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A B S T R A C T   

The peak elastic strain energy consumption ratio (PEECR) is a rock brittleness index proposed by Gong and 
Wang. In the present study, based on the linear energy storage law of rock under triaxial compression, a new 
method was proposed to calculate the PEECR. The PEECR uses a simplified method to calculate the peak elastic 
strain energy. To solve this problem accurately, triaxial cyclic loading-unloading compression tests were carried 
out on shale. Strain energy parameters were calculated from the test curves. The results show that there is a 
linear relationship between the elastic strain energy and input strain energy, indicating that the linear energy 
storage law in rock is applicable to triaxial compression state. The universality of the linear energy storage law of 
rock under triaxial compression is also verified by the data in the published literature. Then, the peak elastic 
strain energy can be accurately determined using the linear energy storage law, and the PEECR is improved based 
on this. Finally, the PEECR and the improved PEECR were compared using the triaxial cyclic loading-unloading 
compression tests on three rocks (shale, red sandstone and granite), and the improved PEECR was compared with 
11 existing energy-based brittleness indexes. The results show that the improved PEECR can further reflect the 
rock brittleness more accurately.   

1. Introduction 

Rock brittleness is necessary to judge in projects such as oil explo
ration and tunnel construction. Therefore, many researchers in related 
fields have proposed many judgment criteria for rock brittleness, i.e., the 
brittleness index. These brittleness indexes are defined based on strength 
[1,9], rock fracture angle [9], mechanical parameters [9,11], 
stress-strain curve [3,13,14,27,28,32], and mineral composition [10], 
etc. [22,23] reviewed in detail the research progress of rock brittleness 
indices and their applications to different fields of rock engineering. It is 
known that the failure process of rock is always accompanied by the 
energy storage, dissipation, and conversion [30]. Therefore, increasing 
researchers have studied the energy evolution characteristics during 
rock failure to evaluate rock brittleness, and established various brit
tleness indexes from different perspectives [12,2,24–26,29,7]. The 11 
existing rock brittleness indexes based on energy are summarized in 

Table 1, including their definitions and characteristics. It can be seen 
from Table 1 that BI1-BI11 have some limitations, which affects the ac
curacy of rock brittleness evaluation. BI1 does not take into account the 
post-peak energy, which also has a large impact on the brittleness of the 
rock. BI2 and BI3 simplify the relationship between the pre-peak elastic 
modulus and the post-peak deformation modulus, which affects the 
accuracy of judging the brittleness of rocks in individual cases. The 
formulas BI4 and BI5 are inappropriate and contradictory, and in some 
cases the judgment of the brittleness of the rock is not accurate. 
Although BI6 takes into account the pre- and post-peak energy, it still 
includes the peak elastic strain energy in the calculation of fracture 
energy. When BI7 and BI8 judge the brittleness of shale under triaxial 
compression, the indexes change trend will be different with the in
crease of confining pressure, indicating that the judgment is occasionally 
inaccurate. BI9 and BI10 use different multiplication factors, but some of 
them lack a theoretical basis. BI11 indicates that in the absolute brittle 
rock, the input strain energy is completely converted to elastic strain 
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energy. However, the method of calculating the elastic strain energy of 
ideal brittle rock has not been verified and is not convincing. According 
to the previous studies on energy conversion of compressed rock, a new 
brittleness index named the peak elastic energy consumption ratio 
(PEECR) was proposed by [7], which can evaluate rock brittleness more 
accurately. In this existing study, the unloading curve is simplified into a 
straight line when calculating the peak elastic strain energy. As 
mentioned above in the energy-based brittleness index, all calculations 
of peak elastic strain energy are simplified methods. However, this 
calculation method is not accurate because the actual unloading curve is 
not straight. Therefore, it is necessary to propose an improved method to 
calculate the peak elastic strain energy. 

In this study, the relationships among input strain energy, elastic 
strain energy and dissipative strain energy of rock are deeply analyzed 
through the triaxial cyclic loading and unloading compression test, and 
the linear energy storage law is found. After verifying the universality of 
the linear energy storage law, the PEECR is improved based on the linear 
energy storage law, and the accuracy and scientificity of the improved 
brittleness index are compared and analyzed. 

2. PEECR and the difference between the simplified unloading 
curve and actual unloading curve 

PEECR comprehensively considers the effects of pre-peak elastic 
strain energy, failure strain energy and residual kinetic energy on rock 
brittleness. A schematic diagram of the calculation of the various energy 
parameters of PEECR is shown in Fig. 1. Hereinafter, PEECR is abbre
viated as BIER. 

When εu>εp，BIER is expressed as [7] 

BIER =
Ue

p − Uf − Ue
r

Ue
p

=
σ2

p

/
2E −

∫ εp
εr

σdε

σ2
p

/
2E

(1) 

When εu<εp, we have [7] 

BIER =
Ue

p − Uf − Ue
r
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/
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2
× E

σ2
p

/
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(2)  

where Ue
p is the peak elastic strain energy, Uf is the failure strain energy, 

Ue
r is the residual kinetic energy, σp is the peak strength of rock, E is the 

elastic modulus of rock, εp is the axial strain at peak strength, εr is the 
axial strain at the beginning of the residual strength stage, and εu is the 

axial strain at which the residual stress unloading is 0. 
The larger the BIER, the greater the rock brittleness. The case where 

BIER reaches the maximum of 1 indicates that the rock will be destroyed 
immediately after reaching the peak point. The smaller the BIER, the 
greater the rock plasticity. Especially, when BIER is less than 0, the pre- 
peak elastic strain energy is insufficient to damage the rock and its 
plastic deformation is maintained, which requires more input energy. 
This indicates that the rock with a negative BIER has greater plasticity 
than ordinary rocks [7]. 

In the test, it is often impossible to unload the rock in time when it is 
loaded to the peak point. As a result, the unloading curve cannot be used 
to calculate the peak elastic strain energy [4]. At present, the commonly 
used method of calculating the peak elastic strain energy is to simplify 
the unloading curve to a straight line with a slope of the elastic modulus 
[12]. From Fig. 2, we can see a large gap between the actual unloading 
curve and the simplified unloading curve, which means there is an 
obvious difference between the simplify calculated elastic strain energy 
and actual elastic strain energy. Therefore, the accuracy of the tradi
tional method needs to be verified. It is necessary to find a new method 
to accurately calculate the peak elastic strain energy. Based on the new 
method, BIER can be modified to improve the accuracy of rock brittleness 
evaluation. 

3. Triaxial compression test of shale and calculation method of 
energy parameters 

In order to obtain the energy storage and consumption law of rock 
under triaxial conditions, a series of triaxial cyclic loading and unload
ing compression tests were carried out on shale. The calculation 
methods of each energy parameter are also indicated. 

3.1. Triaxial cyclic loading and unloading compression test 

The triaxial cyclic loading and unloading compression test was 
conducted on the shale from Changning, Sichuan, China. A raw rock was 
processed into standard samples (φ50mm× 100mm), as shown in Fig. 3. 
The basic parameters of the shale samples meet the test requirements 
(Table 2). The test was carried out using the MTS 815 rock triaxial test 
system (Fig. 4). The maximum axial loading force of the testing machine 
can reach 2600 kN, the maximum confining pressure can reach 
140 MPa, and the maximum osmotic pressure is 140 MPa. The axial and 
circumferential deformations of the rock samples were measured by 
axial and circumferential extensometers, respectively. 

List of Symbols 

Ua Additional input strain energy 
Uf Total failure strain energy 
Ue

c Consumed elastic strain energy 
Ue

p Peak elastic strain energy 
Ud

p Peak Dissipated strain energy 
Uo

p Peak input strain energy 
Ue

r residual kinetic energy 
σp Peak strength 
σr Residual strength 
Uei Peak elastic strain energy of the absolute brittle rock 
BIER A brittleness index based on the peak elastic strain energy 

consumption ratio (PEECR) 
BII-ER The improved BIER according to linear energy storage law 
εp Axial strain at the peak strength 
εr Axial strain at the beginning of the residual strength stage 
εu Axial strain when residual unloading stress is 0 

kσp Preset unloading stress 
Uoa

k Axial input energy at axial stress level is k 
Uea

k Axial elastic strain energy at axial stress level is k 
Uda

k Axial dissipative strain energy at axial stress level is k 
εk Corresponding axial strain at axial stress level is k 
εk

d Axial plastic strain 
k The ratio of the current axial stress to the peak strength 
σk The axial stress corresponding to axial stress level k 
Ue

k Elastic strain energy 
Ud

k Dissipative strain energy 
Uo

k Input strain energy 
a Axial compression energy storage coefficient in the triaxial 

compression test 
b Fitting constant 
c Axial compression energy dissipation coefficient in the 

triaxial compression test 
E Elastic modulus  
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Four confining pressures of 5 MPa, 10 MPa, 20 MPa, and 30 MPa 
were set in the test. The conventional triaxial compression test was 
firstly performed on the shale samples to measure the triaxial 
compressive strength σp and the residual strength σr under each 
confining pressure. In the test, the axial and circumferential stress were 
applied simultaneously at a loading rate of 0.05 MPa/s. When the 
circumferential stress reached the value of preset confining pressure, the 
circumferential stress was stopped and maintained at the current stress 
state. The axial stress proceeded at a loading rate of 0.05 kN/s until 
reaching the preset unloading stress kσp(k=0.1, 0.3, 0.5, 0.7, 0.85, 0.95). 
Then the axial stress began to unload at the same rate, when the axial 
stress was released to the value of confining pressure, the circumferen
tial stress and the axial stress were unloaded simultaneously, until both 
reached 1 MPa (In order to prevent the rock specimen from failing at a 
pressure of 0, the stress is not unloaded to 0). The second cycle was then 
started with the same procedures as the first cycle. After the last loading 
and unloading cycle, the axial and circumferential stresses were loaded 
together again. When the hoop stress reached the value of preset 
confining pressure, the loading was stopped and the stress state was 

maintained. The axial stress continued, and passed the peak strength 
point, and reached the residual strength stage. When the axial stress was 
maintained at the residual strength and did not change, it was unloaded. 
When the axial stress reached the value of confining pressure, the 
circumferential stress is also unloaded until both stresses are unloaded to 
0, and the test ends. The loading path for this test is shown in Fig. 5. 

The stress-strain curves are shown in Fig. 6. It can be observed that 
the peak strength and residual strength gradually increase with the 
increasing confining pressure. In addition, the unloading curve does not 
coincide with the loading curve, with a certain space between them. 
When the stress of the unloading curve is 0, the corresponding strain is 
not 0. This shows that a part of energy is dissipated due to damage or 
plastic deformation during loading process, and the rock has a certain 
plastic deformation. With the increasing number of cycles, the plastic 
strain of the rock gradually increases. It shows that the irreversible 
plastic deformation of rock increases gradually with the loading. In 
addition, during each cycle of loading and unloading under each 
confining pressure, the secondary loading curve just passed the last 
unloading point, and then still increased along the trend of the original 

Table 1 
Eleven existing rock brittleness indexes based on energy [7].  

Rock brittleness indexes Energy parameters Characteristics 

BI1 =
Ue

p

Ue
p + Ud

p 

Hucka, Das [9] 

Ua,Uf and Ue
c are the additional input energy, total 

failure energy and consumed elastic strain energy 
during the failure process, respectively. 
Ue

p,Ud
pandUe

r are the peak elastic strain energy, peak 
dissipated energy and residual elastic strain energy, 
respectively. 
σpandσrare the peak strength and residual strength, 
respectively. 
Ueiis the peak elastic strain energy of the absolute 
brittle rock. 

BI1means that the more elastic strain energy is stored in rock during pre- 
peak stage, the more brittle the rock is. However, the post-peak energy 
evolution characteristic is not considered in this index, which also has a 
great impact on rock brittleness. 

BI2 =
Uf

Ue
c 

Tarasovn, Randolph [25] 

BI2implies post-peak energy evolution characteristics, the failure relies 
more on the elastic strain energy and less on additional input energy, the 
more brittle the rock is.BI3means the less additional input energy is 
needed and the more stored elastic strain energy is consumed during the 
failure process, the more brittle the rock is. However,BI2andBI3are 
simplified as the relationship of the prepeak elastic modulus and 
postpeak deformation modulus in original article, which will definitely 
affect the judgment accuracy. 

BI3 =
Ua

Ue
c 

Tarasovn, Randolph [25] 

BI4 =
Uf + Ud

p

Ue
c + Ud

p 

Ai et al., [2] 

BI4involves the impact of the prepeak dissipated energy on the brittleness 
comparing withBI2. It is believed that the less dissipated energy is 
generated during the prepeak, the more brittle the rock is. BI5signifies 
dissipated energy has a negative influence on the rock brittle failure. 
However, the formulas ofBI4andBI5are unsuitable and paradoxical. BI5 =

Ua

Ue
c + Ud

p 

Ai et al., [2] 

BI6 =
1
2

(
Ue

c
Uf +

Ue
c

Ue
p + Ud

p

)

Kivi et al., [12] 

BI6was proposed considering both the prepeak and postpeak energy 
evolution characteristics. It is believed that more elastic strain energy is 
stored in the prepeak stage and used for failure in the postpeak stage, the 
rock is more brittle. Despite this index is considered comprehensively, 
there is still a problem: the fracture energy should be the area under the 
postpeak curve subtracting the residual elastic strain energy, but the 
fracture energy in this index also includes the peak elastic strain energy. 

BI7 =
Ua

Ue
c
+

Ue
p + Ud

p

Ue
p 

Song et al., [24] 

BI7means that the more stored elastic strain energy is consumed and less 
additional input energy is needed during the failure process, the more 
brittle the rock is. 

BI8 =
Ue

p

Ue
p + Ud

p
×

Ue
c

Uf ×

(

1 −
Ue

r
Ue

p

)

Li et al., [15] 

BI8considers the impact of residual elastic strain energy on brittleness. It 
is believed that the bigger proportion of the stored elastic strain energy is 
consumed for failure and the smaller is left, the more brittle the rock is. 

BI9 =
Ue

p

Ue
p + Ud

p
×

Ue
c

Uf 

Li et al., [15] 

BI9is extremely similar toBI6, they have the same physical meanings. 
ButBI9is expressed in the form of multiplication. 

BI10 =
Ue

p

Ue
p + Ud

p
×

(

1 −
Ud

p

Ud
p + Uf

)
σp − σr

σp 

Li et al., [16] 

BI10involves the dissipation rate of the failure energy. It is believed that 
the faster the failure energy is dissipated, the more brittle the rock is. 
However,BI7,BI8,BI9andBI10all join different factors with multiplication 
which lacks a theoretical basis. 

BI11 =
Ue

p

Uei ×
Uf

Ua 

Li et al., [17] 

BI11means the input energy will totally transfer into elastic strain energy 
for the absolute brittle rock, and the more elastic strain energy is stored in 
the rock, the more brittle the rock is. However, the calculation method of 
the elastic strain energy for ideal brittle rocks was not verified and thus 
not convincing. 

BI12 =
Ue

p − Uf − Ue
r

Ue
p 

Gong, Wang [7] 

BI12was defined as the dissipated proportion of peak elastic strain energy 
relative to failure energy and residual elastic strain energy (the maximum 
value of it is 1.0, which indicates the corresponding rock will fail 
immediately after reaching the peak strength)  
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Fig. 1. Schematic diagram of energy distribution during rock deformation and failure: (a) εu>εp, and (b) εu<εp [25].  
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loading curve. This shows that the cyclic loading and unloading process 
has little effect on the stress-strain curves of the rock. 

3.2. Calculation method of strain energy parameters 

Under triaxial compression conditions, many scholars have neglec
ted the study of energy storage and dissipation characteristics of rock [8, 
23]. In fact, according to energy storage and dissipation, a more accurate 
method for calculating the peak elastic strain energy and dissipative 
strain energy can be proposed, which can also improve the scientificity 
and accuracy of the BIER. The influence of radial load is not considered in 
this study, and the influence of radial load on the calculation still needs 
to be further studied. Therefore, only the calculation method of axial 
strain energy is proposed below. 

The strain energy parameters are calculated by 

Uoa
k =

∫ εk

0
σdε (3)  

Uea
k =

∫ εk

εk
d

σdε (4)  

Uda
k =

∫ εk

0
σdε −

∫ εk

εk
d

σdε (5)  

where Uoa
k , Uea

k ,Uda
k , and εk are the axial input energy, the axial elastic 

strain energy, the axial dissipative strain energy, and the axial strain at 
the axial stress level k respectively; εk

d is the axial plastic strain, the axial 
stress level k is the ratio of the current axial stress to the peak strength, 
and the axial stress corresponding to the axial stress level k is σk 

4. Linear energy storage and dissipation law under the 
condition of rock triaxial cyclic loading and unloading 
compression 

According to the experimental data obtained from the triaxial cyclic 
loading and unloading compression test above, it can be found that there 
is a certain law in the dissipation of rock energy. In this study, the data 
curve was fitted, the linear energy storage law was obtained, and its 
universality was verified. Subsequently, an improvement was proposed 
for the calculation method of energy parameters. 

4.1. Linear energy storage and dissipation laws of rock under triaxial 
compression 

To deeply study the energy storage and dissipation characteristics of 
rock, the relationship between the input strain energy, elastic strain 
energy and dissipative strain energy was analyzed according to the re
sults of the triaxial cyclic loading and unloading tests (Fig. 6). Further, 
the data in the figure were fitted, and the fitted curve is shown in the 
Fig. 7 (in order to improve the reliability of the fitting results, (0, 0) 
points were added during fitting). 

As shown in Fig. 7, it can be observed that a linear relationship oc
curs between the elastic strain energy, dissipative strain energy, and 
input strain energy. That is, with an increase in input strain energy, both 
the elastic strain energy and the dissipative strain energy increase lin
early. The related fitting functions are shown in Table 3. Furthermore, 
the elastic strain energy grows faster than the dissipative strain energy. 
The difference between the elastic strain energy and dissipated energy 
gradually increases with increasing input strain energy. This shows that 
during the pre-peak rock loading process, with a certain amount of en
ergy input from the outside world, most part is converted into the elastic 
strain energy, and a small part is consumed. 

The R2 of the fitting function is between 0.98 and 0.99, indicating 
that the fitting performance is good, and the linear relationships be
tween elastic strain energy and dissipative strain energy and input strain 
energy are more reliable. In addition, rocks under various confining 
pressures conform to this linear energy relationships, which can be 
summarized into two general formulas: 

Ue
k = a × Uo

k + b (6)  

Ud
k = c × Uo

k − b (7)  

where a, b and c are constants and c equals to (1-a). These two linear 
relationships are named as linear energy storage and dissipation laws. 
Moreover, b is very small relative to a and c, and the difference is two 
orders of magnitude, so b can be omitted in the formula. The general 
formula can be obtained after simplification: 

Ue
k = a × Uo

k (8) 

Fig. 2. Comparison of simplified unloading curve and actual unloading curve 
at peak value in triaxial cyclic loading and unloading compression test of rock. 

Fig. 3. The processed shale specimens [7].  

Table 2 
The basic parameters of shale specimens.  

Density/ 
(g⋅cm− 3) 

P-wave velocity/ 
(m⋅s− 1) 

Elastic 
modulus/(GPa) 

Uniaxial compressive 
strength/(MPa)  

2.49  4074.27  19.17  167.65  
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Ud
k = c × Uo

k (9)  

where a and c are the axial compression energy storage coefficient and 
the axial energy dissipation coefficient in the triaxial compression test, 
respectively. 

4.2. Reliability verification of linear energy storage and dissipation laws 

To verify the universality and reliability of the linear energy storage 
law, the data in other literatures are referred to for analysis and calcu
lation [18,33]. In the literature, triaxial compression tests were carried 
out on red sandstone and granite. The strain energy parameters at each 
axial stress level were calculated through the experimental curves in the 
literature, and the energy evolution law in the process of rock defor
mation and failure was studied. The stress-strain curves of the red 

sandstone are shown in Fig. 8, and the elastic strain energy and dissi
pative strain energy curves of the granite are shown in Fig. 10. Ac
cording to the experimental data, the relationships between the elastic 
strain energy, dissipative strain energy, and the input energy during the 
pre-peak loading were analyzed, as shown in Figs. 9 and 11. It can be 
observed that under different confining pressures, the elastic strain en
ergy and dissipative strain energy of the two kinds of rocks have good 
linear relationships with the input strain energy. Through data fitting, it 
was found that the linear relationship did exist, and its coefficient of 
determination was between 0.94 and 0.99, indicating the reliability of 
the data fitting. The fitting equation, the coefficient of determination, 
and the ratio of intercept to slope are listed in Table 4. These results 
match the linear energy storage law obtained from the triaxial cyclic 
loading and unloading tests on shale in this work. The above analysis 
shows that the red sandstone and granite also conform to the linear 
energy storage and dissipation laws. In addition, previous studies have 
confirmed that there are similar energy storage and dissipation laws for 
different types of rocks under uniaxial compression, Brazilian splitting, 
shearing, and fracture conditions [19–21,4–6]. Therefore, the linear 
energy storage and dissipation laws are universal and can be regarded as 
one of the basic properties of rocks. 

4.3. Calculation method of peak elastic strain energy and residual kinetic 
energy 

According to the linear energy storage and dissipation laws obtained 
above, given the input energy of a certain stress level, the corresponding 
elastic strain energy and dissipative strain energy can be calculated 
more accurately. Based on this law, the peak elastic strain energy can be 
calculated accurately. This helps modify the rock brittleness index, 
thereby improving the judgment accuracy of the brittleness index. 

Therefore, the calculation methods of the peak elastic strain energy 
and dissipative strain energy can be improved based on the linear energy 
storage law, so that BIER has better scientificity and accuracy. The peak 
elastic strain energy formula can be obtained as 

Ue
p = a × Uo

p + b (10)  

where Ue
p is the peak elastic strain energy; Uo

p is the peak input strain 

Fig. 4. MTS 815 rock mechanics test system.  

Fig. 5. Loading path of triaxial cyclic loading and unloading compression test.  
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Fig. 6. Stress-strain curves of shale under different confining pressures: (a) 5 MPa, (b) 10 MPa, (c) 20 MPa, and (d) 30 MPa.  
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Fig. 7. The relationship between elastic strain energy and dissipative strain energy and input strain energy: (a) 5 MPa, (b) 10 MPa, (c) 20 MPa, and (d) 30 MPa.  
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energy; Uo
p can be obtained by integrating the stress-strain curve, as 

follows: 

Uo
p =

∫ εp

0
σdε (11)  

where εp is the axial strain at the rock peak strength. The corresponding 
peak dissipative strain energy Ud

p is the difference between the peak 
input energy and the peak elastic strain energy: 

Ud
p = Uo

p − Ue
p (12) 

According to the above formulae, the improved peak elastic strain 

energy and peak dissipative strain energy can be obtained. To obtain the 
residual kinetic energy, it is necessary to conduct an in-depth analysis on 
the energy evolution characteristics of the rock in the residual strength 
stage. When the axial stress of the rock is maintained at the residual 
strength, the stress is unloaded at any point in this stage, and the area 

Fig. 8. Stress-strain curve of red sandstone under triaxial cyclic loading and unloading test: (a) 0 MPa, (b) 10 MPa, (c) 20 MPa, and (d) 30 MPa [33].  

Table 3 
Fitted functional relationship between elastic strain energy and dissipative 
strain energy and input strain energy.  

Confining Pressure/ 
MPa 

Relationship between Ue
k,Ud

k 
andUo

k 

R2 |b|/a(%)or|b|/c(%)

5 Ue
k = 0.7689Uo

k + 0.0028  0.99  0.40 
Ud

k = 0.2311Uo
k − 0.0028  0.98  1.21  

10 Ue
k = 0.7562Uo

k + 0.0040  0.99  0.53 
Ud

k = 0.2438Uo
k − 0.0040  0.99  1.64  

20 Ue
k = 0.7815Uo

k + 0.0034  0.99  0.44 
Ud

k = 0.2185Uo
k − 0.0034  0.99  1.56  

30 Ue
k = 0.7506Uo

k + 0.0040  0.99  0.53 
Ud

k = 0.2494Uo
k − 0.0040  0.99  1.60  

Fig. 10. Evolution curve of elastic strain energy and dissipative strain energy of 
granite [18]. 
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Fig. 9. The relationship between elastic strain energy, dissipative strain energy and input strain energy of red sandstone: (a) 0 MPa, (b) 10 MPa, (c) 20 MPa, and 
(d) 30 MPa. 
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under the unloading curve represents the residual kinetic energy. 

5. Improved peak elastic energy consumption ratio based on 
linear energy storage law 

In this chapter, PEECR is improved according to the discovered linear 
energy storage law. And the accuracy and superiority of the improved 
PEECR are verified. 

5.1. The improved peak elastic energy consumption ratio 

Based on the linear energy storage law, BIER is improved. The 
improved brittleness index is expressed by BII-ER, which is consistent 
with BIER in the calculation formula. However, the peak elastic strain 
energy is calculated by the linear energy storage law. 

When εu>εp，the improved brittleness index is determined as 

BII− ER =
a ×

∫ εp
0 σdε + b −

∫ εp
εr

σdε
a ×

∫ εp
0 σdε + b

(13) 

When εu<εp，it is expressed by 

BII− ER =
a ×

∫ εp
0 σdε + b −

∫ εp
εr

σdε − 1
/

2(εp − εu)
2
× E

a ×
∫ εp

0 σdε + b
(14)  

where E is the elastic modulus of the rock, εpis the axial strain at the peak 
strength, εris the axial strain at the beginning of the residual strength 
stage, εuis axial strain at which the residual unloading stress is 0. 

5.2. The accuracy and superiority of BII-ER 

In order to verify whether the improved BII-ER can judge the brit
tleness of rock accurately, the following data are calculated for the 
granite, shale and red sandstone in the triaxial cyclic loading and 
unloading compression test [31]. The stress-strain curves shown in 
Fig. 6, Fig. 8 and Fig. 12, and the calculations are listed in Table 5. The 
results show that the improved brittleness index BII-ER gradually de
creases as the confining pressure increases (Fig. 13). This is in line with 
the general law and shows that BII-ER can accurately judge the brittleness 
of rocks. 

To further verify the superiority of BII-ER, 11 existing energy-based 
rock brittleness indexes in Table 1 were compared. The BII-ER and 11 
brittleness indexes are used to judge the brittleness of tested shale to 
evaluate the judgment accuracy. The results of BII-ER and other brittle
ness indexes under different confining pressures are shown in Fig. 14. In 
fact, the brittleness index except BII-ER in Fig. 14 is more accurate in 
judging rock brittleness in specific fields, but there is no uniform stan
dard to measure its accuracy. Therefore, the standard that rock brittle
ness decreases with increasing confining pressure can be used to judge 
the accuracy of brittleness index. It can be observed that the brittleness 
index except BII-ER fluctuates with an increase in confining pressure, 
with no monotonic increase or decrease trend. In contrast, BIM− ER al
ways shows a decreasing trend with increasing confining pressure. 
Therefore, BII-ER has better superiority and accuracy. 

6. Conclusions 

To obtain the peak elastic strain energy more accurately, the linear 
energy storage law of rock under triaxial cyclic loading and unloading 
compression test was analyzed. The BIER was improved according to the 
linear energy storage law, and the reliability of the improved index BII-ER 
was verified by a series of data. The main conclusions are as follows:  

1. The triaxial cyclic loading and unloading compression test was 
conducted on shale. It was found that the linear energy storage law 
existed in the shale, that is, the elastic strain energy increased 

Fig. 11. The relationship between elastic strain energy, dissipative strain en
ergy and input strain energy of granite: (a) 10 MPa, (b) 20 MPa, and 
(c) 30 MPa. 
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Table 4 
Fitting function between elastic strain energy and dissipative strain energy of granite and red sandstone under different confining pressures.  

Rock variety Confining Pressure/MPa Relationship betweenUe
k ,Ud

kandUo
k R2 |b|/a(%)or|b|/c(%)

Red sandstone 0 Ue
k = 0.83414Uo

k − 0.0004  0.99  0.04 
Ud

k = 0.16586Uo
k + 0.0004  0.99  0.24 

10 Ue
k = 0.93256Uo

k − 0.0028  0.99  0.30 
Ud

k = 0.06744Uo
k + 0.0028 0.99  4.15 

20 Ue
k = 0.90746Uo

k + 0.0015  0.99  0.17 
Ud

k = 0.09254Uo
k − 0.0015 0.98  1.62 

30 Ue
k = 0.91029Uo

k + 0.0034  0.99  0.37 
Ud

k = 0.08971Uo
k − 0.0034 0.96  3.89 

Granite 10 Ue
k = 0.7275Uo

k + 0.0012  0.99  0.16 
Ud

k = 0.2725Uo
k − 0.0012  0.94  0.44 

20 Ue
k = 0.8688Uo

k − 0.0016  0.99  0.18 
Ud

k = 0.1312Uo
k + 0.0016 0.98  1.22 

30 Ue
k = 0.90789Uo

k − 0.0031  0.99  0.34 
Ud

k = 0.09211Uo
k + 0.0031 0.98  3.36  

Fig. 12. Granite stress-strain curves under triaxial cyclic loading and unloading: (a) 5 MPa, (b) 10 MPa, (c) 15 MPa, and (d) 30 MPa [31].  
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linearly with increasing input strain energy. The universality of the 
linear energy storage law was verified using the triaxial cyclic 
loading and unloading compression test curves in the published 
literature.  

2. The BIER is improved based on the linear energy storage law and 
named as BII-ER. The BII-ER is calculated by a series of stress-strain 
curves in the triaxial cyclic loading and unloading compression 
test. Compared with the 11 existing brittleness indexes, the BII-ER can 
evaluate rock brittleness more accurately. 
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