angle
of coal mass with single crack structural.

Therefore, combined with Egs. (2)-(3), the critical
maximum principle stress causing coal mass failure can be
expressed as follows

2C,

(1-tan @, cot a)sin 2a

(4)

03

It should be noted the critical maximum principle stress
tends to infinite if the crack angles are 0° and 90° or equal
to internal friction angle. In fact, it is impossible for o1
keeping increase without specimen failure. Therefore, it is
reasonable to express that the specimen will be failure in a
certain direction rather than along the crake surface under
these conditions. On the other hand, the relationship of
crack angle and internal friction angle of coal mass can be
presented as follow when the specimen slips along crack
plane.

r 0
“+1 (5)
4 2

It should be noted that the experimental results in this
paper is consistent with the results of shear experiments
performed by Wang (2017). It shown that the angle of main

a =

single crack with the minimum principle stress (a) was
62.5° when the internal friction angle of coal mass (6;) was
35°

3.2 Stress-strain field and fracture criterion at crack
tip

Based on the maximum axial tensile stress criterion
without considering closure effective as well, the stress-
stain field in the zone of crack tip is shown in Fig. 10 and it
can be expressed with polar coordinate as follow (Li et al.
2005).

oy = ZJ;_M{KI(S—cose)cosg+ K“(3cose—1)sing} (6)
o, =t cosQ[K (1+cosd)-3K,sin0] ()
0 oJoa o L 1

1 % .
. = ———=C0s—|[K,sinf+K,(3coséd-1)| (8
Tro N 2[ I i )] 8

K, cos%(l—Sv+cos€+vcos49) - K,,(Scosgsin9+3vsin§cosﬂ—vsing)

Eﬁﬁ[ 2 2 }(9)

where oy, gy, 70 and gy are the radial stress, tangential stress,
shear stress and strain of a point around single crack,
respectively. E and v are the elastic modulus and Poisson's
ratio of coal mass, respectively. r is the distance from the tip
of single crack to a point around crack. 6 is the angle
between a straight line connecting crack tip with a point
around crack and horizontal direction. K, and K;, are the
stress intensity factor at the inner tip of crack.

Each crack tip has different under uniaxial compressive
process. The stress-stain filed in the zone of crack tip can be
resolved through Egs. (6)-(9). when stress intensity factor
can be accurate obtained. And it means K; is less than zero
if the crack is not closed (Gou and Sun 2002). Erdogan and
Sih (1963) firstly proposed the criterion of maximum
circumferential tensile stress. Assuming that the crack
propagates along the direction of maximum circumferential
stress under compressive loading, the cracks begin to
develop and propagate when ogmax equals to oge.. And the
criterion of crack beginning to propagate can be illustrated
as follows

0 g, 3 .
cos?‘)[Kl cos ?O—E Kyisin 90} =K (10)

where Kic and 6y are fracture toughness and crack angle,
respectively.

3.3 Crack propagation model

Under uniaxial compression conditions, the crack
propagation mode in coal specimen can be summarised with
six types as shown in Fig. 11 (Cen and Huang 2014).

Model I: wing crack and stretching. These cracks have
the same formation mechanism and propagate path along
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the direction of maximum principal stress, while the initial
development position is different. It can be usually
observed under the condition of a as 0°.

Model II: consistent with wing crack. In this model, the
initial developing position is at the crack tip and the crack
propagates along the direction of the maximum principal
stress. The crack angles in the range from 15° to 60°
normally possesses these phenomena.

Mode III: anti-wing composite crack and stretching.
This pattern often occurs in crack angle with 0°, 15°, 30°,
60° and 75° The characteristics of this model is that an
anti-wing crack or shear crack is formed at the tip of single
crack (solid line segment). And the direction of crack
evolution towards to the direction of the maximum principle
stress (dashed line segment).

Mode IV: consistent with wing composite crack and
stretching. It is similar to the former in the occurrence
conditions of crack angle. However, it often appears at one
or both ends of single crack.

Mode V: coplanar composite crack. The crack
propagates from the tip of the crack with the opposite this
model. It can be found at the crack angle of 45°.

(f) Model VI
Fig. 11 Basic modes of coal mass with crack expansion, T-Pull crack;W-Wing crack, S-shear crack and X-Composite crack

Mode VI: inclined composite crack. It should be noted
this model only can be demonstrated with crack angle 90°.

Crack extends wupward or diagonally downward
occurring at the either side of crack or its tip.

The common propagation modes of coal mass with non-
penetrating single crack under uniaxial compression are
revealed in Fig. 12 (Sagong and Bobet 2002), which is
consistent with the analysis in Fig. 11. However, two types
of secondary cracks caused by shearing mechanism are
generally considered. Among of them, S and T refer to
shear cracks and tensile cracks, respectively.

4. Numerical simulation

4.1 Model establishment

RFPA system (Rock Failure Process Analysis System)
was adopted to describe the evolution process of single
crack in coal mass. It bases on elastic mechanics as stress
analysis tool as well as elastic damage theory and modified
Coulomb failure criterion are considered as the principle of
medium deformation and failure analysis modules.

The length and width of specimen are 100 mm and 50
mm, respectively. And the pre-existing crack is set up with
the length of 40 mm and the width of 1 mm. Meanwhile, the
whole model grid is divided into 20000 elements. In terms
of crack angle, it is consistent with experiment conditions as
well. The relative micro-mechanical parameters of model
are calculated from the macro-mechanical parameters of
experiment results as shown in Table 3. The Micro-
mechanical parameters and Macro-mechanical parameters
of the rock mass can be linked through the mean
coefficient. The expressions can be shown as follows
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/f=0.26021nm+0.0233 (1.2<m<50) (11)

E/E0=0.14121nm+0.6476 (1.2<m<10) (12)

where f and o, are macro-compressive strength and micro-
compressive strength, respectively. E and Eo are macro-
elastic modulus and micro-elastic modulus, respectively. m
is homogeneous degree, it was selected as 2 in this
manuscript because this value can better represent the
properties of coal mass (Tang, 1998).

Moreover, Fig. 13 illustrates the basic numerical model
of coal specimen with non-penetrating single crack. In all
specimens, Mohr-Coulomb criterion and plane stress model
are selected and the increment is 0.01 mm each step
controlled by displacement loading mode because the
stress-strain curves under this condition are consistent with
the results of lab tests.

4.2 Results and discussions

4.2.1 Stress-strain curve

As shown in Fig. 14, the whole stress-strain curve of
intact specimen obtained from the numerical simulation is
similar to the experimental results. It can also be divided
into five stages. And the peak stress and residual stress are
8.3 MPa and 1.1 MPa, respectively, which are better match
the experiment results. Therefore, it is a reliable method for
using RFPA system to explore the characteristics of coal
mass with single crack.

UL

——
Fig. 13 Numerical model

Table 3 Micro-mechanical parameters of specimen

Mean

- Mean . Angle of
Homogeneous  elastic - Poisson friction / Pressure
degree modulug/  COMPrESSIVE = aio riction rabbi
strength/ MPa °
2 1333 39 0.3 35 15

10
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=
T

s
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0.00 0.01 0.02 0.03 0.04 0.05
Strain

Fig. 14 Stress-strain curve of intact specimen

4.2.2 Shear stress evolution process

Obviously, the equilibrium state of internal stress is
interrupted leading to its redistribution. And the local stress
concentration is firstly formed around the single crack as
shown in Fig. 15. Moreover, the evolution process of single
crack depends on its angle.

In terms of intact specimen, it takes place in original
stress state without obvious changing in the initial loading
stage. However, as the continuous loading, there is internal
damage appeared and stress redistribution observed. It
causes the local stress concentration around damage zone
followed by the specimen completely failure with main
macroscopic cracks occurred as shown in Fig. 15(a). On the
other hand, the high stress concentration at both ends of
pre-existing single crack can be always revealed in all
loading process. At the initial loading stage, the local stress
concentration only appears around the zone of prefabricated
crack followed by causing coal mass failure around this
area and secondary fracture formed. Therefore, the local
stress concentration continues to occur at the cracks tip and
expand the main and secondary fractures until the specimen
complete destroyed with the continuous preform of loading
process as shown in Figs. 15(b)-15(h).

4.2.3 Failure mode and internal energy accumulation
of specimen

The failure modes of specimens obtained from
numerical simulation are illustrated as shown in Fig. 16.
There are various main macroscopic cracks and micro
cracks occurring in intact specimen. And the propagation
direction of main cracks is parallel to the direction of
maximum principle stress. It can be regards as typical brittle
fracture failure or tensile failure as shown in Fig. 16(a).

According to the Figs. 16(b) and 16(c), the wing cracks
are formed at the both ends of pre-existing crack as well as
the tensile crack through crack surface can also be observed
followed by expending along with the direction of
maximum principle stress until the specimen completely
failure due to axial spitting failure surface. And this mode
can be boiled down to tensile failure.

However, expect for wing crack, the secondary fractures
are also formed at both ends of pre-existing crack and
usually propagate along the direction of maximum principle
stress as well with the crack angle of 30° and 45°
Obviously, the secondary fractures have significant
influence on ultimate failure surface. There are axial
splitting failure surface and inclined shear plane along the
pre-existing crack in specimens. This mode can be called.

With the increase of single crack angle, the mode
transfers to tensile-shear mixing failure with shear
dominant. Although there are also secondary fractures
formed at the both ends of pre-existing cracks, they have
marginal effect on the formation of failure surface with the
crack angle of 60° and 75°. And the crack can develop
through all specimen in axial direction with the crack angle
of 90°. It finally forms the typical axial splitting failure
mode causing by tensile stress. In a word, all results in
numerical simulation are better consistent with the
corresponding results of laboratory experiments.

Taking the crack angle of 15° as example, the internal
energy variation of specimens is analysed and described
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Fig.16 Ultimate failure mode

in Fig. 17. At the initial loading stage, the number of
acoustic emissions is small indicating the deformation of
material slowly. However, the acoustic emissions increase
sharply reaching the two peak points of A and B with the

() a=90°

Sccondalry eracks

pre-existing cradH

Pryexisting cracld

" (g) 0=75° (h) «=90°

continuous loading. It also means the deformation of
material increasing as well. Moreover, the accumulate
number of acoustic emissions after point C has marginal
increment and trends to keep steady. It indicates that the
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specimen completely damages. It should be noted that the
internal energy variation of specimens with different crack
angle is similar to the currently condition.

5. Conclusions

This paper presents the mechanical characteristics and
failure models of coal specimens with non-penetrating
single crack combined with comprehensive methods, such
as laboratory experiments, theory analysis and numerical
simulation. The following conclusions may be drawn from
the current study.

« Expect for intact specimen and the crack angle of 90°,
it can be observed that there are doubled peak points in
whole stress-strain curve. And with the increase of crack
angle, the range of strain in linear elastic deformation stage
decreases followed by increasing, while the change of
elastic modulus can be ignored. And the variation trend of
specimen UCS exhibits “V” shape with axial symmetry in
position of crack angle equaling to 45° It means the
minimum UCS of coal specimens with non-penetrating
single crack is obtained with the crack angle of 45°.

* The failure criterion of specimen along crack surface is
achieved by adopting elastic-plastic mechanics and fracture
mechanics. According to the criterion of maximum axial
tensile stress, the stress-strain field in the zone of crack tip
and crack evolution criterion are obtained. Six basic
propagation models of crack in coal mass are illustrated.

» With the increase of crack angle, the failure mode is
tensile failure (intact specimen, 0° and 15°) followed by
tensile-shear mixing failure with tension dominant (30° and
45°) transferred to tensile-shear mixing failure with shear
dominant (60° and 75°) and changed to tensile failure again
(90°).
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