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Abstract

At present, shale gas plays a significant role in hydrocarbon reservoirs. Hydraulic fracturing is generally employed in the
exploration and exploitation of shale gas. Economic and efficient hydraulic fracturing, known as volume fracturing, is largely
associated with formation characteristics, including anisotropy and brittleness in rocks. Further research on the mechanical
properties of rocks, particularly the anisotropy and brittleness behavior of shale, using hydraulic fracturing would be of prac-
tical significance. In this study, shale specimens were collected from an outcrop of the lower Silurian Longmaxi formation
at Sichuan Basin in southwestern China, which is the most significant exploration area for unconventional gas in China. To
better understand the size, type, and shape of brittle minerals, the matrix type (and rock texture), mineral composition, and
microstructure of the shale matrix were tested through X-ray diffraction analysis and scanning electron microscopy. Further-
more, the anisotropic behavior of shale specimens, including strength, deformation, and failure behaviors, was tested and
analyzed under conventional triaxial compression. In addition, the brittleness characteristics of shale specimens at different
bedding inclinations under different confining pressures were analyzed based on the stress—strain curve characteristic and
energy balance. Different brittleness indices, including a new one proposed in this study, were used to evaluate the brittleness
of shale. The impacts of anisotropy and confining pressure on brittleness were discussed in detail. When compared with other
brittleness indices, the proposed brittleness index demonstrates improved effectiveness and reflects the impact of confining
pressure on brittleness significantly well. The relationship between brittleness and the failure mode was revealed using the
new brittleness index, and the decreasing order of brittleness was concluded as follows: tensile splitting along bedding plane
mode > tensile splitting through bedding plane mode > shear along bedding plane mode > shear through bedding plane mode.
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p Bedding inclination

E1ps €3p Axial strain and radial strain at peak axial
deviatoric stress

Ee &p Elastic deformation and plastic deformation
before peak

Evds €1d Volumetric strain and axial strain of crack
damage threshold

o, Deviatoric stress at beginning of the elastic
deformation stage

0,, 05, 03 Principal stresses (o, > 6, =03 conventional
triaxial compression test)

o, Uniaxial compressive strength (UCS)

O UCS of intact anisotropic rock at anisotropy
orientation

O UCS of intact rock

O UCS at a particular anisotropy orientation

o4 Crack damage threshold

Oge Axial deviatoric stress

o, Peak axial deviatoric stress

o, Residual strength

a;, af Tested and predicted values of o for the ith
data

7 Internal friction angle

1 Introduction

Shale is a widely distributed sedimentary rock in the earth’s
crust, most of which contains rich organic matter, and plays
a significant role in hydrocarbon reservoirs. At present,
shale gas has become a strategically and globally significant
unconventional resource. Hydraulic fracturing is generally
employed in the exploration and exploitation of shale gas.
The economic and efficient method of hydraulic fracturing
is to create more complex fracture networks, known as vol-
ume fracturing. However, this method is largely employed to
study formation characteristics, including stress diversity fac-
tor, rock elastic properties, rock anisotropy and heterogeneity,
distribution of natural fractures, and the brittleness of rocks
(Chen et al. 2017). It is observed that mechanical properties
such as the long horizontal section, high bedding develop-
ment of rock formation, and high hardness and brittleness
of rocks can make the borehole walls of shale gas prone to
collapse, leakage, and other grave instability problems. There-
fore, further research on the mechanical properties of rocks,
particularly the anisotropy and brittleness behavior of shale,
is of practical significance for applying hydraulic fracturing
in the exploration and exploitation of shale gas.

Shales are well known for their distinct anisotropy of
mechanical properties. Understanding the anisotropic behav-
ior of shale would have an essential bearing on shale gas
exploration, wellbore stability, interpretation of microseis-
mic monitoring, and so on. Several previous research studies
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have explored the anisotropic behavior of shale—Niandou
etal. (1997) and Masri et al. (2014) conducted experiments
on Tournemire shale; Kuila et al. (2011) researched low-
porosity shales from the Officer Basin in Western Australia;
Cho et al. (2012) and Kim et al. (2012) studied Boryeong
shale; Yang et al. (2019) analyzed Changsha shale. Further-
more, Josh et al. (2012), Heng et al. (2015), Rybacki et al.
(2015), Wu et al. (2017), and Li et al. (2017) have also inves-
tigated the mechanical behavior of shale rocks. Similarly,
several other types of anisotropic rocks have also been stud-
ied—Nasseri et al. (1997, 2003) studied schists, Hakala et al.
(2007) explored gneiss, and Yin and Yang (2018) examined
layered sandstone. Of particular importance is Ramamur-
thy’s classification (1993) of the anisotropy of rocks into
three groups, namely, “U” type, undulatory type, and “shoul-
der” type. Simultaneously, various failure criteria have been
proposed to describe the strength anisotropy of anisotropic
rocks. The first attempt seems to be the single weakness
plane theory proposed by Jaeger (1960), followed by studies
conducted by Hoek and Brown (1980), Ramamurthy et al.
(1988), Rao et al. (1986), Tien and Kuo (2001), Saeidi et al.
(2013, 2014), Singh et al. (2015), and Shi et al. (2016). In
these studies, the mechanical properties of anisotropic rocks
were researched, and the strength and failure behavior were
reported. On the other hand, many mechanical models based
on damage theory were proposed for anisotropic rocks by
a series of researches: Chen et al. (2010, 2012) proposed a
coupled elastoplastic damage model to describe the strongly
anisotropic sedimentary, and studied the plastic deformation
and induced damage in sedimentary rocks with structural
anisotropy; Yao et al. (2016) conducted a numerical study
of damage and failure in anisotropic cohesive brittle materi-
als rocks; Qi et al. (2016a, b) proposed a numerical micro-
mechanical damage model for modeling of induced damage
in an initially anisotropic material, and a three dimensional
micro-mechanical model was developed for modeling
micro-crack growth and plastic frictional sliding in initially
anisotropic quasi-brittle materials. These models based
on damage theory show good capability to reproduce the
main features of mechanical behavior of strong anisotropic
rocks; however, it needs to be verified by more experimental
data for different types of anisotropic rocks in the following
studies. Owing to difficulties faced in specimen preparation,
there has been little research on shale with various bedding
inclinations. Therefore, shale specimens with various bed-
ding inclinations are required to further investigate the ani-
sotropic behavior.

In rock engineering applications, brittleness is a term
commonly used to identify the possible failure character-
istics of the rock mass (Zhang et al. 2016). For implement-
ing hydraulic fracturing, higher the brittleness of reservoirs,
deeper the fractures will extend, more complex the frac-
tures will be, and higher the single well productivity will
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be. Therefore, the evaluation of brittleness is a major chal-
lenge and plays an essential role in petroleum engineering.
To date, several different expressions have been proposed
to quantify the brittleness of rocks. For instance, Morley
(1944) and Hetényi (1950) defined brittleness as the lack
of ductility; Obert and Duvall (1967) defined it as material
failure by fracture at or only slightly beyond the yield stress;
Ramsey (1968) defined it as the destruction of internal cohe-
sion; Howell (1960) defined it as a property of rock material
rupture or fracture with small or no plastic flow; Tarasov
and Potvin (2013) defined it as a self-sustaining failure pro-
cess. However, there is still no unique definition, concept,
or measurement for brittleness. According to a summary
by Hucka and Das (1974) and Zhang et al. (2016), with
increase in brittleness, brittle rocks may commonly exhibit
the following characteristics: (1) low values of elongation
of grains, (2) fracture failure, where distinct failure fracture
surfaces can be observed during brittle failure (such sur-
faces cannot be observed in ductile rocks upon failure), (3)
higher ratio of compressive to tensile strength, (4) higher
toughness, (5) higher angle of internal friction, (6) forma-
tion of cracks in indentation, (7) higher resilience resulting
from the larger elastic proportion, (8) greater percentages
of brittle minerals such as quartz and minimal amounts of
ductile minerals such as clay minerals, (9) higher Young’s
modulus and lower Poisson’s ratio values, (10) huge strength

Table 1 Summary of some universal BI definitions

reduction occurs with failure, (11) intensive failure process,
wherein the brittle rocks fail suddenly in an intensive and
self-sustaining way.

The brittleness index (BI) is a term that is usually used to
quantify the brittleness of rock mass, and several different
definitions of BI have been recommended so far. To meas-
ure brittleness, various influencing factors should be taken
into consideration, including mineral composition, in situ
stress, and strength parameters. To date, several different
ways of expressing the brittleness of rocks have been pro-
posed to quantify its extent (Hucka and Das 1974; Altin-
dag 2002; Hajiabdolmajid et al. 2003; Nygard et al. 2006;
Rickman et al. 2008; Yagiz 2009; Holt et al. 2011; Tarasov
and Potvin 2013; Jin et al. 2014a, b). These BI definitions
are based mainly on approaches including the stress—strain
curve, uniaxial compressive strength and Brazilian tensile
strength, penetration, impactor hardness tests, mineral com-
position, porosity and grain size, and geophysical methods.
Table 1 summarizes some of the universal BI definitions,
mainly considering four approaches. Mineral composition
is very easy to obtain and can be determined precisely by
conducting laboratory analysis such as X-ray diffraction
(XRD) testing. In fact, methods based on strength param-
eters, stress—strain characteristics, and energy balance
analysis are all determined by stress—strain curve, in which
strength, deformation, and energy balance parameters can

Test method Formulae

References

Remarks

Mineral composition BI; = Wo/Wo,cial
BL, = (Wo + W)/ W,

BI; = WQFM+C/ Wiotal

otal

Strength parameters BI, =o0./0,
BI; = (0, —0,)/ (0. + 0,
Bl = sin (@)
BI, = 0.0,/2

Bl = 0.1986, — 2.1740,
+0.913p — 3.807

By = £, X 100%

BI,, = (O'f - ar)/af

Bl =& /¢

BI,, = (ef - er)/ef

Blj; = Uy/(Uy + U,)

Bl, =U,/U,=M-E)/M
Bl;5s = Ua/Uec

Blys = U, /(U + U,)

Bly; = (Uy + U,)/ (U, + U,)
Blg = Uel/Ur

Blyy = (U, + U/ (U, + U,)
Blyy = U,/ (U + U,)

Stress—strain characteristics

Energy balance analysis

Jarvie et al. (2007)
Rickman et al. (2008)
Jin et al. (2015)

Hucka and Das (1974)

W,=weight fraction of component x; Q =quartz;
C =carbonate; Cl=clay; Dol =dolomite;
TOC =total organic carbon; QFM = quartz + feld-
spar + mica

o, =uniaxial compressive strength; o, =Brazilian ten-
sile strength; ¢ =internal friction angle; p =density

Altindag (2002)
Yagiz (2009)

Andreev (1995) e,=sustained plastic strain at failure; ,=total elastic
Bishop (1967)

Hucka and Das (1974)
Andreev (1995)

Hucka and Das (1974)
Tarasov and Potvin (2013)

p
strain; ;= total strain at failure; e, =residual strain;

o=stress at failure; o, =residual strength

U, =total elastic energy; Up=plastic energy;
U,.=rupture energy; U,.=consumed elastic energy;
U,=additional energy; E =elastic modulus;

M =post-peak modulus

Munoz et al. (2016)

Aietal. (2016)
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be obtained. The use of stress—strain curves to determine
strength parameters is common in rock mechanics, as they
can be obtained easily using the triaxial compression test.
The brittleness of material is a type of mechanical response
to external stress conditions. For a material specimen, the
composition and internal structure are constant and the
brittleness can be different if different stress conditions are
applied. Therefore, the specific stress condition encountered
by the rock must be considered when its brittleness is eval-
uated. Thus, BI definitions based on stress conditions are
more significant.

In this study, shale specimens were collected from an out-
crop of the lower Silurian Longmaxi formation at Sichuan
Basin of southwestern China, which is the most significant
exploration area of unconventional gas in the country. To bet-
ter understand the type and shape of brittle minerals, matrix
type, and finally rock texture, the mineral composition and
microstructure of the shale matrix were tested through XRD
and scanning electron microscopy (SEM). Furthermore,
the anisotropic behavior of shale specimens, including the
strength, deformation, and failure behaviors, was tested and
analyzed under conventional triaxial compression. Further-
more, the brittleness characteristics of the shale specimens
were analyzed at various bedding inclinations under various
confining pressures, based on the stress—strain curve and
energy balance. Various brittleness indices, including a new
one proposed in this research, were used to evaluate the brit-
tleness of shale. The impact of anisotropy and confining pres-
sure on brittleness were investigated in detail.

2 Shale Sampling and Its Characterization
2.1 Geologic Setting and Shale Sampling

The marine stratum area in southern China has excellent
geological settings for shale gas accumulation, leading to the
formation of rich shale gas resources. Shale gas is expected
to become a strategically significant replacement for China’s
existing oil and gas resources. The China Geological Survey
has observed that the high-quality shale of the Longmaxi
formation in the middle and upper Yangtze regions has a
wide distribution, high thickness, and huge hydrocarbon
resource potential, accounting for 20% of the shale gas
resources in China. Figure la depicts the main explora-
tory shale gas wells at lower Silurian Longmaxi formation
(adopted from China Geological Survey). The Sichuan Basin
of southwestern China, which has an area of 180,000 km?, is
the most significant exploration area of unconventional gas
in the country. Therefore, studying the shale in this area is
of higher significance.

As depicted in Fig. 1b, the shale specimens tested in this
research are taken from a quarry in the Changning area,
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Sichuan, China, from which the linear distance to the Ning-
201 shale gas well is approximately 30 km. Because of exca-
vation, there are a large number of fresh and intact shale
outcrops here, and it is very convenient for collection. The
sampling site is located in the southern edge of the Sichuan
Basin. This area is rich in shale deposits, which, according to
geology, belongs to the lower Silurian Longmaxi formation,
Paleozoic of the middle and upper Yangtze regions. This
shale is a marine black shale with evident bedding develop-
ment. It was formed in a deep-water continental shelf facies
sedimentary controlled by continental margin depression in
a water depth of approximately 200 m, with abundant bio-
logical fossils and a strong reduction environment. It is rich
in organic matter, including graptolite fossils and authigenic
pyrite.

Figure 2a shows the fresh and intact shale blocks taken
from the outcrop. To ensure the integrity and homogeneity
of the shale specimens used in laboratory tests, the following
criteria are followed for sampling:

1. The volume of the block should be moderate. Too large
a volume is not conducive to transportation and indoor
processing; on the contrary, too small a volume cannot
guarantee sufficient quantity of specimens in one block.

2. The blocks should be as complete as possible without
cracks to ensure the integrity and homogeneity of the
processed specimens.

3. The bedding of the rock blocks should be distinct. The
bedding should also be horizontal when the rock mass is
laid flat to facilitate the indoor processing of specimens
with different bedding inclinations.

Figure 2b shows how shale blocks are drilled into cylin-
drical specimens with different bedding inclinations. The
bedding inclination in this research is defined as the angle
between the bedding plane and the end face of the cylindri-
cal specimen, represented as . By varying the placement
inclination of the block, shale specimens with seven sets
of bedding inclinations are drilled, at #=0°, 15°, 30°, 45°,
60°, 75°, and 90°. After drilling, as shown in Fig. 2c, the
specimens were processed into standard specimens with
dimensions 50 mm X 100 mm, using the method suggested
by ISRM (International Society for Rock Mechanics 2007).
All the prepared specimens are placed at a room temperature
of 20+ 0.5 °C and humidity of 65% +5% and tested within
30 days.

2.2 Mineral Composition Analysis

The minerals in shale contain mainly quartz, feldspar, cal-
cite, and clay, in which the clay includes kaolinite, mont-
morillonite, illite, hydromica, and so on. In general, the
mineral composition of shale varies with the depths and
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formation (adopted from China Geological Survey)

Fig. 1 Geological settings and sampling site of shale specimens tested
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(a) Shale blocks used for drilling

(b) Schematic diagram of shale specimen drilling

(¢) Prepared shale specimens

Fig.2 Preparation diagram of shale specimens at different bedding inclinations

locations, which can lead to different properties. On the
other hand, quartz has a distinct impact on the degree of
brittleness of shale, which is a key factor impacting the
development of hydraulic fractures in shale reservoirs.
Figure 3 presents the XRD test result of shale specimens
in this research, indicating the mineral composition and
proportion of shale specimens. From Fig. 3, it can be seen
that this shale specimen contains mainly quartz, calcite,

Fe-muscovite, and clay, and other minerals such as pla-
gioclase, potash feldspar, and pyrite are present in very
small amounts. The clay in this shale specimen mainly
contains illite, chlorite, and illite/smectite (I/S) formation.
The proportion of quartz plus calcite is 63.9%, which is a
large part of the mineral composition, indicating the high
brittleness of this shale specimen.
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Fig.3 Mineral composition of
Shale specimen in this research

(a) Mineral composition and proportion

2.3 Microstructure Analysis

As a typical sedimentary rock, shale has a very fine pore
structure and fracture network because of its fine min-
eral grains. The micropores and microfractures inside
or between mineral grains will be different according to
their types, which can lead to differences in mechanical
behavior at the macroscopic level. Figure 4 shows the
SEM images of the shale specimen surface. From Fig. 4a,
it can be clearly observed that a large number of mineral
grains and debris supporting each other and overlapping,
squeezed together, and forming different shapes of skele-
ton pores. The clay minerals in the sheet can easily become
highly deformed by getting squeezed with other mineral
grains. Thus, a large number of pores are formed at the
edge of these mineral grains. In Fig. 4b, some clay miner-
als and pyrite grains can be observed. The clay minerals
in the sheet have interlayer micropores formed by clay
crystal layers. Pyrite is composed of many pyrite grains

WD
<V]12.7 mm 2000 x |[ETD

Fig.4 SEM images of shale specimen in this research
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B Potash feldspar

Plagioclase

Calcite

H Fe muscovite

H Pyrite

B Clay
Illite ™ Chlorite

(b) Clay composition and proportion

Illite/smectite

in the strawberry-like aggregate, and there are a number
of micropores between these grains.

3 Methodology
3.1 Conventional Triaxial Compression Test

This test is aimed at identifying the anisotropic characteris-
tics of compression strength, deformation, and failure mode
of the shale specimens, further, at establishing new method
for the evaluation of shale brittleness, which combines the
strength parameters and stress—strain curve characteristics.

Conventional triaxial compression tests were performed
on the multifunctional triaxial test system for rocks at the
State Key Laboratory for Geomechanics and Deep Under-
ground Engineering, China University of Mining and Tech-
nology. The maximum axial loading capacity of the servo-
controlled system is 400 MPa and the maximum confining

s 55
mag O
mm 10 000 x |ETI
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pressure loading capacity is 60 MPa. During the tests, the
axial deformation was measured by two axial linear variable
differential transducers (LVDTs) with a range of 10 mm. The
radial deformation was measured by an LVDT which is in
hoop with a range of 6 mm.

All the tested specimens were standard cylinders 50 mm
in diameter and 100 mm in height, as shown in Fig. 5. Axial
loading occurs in the displacement loading mode, whereas
the confining pressure occurs in the stress loading mode. The
specimens were divided into seven groups based on their
bedding inclinations f=0°, 15°, 30°, 45°, 60°, 75°, and 90°
and tested under five different confining pressures (¢, =05)
of 0, 5, 10, 15, and 20 MPa. First, the confining pressure was
increased to the desired value at a constant rate of 8 MPa/
min (this rate ensures that the loading is slow enough and
will not damage the specimen); second, axial deviatoric
stress was applied to the specimens at a constant axial dis-
placement rate of 0.05 mm/min (this rate ensures that the
specimens are tested under quasi-static loading); when the
specimens reached their residual strengths or completely lost
their carrying capacities, the loading was stopped and the
experiment ended. All the experiments were performed at a
room temperature of 20+ 0.5 °C and humidity of 65% +5%
within 10 days.

The experimental data were recorded by the system auto-
matically, including axial deviatoric stress oy, confining
pressures o3, axial displacements L; and L, by two axial
LVDTs, and the radial displacement L, by one axial LVDT.
The mass and geometry of each specimen were measured
and recorded before the experiments; D is the diameter and
H is the height.

From the tested stress—strain curves, mechanical param-
eters can be obtained. Figure 6 depicts the stress stages in
the stress—strain curve under compression. It also illustrates
how the basic strength and deformation parameters are cal-
culated. As can be observed from Fig. 6, three stress stages
can be observed before the peak, characterized as porosity

(a) p=0° (b) p=15° (c) p=30°

Fig.5 Cylinder shale specimens at different bedding inclinations

(d) p45°

4 01-03 Crack damage
Op
H 1
! ]
! 1
= |
h od .
01-03 VS €3 ' LN I S '
1 ! ! 1
I e
O1-03 VSiév A I 01-03 VS €1
! ] : Elastic deformation
i ! o :
! YL i '
1 1 1 1
1 ! 1 W .
! 1 v Porosity compaction
H H I H H [
»
&p  &3d &vd €1d €1
& p 0 p ¢l

Fig.6 Different stress stages in stress—strain curve under triaxial
compression

compaction, elastic deformation, and crack damage, with
increase in the deviatoric stress. In the stage of porosity
compaction, the initial microcracks in the rock are com-
pacted and o, is the deviatoric stress, which defines the end
of this stage and the beginning of the elastic deformation
stage. It is considered that no new damages or microcracks
are initiated in the elastic deformation stage; therefore, the
elasticity modulus E is calculated using the average slope
in the range of elastic deformation and Poisson’s ratio v is
obtained using the average of the absolute value of the ratio
of radial strain and axial strain in the range of elastic defor-
mation. With increase in loading up to the stage of crack
damage, new damage and microcracks initiate and extend in
the rock, and plastic deformation commences. As shown in
Fig. 6, at the beginning of this stage, the volumetric defor-
mation switches from compaction dominated to dilatancy
dominated. The crack damage threshold (o) of the speci-
men (Wong et al. 1997; Fairhurst and Hudson 1999; Heap
et al. 2009; Yang et al. 2015, 2017) is the corresponding
axial deviatoric stress at this switch point. € 4 and €4 are
the volumetric strain and axial strain at the switch point. o,

(g) p=90°

® p=75°

(e) p=60°
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is the peak axial deviatoric stress that is also defined as the
failure strength of the specimens. £, and &5, are defined as
the axial strain and radial strain upon reaching the peak axial
deviatoric stress. o, is the residual axial deviatoric stress that
is also defined as the residual strength.

3.2 Evaluation Approaches for Shale Brittleness

As it was stated in the Introduction, the brittleness index is
a term that is usually used to quantify the brittleness of rock
mass. Table 1 provides a summary of the previous BI defini-
tions. These various BI definitions indicate that the brittle-
ness of rocks is complicated and hard to quantize uniformly.
A specific BI definition may work very well for some types
of rocks or some specific stress conditions. However, it may
not work well under another condition. For the laboratory
investigation, several tests can be used to obtain the BI of the
rock specimen. In this study, BI definitions, which have been
proposed based on mineral composition, stress—strain curve
parameters, and energy balance is considered to evaluate the
brittleness of shale specimens.

1. Approaches based on mineral composition

The mineral composition of the shale specimens used
in this research has been tested and analyzed by XRD in
Sect. 2.2. The mineral percentage is shown in Fig. 3. Based
on the result, BI;, BI,, and Bl; are used to evaluate the brit-
tleness of shale specimens used in this research. For BI,,
BI,, and BI;, larger the value is, more brittle mineral content
the rock specimen has and higher its brittleness is. It should
be noted that for the same rock specimens, their brittleness
indexes are constant when they are characterized by the
content of brittle minerals; however, they exhibit varying
brittleness characteristics under different stress conditions.

2. Analysis of stress—strain curve parameters

Fig.7 Energy evolution of rock Aoi-o3
failure process on stress—strain
curve

For brittle rock, elastic deformation often accounts for a
significant proportion of the entire deformation, and little
plastic deformation occurs before failure. In general, plastic
deformation is the accumulation of internal damage, which
indicates that instability failure for brittle rocks occurs rap-
idly once damage inside the rock appears. In this study, BI,,
is used to characterize the brittleness of the shale specimen.
BI,, reflects the relative magnitude of recoverable deforma-
tion to the magnitude of total deformation at failure. Larger
the value of BI,,, lower the plastic deformation when the
rock specimen fails, which indicates that the rock specimen
has higher brittleness.

3. Analysis based on energy balance

The rock failure process is essentially a process of balanc-
ing energy absorption and release. As shown in Fig. 7, the
energy evolution of the rock failure process can be clearly
illustrated based on stress—strain curves. The rock specimen
constantly absorbs external energy before failure, which
causes a significant amount of elastic energy (in green color)
to be stored in the rock. Simultaneously, some other energies
are dissipated (in the shadowed area) owing to the occur-
rence of internal damage, which is reflected by the unrecov-
erable plastic deformation in the stress—strain curve. When
the rock fails, the stress reduces and the energy stored in
the rock starts to release. The release of elastic energy leads
to crack propagation and macro-fractures in the specimens,
and the rock specimens cannot absorb further energy and
are damaged. In this study, BI,5, BI,,, Bl;s, BI;4, BI,7, Bl g,
BI,y, and BL,, are used to characterize the brittleness of the
shale specimen. Using various brittleness indexes, the vari-
ous definitions based on energy balance are compared and
the comprehensive brittleness of the shale specimens can
be ascertained. Figure 7 reveals that the plastic and rup-
ture energies are the key to determine the degree of brit-
tleness. For brittle rock material, very less plastic energy
accumulates at the peak. Similarly, rupture energy is rare

ﬁ

&r
Total elastic energy (Uet)
+B Additional energy (Ua)
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Bl3 = 0 Bl
Bl = t-
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mmmm Residual elastic energy (Uer)
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as well, because the associated stress drops sharply to a low
level when brittle failure occurs. In Fig. 7, E is the elasticity
modulus before the peak, which is calculated by the average
slope in the range of elastic deformation. M is the post-peak
elastic modulus, which is calculated by the average slope in
the range of post-peak deformation. E can help to determine
the magnitude of elastic strain and elastic energy.

4 Analysis of Mechanical Characteristics
4.1 Analysis of Stress—Strain Curves

To investigate the anisotropic behavior of shale, speci-
mens at seven bedding inclinations were tested. Figure 8
shows the deviatoric stress—strain curves of shale speci-
mens under different confining pressures. Owing to space
limitations, specimens only at the bedding inclinations of
0°, 45°, and 90° were presented. From Fig. 8, it can be
revealed that the confining pressure has a distinct impact
on the failure strength. Furthermore, the shapes of their
stress—strain curves clearly reveal that the specimens

experienced little plastic deformation in the pre-peak
region and reached the failure point in a sharp curve type,
which indicates that the specimens exhibit strong brittle
behavior even under a certain confining pressure.

Figure 9 shows the axial deviatoric stress—strain curves
of shale specimens under different bedding inclinations.
Owing to space limitations, specimens only under the
confining pressures of 0, 10, and 20 MPa were presented.
From the curves under each confining pressure, it can be
clearly seen that specimens with different bedding incli-
nations exhibit different mechanical characteristics; for
instance, failure strength and Young’s modulus show
apparent changes with respect to the bedding inclination.
This indicates that the shale specimens in this research
have a distinct anisotropy in mechanical behavior. On the
other hand, the specimens also show distinct brittleness
as the stress drops steeply after reaching the peak point.
However, under the confining pressures of 10 and 20 MPa,
specimens at f=30° and 75° show low brittleness, and the
stress drops slowly after the peak point. This indicates that
the brittleness is also anisotropic. Further details will be
discussed in the following sections.
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Fig. 8 Deviatoric stress—strain curves of shale specimens under different confining pressures
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Fig. 9 Axial deviatoric stress—strain curves of shale specimens under different bedding inclinations
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4.2 Strength and Deformation Behavior

In relation to the stress—strain curves presented in Figs. 8
and 9, significant mechanical characteristics of the tested
specimens have been evaluated. Their variation with respect
to the bedding inclinations are plotted in Fig. 10a—e. Fur-
thermore, the apparent cohesion C and internal friction angle
@ of shale specimens at different bedding inclinations are
calculated according to the Mohr—Coulomb criterion and
the variations with respect to the bedding inclinations are
plotted in Fig. 10f.

From Fig. 10a, b, it can be observed that the peak
strength (o,) and crack damage threshold (o) all display
“U”-type variation trends with respect to the bedding
inclination under each confining pressure. All the maxi-
mum values are observed at f=90° and almost all the
minimum values are observed at f=45° and 60°. From
Fig. 10c, the peak axial strain (¢,,,) appears to be wavy and
to be increasing with the increase in the bedding inclina-
tion, which does not seem to be a distinct variation pat-
tern. The peak axial strain depends on the peak strength
and deformation modulus. Both high peak strength and
low deformation modulus can lead to large peak axial
strain. As depicted in Fig. 10d, the elasticity modulus (E)
shows “W”-type variation trends with respect to the bed-
ding inclinations, the three crest values are observed at

p=0°,30° and 75°-90°, whereas the two trough values
are observed at f#=15° and 45°. Combining the varia-
tions observed in peak strength (Fig. 10a) and elasticity
modulus (Fig. 10d), it can be observed that the variations
in peak axial strain can be illustrated clearly. When f is
under 60°, the peak strength decreases with respect to the
bedding inclination and the elasticity modulus is undulant.
As a consequence, the peak axial strain is of undulatory
type as well, and each crest or trough value is smaller than
the previous one. When f is above 60°, the peak strength
and elasticity modulus increase with respect to the bed-
ding inclination. However, the peak strength at 60° is the
minimum and the elasticity modulus is not large enough;
as a consequence, the peak axial strain is minimum at 60°.
In Fig. 10e, f, Poisson’s ratio (v) and the apparent friction
angle (¢) show no particular pattern with the increase in
the bedding inclination. Moreover, the apparent cohesion
(C) value displays a “U”-type with the increase in the bed-
ding inclination, which distinctly indicates anisotropic
behavior of the shale specimen. It is well known that cohe-
sion can be regarded as the shear strength of the failure
plane with normal stress, which means it is closely related
to the shear behavior of the specimen. At low or high bed-
ding inclinations (0°, 15°, 90°), the bedding planes make
the fracture propagation discontinuous; therefore, it is
more difficult for the shear fractures to propagate through
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Fig. 10 Main strength and deformation parameters variation with respect to the bedding inclinations
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the bedding planes, which leads to a large cohesion value.
At medium bedding inclinations (30°-75°), the fracture
can easily propagate along the bedding planes, which leads
to a small cohesion value.

In addition to the linear Mohr—Coulomb criterion, the
Hoek—Brown criterion is an empirical strength criterion
that has been widely applied to describe the non-linear
behavior of strength. The basic equation can be written as
(Hoek and Brown 1980, 1997):

o 0.5
lop] =0'3+0'c<m—3+S> ) ey

Oc

where o, is the uniaxial compressive strength (UCS) of the
intact rock and m and s are material constants for a specific
rock. When the parameter m is larger, the rock is stronger.
The parameter s reflects the fractured extent of the rock,
ranging from O to 1. When the parameter s is closer to 1, the
rock is more intact. In this study, the shale specimens at each
bedding inclinations were intact; therefore, the parameter m
was selected as 1. By substituting the triaxial compression
test data into Eq. (1), the parameters m for the specimens
at each bedding inclination can be obtained, and they are
listed in Table 3.

To better describe the failure strength of anisotropic
rocks, various failure criteria have been proposed. Rama-
murthy et al. (1988) and Saeidi et al. (2013) proposed
empirical criteria. Ramamurthy et al. (1988) and Rao et al.
(1986) proposed an empirical strength criterion to pre-
dict the non-linear strength behavior of intact anisotropic
rocks; the empirical strength criterion can be expressed
as follows:

lo=e) =Bj<ﬁ> ; @

03 03

where o, and o5 are the major and minor principal stresses
and o is the uniaxial compressive strength at the particular
anisotropy orientation f. By defining the parameters o; and
B;, the anisotropy of material strength can be considered

here, and the functions of anisotropic orientation are as
follows:
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where 6, is the uniaxial compressive strength when f=90°
and ay and By are the values of @; and B; when f=90°. In
this research, by substituting the triaxial compression test
data into Eq. (2), the parameters @; and B; at each anisotropy
orientation can be calculated. The calculated parameters are
listed in Table 2.

On the other hand, in a later research, Saeidi et al. (2013)
modified Rafiai (2011)’s failure criterion, which is valid for
isotropic rocks. In Rafiai’s research, the empirical criterion
is used to predict intact rock, and the empirical failure crite-
rion under triaxial conditions is expressed as follows:

ﬁ 24_ l1+A(G3/Gci)] _r

1+ B(03/0.;) ©)

ci

where o is the uniaxial compressive strength of intact rock;
A and B are constant parameters that depend on the proper-
ties of the rock. The parameter r is the strength reduction
factor, which is considered equal to O for intact rock and
1 for highly jointed rock masses. To apply Rafiai’s failure
criterion to transversely isotropic rocks, Saeidi et al. (2013)
modified the failure criterion (Eq. 5) to the following:

1 +A(0'3/acﬂ)]

a+B(0'3/0'Cﬂ) ©

61 =G3+Gcﬂl

where o, is the uniaxial compressive strength of anisotropic
rock at the anisotropy orientation f and a is the strength
reduction parameter considering the rock anisotropy. In
this modified failure criterion, parameter r in Eq. (5) is

Table 2 Calculated parameters of different strength criteria for shale specimen in this research

p(°)  Mohr—Coulomb Hoek—Brown Ramamurthy Saeidi
CMPa) ¢(°) R? m s R a; B R* a A B R?

0 28.88 5229 0.8085 27.5922 1 0.8145 0.7972 3.0890 0.8370 0.9564  25.7379 8.7969  0.8304
15 42.60 38.80 09010 104611 1 0.8818 09085 1.7362 0.9743  0.9952 40.4411 25.8536  0.9678
30 24.46 5149 09399 241952 1 09661 0.7051 3.6999 09763 1.0151 20.9796 6.3442 09762
45 29.64 4045  0.8961 11.0963 1 0.8911 0.8384 2.1623 0.8971  0.9606 8.3958 29193  0.8986
60 23.96 41.66 09409 119788 1 09596 0.7576 2.6621 09765 1.0171 13.6554 5.3255  0.9729
75 34.57 4992 0.8242 214080 1 0.8398 0.8098 2.6894 0.8707 09931 29.0614 12.5093  0.8720
90 53.35 4561 08069 16.1340 1 0.7799 09171 1.7771 09018  0.9950 74.7143  48.1659  0.8917
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considered equal to 0, because the rock is considered intact,
and a new parameter a, as the strength reduction parameter,
is considered for extending the generalization of Eq. (5) to
anisotropic rocks. The calculated parameters are listed in
Table 2.

Furthermore, the coefficient of determination (R?) is used
to evaluate the goodness of fit for each failure criterion. R?
can be calculated as follows:

z?:l ("; - 6?)2
Y, (ot - El0)*

where o-lF and o-lP are, respectively, the tested and predicted
values of ¢ for the ith data point, E [o-t] is the expectation
of the tested value (in this research, it is considered as the
average value), and n is the number of data points. The cal-
culated R* values for each criterion are also listed in Table 2.

The failure envelops of different criteria for the shale
specimens are plotted in Fig. 11a, b. From Fig. 11a, it
can be observed that the linear and non-linear criteria can
reflect the relationship of o, versus o5 well. From Table 2
and Fig. 12, it is hard to conclude which criterion is bet-
ter for describing the experiment results, as the R? values
of the Hoek—Brown criterion are larger than those of the
Mohr—Coulomb criterion at certain bedding inclinations
(such as 0°, 30°, 60°, 75°), and vice versa at other bed-
ding inclinations. In fact, there is little difference in the
R? values between the Mohr—Coulomb and Hoek-Brown
criteria at bedding inclinations of 15° and 45°. However,
the R? values of the Hoek—Brown criterion are much
larger than those of the Mohr—Coulomb criterion at bed-
ding inclinations of 30°, 60°, and 75°. Therefore, it can
be assumed that the Hoek—Brown criterion reflects the
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Fig. 12 Comparison of coefficient of determination (R,) calculated by
different strength criterions

experimental results better. Figure 11b illustrates that the
Ramamurthy and Saeidi criteria fit the triaxial data well.
However, it should be noted that based on Eq. (2), the
Ramamurthy criterion cannot predict the failure strength
under uniaxial compression, as o5 is the denominator
and cannot be equal to 0. Therefore, the value predicted
by the Ramamurthy criterion shows a significant error
when oy is close to 0 MPa. Therefore, when the R? values
are calculated using the Ramamurthy criterion, the test
data obtained under uniaxial compression are not con-
sidered. From Table 2 and Fig. 12, it can be seen that
the R? values of the Ramamurthy and Saeidi criteria are
larger than those of the Mohr—Coulomb and Hoek—Brown
criteria, which indicates that the two empirical criteria
for anisotropic rocks reflect the experiment results bet-
ter. Although, overall, the Ramamurthy criterion yields
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Fig. 11 Comparison of failure envelopes of shale specimens at different bedding inclinations
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larger R? values than those yielded by the Saeidi criterion,
it cannot predict UCS and does not work well when o5 is
close to 0 MPa (e.g., below 5 MPa).

Figure 13 provides a comparison of the strength vari-
ation between tested data and the prediction from vari-
ous criteria. It should be noted that the experimental data
of UCS values were used to plot all the curves obtained
using the Ramamurthy criterion, as the criterion is unable
to predict UCS values because o3 is the denominator in
Eq. (2) and cannot be equal to 0. Thus, the plotted curve
representing the Ramamurthy criterion prediction does
not match the data provided in Fig. 11b. From Fig. 13,
it can be clearly seen that all the four criteria predict the
tested data very well. On the other hand, from the curves
of experimental data presented in Fig. 13, it can be seen
that, overall, the failure strength displays “U”-type vari-
ation with respect to the bedding inclination. The maxi-
mum values are observed at f=90° and the minimum
values are observed at f#=60°. It should also be pointed
out that at certain bedding inclinations, the tested failure
strength values under certain low confining pressures are
higher than those under high confining pressures, e.g.,
the tested value of failure strength under confining pres-
sure 15 MPa is higher than that under confining pressure
20 MPa when f#=75°. This contradiction indicates the
common experimental error caused by the dispersion of
specimens. Although the experiment was planned such
that the tested specimens under each confining pressure
would be prepared from one rock block to reduce disper-
sion, unfortunately the number of rock blocks was not
sufficient to meet this requirement. The individual dif-
ference in specimens may impact the tested strength at
certain values of . However, the overall failure strength
exhibits an increase in the confining pressure.

450 © gmese Experiment data
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mm 03=10 MPa

4.3 Failure Behavior Analysis

Figure 14 depicts the ultimate failure mode of shale speci-
mens under various confining pressures. All the labels are
pasted on the surface, which is orthogonal to the bedding
plane (as illustrated in Fig. 5). Therefore, the relative posi-
tions of the bedding plane and fracture surface can be pre-
sented in a consistent manner. Moreover, owing to the fact
that the shale specimens used in this research were highly
brittle, all the specimens were banded by Scotch tape before
testing to prevent them from breaking into pieces upon fail-
ure. Figure 14 indicates that the specimens maintain a good
overall shape under the restriction of tape. Furthermore, it
should be noted that the specimens were covered by trans-
parent heat-shrink tube to avoid breaking into pieces under
uniaxial compression, as the brittle failure under no confined
pressure is much stronger than that under confining pressure.
As depicted in Fig. 14a, when 63 =0 MPa, significant dam-
age occurred in the specimens after uniaxial compression,
and large circumferential dilatation made it difficult for the
tube to be removed. In fact, the Scotch tape still attached to
the surface indicates the fracture mode. Furthermore, Fig. 14
indicates that the tapes were dislocated under shear frac-
tures, such as fractures 1#, 2#, and 3#. Therefore, it can be
helpful to isolate the shear fracture.

Based on our observations from Fig. 14, the failure
behavior of the shale specimens under various confining
pressures can be classified into the following modes as illus-
trated in Fig. 15; Table 3 summarizes the failure modes of
shale specimens at various bedding inclinations and under
various confining pressures:

1. Tensile splitting through bedding plane (T-T). In this
case, as illustrated in Fig. 15a, the tensile crack extends
along the axial loading direction and through the bed-
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Fig. 13 The strength variation with respect to the bedding inclinations under different confining pressures
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Fig. 14 Ultimate failure mode of shale specimens under different confining pressures

@ Springer



Experimental Study on Mechanical Behavior and Brittleness Characteristics of Longmaxi...

2475

(@) T (b) A (c) s-T (d)s-A

Fig. 15 Ultimate failure mode of shale specimens under different
confining pressures

ding planes. This fracture pattern occurs mainly under
uniaxial compression. As depicted in Fig. 14a, at f=0°,
15°, 30°, 45°, and 75°, the tensile fractures extend from
the top to the end through bedding planes, subjecting the
specimens to significant dilatation, which indicates high
brittleness.

2. Tensile splitting along bedding plane (T—A). This frac-
ture pattern occurs only at #=90°. As illustrated in
Fig. 15b, in this case, the bedding plane is parallel to
the loading direction, and the tensile cracks can eas-
ily extend along the bedding planes, as the mechanical
properties of the bedding plane are weaker than those
of the matrix. Figure 14a indicates that the T—A frac-
tures occur in the specimens at f=90°. However, when
applied to confining pressure, shear cracks occur instead
of T-A cracks.

3. Shear through bedding plane (S-T). This fracture pat-
tern occurs under confining pressure. As illustrated in
Fig. 15c, shear fracture extends diagonally along the
specimens through the bedding planes. As shown in
Fig. 14b—e, the S—T fracture is the most common pat-
tern, and the fracture inclination is approximately 60°—
80°. Because of high fracture inclination, it can extend
through most bedding planes.

4. Shear along bedding plane (S—A). When the shear frac-
ture inclination is approximately equal to the bedding
inclination, S—A fracture occurs. In this case, the num-
ber and morphology of fractures is often very simple, in
that just one or two straight fractures extend along the

mum failure strength often occurs at bedding inclina-
tions of 45°-75° (as shown in Fig. 10a).

5 Analysis and Discussion on Brittleness
Characteristics

5.1 Discussion on Brittleness Index Based on Rock
Mineral Compositions

From a structural point of view, minerals are the fundamen-
tal components governing the brittle and ductile behavior of
rocks (Kivi et al. 2018). It is generally understood that the
presence of brittle mineral content can help promote brit-
tleness in rocks, whereas the presence of ductile minerals
diminishes the brittleness. In this paper, the mineral compo-
sition of the shale specimens is attained using the XRD test.
Brittleness indexes based on rock mineral compositions can
be obtained using the formulas of BI;, BI,, and Bl; and are
listed in Table 4. In fact, it cannot reach a substantial conclu-
sion by considering only these three brittleness index values,
as only one type of shale specimen is tested in this study. For
most laboratory investigations, the brittleness index derived
from rock mineral compositions is not very helpful unless
the research objects are a large number of rock specimens
from different sites and formations. Consequently, miner-
alogy-based indexes are frequently applied to estimate the
continuous profiles of brittleness over the entire well in the
shale gas development industry. On the other hand, as men-
tioned in Sect. 3.2, mineralogical brittleness indexes do not
consider the significant impact of the stress state on the brit-
tleness of rocks, as it is well established that a rock tends to
exhibit lower brittleness under elevated confining stresses.
Moreover, diagenetic processes also have a distinct impact
on brittleness characteristics. The brittleness of rocks with
the same mineral assembly but different porosities, densi-
ties, and textures may also differ substantially because of
being subject to distinct physical, chemical, or biological

Table 4 Results of BI}, BI, and Bl

bedding plane. Because the mechanical property of the  Brittleness index BI, BL, BI,
bedding plane is very weak, S—A fracture easily occurs
at f=45°-75° (as shown in Fig. 14). Therefore, mini- Value 0465 0639 0-846
Table 3 Failure mode summar, o ° o ° ° ° o
of shale specimens in this ’ =0 p=15 f=30 p=4 f=60 p=7 =90
research 03=0MPa T-T T-T T-T T-T S-A T-T T-A
03=5 MPa S-T S-T S-T S-A S-A S-A, S-T S-T
03=10 MPa S-T S-T S-T S-A, S-T S-A S-A, S-T S-T
03=15 MPa S-T S-T S-T S-A, S-T S-A S-A S-T
03=20 MPa S-T S-T S-T S-A, S-T S-A S-A S-T
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diagenetic processes. This implies that mineralogical com-
positions cannot solely be applied to accurately estimate the
brittleness of rocks and it is critical to consider other rock
fabric properties and environmental conditions (Kivi et al.
2018).

5.2 Analysis and Discussion on Brittleness Index
Based on Stress-Strain Curve and Energy
Balance

Brittleness indexes based on the stress—strain curve and
energy balance are commonly used in laboratory investiga-
tions, as the stress—strain curve can easily be obtained by
conducting the triaxial compression test and, most signifi-
cantly, it reflects the brittleness response to the stress state.

BI,, indicates the degree of brittleness by character-
izing the loss of strength of the rock material. The brittle
failure of rock is often accompanied by a strong release of
energy. Thus, the specimen is significantly damaged, and
its strength reduces remarkably, leading to a very low level
of the stress—strain curve. Higher the BI,, value, higher is
the brittleness. When BI,, =1, the rock completely loses
its bearing capacity, indicating that the brittleness is very
high. When the value is equal to 0, the rock displays ideal
plasticity and its strength does not reduce, which indicates
very high ductility. However, the amplitude of strength
loss only reflects the degree of failure of the specimen
but cannot reflect the rate of the failure process, which
is also a key manifestation of brittleness. As depicted in
Fig. 16, it is assumed that the five stress—strain curves
(P, P,, P3, P4, Ps) depict the same failure strength and
residual strength. According to BI,,, these five specimens
have the same brittleness magnitude. However, from their
curve shapes, it can be concluded that they have different
brittleness behaviors. The P and P; curves have no plastic
strain. However, the stress of P, drops much faster than
that of P,, indicating that P, has higher brittleness; the
P,, P,, and P curves have the same peak plastic strains.

Ao g

orf=---

Or | =f-=

P' P, P Py Ps

Ee &

Fig. 16 Stress—strain curves show different brittleness degree, but are
of equal peak and residual strength levels
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However, their stresses reduce at different rates, indicat-
ing that they have different degrees of brittleness. From
this discussion, it can be concluded that both the degree
and rate of decrease in strength are key factors that must
be applied to evaluate the brittleness of rocks. Therefore,
a brittleness index that considers both the degree and rate
of decrease in strength is necessary. The new brittleness
index BI*, proposed in this study is expressed as

BI*_O-f_O-r
1=

. lg M|, ®)
where o; and o, are the failure strength and residual strength,
respectively, characterizing the degree of strength loss,
and M is the post-peak modulus, characterizing the rate of
strength loss.

BI,, characterizes the degree of elastic deformation
before the peak. It can be easily understood that higher
brittleness leads to higher resilience, which is caused by a
larger elastic proportion. Similarly, if the energy aspects
at failure are considered, BI;; can be transformed into a
form of energy, which is expressed by Eq. (9), character-
ized as a ratio of elastic energy (U,,) to ideal elastic energy
(U, at failure:

g €.0¢/2 U

BI,, == = =9
W " eo/2 U ©)

ei

where the ideal elastic energy (U,) is a new energy param-
eter defined in this research, which is not a real energy stored
in rocks. Instead, as shown in Fig. 17, it is defined and char-
acterized as the area of the triangle formed by the point o,
the peak point, and the projection of the peak on the x-coor-
dinate. From another point of view, it can be regarded as the
elastic energy of an ideal elastic stress—strain curve with a
secant modulus of the peak to the original point. Similarly,
BI,; is characterized as a ratio of the elastic energy (U,,) to
the absorbed energy (U, + U,) at failure:

Blj; = Uy/(Uy + U,). (10)

The absorbed energy is divided into two parts, one is
stored in rock as elastic energy and another part is dis-
sipated because of plastic deformation. It can be charac-
terized as the area under the stress—strain curve before
the peak and calculated using the integral of stress—strain
curve before the peak. Figure 17 indicates that for brittle
failure, little plastic deformation occurs before the peak,
and the absorbed energy (U, + U,) is less than the ideal
elastic energy (U,;). With an increase in the plastic defor-
mation, the absorbed energy (U, + U,) turns out to be
larger than the ideal elastic energy (U,), and the brittle-
ness tends to be lower. Therefore, another new brittleness
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index, BI*,, can be defined as a ratio of the ideal elastic
energy (Uy) to the absorbed energy (U, + U,) at failure.
As shown in the following equation, its magnitude is also
equal to the ratio of BI,; to BI;:

BL; = U,/ (Uy + U,) = Bl;3/BL;,. (11

As shown in Fig. 17, the same as BI;; and BI,;, BI*, can
reflect the brittleness very well. With rock material becom-
ing more brittle, B, BI,3, and BI*, tend to be higher. The
values of BI,;; and BI,; approach 1 when the rock material
becomes very highly brittle, and the value of BI*, is larger
than 1 when the rock material is highly brittle. Although
BI,,, BI,3, and BI*, can reflect the brittleness well, they
do not account for the post-peak characteristics of brittle
rock. In fact, the post-peak characteristics of the stress—stain
curve are also key to understanding the brittleness of rocks.
Highly brittle rock material mostly fails when the stress
drops steeply to a very low level. Therefore, the brittleness
index calculated considering the characteristics of the whole
stress—stain curve is more effective.

Class II failure (self-sustaining)

J

As defined in Table 1 and illustrated in Fig. 7, the indexes
BI,,, BI;s, Bl4, BI,;, Blg, Bl,y, and B, are calculated
by considering the energy evolution during the entire rock
failure process. Figure 18 illustrates how these brittleness
indexes reflect brittle characteristics. When the rock material
is undergoing Class II failure (self-sustaining), it exhibits
high brittleness, and the additional energy (U,) is calculated
to be negative. Thus, for such cases, the brittleness indexes
BI, 5 and BI,, can be negative. Figure 18 indicates that with
an increase in the brittleness, the magnitudes of BI,,, Bl;s,
BI,y, and Bl tend to be lower. On the contrary, the magni-
tudes of Bl,¢, BI,;, and Bl 4 turn out to be higher. This can
easily be understood based on the illustration from Fig. 7:
the dominant variable is the additional energy, which is the
numerator in Bl,,, Bl;5, Bl,y, and BI,; however, the addi-
tional energy is the denominator in BI,, BI,4, and BI 5. For
highly brittle rock material, the additional energy is very
less. Thus, the magnitudes of BI,,, BI,s, BI,,, and BI,, are
small and those of Bl 4, BI,;, and BI 5 are large.

Figure 19 illustrates the impact of bedding inclination
on the brittleness index under various confining pressures.

Class 1 failure

J
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The figure indicates that the bedding inclination has a dis-
tinct impact on the brittleness index. However, the variation
is not uniform under different confining pressures. Under
uniaxial compression (Fig. 19a), BI;; and BI,;, which only
consider the impact of pre-peak plastic strain states, seem
to have no distinct changes with rising bedding inclination.
However, BI*,, which is defined based on BI;; and BI3,
roughly increases gradually with rising bedding inclination.
BI,,, Bl;s, Bl¢, BI;;, Blg, Bl,o, and BI,,, which consider
the impact of post-peak stress drop, also indicate that the
brittleness roughly increases with rising bedding inclina-
tion, although the brittleness at f=75° decreases to a low
level. It indicates that the new brittleness index BI*, pro-
posed in this research can reflect the brittleness well. When
0;=5 MPa (Fig. 19b), BI,,, BI,3, and BI*, indicate that the
brittleness roughly increases gradually with rising bedding
inclination, whereas BI, 4, BI,5, Bl BI,;, Bl4, B}, and
BI,, show undulatory variation. For other confining pres-
sures (o3=10, 15 and 20 MPa), BI,, BI,5, and BI*, exhibit
an overall increase before f=60°-75° and then decrease.
However, BI,4, Bl;s, B4, BI,5, Blg, Bl,q, and Bl,, dem-
onstrate different variations. BI,¢, BI,;, and BI,g decrease
with rising bedding inclination under o; =10 MPa and dem-
onstrate undulatory variation at ;=15 and 20 MPa. BI,,,
BI,s, Bl,y, and BI,, indicate more undulant variation with
rising bedding inclination at 6;=10, 15, and 20 MPa. This
indicates that a brittleness index that considers the impact
of pre-peak plastic strain states demonstrates a different

@ Springer

applicability compared to a brittleness index that considers
the stress—strain characteristic and energy evolution during
the entire process.

Figure 20 presents the confining pressure effect on
the brittleness index under different bedding inclina-
tions. From Fig. 20, it can be observed that BI,;, BI,;,
and BI*, indicate that the overall brittleness decreases
with an increase in the confining pressure, which corre-
sponds to the results of Kivi’s research (Kivi et al. 2018).
However, BI,,, BI,s, BI¢, BI,;, Blg, By, and BI,, do
not demonstrate a distinct decrease with rising confin-
ing pressure and generally do not represent the relative
brittleness sequences in a suitable manner. In particular,
some cases reflect reverse brittleness variation with ris-
ing confining pressure. For example, BI,4, BI,;, and Bl
indicate a rough increase with rising confining pressure
when p=30°. BI,,, BI,s, Bl,,, and BI,; indicate undulant
variation with rising confining pressure although an over-
all increase in the variation of brittleness. This type of
irregular variation is also reflected by Kivi’s research (Kivi
et al. 2018). In Kivi’s research, Bl and Bl,, also indicate
undulant variation in brittleness with rising confining pres-
sure and represent neither a meaningful evolution pattern
with confining pressure nor a recognizable relative brittle-
ness sequence. It thus appears that the reviewed energy-
based brittleness indexes (BI,,, BI;s, Bl,4, BI;;, B4, Bl,
and BI,,) cannot fully reflect the brittleness characteristics
of rock material. After comprehensively interpreting the
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Fig. 20 Brittleness index variation with respect to confining pressures at different bedding inclinations

complete stress—strain curves on the basis of energy trans-
formations, Kivi et al. (2018) established a new index,
referred to herein as BI,,, to precisely quantify the main
characteristics of brittle failure. In this framework, BI,, is
defined as follows:

Bly; = 0.5(Bley 1+ Bloey 1) = 0.5(Ueo /U, + Upo/ (Uy + Uy) ).

Y
where BI, ., ; determines the extent to which the fracturing
process occurs in a self-sustaining manner (Class II failure
illustrated in Fig. 18) and BI,.,, j; represents the fraction of
the total absorbed energy in the pre-peak stage that is con-
sumed during the post-peak rupture process. Consequently,
BI,; not only treats the entire process of failure but also
describes the entire range of Class I rock failure behavior
(Class I failure illustrated in Fig. 18), from absolute ductility
to absolute brittleness, in a continuous scale correspond-
ing to 0—1. Therefore, it is expected that the relationships
established between the pre- and post-peak characteristics

in BI,; formulation provide a more appropriate measure of
the brittleness of rocks.

5.3 Comparison of BI*; and BI*, with BI,,

In this research, two new brittleness indexes BI*| and BI*,
are proposed. BI*| synthesizes the peak stress drop mag-
nitude and rate. Essentially, BI*, is considered to qualita-
tively distinguish the brittleness grades by characterizing
the plastic deformation before the peak, same as BI;; and
BI,;. BI,, synthesizes the pre- and post-peak characteristics.
Figure 21 illustrates the variations in BI*,, BI*,, and BI,;
with increases in bedding inclination, and Fig. 22 plots the
BI*,, BI*,,, and BI,, variations with increases in confining
pressure.

Figure 21 clearly indicates that although the value ranges
are much different, BI*, and BI,; demonstrate very simi-
lar variation, roughly increasing gradually with an increase
in the bedding inclination. However, BI*, demonstrates a
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much different type of variation. Figure 22 indicates that
BI*, displays a more complex type of variation, and no clear
relationship is observed to be dominant between BI*, and
the bedding inclination. On the other hand, Fig. 22 also indi-
cates that BI*, and BI,, show a similar brittleness variation,
roughly decreasing gradually with increase in the bedding
inclination, and that particularly under uniaxial compres-
sion, the specimens at #=90° have a much higher brit-
tleness value than those at any other bedding inclination.
Although BI*, also demonstrates a decreasing variation with
an increase in the bedding inclination, the entire trend is a
bit different from those of BI*, and BI,,. To summarize, the
confining pressure contributes to the transition from brit-
tleness to ductility of rock material. However, compared to
BI*,, BI*¥, and BI,, show more validity and accuracy on the
brittleness evaluation criterion for this shale specimen. This
evidently reveals that multiple stress—strain characteristics
should be taken into account for the evaluation of the brit-
tleness of rocks. An index that only characterizes a single
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factor of stress—strain characteristics or energy evolution
cannot definitely be representative of specific brittleness.

5.4 Discussion on Relationship Between Brittle
Characteristics and Failure Mode

According to the discussion in the preceding section,
although the bedding inclination has a distinct impact on
the brittle characteristics of shale specimens, it shows no
particular sequential variation. When considering the rela-
tionship between the brittle characteristics and failure mode,
some connections can be found. As stated in Sect. 3.2, the
release of elastic energy leads to crack propagation and
macro fractures in specimens, and high brittleness leads to
a strong release of elastic energy, which is reflected by the
fracture pattern after failure. In Sect. 4.3, it was stated that
a specimen is mainly undergoing tensile splitting failure
when it is under uniaxial compression, and tensile splitting
through the bedding plane (T-T) occurs at f=0°-75° and
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tensile splitting along the bedding plane (T-A) occurs at
F=90°. When subjected to confining pressure, it changes to
shear fracture, including shearing through the bedding plane
(S-T) occurring at f=0°-30° and 90° and shearing along
the bedding plane (S—A) occurring at f=45°-75°.

From Figs. 21 and 22, it can be found that brittleness
under uniaxial compression is higher than that under confin-
ing pressure, and the former leads to tensile splitting failure.
It reveals that the brittleness of specimens during tensile
splitting failure is higher than that during shear failure. It can
be easily understood that shearing leads to slipping along the
fracture plane, which leads to further plastic deformation and
energy dissipation and lower brittleness as a consequence.
This is the impact of confining pressure on brittleness. In
particular, specimens at #=90° under uniaxial compression,
which are in the T—A failure mode, show the highest brittle-
ness compared to specimens at other bedding inclinations,
which are in the T-T failure mode. This indicates that the
T—A failure mode leads to higher brittleness than the T-T
failure mode. It can be explained that the bedding plane is
weaker than the matrix. Thus, once damage occurs in the
bedding plane, fractures extend at high speed along it, and
the stored elastic energies are released rapidly, which lead
to low plastic deformation and a sharp drop in stress. On
the other hand, Fig. 21 indicates that under confining pres-
sure, specimens at f=45°-75°, which are in the S—A failure
mode, show higher brittleness than those at other bedding
inclinations, which are in the S—T failure mode, particularly
based on the indication of BI,,. This can be attributed to the
fact that a weak bedding plane cannot provide enough plastic
deformation and energy dissipation, and, as a consequence,
shear fracture extends more easily along the bedding plane
than through it. Therefore, the overall relationship between
brittleness and failure mode can be concluded as follows:
T-A>T-T>S-A>S-T.

6 Conclusions

In this research, shale specimens collected from an outcrop
of the lower Silurian Longmaxi formation at the Sichuan
Basin of southwestern China were investigated under con-
ventional triaxial compression. The anisotropic behavior of
shale specimens under conventional triaxial compression,
including the strength, deformation, and failure behaviors,
was analyzed. Furthermore, the brittleness characteristics
of the shale specimens were analyzed at various bedding
inclinations under various confining pressures. Various
brittleness indexes, including the new one proposed in this
research, were used to evaluate the brittleness of shale. The
anisotropy and confining pressure effect on brittleness were
discussed in detail.

The linear Mohr—Coulomb, Hoek—Brown, and other fail-
ure criteria of anisotropic rocks such as Ramamurthy’s and
Saeidi’s, were used to describe the failure strength in this
research. The results indicate that two of the four criteria
predict the tested data very well. However, Ramamurthy’s
and Saeidi’s empirical criteria for anisotropic rocks reflected
the experiment results better than the linear Mohr—Coulomb
and Hoek—Brown criteria. Although, overall, the Ramamur-
thy criterion showed larger R? values than those of the Saeidi
criterion, it could not predict UCS and did not work well
when o5 was close to 0 MPa. After failure, the stress—strain
curves and fracture patterns indicated that the shale speci-
mens are highly brittle; in particular, under uniaxial com-
pression, the specimens failed into pieces under tensile
splitting. Four failure modes of shale specimens at different
bedding inclinations and under different confining pressures
can be summarized—tensile splitting through the bedding
plane (T-T), tensile splitting along the bedding plane (T-A),
shear through the bedding plane (S-T), and shear along
the bedding plane (S—A). When confining pressures were
applied, the specimens failed by shear fracture. The shear
along the bedding plane mainly occurred at f=45°-75°, and
at other bedding inclinations, shear fracture extends through
bedding planes by a fracture inclination of approximately
60°-80°. Based on the anisotropy and confining pressure
effects on brittleness, which are reflected by BI*,, BI*,,
and BI,,, the relationship between brittleness and failure
mode was revealed. The fractures that extend along bedding
plane demonstrate higher brittleness than those that extend
through bedding plane. Thus, the weaker bedding plane pro-
vided lower plastic deformation and energy dissipation than
the rock matrix. As a consequence, the order of brittleness
was concluded as follows: T-A>T-T>S-A>S-T.

At present, several brittleness indexes have been defined
to evaluate the brittle characteristics of rock material. The
mineralogical brittleness indexes do not consider the signifi-
cant impact of the stress state on the brittleness of rocks, as
it is well established that a rock tends to show lower brittle-
ness under elevated confining stresses. In general, brittleness
indexes only consider the impact of pre-peak plastic strain
states and are, thus, not comprehensive because certain rock
materials exhibit a distinct transformation from brittleness
to ductility after the peak under high confining pressures,
although they show no large plastic deformation before the
peak. However, under low confining pressures or when the
rock material has high intrinsic brittleness, the specimens
show strong brittleness, and the stress drops sharply to a low
level after the peak. In this case, the stress—strain characteris-
tics and energy evolution in different specimens are similar,
and these no longer play a particularly significant role in the
estimation of brittleness. Therefore, brittleness indexes that
consider only the impact of pre-peak plastic strain states
are appropriate; these can reflect the brittleness as well. To
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further improve the framework of brittleness evaluation, new
brittleness indexes BI*| characterizing the peak stress drop
magnitude and rate, and BI*,, based on the energy evolution
pre-peak, were proposed in this study. By comparing BI*,
and BI*, to other indexes, it was concluded that BI*, pro-
vides good validity and accuracy in terms of the brittleness
evaluation criterion, same as another comprehensive index
BI,, does. Although BI*, demonstrates good efficiency, it
is a bit different from BI*#,. It should be understood that the
reliability of a highly effective brittleness index in practice
depends on the captured formulation strategy in account-
ing for various rock pre-peak and post-peak performance
and failure characteristics. To unquestionably validate the
performance of the indexes, further experimental tests and
analysis of various types of rock materials are necessary.
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