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Abstract

To evaluate rock brittleness more accurately, a new rock brittleness index based on the peak elastic strain energy consump-
tion ratio (PEECR) was proposed in this study. Considering the relationship between rock brittleness and energy evolution
characteristics of rock materials under confining pressure, the PEECR was defined as the dissipated proportion of peak elastic
strain energy relative to failure energy and residual elastic strain energy (the maximum value of PEECR is 1.0, which indicates
the corresponding rock will fail immediately after reaching the peak strength). The evaluation accuracy of the PEECR was
verified based on the conventional triaxial compression tests on shale under six confining pressures, and the universality of
the PEECR was also analyzed according to test data of six types of rocks from previous studies. The results show that the
PEECR continuously decreases with the increasing of confining pressures, and is suitable for various types of rocks and a
wider range of brittleness degrees. Finally, the evaluation accuracies of the PEECR and 11 existing rock brittleness energy
indexes were compared and analyzed, and the results indicate that PEECR can evaluate rock brittleness more accurately.
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U° Peak elastic strain density

U Failure energy density

Residual elastic strain energy density

U? Additional input energy density

U  Consumed elastic strain energy density during the
failure process

Ul Peak dissipated energy density

U  Peak elastic strain energy of the absolute brittle
rock

1 Introduction

Brittleness is an essential property of rock, and has great impact
on the rock failure characteristics. There are numerous practical
engineering problems that are closely related to rock brittleness.
Brittleness is a key factor for evaluating the hydraulic fracturing
feasibility in unconventional energy development (such as shale
gas and geothermal energy) (Jarvie et al. 2007; Guo et al. 2015;
Lai et al. 2015; Zhang et al. 2016; Meng et al. 2021; Wang et al.
2021). The determination of technical parameters of hydraulic
fracturing largely depends on rock brittleness. Therefore, it is
crucial to have a better understanding of rock brittleness and
accurately evaluate the degree of brittleness.

To evaluate the rock brittleness, numerous brittleness
indexes have been proposed based on various aspects (Meng
et al. 2021), including mineral compositions (Guo et al. 2015;
Kim et al. 2017; Shi et al. 2017; Huo et al. 2018; Moghadam
et al. 2019), mechanical parameters (Hucka and Das 1974;
Khandelwal et al. 2017), stress—strain curves characteristics
(Hajiabdolmajid and Kaiser 2003; Gong and Sun 2015; Meng
et al. 2015; Shi et al. 2019; Kuang et al. 2021), conventional
well logging (Suorineni et al. 2009; Tang et al. 2016; Kaunda
and Asbury 2016), internal friction angle (Hucka and Das
1974; Zhou et al. 2018), penetration tests (Copur et al. 2003;
Yagiz 2009), indentation tests (Hucka and Das 1974; Lawn
and Marshall 1979; Fan et al. 2019), content of fines after
impact (Hucka and Das 1974), and energy evolution charac-
teristics (Tarasovn and Randolph 2011; Tarasovn and Potvin
2013; Ai et al. 2016; Xia et al. 2017; Kivi et al. 2018; Song
etal. 2019; Li et al. 2019a, b, 2020; Zhang et al. 2021). Further
researches indicated that the deformation and failure of rock is
always accompanied by the storage, dissipation, transforma-
tion, and release of energy, and rock failure is essentially the
destabilizing phenomenon driven by energy (Xie et al. 2008).
Moreover, some researchers believe that the increasing ten-
dency of rock plasticity can be regarded as the gradual growing
effect of energy dissipation mechanism (Chen et al. 2015),
which means that the brittleness of rock is related to energy
dissipation. On this basis, an increasing number of scholars
have focused on studying the energy evolution characteristics
during the process of rock deformation and failure to obtain
accurate evaluation methods of rock brittleness, and various
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brittleness indexes have been proposed from different per-
spectives. The existing 11 rock brittleness indexes based on
energy are summarized in Table 1 including their definitions
and characteristics.

According to the analyses in Table 1, all the mentioned
existing rock brittleness indexes based on energy have some
defects, which affect their evaluation accuracy. Therefore, it is
necessary to propose a more scientific and precise rock brittle-
ness index. In this study, the relationship between the energy
evolution characteristics of rock deformation and the failure
process and rock brittleness was deeply analyzed to propose
a more accurate rock brittleness index. The reliability of the
new index was then verified based on conventional triaxial
compression tests. The evaluation accuracy of the new index
and existing indexes was compared and analyzed.

2 A New Rock Brittleness Index Based
on Energy: Peak Elastic Strain Energy
Consumption Ratio

To propose a new rock brittleness index based on energy that
can accurately evaluate rock brittleness, the energy evolution
characteristics of the entire rock deformation and failure pro-
cess were analyzed first. The actual stress—strain curve of a
rock conventional triaxial compression test is shown in Fig. 1a,
based on which a sketch of the energy evolution characteristics
of the rock deformation and failure process is presented in
Fig. 1b. During the pre-peak stage, input energy was trans-
formed into two forms (it is presumed that there is no heat
exchange with outside) (Xie et al. 2008). One (elastic strain
energy) of them is stored in rock, which will be released if the
stress on rocks is unloaded; it is also the driving energy for the
failure of rock. The other one (dissipated energy) is dissipated
due to the damage and plastic deformation of rock. When rock
reaches its energy storage limitation, it will begin to fail. A
part of the accumulated elastic strain energy will induce the
failure of rock, another part will dissipate due to the dam-
age of rock, and the residual part has two different states for
different loading conditions. For uniaxial loading conditions,
the residual elastic strain energy will mainly transform into
the kinetic energy for rock fragments ejection. With regard to
triaxial compression condition, the rock will reach its residual
strength stage, and the residual elastic strain energy will store
in the rock.

According to the analyses of energy evolution character-
istics and the test results of rocks with different brittleness
degrees from previous studies (Ai et al. 2016; Xia et al. 2017,
Kivi et al. 2018; Song et al. 2019; Li et al. 2019a, b, 2020), it is
found that the energy evolution characteristic of the post-peak
rock failure process is crucial to the rock brittleness degree,
and it is believed that the brittler the rocks are, the less pre-
peak stored elastic strain energy will transform into failure
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energy and less residual elastic strain energy will still store in
rocks. Moreover, for rocks with higher brittleness, the failure
energy is provided by the pre-peak stored elastic strain energy;
with regard to the rocks of lower brittleness, rock failure is
induced by the pre-peak elastic strain energy and post-peak
additional input energy.

On this basis, a new brittleness index called the peak elastic
strain energy consumption ratio was proposed, and the formula
is as follows:

ve - U - U°

p
Blgg = e
P

) (1)

where U; is the peak elastic strain density, U" is the failure
energy density, and U? is the residual elastic strain energy
density (U?=0 under uniaxial compression conditions for
brittle rocks, but Uf also exists for some soft rocks even
under uniaxial compression). The larger the value of Blgg
is, the brittler the rock is. When Blgz =1 (the maximum
value of Blgg), the rock is extremely brittle. When Bl is
smaller, more U; is needed during failure process, and the
plasticity of rock is higher. Specially, if Bl <0, Ug is not
enough to maintain rock failure, additional input energy is
needed in the post—peak stage, and the rocks like this are
usually more plastic than the general rocks. Therefore, it is
believed that the newly proposed Blg, can reflect a wide
range of rock brittleness degree variations. To verify the
reliability and universality of Blgg, a series of laboratory
tests were conducted.

3 Verification of the Reliability
and Universality of Bl

In general, conventional triaxial compression (CTC) tests
are used when rock brittleness is assessed by related brit-
tleness indexes, and it is believed that the brittleness of the
same type of rock will decrease with increasing confining
pressures (Chen et al. 2017; Meng et al. 2020). Therefore,
the evaluation accuracy of rock brittleness indexes can be
judged by the variation trends of the index values under
different confining pressures. To verify the reliability and
accuracy of Blgg, a series of CTC tests were conducted in
this study.

3.1 Conventional Triaxial Compression Tests

A type of shale from Sichuan Province, China was selected
for the tests. The shale was processed into standard cylindri-
cal specimens (@50 mm X 100 mm) (Fig. 2), and the bedding
dip angle of the specimens is 0°. The basic parameters of
the shale specimens are shown in Table 2. The tests were
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carried out based on the MTS 815 rock mechanics test sys-
tem (Fig. 3). The maximum axial load of the system is 2600
kN, and its confining pressure can reach 140 MPa. The axial
and circumferential strain of the specimens are measured
by an axial and circumferential extensometer, respectively.

Before the CTC tests, a conventional uniaxial compres-
sion (UC) test (i.e., the confining pressure is 0 MPa) was
first conducted on a specimen for comparison, and the load-
ing rate was 0.05 MPa/s with stress control. In the CTC
tests, the axial and circumferential stresses were loaded
on the specimens simultaneously at a rate of 0.05 MPa/s
(stress control mode), and then, the circumferential stress
was kept at the preset confining pressures (5 MPa, 10 MPa,
20 MPa, 30 MPa, 50 MPa, 70 MPa); the axial stress was
loaded continuously until the specimens failed. The loading
paths of CTC tests are shown in Fig. 4. Six specimens were
applied to complete the tests under six confining pressures
as described above.

After the tests, a series of stress—strain curves were
obtained (Fig. 5). It is known that there are four regions
during the pre-peak stage for common curves (Cai et al.
2004, 2021; Jaeger et al. 2007): microcrack closure com-
paction region (the original microcracks of rocks are gradu-
ally closed, the rocks are compacted), elastic deformation
region (the curve is almost a straight line), stable microcrack
growth region (the microcracks stably grow), and unstable
microcrack propagation region (the rocks show ductility
and the microcracks in rocks violently grow until the rocks
totally fail). It can be observed in Fig. 5 that the microcrack
closure compaction region and elastic deformation region
are obvious, but the stable microcrack growth and unsta-
ble microcrack propagation regions are almost nonexistent
for the specimens under the confining pressures of 0 MPa,
5 MPa, and 10 MPa, which indicates that specimens under
these conditions show high brittleness. With regard to the
specimens under 20 MPa and 30 MPa, the microcrack clo-
sure compaction region is nearly disappearing, but the stable
microcrack growth region is more obvious, which means
that the brittleness of the specimens gradually decrease. For
the rocks under 50 MPa and 70 MPa, the unstable microc-
rack propagation region is more evident, indicating that the
brittleness of specimens further declines. The above analysis
shows that the brittleness of specimens gradually decreases
with the increasing of confining pressures, which accords
with the regular situations (Chen et al. 2017; Meng et al.
2020). Moreover, the peak strength and residual strength
increased with increasing confining pressures, which is con-
sistent with the results of previous studies (Ai et al. 2016;
Xia et al. 2017; Kivi et al. 2018; Song et al. 2019; Li et al.
2019a, b, 2020; Yang et al. 2020). This indicates that more
pre-peak elastic strain energy is needed for failure and that
more elastic strain energy is preserved in the specimen after
failure with increasing confining pressures.
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Fig. 1 The actual axial stress—
strain curve of conventional
triaxial compression tests and

a sketch of energy evolution
characteristics during the rock
deformation and failure process
based on the corresponding
simplified curve (o, is peak
strength, o, is residual strength,
€4 1s the axial strain when the
stress of ideal unloading curve
is 0, €, is the residual axial
strain, ¢, is the axial strain when
the stress of ideal post-peak
unloading curve is 0, & is the
peak axial strain,o is the axial
stress, o5 is the circumferential
stress.)

250 1
Peak strength
200
Postpeak loading
< Prepeak loading —% curve
& 150+ curve
2
k\D Residual strength
6 100
504

0 T T T T )
0.000 0.005 0.010 0.015 0.020 0.025
Axial strain
(a) Axial stress-strain curve of shale specimens from conventional triaxial compression tests under a confining
pressure of 20 Mpa

o -0y

/1 Peak strength

Peak dissipated energy 3
V/77Z] Peak elastic strain energy / 3
i Residual elastic strain energy

B2 Failure energy

Pre-peak loading / /

curve

Post-peak loading
- curve

Residual strength

[ Tdeal unloading™”
curve Ideal post-peak

unloading curve

0 £y g5 £ £

(b) Sketch of the energy evolution characteristics during the rock deformation and failure process (Tarasovn and
Randolph 2011)

3.2 Verification of the Reliability of Bl, for Rock &

Brittleness Evaluation

1
Ut = /ade - U+ E(sp —&)* XE 5)

&

Based on the obtained stress—strain curves, Blgg can be

used to evaluate the brittleness of the tested shale speci-  where E is the pre-peak elastic modulus; it is the tangent
mens under different confining pressures. The calculation =~ modulus, which is defined as the slope of the straight portion
methods of the energy density parameters in Blgg are shown  of pre-peak curve. With regard to ¢, &,, and ¢,, as shown
as follows (Xie et al. 2008; Tarasovn and Randolph 2011;  in Fig. 1b, &, is the axial strain corresponding to the peak

Tarasovn and Potvin 2013; Ai et al. 2016):

0.2
US = =<
P 2E
0.2
Ut = L
T 2E

when €y <&y

&

Uf=/o'd£—Ure

&

whene >¢,,

strength point; ¢, is the axial strain corresponding to the
beginning point of residual strength stage; ¢, is the axial
) strain when the stress of the ideal post-peak unloading curve
is 0; the ideal post-peak unloading curve is a straight line
from the beginning point of residual strength stage, which
is parallel to the straight portion of pre-peak loading curve.
3 The brittleness evaluation results of Blg; for the
tested shale specimens under different confining pres-
sures (0 MPa, 5 MPa, 10 MPa, 20 MPa, 30 MPa, 50 MPa,
70 MPa) were obtained according to the above curves, as
shown in Table 3. The relationship between Blgy of the
“ specimens and the corresponding confining pressures is
shown in Fig. 6. It can be observed that the values of Bl
decline continuously with increasing confining pressures.
As mentioned above, the smaller Bl is, the less brittle
the rock is; the rock brittleness will be lower with increas-
ing confining pressures. Therefore, it can be concluded

@ Springer
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Fig.2 The processed shale specimens

Table 2 The basic parameters of shale specimens

Density/ P-wave velocity/ Elastic modulus/ Uniaxial
(g-cm‘3) (mes™h) GPa compressive

strength/MPa
2.49 4074.27 19.17 167.65

that Bl can accurately evaluate rock brittleness. Moreo-
ver, the above results are consistent with the character-
istics of the pre-peak stress—strain curves of shale under
different confining pressures in Fig. 5: the brittleness of
rocks is higher under the confining pressures of 0 MPa,
5 MPa, and 10 MPa; the brittleness of rocks gradually
decreases under 20 MPa and 30 MPa; the brittleness of
rocks is lower under 50 MPa and 70 MPa.

3.3 Verification of the Universality of Bl

To verify the universality of Blgg, the test data of other
studies (Xia et al. 2017; Kivi et al. 2018; Li et al. 2019b;
Kuang et al. 2021) were cited, six types of rocks were
subjected to CTC tests in these studies, and the corre-
sponding stress—strain curves are shown in Fig. 7. Blgg
was applied to evaluate the brittleness of these rocks,
and the results are shown in Table 4. To intuitively ana-
lyze the evaluation accuracy of Blgg, the relationships
between Bl and the corresponding confining pressures
are shown in Fig. 8. It can be observed that the values of
Blgg decrease as the confining pressures increase, which
indicates that the evaluation results for the six types of
rocks by Blgg are accurate, and Blgy, is reliable. Specifi-
cally, some Blg values are negative (Table 4), which
means that the corresponding rocks are more ductile, the
peak elastic strain energy is not sufficient to maintain
rock failure, and additional input energy is needed. There-
fore, it can be concluded that Blgy is suitable for various
types of rocks and a wider range of brittleness degrees.

4 Discussion

A new rock brittleness index Bl based on energy was pro-
posed in this study. This index considers the relationship
between rock brittleness and the energy evolution character-
istics of the entire deformation and failure process of rocks, is
defined in a scientific form, and it can accurately evaluate the
brittleness of various types of rocks. It is believed that Bl is
reliable and exhibits superiority.

To further verify its superiority, the evaluation accuracy of
Blpg was compared with 11 existing rock brittleness indexes
based on energy. Eleven existing rock brittleness indexes are
summarized in Table 1, including their definitions and physical
meanings. Bl and the summarized 11 indexes were used to

Fig.3 MTS 815 rock mechanics Ny
test system
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—> -«
o;—» <+ o,
—> <«

T o, Peak strength

Residual strength

T T T T T T T T T T T T T T
0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035
Axial strain
Fig.5 Shale specimens stress—strain curves of the UC tests and CTC

tests under six confining pressures

evaluate the brittleness of the shale specimens under six con-
fining pressures of the above CTC tests (Sect. 3.1) to compare

0,0.99
1.0 1(\. (5,0).94)
|
0.8- (1009 g (20081)
0.6
'\g o
T 4 (30,0.53) g (50,0.44)
021
(70,0.07) \m
0.0 T T T T T T T

0 10 20 30 40 50 60 70 80
Confining pressures

Fig.6 The relationship between Blgy of the tested shale specimens
and the corresponding confining pressures

their brittleness evaluation accuracy. The evaluation results of
these indexes for specimens under different confining pres-
sures are shown in Fig. 9.

It can be observed that the values of indexes (except for
BIg) exhibit fluctuations with increasing confining pressures,
and they do not increase or decrease continuously, which indi-
cates that these indexes cannot accurately evaluate rock brit-
tleness. With regard to Blgg, its values decline continuously
with the increasing of confining pressures. Therefore, it can
be concluded that Bl exhibits superiority, and can evaluate
rock brittleness more accurately.

Actually, the indexes involved in Fig. 9 are relatively accu-
rate for rock brittleness evaluation in the particular fields, but
there is not a unified judgment standard for their accuracies.
Under this circumstance, the evaluation accuracies of them
can only be judged according to the qualitative trend that the
rock brittleness continuously decreases with the increasing of
confining pressures, as shown in Fig. 9.

Furthermore, it should be noted that the calculation meth-
ods of peak elastic strain energy and residual elastic strain

Table 3 Bl of the tested shale

- Confining Peak strength/MPa  Residual US(mi/mm®)  Uf(m)/mm®) US(mJ/mm?) Bl
specimens of the UC tests fmd pressure /MPa strength/ P r
CTC tests under six confining MPa
pressures
167.65 0 0.9031 0.0094 0 0.99
5 179.98 34.79 1.3565 0.0314 0.0446 0.94
10 194.76 3943 1.6149 0.1194 0.0107 0.92
20 200.91 76.64 2.5481 0.2339 0.2463 0.81
30 217.01 105.66 1.9992 0.9208 0.0283 0.53
50 302.48 184.99 2.7151 1.1764 0.3428 0.44
70 324.79 249.04 2.8126 1.7203 0.8840 0.07
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250
350 A
200 300
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Fig. 7 Stress—strain curves of six types of rocks (Kuang et al. 2021; Xia et al. 2017; Kivi et al. 2018; Li et al. 2019b)
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Table 4, The evaluation results Rock type Confining pres-  Peak strength/MPa Residual Bl
of the six types of rocks by Blgg sure/MPa strength/MPa
Sandstone (Xia et al. 2017) 5 135.30 65.10 0.55
15 166.80 81.40 —0.16
20 173.30 107.30 -0.31
30 181.40 129.40 - 1.10
Shale 1 (Kivi et al. 2018) 10 299.60 107.20 —0.46
25 331.20 194.30 - 154
40 370.50 258.20 —3.69
Shale 2 (Kivi et al. 2018) 10 168.40 50.10 —-0.19
25 209.40 63.10 —2.58
40 244.40 71.20 —2.76
Glutenite (Li et al. 2019a, b) 10 141.13 46.12 —0.34
15 214.37 89.09 —0.81
20 265.16 126.04 —1.08
Granite (Kuang et al. 2021) 5 171.31 94.223 0.57
10 183.84 87.873 0.52
20 266.18 118.96 0.41
40 374.93 185.41 0.37
Gneiss (Kuang et al. 2021) 5 142.44 50.84 -0.11
10 175.83 67.1 -0.20
20 255.43 77.07 -032
40 308.26 202.71 —0.46

energy as shown in Egs. (2) and (3) are approximate methods,
whose results definitely exist errors form the actual values. The
previous studies (Gong et al. 2018, 2019, 2021, 2022; Li and
Gong (2020); Su et al. 2021) indicate that the linear energy
storage law exists in rocks, coals and concretes of pre-peak
stage under one-dimensional, two-dimensional, and three-
dimensional loading conditions. Therefore, the further work
of this research is to obtain three-dimensional compression
energy storage coefficient by cyclic loading and unloading tri-
axial compression tests, obtain the accurate calculation method
of peak elastic strain energy and residual elastic strain energy,
and modify peak elastic strain energy consumption ratio.

5 Conclusion

To propose a more accurate rock brittleness index, the rela-
tionship between energy evolution characteristics under
confining pressure and rock brittleness of rock materials

was analyzed, and the reliability of the new index was
verified based on a series of CTC tests on shale. The main
conclusions are as follows:

1. A new rock brittleness index Blz was proposed based
on the peak elastic strain energy consumption ratio,
which considers the correlation between the entire
energy evolution process of rocks and brittleness and is
defined in a scientific form.

2. A series of CTC tests were conducted to verify the reli-
ability of Blgg, and the results show that Bl can accu-
rately evaluate rock brittleness. Moreover, the CTC test
data of various types of rocks under different confining
pressures of previous studies were cited to verify the
universality of Blgg, whose result indicates that By is
suitable for various types of rocks and a wider range of
brittleness degrees.
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Fig.8 The relationship between Bl and the corresponding confining pressures

3. The evaluation results of Blgg and 11 existing brittle-
ness indexes for shale brittleness under six confining
pressures were compared, and the result shows that Bl
can evaluate rock brittleness more accurately.

@ Springer

4. Blgy is clearly defined and its form is simple. Its calcula-
tion process is also very convenient and can be popular-
ized in practical application.
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Fig.9 Evaluation results of 11 2.5
existing brittleness indexes and
Bl for shale specimens under
six confining pressures
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