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Abstract Brittleness is a critical property in gas-
bearing rock excavation and reservoir fracturing. This
paper analyzes the three types of brittleness indices
in detail, proposes new indices, and conducts relevant
conventional triaxial tests for analysis. A stress—strain
curve-based brittleness index would be appropri-
ate for the evaluation of brittleness if the parameters
represented unique and certain stress—strain curves.
Therefore, a new brittleness index is proposed. It con-
sists of two components: the stress variation index
and the strain variation index, which reflects the strain
ratio of the stress drop and the relationship between
elastic and post-peak strains, combining the stress
variation and strain variation in the pre- and post-peak
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phases. Triaxial compression tests of sandstone under
different confining pressures and gas pressures were
conducted, and specific stress and strain parameters
were collected. Based on the comparison and analy-
sis of various brittleness indices, it is found that
the newly proposed brittleness index can be a good
measure of the brittle evolution of sandstones under
different confining pressures and gas pressures, and
it can provide a more accurate estimate of rock brit-
tleness than the existing indices. The index is also
used to further investigate the relationship between
rock brittleness and confining and gas pressures. This
has important implications for the assessment of rock
brittleness in practical engineering.

Article Highlights

e Sandstone ratio stress and strain parameters were
obtained by triaxial compression tests.

e A new index is proposed based on stress drop and
strain ratio.

e The relationship between rock brittleness and the
surrounding pressure and gas pressure was investi-
gated.

Keywords Brittleness index - Stress—strain - Rock
engineering - Gas pressure - Stress drop
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1 Introduction

Characterization of brittleness is crucial to applica-
tions in rock excavation engineering and unconven-
tional gas exploration activities, such as borehole
collapse and hydraulic fracturing (Meng et al. 2015;
Holt et al. 2015; Rybacki et al. 2016; Zhang et al.
2016). Generally, the failure of brittle rock is associ-
ated with a sudden drop in stress, even the possibility
of rock debris splintering. For different engineering
applications with reservoir rocks, this failure must be
effectively controlled to either promote or restrain its
effects. Therefore, a robust understanding of brittle-
ness can provide important insights for more success-
ful reservoir design.

A number of researchers have explored the meas-
urement of brittleness through a variety of differ-
ent methods (Meng et al. 2015; Rybacki et al. 2016;
Zhang et al. 2016; Hucka and Das 1974; Yagiz 2009;
Holt et al. 2011). Among these methods, broadly,
there are three approaches to estimating and classify-
ing brittleness. One approach is based on stress—strain
curves, which incorporate variables for strength,
deformation, and energy (Meng et al. 2015; Zhang
et al. 2016; Tarasov and Potvin 2013). Another
approach is based on physical and mechanical char-
acteristics related to the Young’s modulus, Pois-
son’s ratio, mineral composition, porosity, friction
angle and hardness of the material (Hucka and Das
1974; Yagiz 2009). The third approach is based on
the response of special test parameters to excavation
operations, such as the punch penetration test (Yagiz
2009) and the point load test (Khadivi et al. 2023).
Furthermore, the distinction and transition between
brittle and ductile behavior have been evaluated with
ductility considered to be the opposite deformation
behavior to brittleness (Rybacki et al. 2016; Tarasov
and Potvin 2013); however, no consensus has yet
been reached on the precise definition or method of
measurement of rock brittleness.

Rock brittleness is also influenced by -certain
boundary conditions, such as the stress loading path,
confining pressure, pore pressure, temperature and
differential stress (Rybacki et al. 2015). In particular,
pore pressure significantly impacts rock deforma-
tion, permeability, strength and brittleness. Wu et al.
(2019) used a coupled FEM-DEM method to analyse
the effects of confining pressure on the rock-crushing
process, rock-crushing efficiency and post-crushing
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debris distribution. Chen et al. (2013) used numeri-
cal analysis software to numerically simulate the
effect of confining pressure on the occurrence of
transverse fractures in rock. Liu (2013) found that the
strength of the fine sandstone increased with increas-
ing confining pressure. Chen et al. (2012) observed
that as confining pressure increased in the unloaded
state, the energy dissipation for the same transverse
deformation increased and the rock samples became
more brittle. Change in stress or pore gas pressure is
regarded as a key factor for mechanical and perme-
ability behaviors (Pan and Connell 2007; Liu et al.
2011; Xie et al. 2015). The effects of the saturation
pressures of water, nitrogen and carbon dioxide on
the strength of coal samples have been investigated
in uniaxial compression tests (Ranjith et al. 2010;
Perera et al. 2011; Vishal et al. 2015). Xue et al.
(2022) used mercury intrusion tests, wave velocity
tests and triaxial compression tests to reveal changes
in the microstructure and mechanical properties of
low-permeability coals under fatigue fracturing tests.
Xue et al. (2023) used triaxial compression tests and
acoustic emission (AE) tests to evaluate the effect
of CO, adsorption pressure on the mechanical prop-
erties of coal blocks. Zhang et al. (2020) found that
the strength of the briquettes decreased with increas-
ing gas pressure, while the absolute deformation of
the briquettes increased. Wang et al. (2019) found
that the stress—strain curve tends to increase and then
decrease throughout the stress—strain of coal, while
the permeability-strain curve tends to decrease and
then increase. Xu et al. (2020) found the relationship
between permeability, porosity and hydrostatic pres-
sure to be exponential and power functions, respec-
tively, by conducting triaxial tests. Du et al. (2018)
found that at lower pressure-bearing conditions, the
cumulative AE counts and energies of gas-bearing
coal bodies were higher than those of gas-bearing
coal bodies. Li et al. (2021) consider different fracture
evolutions in favour of a link with gas pressure. Bai
et al. (2020) investigated the pore structure evolution
characteristics of coal under different CPTJ pressures.
It has been determined that the strength of rock infil-
trated by gas decreases because of the effect of gas
adsorption, which also decreases the rock’s brittleness
(Yin et al. 2015a, b; Kong et al. 2015; Li et al. 2022a,
b). Therefore, pore pressure should be considered in
the determination of rock brittleness. Of course, other
aspects can also have an effect on rock brittleness. Li
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et al. (2022a, b) found a gradual decrease in brittle-
ness and an increase in ductility at high temperatures
in quartz-rich sandstones. Wang et al. (2022) discov-
ered that the degree of reconsolidation significantly
affects the tendency of excess pore water pressure
ratio to vary with increasing number of cyclic loads.
Duan et al. (2021) investigated the effect of brittle-
ness under true triaxial conditions. However, these
effects are not the focus of this paper’s research.

In this paper, previously described indices for eval-
uating rock brittleness are first summarized, and the
calculation method of each index is defined. Then,
based on various existing methods of assessment,
a new method for estimating rock brittleness is pro-
posed based on the stress—strain curve. Experimental
data is collected from standard triaxial compression
tests under different confining pressures and pore gas
pressures. Finally, the associated brittleness index
values are calculated and analyzed.

2 Summary and evaluation of previous
approaches for brittleness evaluation

Rock brittleness indices have received increasing
attention in recent years. Many researchers have
conducted studies into the concept and measure-
ment methods of rock brittleness, which is a property
based on a combination of various rock mechanical
parameters (Dursun and Gokay 2016). Three cat-
egories of brittleness index methodologies have been
explored. One approach is to define the index in terms
of stress—strain behaviors, including strength, defor-
mation and energy. Another approach is to describe
the index in terms of physical and mechanical char-
acteristics related to the Young’s modulus, Poisson’s
ratio, mineral composition, porosity, friction angle
and hardness of the material. The third approach is
to evaluate the responses of special test parameters
to excavation operations, which include the punch
penetration test, impact test and point load test. The
descriptions and formulae of previously defined brit-
tleness indices are listed in Table 1.

2.1 Brittleness indices based on stress—strain
behaviors

The stress—strain relationship is widely known
and fundamental for determining the mechanical

deformation and strength properties of porous rock.
A stress—strain curve always refers to both pre- and
post-peak behaviors. Accordingly, the deformation
performance and strength characteristics of both the
pre-peak and post-peak regimes should be consid-
ered for the evaluation of rock brittleness with this
approach. The differences between brittleness indices
thus reflect different deformation and strength values
before and after rock failure.

Brittleness can be defined based on the strength
properties of brittle rocks. The brittleness indices B,
B, and B; are defined based on uniaxial compressive
strength (UCS) and Brazilian tensile strength (BTS).
These three indices express strength ratios, conveni-
ent for rock mechanics. The relationship between
compressive strength and tensile strength has been
examined and discussed by Hucka and Das (1974),
Yagiz (2009), and Altindag (2002), who reported that
tensile strength shows a near-linear increasing trend
with increasing compressive strength. Additionally,
the results of these studies indicate that the range of
variation in the value of B, is small. Because of this
limitation, B, is not sensitive enough to assess rock
brittleness accurately. B, encounters the same prob-
lem because it can also be expressed in terms of B;.
Moreover, these three indices do not account for con-
fining pressure. The correlations between uniaxial
compressive strength, Brazilian tensile strength and
rock density are used to determine the brittleness
index B,, and it was found that this expression pro-
duced accurate estimates (Yagiz 2009). Bishop (1967)
suggested an approach for the assessment of rock brit-
tleness that incorporates the relationship between
peak shear strength and the residual shear strength
under triaxial compression: the brittleness index
Bj is calculated using the ratio between the reduc-
tion in strength and peak shear strength. This index
is influenced by confining pressure because these
two strength values are both dependent upon confin-
ing pressure. Consequently, the mechanical behavior
of rock indicated by this index would transition from
brittle failure to ductile failure with increasing confin-
ing pressure (Rickman et al. 2008; Yang et al. 2013).
In conventional triaxial experiments, when the values
of 7, and 7, are similar, BS is close to 0, which indi-
cates that the rock is ductile; when the values of 7
and 7, differ greatly, BS is close to 1, which indicates
that the rock is brittle. However, this way of describ-
ing brittleness relies only on the rock stress path and
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Table 1 Summary of previously defined brittleness indices

Formulae Variable descriptions Test methods References
B,== o, is the unconfined compressive ~ UCS and BTS tests Hucka and Das (1974)
! strength
B :% o, is the Brazilian tensile strength ~ As above Altindag (2002)
B3:%[ As above Yagiz (2009)
B,=0.1980, — 2.1740, + 0.913p — 3.807  p is the rock density As above Yagiz (2009)
B Szﬂ 7, is the peak shear strength Stress—strain tests Bishop (1967)
r 7, is the residual shear strength
B sz—ﬂ &, 1s the elastic strain As above Hucka and Das (1974)
o €, 18 the total strain at failure
B7_E'_Ep g, is the residual strain As above Rybacki et al. (2016)
e &, is strain at failure
Bgzs'f):f .9” is the plastic strain when As above Hajiabdolmajid and Kaiser
2 the friction strength is fully (2003)
mobilized, € is the plastic strain
when the cohesive strength
reaches the residual strength
value
B,= :VVcl Wy i§ the elastic energy . As above Hucka and Das (1974)
ot W, is the total energy at failure
B, 0=% E i§ the unloading elasti.c modulus As above Tarasov and Potvin (2013)
M is the post-peak elastic modulus
By, 25 As above Tarasov and Potvin (2013)
B, = B,yByy= D-Po;gr Liog ‘::: GPT' representls the stress drop As above Meng et al. (2015)
P Lpe| 2%
magnitude, ' ¢ | repre-

_Ep
Bis==
W,
Blez—Q
WotFc+We
Wot+Wp

B=——
17 WotWpo+Wim+Wei+Wroc

Wo+Wep

187 Wt Wy + W+ Wioe

B..= Worm+Wen ~ Waorm+Wea+Wpol
= ~
1 9 WTOI WTO[

sents the stress drop velocity

E_. and E_. are the maximum

max min
and minimum values of the
’ .
Young’s modulus; v,,,, and v,

are the maximum and minimum

values of the Poisson’s ratios

E is the Young’s modulus
v is the Poisson’s ratio

W, is the weight of quartz
W is the weight of carbonate

W, is the weight of clay minerals
Wp, 1s the weight of dolomite

Wi 1s the weight of limestone
Wroc is the weight of total
organic content

Worw is the weight of quartz,

feldspar and mica
Wy, is the weight of carbonate

minerals including dolomite and

calcite
W, is the weight of calcite
Wiy 1s the weight of total miner-
als

Physical characteris-
tics tests

As above

As above

Mineralogical
analysis
As above

As above

As above

Rickman et al. (2008)

Luan et al. (2014)

Sun et al. (2013)
Jarvie et al. (2007)

Wang and Gale (2009)

Glorioso and Rattia (2012)

Jin et al. (2014a, b)
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Table 1 (continued)

Formulae

Variable descriptions

Test methods References

WorpForp

B =
20 worpForptwerFeptwenrocF eyroc+dwg

B, = — 1.8748¢ + 0.9769

"

Vi+u?

B,s =sin@ =

F,
B — —max
26~ p

B27:%

inc

Bys=qo,
Byo=5y

. K,
Bjy=K,=% — >
=% T TR

a—B;,Log,N(AEE)

B =
31 Log,(AEE)

B( 7Bmm

B32:B B

max ™~ P min

Compression conponent
By =——"——
Tensile component

WaEps Wb Weiytoc and wg, are
weighting factors

Forp Fep and Fyyroc are the vol-
ume fractions; @ is porosity

Hp and H are the micro and macro
indentation hardness
K is the bulk modulus

H, is the hardness
K_ is the fracture toughness

6 is the internal friction angle
u is the coefficient of internal
friction

F ax 18 the maximum applied
force

P is the corresponding penetration

P 1s the force decrement
P;. is the force increment

q is the percentage of fines (—28
mesh)

S, s the percentage of fines
smaller than 11.2 mm

K, is the relative brittleness index

P is the applied load at failure

K, is the shape factor

h is the distance between loading
points

AEE represents the energy of the
AE event

N(AEE) is the accumulated num-
ber of AE events with energy
not less than AEE

a is constant

B, is the brittleness indexes before
normalization, Bi=Bpggr+ Bg;
By varies in the rage of 0-1,
Bpogr is the post-peak brittle-
ness index

max> Bmin are the maximum and
minimum values for the brittle-
ness indexes of rock specimens

B

The compression component
is estimated through UCS,

—_— { kl%ls(nd)fordiametral

A .
k o) Ly foraxial

while the I, and [, 4, are sub-
stituted to tensile component

As above Rybacki et al. (2016)

Well log data or labo- Jin et al., (2014a, b)
ratory tests data

Hardness test Hucka and Das (1974)

Hardness test Lawn and Marshall (1979)

Hardness test Quinn and Quinn (1997)

Mohr—-Coulomb
analysis

Hucka and Das (1974)

Penetration test Yagiz (2009)

As above Copur et al. (2003)

Impact test Protodyakonov (1963)

Blindheim and Bruland
(1998)

Reichmuth (1967)

As above

Point load test

Acoustic emission Zhang et al. (2021)

Acoustic emission Xia et al. (2017)

Point load test Khadivi et al. (2023)
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does not take into account the effect of the rock strain
path (Hajiabdolmajid and Kaiser 2003). Moreover,
characterization of brittle behavior should be based
not only on the effect of stress drop, but also on defor-
mation characteristics.

Brittleness indices have therefore also been
developed about the deformation behaviors of brit-
tle rocks. Hucka and Das (1974) defined the brittle-
ness index By as a relationship between elastic strain
and the total strain at failure. Based on the research
of Andreev (1995), Rybacki et al. (2016) proposed a
modified brittleness index, B, that utilizes the ratio
of the difference between residual and peak strain
to the residual strain. This index has a form similar
to Bs; the former is based on strain and the latter on
stress. Hajiabdolmajid and Kaiser (2003) suggested
an approach for evaluating brittleness, index By,
based on the correlation between the plastic strain
when the friction strength is fully mobilized and the
plastic strain when the cohesive strength reaches the
value of the residual strength. However, the strain-
dependent index Bg does not account for the effect of
strength evolution.

Brittleness in rocks can be measured by the ratio
of elastic energy to total energy at failure—the
brittleness index B9. Unfortunately, the index By
is defined only for the pre-peak stage; the energy
development in the post-peak stage is ignored. Tara-
sov and Potvin (2013) developed an energy balance-
based assessment approach that incorporates the
behaviors in both the pre-peak and post-peak peri-
ods. The energy that corresponds to the complete
stress—strain curve is classified into three types:
the elastic energy stored within the specimen over
the entire loading process, post-peak shear rupture
energy and additional (or released) energy during
failure. The rupture energy can be calculated as the
amount of elastic energy plus the additional energy.
Tarasov and Potvin (2013) defined the brittleness
index B, as the ratio between the rupture energy
and elastic energy, and B;; as the ratio between
the additional energy and elastic energy. These two
indices can therefore be expressed as functions of
the elastic modulus E and the post-peak modu-
lus M for Class I and Class II behavior. However,
the B, and B,; indices present certain challenges;
for instance, (1) different stress—strain curves may
have the same E, M and peak strength values but
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different residual strength values, or (2) different
stress—strain curves may have the same E, M and
strength drop values but different peak strength and
residual strength values. Although these two indices
can account for stress and strain performance, it is
clear that these indices cannot be used to evaluate
rock brittleness accurately.

To better evaluate rock brittleness, various meth-
odologies accounting for strength, deformation, and
pre- and post-peak behaviors have been proposed
based on stress—strain curves. The brittleness index
B,, was proposed by Meng et al. (2015) based on the
correlation between the magnitude of stress drop and
the velocity of stress drop under conventional triaxial
compression conditions. However, this index neglects
the effect of pre-peak mechanical behavior when the
peak and residual strength values and the difference
between the two strain values are the same while the
Young’s modulus values are different.

2.2 Brittleness indices based on physical and
mechanical characteristics

The Young’s modulus (E) and Poisson’s ratio (v) are
the most widely used physical and mechanical char-
acteristics for quantifying brittleness. According to
Rickman et al. (2008), a relationship between the
Poisson’s ratio and Young’s modulus can be deter-
mined to define the brittleness index B,;, which
is based on the mean effects of the two parameters.
What’s more, these two static parameters can be
derived from P waves, S waves and bulk density
(Fjaer et al. 2008; Mullen et al. 2007). A higher
Young’s modulus and a lower Poisson’s ratio of the
rock may result in greater potential for brittle fail-
ure (Wang et al. 2015). Luan et al. (2014) proposed
the brittleness index B,, defined as the ratio of the
Young’s modulus to the Poisson’s ratio. In addition,
based on this ratio, the brittleness index B 5 was sug-
gested by Sun et al. (2013) to consider rock density in
the formula as well. Similar to B,,, a higher Young’s
modulus, lower Poisson’s ratio and higher rock den-
sity would correspond to higher brittleness.
Mineralogical composition also plays a vital role
in estimating rock brittleness. Brittleness indices
based on mineral composition are calculated in terms
of the ratios of the rock’s contents. Several indi-
ces have been developed based on weight fractions.
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For example, Jarvie et al. (2007) proposed the brit-
tleness index B¢ as a function of brittle quartz and
ductile carbonate and clay. The modified index B,
was defined by Wang and Gale (2009) to incorporate
the contributions of ductile limestone, brittle dolo-
mite and total organic content. Glorioso and Rat-
tia (2012) presented the index Bz, which accounts
for the influence of total organic content and treats
carbonates as brittle minerals. Jin et al. (2014a, b)
described an improved brittleness index By that
includes the effects of silicate and carbonate miner-
als. The silicate minerals considered for this index
include quartz, feldspar and mica, and the carbonate
minerals include calcite and dolomite; all of these
minerals were regarded as brittle. Composition-based
indices can also be defined in terms of volume frac-
tions. Rybacki et al. (2016) described a modified brit-
tleness index B, that incorporates volume fractions,
weighting factors and porosity. These workers also
proposed a classification scheme for the strength of
shales with three groups: mechanically strong =QFP,
which includes quartz, feldspar and pyrite; interme-
diately strong=carbonate, and weak strength=Cly-
TOC, which includes clay and total organic content.

Rock brittleness is also closely related to poros-
ity, hardness and internal friction angle. Porosity has
significant influence on deformation and strength
behaviors, permeability evolution, and rock brittle-
ness properties. Jin et al. (2014a, b) defined the brit-
tleness index B,; as a function of neutron porosity,
which should be evaluated based on a large number
of well log and/or laboratory data. Hardness proper-
ties, including macro- and micro-indentation hard-
ness, were investigated to define the brittleness index
B,,, as discussed by Hucka and Das (1974). The cor-
relation between hardness and fracture toughness was
examined by Lawn and Marshall (1979) to formulate
the brittleness index B,;, which is determined by
measuring resistance to deformation and fracturing
to ceramic materials. Quinn and Quinn (1997) devel-
oped the brittleness index B,, based on the ratio of
deformation energy per unit volume and fracture sur-
face energy per unit area. The internal friction angle-
based brittleness index B,5 was proposed based on
the Mohr—Coulomb failure criterion with regard to
the pressure sensitivity of rock strength (Hucka and
Das 1974). This index can be expressed two ways: in
terms of the internal friction angle, or as a function of
the coefficient of internal friction.

2.3 Brittleness indices based on special test
parameters

Although many brittleness indices have been devel-
oped based on stress—strain curve tests and physical
and mechanical characteristics, indices calculated
from special test-based parameters have also been
proposed that reflect the characteristics of fragility,
cuttability, drillability, penetrability and fracability,
which are important in rock engineering and min-
ing sciences. Tests for determining these parameters
include punch penetration tests, impact tests and point
load tests. Yagiz (2009) proposed the rock brittle-
ness classification scheme and the index B,4 based on
the relationship between the maximum applied force
and the corresponding penetration, which are widely
applied in drilling and rock tunnel engineering. The
brittleness index B,,; was quantified by Copur et al.
(2003) using the ratio of the force decrement to the
force increment. The B,g index was defined by Pro-
todyakonov (1963) using the impact test, based on
the percentage of fines (—28 mesh) and the uniax-
ial compressive strength. The brittleness index B,
was defined as the percentage of fines (<11.2 mm)
formed in an impact test for TBM performance pre-
dicted with the NTNU model (Blindheim and Bru-
land 1998). Reichmuth (1967) proposed the brittle-
ness index B, based on a point load test; the relative
brittleness can be evaluated from the intercept and
slope of the regression analysis of large amounts of
experimental data. Zhang et al. (2021) propose a new
exponent B3, based on the rate of stress drop obtained
from the post-peak stress—strain curve and the ratio of
the elastic energy released during failure to the total
energy stored before the peak strength, the energy
being obtained by combining the relevant param-
eters of acoustic emission. Xia et al. (2017) proposed
the AE parameter B, value to evaluate the state of
fracture extension in rocks. This Bs, value is also a
parameter that determines the fracture initiation point
and the residual stress point.

As discussed above, many brittleness indices have
been developed using a variety of approaches, and
some have also been used extensively in rock exca-
vation engineering and reservoir fracturing design.
However, many of these indices have disadvantages.
For example, some brittleness indices focus only on
the stress or strain characteristics, some only reflect
pre-peak or post-peak behaviors, and many neglect
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the effects of confining pressure and pore pressure.
Therefore, we aim to investigate the effects of con-
fining pressure and pore pressure on the strength and
brittleness of sandstone samples based on complete
stress—strain curves under triaxial compression tests.
This approach includes the integrated effect of stress
and strain characteristics in both the pre-peak and
post-peak periods.

3 Brittleness evaluation based on pre-
and post-peak behaviors for stress—strain curves

3.1 The new brittleness index

The mechanical properties in the post-peak region
play a vital role on the estimation of rock brittle-
ness. A number of experimental investigations have
been conducted into the post-peak behaviors of brittle
rocks, and the results indicate that in general, rocks
show significant stress drops and strain-softening
behavior. Meng et al. (2015) evaluated rock brittle-
ness based on post-peak characteristics, including
the magnitude and velocity of the post-peak stress
drop. Their results showed that the degree of brittle-
ness decreased with increasing confining pressure.
Although the brittleness index used accounted for
post-peak behaviors, the effects of pre-peak behaviors
were ignored. Therefore, selection of the appropriate
parameters is of great importance to the evaluation of
rock brittleness. A new brittleness index (BI) is herein
proposed based on a stress—strain curve methodology
that combines the stress and strain properties of both
the pre- and post-peak regions.

This new brittleness index is determined based
on the variations in stress and strain in the pre-peak
and post-peak stages. The stress variation index BI;
is defined as the ratio of the stress drop to the peak
stress, which is equal to Bs. The stress drop is calcu-
lated as the peak stress minus the residual stress. The
strain variation index BI, is the ratio of the difference
between the variation in pre-peak strain and the vari-
ation in post-peak strain to the variation in pre-peak
strain. The variation in pre-peak strain can be calcu-
lated as the peak strain minus the strain in the elastic
stage that corresponds to a stress value equal to the
residual stress. The variation in post-peak strain is
measured as the residual strain minus the peak strain.

@ Springer

As shown in Fig. 1, the stress and strain parameters
can be obtained from a simplified stress—strain curve.
BI can be expressed as follows:

0,—0; 26,—&—¢&y,

e (1)

P P

BI = BI,Bl,=

where ¢, is the strain in the elastic stage that corre-
sponds to a stress value equal to the residual stress.
BI, ranges from O to 1. When BI, is 0, the peak stress
is equal to the residual stress, which implies that the
rock exists in a ductile regime. When BI, is 1, the
residual stress is 0, and the rock is in an absolute brit-
tleness regime. Similarly, BI, ranges from—oo to 2.
When BI, tends to — oo, the peak strain tends to the
strain in the elastic stage that corresponds to a stress
value equal to the residual stress, the residual tends
to+ oo, and it can be inferred that the rock is in a
ductile regime. When BI, is 2, the residual strain is
equal to the strain in the elastic stage that corresponds
to the stress value equal to the residual stress, which
indicates that the rock is in an absolute brittleness
regime. In addition, when BI, is 1, the residual strain
is equal to the peak strain, and the rock is in a brittle-
ness regime. When BI, is 0, the variation in pre-peak
strain is equal to the variation in post-peak strain, and
the rock is in a semi-brittle regime. Because of the
mechanical properties of the sandstone specimens,
the variation in pre-peak strain is larger than the vari-
ation in post-peak strain in this study; the values of
BI, range from O to 1. Consequently, the values of
BI also range from O to 1, and a higher brittleness is
implied for higher BI values.

3.2 Tested specimens and experiment apparatus

The rock blocks were quarried from a rock excavation
in the southeast of Chongqing, Southwest China. The
blocks were then transported to the State Key Labo-
ratory of Coal Mine Disaster Dynamics and Control
at Chongqing University, Chongqging, China. The
sandstone core specimens were drilled and cut to a
cylindrical shape 50 mm in diameter and 100 mm in
length following the suggested methods of the Inter-
national Society for Rock Mechanics. Photographs
of representative prepared sandstone specimens are
shown in Fig. 2.

The basic parameters of the collected specimens
were assessed using two methods: proximate analy-
sis and special surface area analysis. Proximate
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Fig. 1 Schematic diagram of a simplified stress—strain curve

analysis is used to analyze the unknowns, unknown
compositions and so on. The results are as follows:
the sandstone used in the test is feldspathic coarse
sandstone, with an apparent density of 2350 kg/m?,
and its mineral composition mainly consists of feld-
spar and quartz, with the content of quartz less than
75%, feldspar more than 25%, and the content of rock
fragments less than 25%, which is grayish-white in
color. Special surface area analysis refers to the test-
ing of the pore structure of sandstone using a fully
automated specific surface area analyzer. The results
of these analyses are shown in Table 2; these data
indicate a high ash content on an air-dried basis. Key
physical properties of the sandstone samples were
also evaluated for this study, such as their density and
porosity. The values for two properties of the studied

Fig. 2 Photographs of pre-
pared sandstone specimens

sandstone specimens, their sizes and corresponding
triaxial compressive loading stress conditions, are
listed in Table 3. The densities of tested sandstone
specimens range from 2.34 to 2.52 g/cm?; the values
for porosity range from 9.62 to 10.78%.

In addition, the basic mechanical properties of the
sandstone specimens were determined using uniaxial
compression and Brazilian tensile tests. The results
of these tests, listed in Table 4, indicate that the aver-
age uniaxial compressive strength (UCS) of the rock
is 49.51 MPa, and that the average Brazilian tensile
strength (BTS) is 6.38 MPa.

The triaxial compressive experiments were con-
ducted with the thermal-hydrological- mechani-
cal coupled with triaxial servo-controlled seepage
apparatus for gas infiltrated coal and rock (shown
in Fig. 3), developed by Yin et al. (2013) at Chong-
qing University, China. The servo loading system can
provide a loading capacity of 1000 kN and a variety
of control forms including the displacement control
mode, force control mode and the program control
mode. The triaxial pressure chamber has the capac-
ity to withstand a maximum confining pressure of
60 MPa applied through a hydraulic pressure system.
The gas pressure control system, which has a maxi-
mum gas pressure of 20 MPa, is used for the triaxial
compression tests. The axial displacement and lateral
deformation can be monitored by the linear variable
differential transformer sensor and the circumferen-
tial extensometer, respectively, with a maximum axial
displacement of 60 mm and radical deformation of
12 mm. All stress and deformation testing data can
be acquired and recorded automatically by the data
acquisition and storage system.

@ Springer
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Table 2 Characteristic parameters of the sandstone specimens

Property Value
Mad—moisture content on air dried basis (%) 0.66
Aad—ash content on air dried basis (%) 959
Vad—volatile content on air dried basis (%) 3.19
FCad—fixed carbon content on air dried basis (%) 0.25
BET surface area (m%/g) 3.0527
Langmuir surface area (m*/g) 4.1646

The triaxial compression test is loaded in a stress-
controlled manner at a rate of 0.01 MPa/s before the
peak is reached, and in a displacement-controlled
manner at a rate of 0.00167 mm/s after the peak is
reached. Gas pressure was injected by the gas pres-
sure control system after the specimen reached the

Table 3 Characteristic parameters of the sandstone specimens

specified triaxial condition, and the compression test
was performed until the specimen had fully adsorbed
the gas. A series of confining pressures of 10, 15, 20,
25 and 30 MPa and gas pressures of 0, 2, 3, 4 and
5 MPa were applied for triaxial compression tests.
Stress—strain curves for sandstone under different
confining pressures and gas pressures are shown in
Fig. 4. Since Bs, B;, B}, and B, consider the effects
of stress, strain, curve line shape and post-peak stress
drop on brittleness, respectively, a comparative analy-
sis with BI is carried out to evaluate the new brittle-
ness index BI. The stress and strain parameters uti-
lized in the newly developed brittleness index were
calculated and are listed in Table 5. This table also
includes the results for the brittleness indices By, B,
B, B, and BIL.

Sample no Diameter (mm) Length (mm) Density (g/cm3) Porosity (%) Confining pres- Gas
sure (MPa) pressure
(MPa)
SS-1 49.78 96.2 2.34 3.93 10 0
SS-2 50.0 95.9 2.37 4.16 10 2
SS-3 49.8 97 242 4.24 10 3
SS-4 494 95.9 2.39 4.28 10 4
SS-5 49.8 91.68 2.36 3.83 10 5
SS-6 49.78 96 2.40 4.25 15 0
SS-7 49.6 100.5 2.35 4.19 15 2
SS-8 49.5 99.3 243 4.22 15 3
SS-9 49.5 97.9 2.35 3.96 15 4
SS-10 49.5 100.9 245 4.16 15 5
SS-11 49.89 98.6 2.38 3.85 20 0
SS-12 49.78 97 2.44 4.29 20 2
SS-13 48.6 100.2 2.51 4.15 20 3
SS-14 49.5 98.7 2.36 4.24 20 4
SS-15 49.5 100 247 3.88 20 5
SS-16 49.78 94.64 2.52 4.34 25 0
SS-17 49.8 954 243 4.25 25 2
SS-18 48.8 100.8 2.39 4.17 25 3
SS-19 49.5 100.4 241 4.22 25 4
SS-20 48.6 99.52 2.38 3.86 25 5
SS-21 49.78 97.4 2.34 4.13 30 0
SS-22 49.58 101.3 2.38 3.92 30 2
SS-23 49.7 100.4 2.37 4.03 30 3
SS-24 49.6 101.4 2.35 3.95 30 4
SS-25 48.44 100.7 2.40 3.98 30 5
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Table 4 Basic mechanical properties of the sandstone specimens
Sample no  Diameter (mm)  Density (g/cm3) Porosityc (%)  UCS (MPa)  Young’s Poisson’s ratio  BTS (MPa)
modulus
(GPa)
49.5 2.38 10.63 56.31 4.30 0.26 6.42
49.8 2.36 9.88 48.9 4.13 0.27 6.37
3 49.8 241 10.46 43.32 4.05 0.25 6.34

Fig. 3 Photograph of the experimental system

3.3 Verification and comparison of brittleness
indices

The variation in the brittleness indices of the sand-
stone samples determined from the stress—strain
curves for different confining pressures are presented
in Fig. 5. The brittleness shows a strong sensitivity
to stress, and BI decreases with increasing confining
pressure, as shown in Fig. 5e. Various investigations
have demonstrated that the confining pressure has
significant influence on rock strength and brittleness,
and that confining pressure is negatively correlated
with rock brittleness. Bs, B|,, and the new brittleness
index BI (Fig. 5a, d, e) show the same pattern: the

sandstone brittleness gradually decreases and plateaus
as the surrounding pressure increases. Whereas B,
(Fig. 5b) does not reflect such a pattern, B, (Fig. 5c)
shows an approximate trend, except for samples
tested at 03 =20 MPa and p=3 MPa. In Bs, the effect
of gas pressure is reflected at low envelope pres-
sures, while the effect of gas pressure is less at high
envelope pressures; in B,, the effect of gas pressure
is reflected at different envelope pressures, but there
is no difference in brittleness between the two at gas
pressures of 0 and 1 MPa; in the new brittleness index
BI, the change in brittleness characteristics of the
sandstone is indicated at different gas pressures. Nev-
ertheless, B5 considers only the magnitude of stress
drop and ignores the effect of strain in both the pre-
and post-peak regimes. B, considers only the elastic
modulus and the post-peak modulus and ignores the
effects of peak stress and residual stress. B, consider
the influence of the stress and strain behaviors in the
post-peak stage and neglects the pre-peak strain. For
our formula, both stress and strain behaviors in both
the pre- and post-peak stages are account for, and the
formula produces expected brittleness values.

The variation of the brittleness indices of the
sandstone samples determined from the stress—strain
curves for various gas pressures is shown in Fig. 6.
In Fig. 6e, BI shows an increasing trend caused by
increasing gas pressure. Bs; and B, show similar
trends to BI (Fig. 6a, d). B, exhibits a trend that is
approximately similar to these except for the samples
tested at 6, =20 MPa and p =3 MPa (Fig. 6¢). Similar
to the correlation between B, and confining pressure,
the relationship between B, and gas pressure is poor,
and to some extent, B; demonstrates an unexpected
trend (Fig. 6b). Previous experimental research has
indicated a trend of strength reduction caused by CO,
pressure (Perera et al. 2011). According to the effec-
tive stress law, the effective confining pressure can
be calculated as the confining pressure minus the gas
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Fig. 4 Stress—strain curves of sandstone under different confining pressures and gas pressures

pressure, which would imply a decreasing effective
confining pressure with increasing gas pressure. Con-
sequently, relative to the confining pressure, the gas
pressure has the opposite effect on strength, which
was verified in this study by the results of the triaxial
compression tests under different gas pressures. Fur-
thermore, this finding indicates that higher gas pres-
sure is associated with higher brittleness. Because
of the limitations of Bs, B;, B, and B,, these four

@ Springer

brittleness indices cannot produce accurate estima-
tions, whereas the proposed brittleness index is able
to predict the correct values. Moreover, these results
show that the influence of gas pressure on brittleness
decreases with increasing confining pressure.

The results of the triaxial tests under confining
pressure and gas pressure reveal significant pressure
dependence of the stress drop and strain variation of
stress—strain curves. These results imply that both



Geomech. Geophys. Geo-energ. Geo-resour. (2023) 9:160

Page 13 0f 18 160

Table 5 Summarized results for mechanical parameters and the brittleness indices Bs, B;, B, B}, and BI of sandstone under con-

fining pressure and gas pressure

Sampleno o3 (MPa) p(MPa) o,(MPa) ¢,(%) o,(MPa) (%) ¢,(%) Bs B, B, B, BI

SS-1 10 0 127.621 1839 56017 2054 088 0561 0.105 0791 0.142 0.434
SS-2 10 2 118037 1712 49226 1.868 0.728 0.583 0.083 0844 0.154 0491
SS-3 10 3 115362 1999 45106 2.140 0920 0.609 0.066 0884 0.164 0.529
SS-4 10 4 112155  1.682 42327 1784 0823 0623 0058 0902 0.176 0.548
SS-5 10 5 107.507  1.655 38904 1742 0.898 0.638 0050 0918 0.185 0.565
SS-6 15 0 158917 1965  92.688 2200 1.080 0417 0.107 0713 0.102 0306
SS-7 15 2 151346 1936 83.577 2130 1130 0448 0.091 0775 0.114 0340
SS-8 15 3 149.690 2.095  73.195 2285 1067 0511 0083 0822 0.133 0416
$S-9 15 4 147591 1949 67762 2091 1.110 0541 0068 0.866 0.149 0450
$S-10 15 5 142036 2.147 61965 2314 1068 0564 0072 0862 0.151 0476
SS-11 20 0 183745 2011 123966 2251 1223 0325 0.107 0634 0078 0226
SS-12 20 2 177.121 2,027 113998 2230 1308 0356 0.091 0719 0089 0256
SS-13 20 3 172370 2247 103.786 2.510 1236 0398 0.105 0706 0.096 0.294
SS-14 20 4 170370 2.110  101.825 2273 1305 0402 0071 0809 0.106 0.321
SS-15 20 5 167.133  1.891  99.349 2,009 1259 0406 0.059 0846 0.112 0330
SS-16 25 0 204791 2181 141305 2449 1372 0310 0.109 0.604 0074 0207
SS-17 25 2 195600 2335 134579 2611 1425 0312 0.106 0621 0073 0217
SS-18 25 3 191.685 2247 131353 2435 1465 0315 0077 0735 0079 0239
SS-19 25 4 189.070  2.043 126428 2203 1303 0331 0073 0763 0.086 0.260
$S-20 25 5 186450  2.155 123530 2294 1458 0337 0060 0.810 0090 0271
$S-21 30 0 233324 2400 164707 2703 1527 0294 0.112 0571 0.069 0.192
$S-22 30 2 222785 2237 155890 2512 1372 0300 0.109 0591 0.072 0.205
$S-23 30 3 218.845 2342 151598 2585 1401 0307 0.094 0662 0075 0228
SS-24 30 4 215228 2383 147.938 2602 1521 0313 0084 0706 0078 0233
$S-25 30 5 212611 2152 145152 2284 1574 0317 0058 0.806 0.086 0.245

confining pressure and gas pressure play important
roles in determining rock brittleness and the stress
and strain behaviors in the pre-peak and post-peak
stages. Many more factors also influence rock brit-
tleness, such as temperature, loading rate and effec-
tive differential stress. Ideally, laboratory conditions
should evaluate and control more boundary condi-
tions, such as stress, temperature and loading rate.
Of course, laboratory conditions represent simpli-
fications of in-situ conditions, and the differences
between these conditions must be considered. It is
also important to note that the stress—strain curve-
based brittleness indices depend strongly on the stiff-
ness of experimental machinery and the appropriate
selection of the pre- and post-peak parameters. Fur-
thermore, brittle behavior would respond differently
in different types of rock. Therefore, further study
of brittleness index evaluation for different types of

rock is still necessary. Rock is often under true tri-
axial stress conditions in practical engineering, so the
established brittleness index should conform to the
true triaxial stress situation. The effects of stress load-
ing rate, intermediate principal stresses and tempera-
ture on the brittleness index at this point need to be
investigated in more detail.

4 Conclusions

Brittleness is an important property of rock that has
extensive applicability in rock excavation engineer-
ing and reservoir fracturing. A variety of indices for
the evaluation of brittleness were summarized and
grouped into three categories based on the differ-
ent rock mechanics considered for their formulae.
In general, the definition of rock brittleness should
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Fig. 5 The relationships between the brittleness indices Bs, B;, B}, B, and BI and the confining pressure of sandstone under differ-

ent gas pressures

be based on rock failure; however, no consensus has
yet been reached on the precise definition or method
of measuring rock brittleness. Therefore, we have
proposed a new method for estimating rock brittle-
ness that is based on stress—strain curves and on the
rock behaviors that occur both before and after rock
failure.

@ Springer

We note that the existing stress—strain curve-
based brittleness indices would be able to evaluate
brittleness more effectively if the parameters used
represented unique and certain stress—strain curves.
The newly proposed index is therefore based on the
stress drop and a strain ratio that represents the rela-
tionship between the elastic strain and post-peak
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confining pressures

strain, which together combine the variation in
stress with the variation in strain for both the pre-
and post-peak stages. Triaxial compression tests of
sandstone under different confining pressures and
gas pressures were conducted, and key stress and
strain parameters were recorded. Based on com-
parison of a variety of brittleness indices, as well as

further analysis, our results indicate that the newly
proposed brittleness index can more effectively esti-
mate rock brittleness.

The relationship between rock brittleness and con-
fining pressure was also investigated, and our findings
indicate that confining pressure is negatively associ-
ated with brittleness in sandstone. The correlation
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between the rock brittleness and gas pressure implies
that gas pressure is positively associated with brittle-
ness in sandstone. Therefore, lower confining pres-
sure and a higher gas pressure would result in higher
brittleness for sandstone. The above research will pro-
vide a better description of the mechanical behaviour
of the rock and clarify the force characteristics of the
rock and ensure the safety of the project. However,
there are still many factors that have not been consid-
ered in conventional triaxial testing of sandstones and
the effect of these factors on rock brittleness needs to
be further investigated.
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