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Abstract

Evaluating the ability of coal seams to form fracture networks by hydraulic fracturing is important for the development of
coalbed methane (CBM) reservoirs. In this paper, a new index for evaluating coal brittleness was established from the per-
spective of energy evolution during coal failure. Uniaxial and triaxial compression tests of coal monitored by an acoustic
emission (AE) system were carried out and the applicability of the new index and the influence of the confining pressure and
cleat orientation on the coal brittleness were analyzed. The pre-peak and post-peak dissipated energies were the essential
factors in determining the coal brittleness. The new index can characterize the influence of the external stress and cleat ori-
entation on coal brittleness, and can also comprehensively reflect the mechanical properties of the coal during the pre-peak
and post-peak stages. The corresponding AE energy curves can be divided into Rapid Fracture Type, Stable Fracture Type
and Plastic Fracture Type. For the Rapid Fracture Type, the accumulation rate of AE energy showed sudden changes when
reaching the yield stress and peak strength, which represented high brittleness. The Plastic Fracture Type represented low
brittleness, and the accumulated AE energy curves were smooth—first concave and then convex. The brittleness index of coal
studied in this paper can provide a new method for selecting the optimal CBM reservoir and optimizing the fracturing scheme.
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1 Introduction

Because of the ultra-low permeability of coalbed methane
(CBM) reservoirs, the combination of horizontal drilling
and multistage hydraulic fracturing technology is com-
monly used to enhance CBM production; however, field
experiences reveal that not all hydraulic fracturing targets
can yield on a commercial level (Wei et al. 2011; Soliman
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et al. 2012; Zhang et al. 2017). Brittleness, an important
mechanical index of coal, is closely related to the initiation
and propagation of hydraulic fractures in CBM reservoirs,
representing the ability of a reservoir to create a complex
fracture network (Cipolla et al. 2010; Liu et al. 2012; Wu
et al. 2013). The evaluation of hydraulic fracturing consid-
ering the coal brittleness index is important for efficient
development and utilization of CBM resources (Wu et al.
2016; Li et al. 2017a, b, c¢). A scientific and practical index
for evaluating coal brittleness can provide guidance when
selecting fracturing targets and designing hydraulic fractur-
ing projects in CBM reservoirs.

Many scholars have proposed different methods for evalu-
ating rock brittleness based on their intended use. Honda and
Sanada (1956), Lawn and Marshall (1979), Quinn and Quinn
(1997), and Copur et al. (2003) used rock hardness proper-
ties to quantify rock brittleness by testing macro-indentation
hardness and micro-indentation hardness. Protodyakonov
(1963) and Blindheim and Bruland (1998) used the product
of compressive strength and the percentage of fines to quan-
tify rock brittleness based on the Protodyakonov impact test
and UCS testing. Yagiz (2009) defined rock brittleness as
the ratio of the maximum applied force to the corresponding
penetration depth based on the punch test. While all these
penetration, impact and hardness test approaches to rock
brittleness were applied to evaluate drillability, they may
not be appropriate for characterizing the hydraulic fractur-
ing behavior of unconventional reservoirs because they do
not consider the influence of loading conditions and rock
anisotropies on brittleness (Holt et al. 2015; Kaunda and
Asbury 2016).

At present, there are five main types of brittleness indices
that can be applied in the field of unconventional oil and
gas development. (1) Brittleness index based on the elastic
parameters. Rickman (2008) proposed the brittleness index
b, based on field data of hydraulic fracturing at the Barnett
shale reservoir (b; = YM_BRIT + PR_BRIT). The results
showed that the Elastic modulus (F) and Poisson’s ratio (v)
are the two major factors affecting the brittleness of shale.
This approach, however, has two major limitations. First,
this index is an empirical formula based on the field data,
and the physical basis is insufficient. Second, the calculation
results of this method are very sensitive because of the large
dimensional difference between E and v. (2) Brittleness indi-
ces based on the contents of brittle minerals in the material.
Jarvie (2007) showed a clear positive correlation between
quartz content and rock brittleness (b, = Vyare/(Vouar, +
Vearbonae T Veiay))- However, this index neglects the influ-
ence of the stress state and diagenetic process on rock brit-
tleness. Moreover, this method cannot be applied to evalu-
ate the brittleness of CBM reservoirs because of the low
content of inorganic minerals in coal. (3) Brittleness indices
based on the strength parameters. Hucka and Das (1974)
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characterized the rock brittleness by the ratio of its uniaxial
compressive strength to tensile strength (b;=0,/s,). Bishop
(1967) established the brittleness index b, based on the peak
strength and the residual strength of rocks (b, = (r, — 7)/7,).
(4) Brittleness indices based on the strain parameters. Hucka
and Das (1974) proposed to use the reversible strain before
rock failure to characterize the rock brittleness (bs=¢, /¢,).
Hajiabdolmajid and Kaiser (2003) defined the brittleness
index b based on the post-peak strain characteristics after
a series of rock mechanics tests (b = (sp—sr) /e.). The
strength parameters can reflect the capacity of the rock to
resist damage and failure, while the strain parameters can
characterize the deformation characteristics of the rock
before and after its failure. Brittleness is a comprehensive
representation of the strength and strain characteristics dur-
ing the rock failure process. In some cases, the calculated
results of methods (3) and (4) are contradictory because of
the isolated consideration of rock strength and deformation
(Stavrogin and Tarasov 2001; Altindag 2003; Geng et al.
2016). (5) Brittleness index based on the strain energy. The
evolution of strain energy during rock failure can reflect
the characteristics of the process from crack initiation and
growth to rock failure; thus, the brittleness index based on
the strain energy can reflect the characteristics of the brittle
rupture of rock better than other methods. Kidybinski (1981)
suggested that the irreversible strain energy before rock
failure was the key factor to characterize rock brittleness
(b;=W,;/W,). However, Tarasov and Potvin (2013) found
that the rupture energy after rock failure was the decisive
factor affecting rock brittleness (bg=W/W,). Brittleness is
a comprehensive mechanical property of rock, which is cor-
related to both pre-peak and post-peak brittleness character-
istics during the rock failure process. Therefore, accounting
for only the pre-peak or the post-peak brittleness is inap-
propriate when establishing the brittleness index.

In view of the limitations of the existing rock brittleness
indices and the urgent demand for an assessment parameter
to help predict the hydraulic fracturing effect of CBM reser-
voirs, it is necessary to find a practical and reliable method
to evaluate the brittleness of coal. The deformation and fail-
ure process of rock is accompanied by energy accumulation,
energy dissipation and energy release, and the rock failure
is essentially the structural instability driven by this energy.
In this paper, the evolution of the strain energy at various
stages of the coal failure process was analyzed based on
the stress—strain curves. The main energy parameters influ-
encing coal brittleness at the pre-peak stage and post-peak
stage were determined. Based on this analysis, a new index
for evaluating the brittleness of coal was established, which
can comprehensively reflect the mechanical characteristics
before and after coal failure. Uniaxial and triaxial compres-
sion tests of coal specimens monitored by an acoustic emis-
sion (AE) system were carried out. The brittleness of the

coal specimens under different confining pressures and cleat
inclination angles were calculated by the new index, and
the rationality and applicability of the new brittleness index
were verified by the experimental results. This paper also
presents analysis of the influences of the confining pressure
and cleat direction on the stress—strain characteristics, the
evolution of the strain energy and AE energy, the failure
patterns and the brittleness of the coal.

2 Evaluation Method of Coal Brittleness
Based on Energy Evolution

2.1 Energy Evolution During the Coal Failure
Process

Rock failure is essentially a process that progresses from
energy accumulation to energy dissipation and ends in
energy release. The stress—strain curve is the external mani-
festation of the energy evolution during rock failure. The
strain energy density is the accumulated strain energy per
unit volume of rock material, that is, the area under the
stress—strain curve. The strain energy evolution during the
whole rock failure process can be divided into three stages
(Fig. 1).

I.  Energy accumulation—OA. At this stage, the rock
specimen undergoes mostly elastic deformation under
the axial stress. The elastic strain energy density
accumulated in stage (I) is the area of ODA.

I.  Energy dissipation—AB. o represents the crack dam-

age stress or the yield stress. At this stage, the pre-

peak strain energy (U,,.) produced by the external
force transforms into reversible elastic strain energy
(U,) and pre-peak dissipated energy (U,).

IlI. Energy release—BC. This stage involves energy dis-
sipation accompanied by a sudden release of strain
energy. The post-peak dissipated strain energy (U,)
results in further damage to the failed rock specimen,
while the released strain energy (U,) is the rupture
energy that drives the continuous propagation of
macroscopic cracks.

There is a significant difference between the energy evo-
lution of the brittle and plastic rock. In Fig. 2, the curves
0,A,BC, and O,A,BC, represent the stress—strain curves of
the brittle rock and the plastic rock, respectively. For a more
intuitive comparative analysis, the peak strength (o) and the
elastic modulus (F) of these two curves are assumed to be
equal, which means that the elastic strain energy accumulated
in the brittle and plastic rock are the same. Nicksiar and Mar-
tin (2013), Zhao et al. (2015) and Cheng et al. (2016) studied
the effects of the confining pressure on the crack damage
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4 (b) Energy dissipation also occurs in the post-peak stage
along with the release of strain energy. In Fig. 1, the
s Iy Eiierey Arssipais area MBCE represents the total strain energy (U,,)
G4 “2 accumulated inside the rock during the post-peak stage,
(I11)-Energy release which transforms into rupture energy (U,) and residual
\ b elastic energy (U,,). The rupture energy maintains the
(OI;FEnergy e Ui < /Bi propagation of the macroscopic cracks. Tarasov and
vd / Randolph (2016) showed that the elastic energy accu-
//'/_Ug C mulated in the absolute brittle rock was sufficient to
M~ P drive its entire rupture process, and the stress—strain
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Fig. 1 Strain energy evolution during the rock failure process
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Fig.2 Comparison of energy evolution between brittle and plastic
rock material. MBN elastic strain energy U,; OABM pre-peak dissi-
pated energy Ug; OABN total pre-peak strain energy U, .; NBCE post-

pre;
peak dissipated strain energy U,; NBCP released strain energy U,;
PCE residual elastic energy

stress through mechanical tests and rock constitutive mod-
eling. Their results showed that the ratio o,/og is positively
correlated to the confining pressure, but negatively correlated
to rock brittleness. Zhang and Gao (2015), Zuo et al. (2015)
and Xia et al. (2017) proved that the velocity and ampli-
tude drop in the post-peak stress of brittle rock was greater
than that of plastic rock. This supports the relations shown in
Fig. 1 between ¢, and 6,, and between o, and 6.

(a) At the pre-peak stage, the area of O,A,BC; is larger
than that of 0,A,BC,, which indicates that brittle rock
has less pre-peak dissipated energy than plastic rock.
The damage evolution of the plastic rock at the pre-
peak stage is more obvious and is manifested in two
aspects—time and degree. Chen et al. (2017) indicated
that as the dissipated strain energy at the pre-peak stage
decreased, the surface energy of the cracks increased,
and the number and length of the macroscopic cracks
in the rock specimen increased.

@ Springer

curve of the absolute brittle rock dropped vertically at
the post-peak stage. Zhang and Gao (2015) and Hou
et al. (2016a, b) found that the drop of the post-peak
stress—strain curve of brittle rock was rapid and large.
Therefore, U, represents the additional energy provided
by the testing apparatus to maintain further damage of
the rock specimen at the post-peak stage. For brittle
rock, the post-peak dissipated energy is very small, and
the energy release after the peak is very rapid (Rummel
and Fairhurst 1970; Mishra and Nie 2013; Yang et al.
2016; Heng et al. 2015; Ai et al. 2016).

The elastic energy accumulated in the rock is the driving
force for rock rupture. When the accumulated elastic energy
is sufficient to maintain the rupture, the energy evolution
during the failure process can reach a perfect balance and
does not need additional external energy; this is the rupture
characteristic of ideal brittle rock. From this point of view,
the dissipated energy at the pre-peak stage weakens the accu-
mulation of elastic energy, while the dissipated energy at the
post-peak stage is added to the elastic energy. Thus, Uy and
U, have an essential connection with brittle rupture in rock.

2.2 Establishing the Coal Brittleness Evaluation
Index

From the above analysis, it can be seen that the levels of
the dissipated energy at the pre-peak and post-peak stages
are the essential factors determining the brittleness of coal.
U., U, and U, can be calculated as follows (Xie et al. 2009;
Huang and Li 2014; Peng et al. 2015; Meng et al. 2016; Xue
et al. 2016; Li et al. 2017a, b, ¢):

2

Og
U, =AL- T (n

e o2
U, = AL- /0 ode, =52 ) )
&c
U, =AL- </ O-idsi)’ 3)
€p



Energy-Based Brittleness Index and Acoustic Emission Characteristics of Anisotropic Coal... 3347

where A and L represent the cross-sectional area and height
of the coal specimen, respectively, in mm; o; is a function
of the stress—strain curve and g; is the strain; other symbols
are as shown in Fig. 1.

To account for all the types of strain energy during the
coal failure process, an integral of the stress—strain function
is necessary, involving complex calculations. Moreover, the
stress—strain curve of coal often fluctuates because of the
development of cleats, and this can influence the calculation
results. Therefore, an indirect approach is proposed in this
paper to establish the brittleness evaluation index. In Fig. 2,
the areas S gpo and S pcp are obtained by extending BA and
BC, and the calculation formula of coal brittleness can be
written as follows:

SAOAS SAECF
BC = Bpre+Bpost=—+—

SameN  SamN @

In Figs. 1 and 2, the slopes of OA and BC represent the
elastic modulus (£) and the softening modulus (M), respec-
tively. For the convenience of calculation, AB—the slope of
stage (II)—was defined as the yield modulus, denoted by D
in this paper. Thus, Eq. (2) can be simplified as

l)':Z 0'2 0'z
A %4 c

Saoas | SaecF _ b 2E b2

Mo (E — D) — DEc.

o5 DMo?,

BC = S S > =
AMBN AMBN B
2E

SINS

®)
Rock material can contain only a certain amount of
accumulated energy and the surplus energy is released
when the accumulated energy exceeds this limit. In Fig. 2,
OABN represents the actual limit of the rock’s accumulated
energy. When the stress exceeds the actual compressive
strength (op), the accumulated energy reaches its limit and
the destruction of the rock begins as it releases energy.
Assuming that no damage occurred in the rock before its
failure, the energy accumulated in the rock will reach the
limit when the axial stress exceeds oy. Therefore, ABH
indicates the loss of the rock’s capacity to accumulate the
elastic energy because of the damage inside the rock mate-
rial. The area of SAO is determined jointly by 6, D and E;
thus, SAO indicates the ability of the rock material to dis-
sipate energy before its failure. For the absolute brittle rock
there is no plastic deformation stage or energy dissipation
before the peak. In this case, ABH and SAO are close to 0.
Therefore, ABH and SAO represent the loss of rock brittle-
ness at the pre-peak stage of rock failure, and can reflect
the ability of the rock to accumulate elastic strain energy.
After the failure of the rock, some residual elastic energy
(PCE in Fig. 1) still remains in the rock because the rock
does not completely lose its strength and integrity. The area
of CEF represents the extra energy provided during the
test, required for the release of all of the residual elastic
energy. After the failure of the rock material with absolute

brittleness, all the energy is released, the rock is completely
crushed and the residual elastic energy is 0. Therefore,
CEF indicates the ability to release energy, and reflects the
degree of rock fragmentation. The smaller the CEF area, the
greater and faster the energy released after rock failure, and
the larger the degree of fragmentation of the rock crushed.
From the above analysis, it can be seen that, in the physical
sense, the brittleness index B represents the ability of the
rock to effectively accumulate the elastic energy before the
peak and to violently release the post-peak energy, and also
reflects the loss of rock brittleness before the peak and the
degree of rock fragmentation after the peak.

To assess the brittleness of a set of coal specimens
directly, the calculation results of Eq. (2) can be normal-
ized as follows:

BC - BCmax

B, (6)

BCmin - BCmax ,
where B and By are the evaluation indices of coal brittle-
ness before and after normalization; B, and B, describe
the brittleness characteristics at the pre-peak and post-peak
stages in Eq. (4), respectively; and B¢, and B¢,i, are the
maximum and minimum calculated values of the brittleness
index of the coal specimens.

B; is positively correlated to the coal brittleness, and
its range is 0—1. Because of the overall consideration of
the pre-peak and post-peak energy evolution during the
failure process of coal, B and B} have a firmer physical
basis and can describe the brittleness characteristics better
than other indices.

3 Tests on AE Energy Behavior of Coal
Failure Under Different Conditions

3.1 Characteristics of the Cleat System in Coal

The natural fractures in coal are often referred to as cleats,
which can be classified as face cleats and butt cleats. Face
cleats are continuous and are long, while butt cleats are
discontinuous and develop between two sets of adjacent
face cleats. Butt cleats are often perpendicular to the face
cleats, and both are perpendicular to the bedding planes
(Kulander et al. 1993; Jing et al. 2016; Mostaghimi et al.
2017; Busse et al. 2017). During the hydraulic fracturing
of CBM reservoirs, the opening or shearing of cleats assists
the formation of a complex fracture network. Therefore,
the development characteristics of cleats should be consid-
ered in the brittleness evaluation of CBM reservoirs. The
stress—strain curves represent the mechanical properties of
coal under an external load. Therefore, the evolution of the
strain energy obtained from the stress—strain curves can
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reflect the effect of cleats on the mechanical properties and
brittleness of coal (Kong et al. 2015; Feng 2017).

The coal samples studied in this paper were taken from
the Jixi coal mine in Heilongjiang Province, China; the sam-
ples are mostly bright coal and contain some mirror coal
seams. As shown in Fig. 3, the macroscopic distribution
of the cleats is well-defined and uniform. Figure 4 shows
a scanning electron microscope (SEM) image of cleats in
a coal specimen. From both macroscopic and microscopic
perspectives, we can see that the face cleats and butt cleats
are interconnected and approximately perpendicular to each
other. The density of the cleats, which refers to the number
of cleats per 5 cm, is usually used to characterize the degree
of development of the cleats in a coal specimen. The density
of face cleats and butt cleats measured in the coal samples
was 11.4-18.7 and 6.3—13.2, respectively.

3.2 Test procedures
Two groups of tests were carried out in this study. Group

(1) was the uniaxial compression tests of coal under differ-
ent inclination angles of face cleats. The aim of these tests

NBCP —released strain energy U,; PCE —residual elastic energy.

Fig.4 SEM image of cleats in a coal specimen (500x)
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was to examine the effect of the direction of the cleats on
the mechanical properties and brittleness of the coal. For
brevity, f was used to represent the angle between the face
cleats and the horizontal direction, that is, the inclination
angle of the face cleats. Coal specimens with S values of 0°,
30°,45°, 60° and 90° were tested. Group (2) was the triaxial
compression tests of coal under different confining pressures
and constant 5. An MTS 815 electro-servo controlled testing
system (MTS, Minnesota, USA) was used to carry out this
group of tests, and the confining pressures were set to 0, 6,
12, 18, 24 and 30 MPa, respectively. The confining pressure
was first loaded at a loading rate of 0.025 MPa/s. Then the
axial pressure was loaded by displacement control at a load-
ing rate of 0.02 mm/s until the coal specimen was destroyed.

Acoustic emission (AE) technology is a method for
detecting the internal state and mechanical characteristics
of materials using sound signals. Many studies have shown
that it is feasible to assess the damage state and crack evolu-
tion inside rock materials by observing and analyzing AE
energy signals (Li et al. 2017a, b, ¢; Liang et al. 2017). The
acoustic wave generated during the coal failure in the uni-
axial and triaxial compression tests was monitored by an AE
testing system PCI-2. The resonant frequency and threshold
value of the AE detector were set to 140 kHz and 30 dB,
respectively. The impact time and signal acquisition interval
were set to 100 us and 0.05 s, respectively. The voltage of
the threshold value was adjusted to 1.0 V. Through the AE
device, the AE signals received by the detector were further
processed into AE parameters, such as AE count, AE count
rate and AE energy. The AE detectors were installed inside
the triaxial pressure chamber by refitting the test system, so
that the signal acquisition system could receive more reliable
AE signals. In this study, the AE energy was selected as the
main parameter to analyze the rupture patterns of the coal
specimens, calculated as

Eng = / / V3(1)dt/R, (7)

i

where E,g represents the AE energy; #; and 7; are the start
time and end time of the signal acquisition [us]; R is the
internal resistance; and V/(¢) is the signal voltage [V].

4 Analysis of the Test Results
4.1 The Stress—Strain Curves of Coal

In the following analysis, we denote the confining pressure
and the inclined angles of the face cleats as o5 and 3, respec-
tively. Figures 5 and 6 are the stress—strain curves under
different o3 and . At stage (I), the stress increases linearly
with increasing strain, indicating that external stress causes
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elastic deformation of the coal specimen, but is not suffi-
cient to drive the expansion of the existing micro-cracks
and generate new micro-cracks. The original cracks inside

the coal specimen are in a relatively stable state, and the
elastic strain energy accumulates continuously within the
specimen. At the plastic deformation stage (II), the original
micro-cracks inside the coal specimen gradually expand and
new cracks are generated under the axial stress. Stage (II) is
dominated by plastic deformation because of the evolution
of the micro-cracks. The higher the plasticity of the coal
specimen, the longer the plastic deformation stage in the
stress—strain curve. At the post-peak failure stage (III), the
cracks inside the coal specimen begin to expand rapidly,
and macroscopic fracture surfaces can be observed on the
coal specimens because of the convergence and the intersec-
tion of the micro-cracks. The expansion of the macro-cracks
results in the structural failure of the coal, while the frag-
ments of damaged coal specimens continue to slide along
the fracture surfaces. This indicates that in stage (III) the
coal undergoes continuous irreversible deformation as well
as rapid structural destruction. The energy release process
at this stage is accompanied by continuous dissipation of
strain energy.

In Fig. 5, when the confining pressure is 0 MPa, stage
(IT) of the stress—strain curve is barely visible, and a large
drop in both the velocity and amplitude of the stress occurs
at the post-peak stage. When o5 =12 MPa, stage (II) is more
significant, and the slope of the post-peak curve is smaller.
When o5 reaches 24 MPa, stage (II) of the curve extends
over a very long duration and the stress drop at stage (III)
is very slow, which reflects the strong plastic deformation
characteristics.

In Fig. 6, the stress—strain curves and the peak strength
of the coal specimens under different f are significantly dif-
ferent, which indicates that the direction of the cleats have a
noticeable impact on the uniaxial compressive strength and
brittleness of the coal. The uniaxial compressive strength
of the coal decreases first and then increases as  changes
from 0° to 90°. When f=45°, o} of the coal specimen is at
a minimum, and the plastic deformation and energy dissipa-
tion stage can be clearly observed in the stress—strain curve
before the peak, reflecting the strong plastic characteristics
of the coal specimen. When #=90°, o of the coal speci-
men reaches its maximum value. The plastic deformation
stage is very short, and the post-peak stress drops rapidly
and greatly, which shows obvious brittleness characteristics.
However, when =30°, 45° and 60°, the specific relation
between the coal brittleness and § cannot be directly deter-
mined from the stress—strain characteristics.

4.2 Analysis of Coal Brittleness
To further analyze the variation of coal brittleness with o,
and f, Egs. (5) and (6) were used to calculate the brittleness

of the coal specimens. As shown in Fig. 7, B, B, and B¢
of the coal specimens gradually increase with increasing
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Fig.7 Calculated results of coal brittleness under different o5 values

confining pressure, indicating that the proportions of Uy
and U, in the total energy are positively correlated to the
confining pressure level. The decrease of B with o5 reflects
the decrease in coal brittleness as the confining pressure
increases. Figure 8 shows the numerical results of coal brit-
tleness under different 5. When the inclination angle of the
face cleats increases from 0° to 45°, B; gradually decreases,
indicating a decrease in the brittleness of the coal. When
f =45°, By (and the coal brittleness) decrease to their mini-
mum value. However, when > 45°, B; begins to increase
rapidly, and when #=90°, B; reaches its maximum value.
The calculated brittleness of coal first increases and then
decreases with the increase of the inclination angle of the
face cleats; this is consistent with the analysis in Sect. 3.1. It
is notable that when the face cleat angles are 0° and 90°, the
results of B, and By under f=0° are different, but the B,
values are almost equal, which demonstrates that the coal
specimens have the same pre-peak brittleness characteristics
but different post-peak brittleness under these two angles.
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Fig.8 Calculated results of coal brittleness under different f values
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The pre-peak brittleness and post-peak brittleness of the coal
are in complete agreement under different conditions.

For a further insight into the brittleness index, we com-
pared B; with other brittleness indices. The index b, is based
on the material’s mineral content and cannot reflect the influ-
ence of the confining pressure and anisotropy on rock brittle-
ness. B; is compared with other typical numerically derived
brittleness indices in Fig. 9. The results of b; show that the
coal brittleness increases with increasing confining pressure,
which is contrary to the results of other brittleness indices.
b, shows that the E and v have equivalent effects on rock
brittleness, which does not agree with other findings and
lacks sufficient physical basis (Guo et al. 2015; Chen et al.
2017). The brittleness indices b, and b4 are based on the
strength and strain, respectively. Although the overall trends
of b, and b, decrease with increasing confining pressure,
the rectangles (green dotted lines) in Fig. 9 mark notable
data points; b, under a confining pressure of 0 MPa is lower
than that under 6 MPa, and b under a confining pressure
of 18 MPa is lower than that under 24 MPa. Brittle rupture
of rock is a phenomenon of dynamic instability driven by
elastic stain energy, and the energy accumulation and release
is determined by the strength and strain of the rock. It is
inappropriate to characterize rock brittleness only on the
basis of the strength or the strain parameters. In some cases,
strength-based and strain-based brittleness indices cannot
reflect the true variation of rock brittleness with changing
stress and may result in conflicting results.

In Fig. 10, B, is compared with the energy-based brittle-
ness indices (b; =W, /W, and bg= W /W_). When the confin-
ing pressure increases from 0 MPa to 6 MPa, b, decreases
as the confining pressure increases, but bg remains almost
constant. However, when the confining pressure increases
from 12 MPa to 18 MPa, by decreases with increasing con-
fining pressure and b, maintains an almost constant value. In
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Fig.9 Comparison of B; and other typical brittleness indices (b;—
index based on elastic parameters, b,—index based on strength
parameters, bg—index based on strain parameters)
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Fig. 10 Comparison of B; and energy-based brittleness indices

the b, curves, the effect of the post-peak energy on the rock
brittleness is ignored and the by indicates that brittleness is
only related to the post-peak rupture energy. Thus, b, and
bg can only characterize the brittleness characteristics before
or after the peak, respectively. The strain energy before the
peak reflects the ability of the rock to accumulate energy,
and the post-peak strain energy represents the characteristics
of the released energy. Characterizing the rock brittleness
solely based on the evolution of the energy either before or
after the peak may limit the outcome, leading to conflicting
results. Unlike other brittleness indices, B; not only consid-
ers the comprehensive effect of the external loading condi-
tions and the internal cleat system on the rock brittleness,
but can also describe the brittleness characteristics before
and after the peak, based on a solid physical basis and offer-
ing an easy and reliable calculation process.

Table 1 Calculated results of strain energy density

4.3 Analysis of Strain Energy and AE Energy
Characteristics

4.3.1 Evolution Characteristics of the Strain Energy

The experimentally derived U,, U and U, measured during
the failure process of the coal specimens are presented in
Table 1. In Fig. 11, U, U, and U, increase gradually with o3
because the confining pressure enhances the bearing capac-
ity of the coal specimens. The energy ratios U4/U, and U,/U,
are also positively correlated to o5, which indicates that the
pre-peak and post-peak dissipated energy increases with o,
under a prerequisite that the same elastic strain energy accu-
mulates in the coal specimens. Under triaxial compression,
the brittleness characteristics of the coal reflected by the
strain energy are consistent with the calculated coal brit-
tleness in Fig. 9. In Fig. 12, the strain energy of the coal
specimens is plotted for different § values, showing differ-
ent trends of U,, U, and U, compared with those of Fig. 11.
The accumulated elastic strain energy and the post-peak
dissipated strain energy reach their maximum values when
£ =90°, but the pre-peak dissipated strain energy falls to
its minimum value when #=30°. The rupture of coal is a
structural instability phenomenon driven by energy. The
mechanical properties of the coal under uniaxial loading
are significantly affected by the internal cleats, resulting in
the different changes of the various energies required for
the complete failure of the coal. Therefore, the change of a
single strain energy cannot reflect the brittleness character-
istics of coal. However, the ratios Uy/U, and U, /U, repre-
sent the magnitudes of the pre-peak and post-peak dissipated
energy relative to the elastic energy, respectively. Although
the changes of these two ratios with f are not exactly the
same, they agree with the calculated coal brittleness in
Fig. 10, which indicates that the brittleness index indirectly

Condition Yield Peak Residual Elastic Dissipated strain Elastic strain energy ~ Dissipated strain
strength-6,  strength-og  strength-o modulus £ energy density at pre- density U/V, (MJ/ energy density at post-
(MPa) (MPa) (MPa) (GPa) peak stage, Uy/V (MJ/ mm?®) peak stage, Uy/V (MJ/
mm?) mm?)
o;(MPa) 0 17.03 23.99 7.251 3.13 0.021 0.119 0.077
6 2541 34.33 10.51 3.31 0.105 0.259 0.171
12 33.68 43.74 20.39 3.77 0.256 0.386 0.280
18 51.93 64.92 34.01 391 0.537 0.728 0.629
24 56.81 68.44 46.25 4.35 0.833 0.811 0.825
30 75.02 80.03 72.51 4.51 1.602 1.085 1.367
Q) 0 8.86 10.81 3.06 2.33 0.014 0.035 0.019
30 11.83 14.26 6.16 242 0.023 0.034 0.023
45 7.26 8.54 3.62 1.86 0.018 0.021 0.018
60 12.97 16.22 3.15 2.99 0.011 0.048 0.024
90 19.54 24.75 4.75 3.51 0.012 0.091 0.032
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4.3.2 Evolution characteristics of AE energy

Figures 13 and 14 are the AE energy—strain curves of

coal specimens under different conditions. The con-

fining pressure and the inclined angle of the face cleats
have a significant influence on the patterns of the AE
energy—strain curves. According to the characteristics of the

energy—strain curves and the corresponding stress—strain

curves, the evolution of the AE energy during coal failure

103 can be divided into three types, which are defined here as
00 Rapid Fracture Type, Plastic Fracture Type and Stable Frac-

’ ture Type.
1. Rapid fracture type. The AE energy-strain curves under

Fig. 11 Strain energy density and strain energy ratio under different

o3 values
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Fig. 12 Strain energy density and strain energy ratio under different

p values

established by the areas of S gso and Sygcp (Fig. 2) is a reli-
able indicator that reflects the evolution of the strain energy

and brittleness of coal.
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the conditions of 6; =0 MPa and =90° are typical rep-
resentatives of this type (Figs. 13a, 14c). The stress—
strain curves of this type exhibit linear elastic deforma-
tion in stage-(I) and barely visible plastic deformation
in stage (II) before the peak, and a rapid and great stress
drop at the post-peak stage. When the axial stress is less
than o,, the AE phenomena are not significant and the
AE energy is low. The AE energy gradually increases
when the stress exceeds o,, and then increases rapidly
to its peak value when the axial stress approaches op. At
the post-peak stage (III), the AE energy drops rapidly
and remains at relatively low values. Figures 15 and 16
show the accumulated AE energy—time curves under
different conditions. Taking the curve under the confin-
ing pressure of 0 MPa as an example, the increase of
the accumulated AE energy is very slow at stages (I)
and (IIT), but quite rapid at stage (IT). The accumulated
AE energy—time curve of the Rapid Fracture Type has
approximately linear lower and upper sections, with a
very rapid rise between them, which indicates that the
accumulation rate of the AE energy has a sudden change
at the points corresponding to ¢, and oz. The Rapid
Fracture Type curves represent coal with strong brittle-
ness characteristics.

45
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Fig. 13 AE energy—strain curves of coal specimens under different o5 values
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Plastic fracture type. This type is typically represented
by the AE energy—strain curves under the conditions
of 6;=24 MPa and #=45° in Figs. 13c and 14b. The
stress—strain curves of this type show very pronounced
plastic deformation in stage (II) before the peak, and a
slow decrease of stress at the post-peak stage (III). For
the AE energy—strain curves of this type, the AE energy
begins to increase at stage (I), then it decreases slowly
and remains relatively high during stage (III). Gener-
ally, in this type of curve the AE energy has more than
one peak during the failure process, with considerable
separation between the peaks. The peak value of the
AE energy in Fig. 13c is at stage (I), while the peak in
Fig. 14b is at the post-peak stage. In Figs. 15 and 16, the
accumulated AE energy—time curves corresponding to
the Plastic Fracture Type are first concave and then con-

under different o5 values

Fig. 16 Accumulated AE
energy—time curves of the coal
specimens under different f
values
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vex, and have a gentle increase without sudden changes,
which is characteristic of strong plastic deformation.

3. Stable fracture type. This type is represented by the
curves in Figs. 13b and 14a, which show the transition
between the Rapid Fracture Type and Plastic Fracture
Type. Compared with the curves of the Rapid Fracture
Type, these curves have a more obvious plastic yield-
ing stage (I) and more pronounced AE characteristics
at stage (I). Compared with the Plastic Fracture Type,
however, the stress in these type of curves increases
faster at stage (II) and the AE energy values at stage (I)
and (III) are smaller.

In summary, the AE energy—strain curves and the accu-
mulated AE energy—time curves transform from Rapid
Fracture Type into Stable Fracture Type when the confining
pressure increases from O to 18 MPa. The AE energy curve
shows Plastic Fracture Type characteristics when o5 reaches
24 MPa, indicating that the brittleness of the coal decreases
gradually as the confining pressure increases, and the coal
specimens show obvious plastic characteristics when the
confining pressure increases to a certain level. For the coal
specimens under different face cleat inclination angles,
the AE energy curves were of the Rapid Fracture Type for
$=90° and showed characteristics of Plastic Fracture Type
when f was 45° and 30°. In addition, for f=60°, parts of the
AE curves had characteristics of Stable Fracture Type while
the others were of the Rapid Fracture Type. The brittleness
characteristics reflected by the evolution of the AE energy
under different conditions are consistent with the calculated
brittleness based on the indices B and By in Sect. 3.2.

4.4 Failure Patterns of the Coal Specimens

The failure patterns of the coal specimens under different
confining pressures are shown in Fig. 17. The main feature
is the multiple longitudinal splitting failure pattern accom-
panied by local shear failure when o;=0 MPa. In addition,
some specimens have a multiple Y-shaped rupture pattern
because some adjacent splitting cracks were connected by a
number of shorter shear cracks. When ;=6 MPa, although
the number of splitting cracks decreases, the dominant fail-
ure pattern does not change. When o5 approaches 12 MPa,
only longitudinal cracks can be observed on the coal speci-
mens, with very few Y-shaped ruptures. When 6, =24 MPa,
the failure patterns of the coal specimens change to shear
failure accompanied by a few short longitudinal splitting
cracks. When ;=30 MPa, the coal specimens are domi-
nated by pure shear failure, and most specimens only have
one shear crack. In summary, the failure pattern of the coal
specimens changed from multiple splitting failure to pure
shear failure as the confining pressure increased. The rea-
son for this change is that the confining pressure restricts

@ Springer

the propagation and coalescence of longitudinal cracks, and
is beneficial to the expansion of the inclined cracks which
are at an angle to the direction of the maximum principal
stress. The longitudinal splitting crack is a type of tensile
crack, which is easily opened and has a small displacement
between the crack surfaces. Therefore, the dissipated energy
needed to initiate and propagate the longitudinal splitting
cracks is small. However, coal fragments will slide along the
fracture surfaces after the shear failure of the coal specimen
under a high confining pressure. This process requires the
testing apparatus to provide more energy to overcome the
friction and maintain the propagation of the macro-cracks.
The failure patterns of the coal under different o5 indicate
that the brittleness and the ability to form complex fractures
in coal decrease with increasing confining pressure.

Figure 17 also shows the failure patterns of the coal speci-
mens under different inclination angles of the face cleats.
When f=0°, the coal specimens are dominated by the lon-
gitudinal splitting failure, and the longitudinal cracks are
mostly split along the face cleats. Because the face cleats
are parallel to the loading direction and have low cohesion,
they open easily, forming tensile cracks. When f=30° and
45°, the coal specimens shear along the face cleats. At the
pre-peak stage, because the directions of face cleats and the
maximum principal stress are close, the face cleats easily
lose cohesion and form many slipped micro-cracks under the
rising axial pressure. This process requires a large amount of
energy to be dissipated. At the post-peak stage, the coal frag-
ments continue to slip along the surfaces of the opened face
cleats, and dissipate a large amount of energy because of the
large contact area and friction forces between the surfaces.

,\ N

B=30°  fp=45°

ﬂ =6(° ﬂ =9()°

Fig. 17 Failure patterns of coal specimens under differents; and
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Therefore, the accumulation rate of the AE energy at stage
(IT) is relatively small because the pre-peak-dissipated
energy weakens the accumulated elastic energy, while the
accumulation rate at stage (III) is relatively large because of
the additional post-peak-dissipated energy. The correspond-
ing stress—strain curve features relatively small D and M
values. When =30°, the coal specimens are dominated by
the shear splitting mixed failure pattern. At the pre-peak
stage, the micro-cracks open and slide along the direction of
the butt cleats, which requires some dissipated energy. When
the axial stress exceeds the peak strength, the opened micro-
cracks continuously expand as the elastic energy is released.
Because the butt cleats are discontinuous joints, the opened
butt cleats may expand along the coal matrix or connect to
other butt cleats nearby; this process leads to the formation
of the shear splitting mixed failure patterns or the Y-shaped
rupture cracks. However, when f=60°, the failure patterns
of the coal specimens involve many types of macro-cracks,
such as longitudinal splitting cracks, secondary shear cracks
and cracks that open along the cleats. The face cleats do not
easily open or shear under the action of axial stress because
of the large angle between the face cleats and the loading
direction. Combining the corresponding stress—strain curves,
we conclude that only a small amount of dissipated energy
is needed to drive the propagation of micro-cracks at the
pre-peak stage, and the elastic energy rapidly accumulates
in the coal specimen with increasing axial stress. When the
axial stress exceeds the peak strength, the accumulation of
energy reaches its limit, and the instantaneous release of
large amounts of elastic energy requires more cracks to pro-
vide release paths. Furthermore, the failure pattern of the
coal specimen is more complex because of the discontinuity
of the butt cleats. The rapid formation of various types of
cracks results in the rapid failure of the coal specimens and a
small amount of dissipated energy after the peak. Therefore,
the accumulated AE energy has a sudden change at points
o, and oy and the stress—strain curves have relatively large
D and M values.

Many scholars have studied the influence of joints on the
failure patterns and acoustic emission characteristics of rock.
However, most of these studies investigated only horizon-
tally and vertically oriented joints (Qiao et al. 2015; Xu et al.
2017; Wang et al. 2017). Wasantha et al. (2014, 2015) sys-
tematically studied the influence of joint orientation on the
failure patterns and AE characteristics of jointed sandstone.
In their experiments, the failure patterns for specimens with
joints having inclination angles of 0° and 90° were different
from those of the coal specimens in this paper. When the
inclination angle of the joint is 0°, the failure of the speci-
men mainly occurs by shearing through the material, which
is similar to the behavior of intact rock. When the joint incli-
nation angle is 90°, the failure patterns are dominated by
longitudinal splitting failure patterns. This is because the

coal specimen has not only face cleats but also butt cleats
which are perpendicular to the face cleats. The butt cleats
make the failure patterns of the coal specimens more com-
plex. The failure mechanism for the specimens with joints
inclined at 30° and 45° showed shear failure along the joints,
similar to the experimental results of this paper.

Figure 18 shows the cumulative AE counts ratio vs. time
from the singly jointed rock specimens in study of Wasantha
et al. (2015). With joint inclination angles of 0° and 30°,
the AE events tend to increase steadily as the axial load
increases, similar to the AE curve of the coal specimen of
the Stable Fracture Type in this paper. However, at stages
(D) and (IT), the coal specimens had more AE events than
the singly jointed rock specimens. This can be attributed to
the butt cleats, which intensify the internal damage before
the failure of the coal specimen. When f=45°, many sig-
nificant AE events appear at the beginning of the loading
and throughout the whole loading process. The cumulative
AE events showed steady linear growth, similar to that of
the Plastic Fracture Type of this paper. In this case, both the
coal and the singly jointed rock specimens are dominated
by shear failure along the face cleats or joints, and the butt
cleats have no effect on the failure pattern and AE charac-
teristics. When f=90°, there are almost no AE events at
the beginning of the loading. Many significant AE events
appear suddenly until the axial load reaches a certain level
and the cumulative AE curve increases sharply, indicating a
brittle failure pattern and the rapid release of strain energy.
Although the AE characteristics under an inclination angle
of 90° are similar to the Rapid Fracture Type in this paper,
the coal specimen has more AE events at the beginning of
the loading than the singly jointed rock specimen because
of the existence of butt cleats. In general, compared with
the singly jointed rock, the failure patterns of coal are more
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Fig. 18 Cumulative AE counts ratio with time of the singly jointed
rock specimens (Wasantha et al. 2015)
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diversified and the acoustic emission responses are more
significant than in the singly jointed rock because of the
existence of the butt cleats.

4.5 Correlation Between the Mechanical Properties
and Brittleness of Coal

Figure 19 shows the correlation between the strength char-
acteristics and brittleness of coal specimens under triaxial
loading. Under different confining pressures, the brittleness
of the coal is negatively correlated to 6,, o and o, and has
the best correlation with 6. (R*=0.9227) and worst cor-
relation with op (R2=O.7104). In addition, the coal brittle-
ness has good negative correlations with the ratios o,/og
and o/og. Under uniaxial loading with different # (Fig. 20),
although the coal brittleness is negatively correlated with
o,/og and o/op, it has a poor positive correlation with 6,,
o and o (R*=0.31-0.55). This indicates that the relations
between the brittleness and strength of coal vary under dif-
ferent loading conditions, but the coal brittleness always
increases with the strength ratios of o,/05 and o-/og. The
confining pressure can enhance the bearing capacity of coal
specimens but will limit crack propagation and weaken the
brittleness of coal, hence the negative correlation between
the strength and brittleness of the coal specimens. Under the
same confining pressure, the peak strength determines the
level of elastic strain energy that accumulates in the speci-
men, while the elastic strain energy determines the level
of the post-peak energy release. Therefore, coal specimens
which have strong brittleness and are characterized by high
energy accumulation and release also have large ¢, o and
oc values. Thus, the correlation between coal strength and
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Fig. 19 Correlation between the strength and brittleness of coal under
different o5 values
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Fig.20 Correlation between the strength and brittleness of coal under
different f values

brittleness is positive but not very good because of the weak-
ening effect of the cleats on the coal strength.

Figures 21 and 22 show the correlations between the coal
brittleness and various moduli. Under uniaxial and triaxial
loading both D and M have good positive correlations with
the coal brittleness; however, the correlation between E and
the coal brittleness is negative under triaxial loading but pos-
itive under uniaxial loading. The accumulation of the elastic
energy depends on increased confining pressure under tri-
axial loading, but is only related to the mechanical properties
of the coal under uniaxial loading; the large elastic modulus
is the external manifestation of the rapid accumulation of
elastic energy. Previous studies showed that the brittleness
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Fig.21 Correlation between the modulus and brittleness of coal
under different o5 values
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Fig.22 Correlation between the modulus and brittleness of coal
under different § values

of rock material always increases as E rises (Meng et al.
2015; Guo et al. 2015; Liu and Sun 2015); this conclusion
is different from the relation observed in our study because
these studies neglected the influence of the external stress
state on the rock brittleness. Thus, the positive correlation
between E and the brittleness of the rock is valid only under
specific loading conditions.

Figures 23 and 24 show the correlations between the
brittleness and the strain energy characteristics of the
coal specimens. Under triaxial stress, the coal brittle-
ness is negatively correlated with Uy, U, and U, as well
as with the energy ratios U,/U, and U,/U,, all exhibiting
strong correlations (R?>=0.86-0.96). The coal brittleness
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Fig. 23 Correlation between the strain energies and brittleness of coal
under different o5 values
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Fig. 24 Correlation between the strain energies and brittleness of coal
under different f values

is positively correlated only with the elastic energy U,
under uniaxial loading, and has no clear relations with Uy
and U,; however, the ratios Uy/U, and U,/U, have a strong
negative correlation with coal brittleness. This is con-
sistent with the analysis in Sect. 4.3.1. The elastic strain
energy is the driving force for the damage and rupture of
coal, and the dissipated energy before and after the peak
can characterize the coal brittleness only under the same
accumulation of elastic strain energy. U4/U, and U,/U,
have different correlations with the coal brittleness, which
indicates once again that using only the pre-peak or the
post-peak brittleness characteristics to derive the brittle-
ness index will yield inaccurate results.

5 Discussion

Brittleness is an important basic property of rock and rock-
like materials, which has been investigated by many scholars
in different fields. However, different disciplines have dif-
ferent understanding of rock brittleness, therefore, currently
there is no widely accepted brittleness definition or standard
brittleness calculation method. Morley (1944) and Hetényi
(1950) defined brittleness as the lack of ductility of the mate-
rial. Howell (1960) proposed a concept of rock brittleness
in which rock material ruptures or fractures with little or no
plastic flow. Obert and Duvall (1967) described brittleness
as a property of rock material that fractures rapidly at or
slightly beyond the yield stress. According to the study of
Tarasov and Potvin (2013), rock brittleness was defined as
the ability of rock to self-sustain the failure process. From
the rock mechanics aspect, brittleness can be described as
the ability of rock material to deform continuously without
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permanent deformation under stress which surpasses the
stress limit corresponding to rock micro-cracking. It can be
seen that the rock brittleness involves the damage character-
istics (plastic deformation) before the failure and the rupture
behavior after the failure. From the aspect of energy evolu-
tion, rock rupture is essentially the release of strain energy. If
the energy accumulated in the rock before its failure is large
enough, more cracks are needed to release the energy after
the failure. Therefore, the brittle rupture of rock is associated
with the characteristics of both the accumulation and the
release of energy, which correspond to the damage charac-
teristics before the failure and the rupture behavior after the
failure. Energy dissipation before and after rock failure is the
key factor in determining the accumulation and release of
the strain energy (Labuz and Biolzi 1991; Mitri et al. 1999).
Energy dissipation before the peak will weaken the effective
accumulation of elastic energy. In laboratory experiments,
to maintain the post-peak rupture the rock needs additional
energy provided by the testing apparatus, which represents
the dissipated energy after the peak. The physical meaning
of the brittleness index derived in this study can be char-
acterized as the ability of the rock material to effectively
accumulate elastic energy at the pre-peak stage and to fully
rupture, induced by the violent release of elastic energy, at
the post-peak stage; these two processes reflect the loss of
rock brittleness before the peak and the degree of rock frag-
mentation after the failure, respectively. If the accumula-
tion of elastic energy is insufficient, brittle rupture of the
rock will not occur. Even if the rock can accumulate a large
amount of elastic energy, brittle rupture cannot occur if the
rock lacks the ability to release the energy.

The brittleness index based on energy evolution can
better reflect the brittleness characteristics during the
rupture and failure process of coal. The brittleness index
established in this paper can provide a reliable experimen-
tal method for evaluating coal brittleness; however, at pre-
sent it is only suitable for evaluating the relative brittleness
of coal under specific loading conditions because of the
difference between the stress conditions during the tests
and those in a real reservoir. Whether the brittleness index
can be used as a general index for evaluating brittleness of
other rock materials needs further study. The brittleness
index based on mineral content reflects the influence of
the rock composition on its brittleness, while the brittle-
ness index based on logging curves has the advantages
of convenient data acquisition and fast calculation of the
results, and is more suitable for field brittleness evalua-
tion. In future research we plan to combine our index with
CBM reservoir logging data and the mineral content of the
coal and establish a more applicable brittleness evaluation
standard.
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6 Conclusions

1. The elastic energy accumulated in rock is the main
source for its rupture and failure. The failure of absolute
brittle rock is spontaneous and the accumulated elastic
energy is sufficient to drive the whole failure process.
In coal, however, the accumulated elastic energy is
weakened by the dissipated energy before the peak and
strengthened by the dissipated energy after the peak;
therefore, these two energies are directly connected to
the coal brittleness.

2. A new index for evaluating the coal brittleness was
established in this paper from the perspective of energy
evolution. The new index considers the comprehensive
effect of the external loading conditions and the internal
cleat system on the coal brittleness, and describes the
brittleness characteristics before and after the peak. It
has a solid physical basis and a straightforward calcula-
tion process.

3. The brittleness reflected by the pre-peak and post-peak
strain characteristics is different in some cases, which
indicates that the existing brittleness indices (b,—bg)
established by individually considering the brittleness
before or after the peak may lead to contradictory evalu-
ation results.

4. The coal brittleness decreases with increasing confin-
ing pressure, and is significantly affected by the orienta-
tion of the cleats. When the inclination angle of the face
cleats increases, the coal brittleness first increases and
then decreases. The specimens with face cleat angles
of 45° and 90° have the highest and lowest brittleness,
respectively.

5. The AE energy curves can be divided into three types.
The curve of Rapid Fracture Type has approximately
linear lower and upper sections, with a very rapid rise
between them and represent high brittleness, and the
curve of the accumulation rate of AE energy has sudden
changes at 6, and og. The Plastic Fracture Type repre-
sents low brittleness, and the curves are smooth, first
concave and then convex. The Stable Fracture Type is
the transition between Rapid Fracture Type and Plastic
Fracture Type.

6. The single shear failure pattern represents low brittle-
ness characteristics. The multi-longitudinal splitting
cracks are instantaneous tensile cracks, which require
low dissipation energy and can provide more paths for
energy release; these cracks represent high brittleness
characteristics.
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