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,e elastic energy stored in deep rock in three-dimensional stress environment is the energy source of rockburst. To investigate the
energy storage characteristics of deep rock under different confining pressures, a series of triaxial single-cyclic loading-unloading
compression tests were conducted on red sandstone specimens under eight confining pressures. ,e input energy density, elastic
energy density, and dissipative energy density of the specimen in axial, circumferential, and total directions can be obtained by the
area diagram integration method. ,e results show that the input energy density in the axial direction accounts for the largest
logarithmic proportion of the total input energy density, and the relationship between all energy density parameters and
unloading level can be described by quadratic function. In the axial direction, there is a linear function relationship among elastic
energy density, dissipative energy density, and input energy density. In the circumferential direction, there is a quadratic function
relationship among elastic energy density, dissipative energy density, and input energy density. For the total energy density
parameters of the rock specimen, the relationship among elastic energy density, dissipative energy density, and input energy
density conforms to the quadratic function. According to the above correlation function, the elastic energy stored in deep rock
under different confining pressures can be accurately obtained, which provides a foundation for studying the mechanism of
rockburst under three-dimensional unloading from the energy perspective.

1. Introduction

With the development of deep engineering, more and more
rockburst disasters are encountered in the process of deep
rock excavation [1–6]. Rockburst is a kind of disaster caused
by the violent release of elastic energy stored in deep rocks
[4–11], and the elastic energy accumulated in deep rock
under high confining pressure is the energy source of
rockburst. Many researchers have analysed and predicted
rockburst from the perspective of energy [4, 10–16]. It is a
basic problem of rockburst research to accurately evaluate or
calculate the elastic energy of deep rocks under high stress in
one or three dimensions [17, 18]. Energy conversion is an
essential characteristic of material physical processes, which
runs through all stages of rock or rock mass deformation

[19–21]. ,e energy storage, dissipation, and release during
the rock deformation process are closely related to the
damage state [19, 22–32]. ,erefore, it is necessary to study
the internal mechanism of rock deformation from the
perspective of energy storage and dissipation. To date, a great
number of attempts related to the energy conversion of rock
materials have been carried out and some valuable
achievements have been achieved. Considering the uniaxial
compression tests, Li et al. [24] presented that the prepeak
absorbed strain energy, damage strain energy, and elastic
strain energy all increased with the increase of strain rate. On
the basis of uniaxial cyclic loading-unloading compressive
tests, Meng et al. [30, 31] investigated the characteristics of
energy accumulation and dissipation during rock defor-
mation and implied that with the increase of axial load stress,
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the total absorbed energy density increased the fastest,
followed by the elastic energy density, and the dissipative
energy density increased the slowest. Gong et al. [18, 25],
Luo and Gong [26, 27], and Yang et al. [28] researched the
characteristic of energy storage and dissipation in the
process of rock deformation and found that there are strong
linear relationships among elastic energy, dissipative energy,
and total input energy. Based on the triaxial compression
tests, Huang and Li [17] found that the initial confining
pressure had a significant influence on the prepeak con-
version rate of dissipative energy and elastic energy. Zhang
and Gao [33] studied the energy evolution of red sandstone
under different confining pressures and found that with the
increase of confining pressure, the energy storage limit of
rock increased in the form of power index.

Although the energy analysis method has been widely
applied to the field of rock deformation mechanism and
engineering owing to the superiority of making up the
shortcomings of classical elastoplastic mechanics theory
[31–35], there are few studies which focus on the rela-
tionships of elastic energy density, dissipative energy den-
sity, and input energy density under triaxial compression in
the aforementioned works. It is necessary to study the energy
storage and dissipation in the process of rock deformation.

In this paper, a series of triaxial single-cyclic loading-
unloading compression tests were conducted on red sand-
stone specimens under eight confining pressures. ,e area
graph integration method and stress-strain curve were
combined to calculate three kinds of energy density pa-
rameters (the elastic energy density, dissipative energy
density, and input energy density), and the relationships
among these three energy density parameters under different
axial or confining pressures in different directions were
investigated. ,e energy storage and dissipation charac-
teristics of red sandstone under triaxial compression were
also analysed. ,e research results help us to further un-
derstand the energy storage and dissipation characteristics in
triaxial compression tests with constant confining pressure.

2. Experimental Study and Methods

2.1. Specimen Preparation and Test Equipment. Red sand-
stone, which is from the city of Linyi in the Shandong
Province, was chosen for laboratory experiments. Cylin-
drical specimens obtained by drilling core were used in this
experiment. ,e diameter (D) and height (H) of the spec-
imens were 50mm and 100mm, respectively. All rock
specimens used for testing are integrated without cracks and
have good homogeneity. To reduce the experimental error,
the sides and end faces of all rock specimens were polished
smoothly. Meanwhile, the upper and lower end faces of all
rock specimens were parallel to meet the standards of the
International Society for Rock Mechanics (ISRM) standard
[35].

,ese experiments were carried out by MTS 815 elec-
trohydraulic servo rock mechanics testing machine (Fig-
ure 1). ,e testing machine consists of loading rack, servo
system control box, hydraulic pump, triaxial pressure
chamber, and data display screen. In the tests, the axial and

circumferential forces of rock specimens were obtained by
pressure sensors. Meanwhile, the axial and circumferential
strains of rock specimens were measured by the axial and
circumferential extensometers, respectively.

2.2. Test Scheme. To study the energy storage and dissipation
characteristics of red sandstone under triaxial compression,
triaxial single-cyclic loading-unloading compression
(TSCLUC) experiments under eight presupposed confining
pressures (5, 10, 15, 20, 30, 40, 50, and 60MPa) were
conducted. Considering that the loading-unloading paths
under each confining pressure are the same, the first ex-
periment, whose confining pressure was 5MPa, was used to
elaborate the experimental procedures. ,e detailed pro-
cedures can be shown in Figure 2.

Firstly, the forces of axial and circumferential directions
were applied on the red sandstone specimen at the rate of
0.1MPa/s simultaneously and the force was stopped when
the confining pressure reached the preset value of 5MPa.
Meanwhile, preset confining pressure value is regarded as
unloading point. ,en, all the forces applied to the specimen
were decreased to zero at the rate of 0.1MPa/s. Finally,
keeping the rock specimen at the confining pressure of
5MPa, displacement control was adopted to load on the rock
specimen at the rate of 0.1mm/min in the axial direction
until peak strength. For the other seven experiments, the
loading-unloading method was the same as the first
experiment.

2.3. Energy Calculation Method of +ree Energy Parameters.
According to the first law of thermodynamics, the total input
energy density, elastic energy density, and dissipation energy
density of rock materials in the process of stress and de-
formation satisfy the following relation [36]:

U � Ue + Ud, (1)

where U is the total input energy density produced by the
work of external force, Ud is the dissipative energy density
and used for the internal damage and plastic deformation of
rock unit, and Ue is the elastic energy density stored in rock
unit during the loading-unloading process, which is formed
in the stage of elastic strain of rock unit. After the external
force is removed, this part energy of rock can be recovered.

In conventional triaxial compression tests, the stress
state changes to biaxial compression; that is, σ2 � σ3. At this
time, the strain energy density absorbed by rock elements
can be expressed as

U �  σ1 dε1 + 2 σ3 dε3. (2)

Equation (2) can be interpreted as that the total work of
external force on rock element can be divided into axial and
circumferential parts in conventional triaxial tests.

To eliminate the influence of individual differences of rock
specimens on the experiment, energy density was adopted for
all three kinds of energy. ,e interrelation among the three
energy density parameters can be expressed as
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Ui � Uei + Udi,

Ui � UAi + UCi,

UAi � U
A
ei + U

A
di,

UCi � U
C
ei + U

C
di,

(3)

where Ui, Uei, and Udi are the total input energy density
(TIED), total elastic energy density (TEED), and total dis-
sipative energy density (TDED), respectively. UAi, UA

ei, and
UA

di are the axial input energy density (AIED), axial elastic
energy density (AEED), and axial dissipative energy density
(ADED), respectively. UCi, UC

ei, and UC
di are the circumfer-

ential input energy density (CIED), circumferential elastic
energy density (CEED), and circumferential dissipative
energy density (CDED), respectively. i is the axial or con-
fining pressure level.

,ree kinds of energy density parameters can be ob-
tained by area graph integration. ,e schematic diagram of
energy density parameters was shown in Figure 3. ,e
calculation method of circumferential energy density pa-
rameters is the same as that of axial energy density pa-
rameters.,erefore, taking the axial direction as an example,
the value of AIED was determined by the area between the
initial loading curve and the strain axis. ,e value of AEED
was determined by the area between the unloading curve and

the strain axis. Hence, the value of ADED at the unloading
pressure level was obtained by the difference between the
AIED and the corresponding AEED.

3. Stress-Strain Curves of Rock Specimens

Under the action of external force, rock will undergo
continuous deformation and even failure when the forces
reach the failure strength of rock specimen. In this process,
the force and deformation of the rock can be detected by the
sensors of the test system. Figure 4 shows the stress-strain
curves of red sandstone under eight confining pressures.,e
deformation process of red sandstone can be divided into
two stages: initial compaction stage and elastic deformation
stage. In the initial compaction stage, the microcracks and
pores in the rock were compacted under the action of ex-
ternal force. At this stage, the rock hardly deformed after the
external force was removed. In the elastic deformation stage,
the microcracks in the rock began to develop. ,e defor-
mation in the elastic stage is generally recoverable. Because
the rock is not an ideal elastic body, the residual deformation
will occur after the external force is removed in the elastic
stage. To compare the difference between the circumferential
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Figure 1: MTS 815 experimental system.
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Figure 2: Diagram of triaxial loading-unloading segment.
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Figure 4: Continued.
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and axial stress-strain curves, the stress-strain curves under
the confining pressure of 5 and 10MPa were analysed. It can
be found from Figures 4(a) and 4(c) that the area enclosed by
the initial loading line and unloading line was little when the
axial pressure is 5 and 10MPa, which shows that there is
little energy dissipation in the axial direction when axial
pressure is little. However, as noted in Figures 4(b) and 4(d),
at the same stress level, with the increase of confining
pressure in the circumferential direction, the dissipative
energy density becomes larger and larger, showing a dif-
ferent trend of energy change from the axial direction. ,e
reason why this phenomenon appeared was that circum-
ferential surface area is large and producing the same de-
formation needs more work. It can be seen from
Figures 4(b), 4(d), 4(f ), 4(h), 4(j), 4(l), 4(n), and 4(p) that as
the confining pressure increases from 5 to 60MPa, the
dissipative energy density decreases more and more obvi-
ously. Meanwhile, it can be found from Figure 4(p) that the
area of the unloading line and the strain axis representing the
circumferential elastic energy density has exceeded the area
of the initial loading line and unloading line representing the
circumferential dissipative energy density, which means that
in the circumferential direction, the energy dissipation is
greater than the storage at the initial stage, and with the
increase of confining pressure, the energy storage is greater
than the dissipation.

4. Test Results

4.1. Energy Storage and Dissipation Characteristics of Red
Sandstone in the Axial Direction. According to the stress-
strain curves of red sandstone specimens, three energy
density parameters in different directions under eight
confining pressures were obtained by area diagram inte-
gration.,e detailed parameters of the three energy densities
are listed in Tables 1–3, respectively.

Figure 5 displays the variation curves of AIED, AEED,
and ADED (the coordinate point (0, 0) was adopted to

rectify the deviation in Figures 5–10). As presented in
Figure 5, three kinds of energy density parameters increased
with the increasing of axial pressure, and they all obeyed the
quadratic function. ,e growth rate of AIED is greater than
that of AEED, and the growth rate of AEED is greater than
that of ADED, whichmanifests the fact that energy storage is
greater than energy dissipation in axial direction. ,e
growth curve of AEED is close to the curve of AIED and the
curve of ADED is far from the curve of AIED, which in-
dicates that with the increasing of axial pressure, energy
storage is dominant in the axial direction. Figure 6 showed
the relationship between AEED, ADED, and AIED. ,e
AEED and ADED increased linearly with the AIED, whose
correlation coefficients were 0.9989 and 0.9800, respectively.
,is linear relationship is consistent with that obtained by
Sepehri et al. [14, 18, 25, 26, 37] in other types of
experiments.

4.2. Energy Storage and Dissipation Characteristics of Red
Sandstone in the Circumferential Direction. As shown in
Figure 7, the variation curves of CIED, CEED, and CDED
under eight confining pressures follow the quadratic func-
tion. Compared to the axial direction, the growth trend of
CEED and CDED is different. Before the confining pressure
of 50MPa, the growth of the CDED is greater than that of the
CEED. When the confining pressure is 50–60MPa, the
growth of the CEED is greater than that of the CDED. ,is
shows that the confining pressure of 50MPa is the turning
point of the energy from dissipation to accumulation in
circumferential direction. ,e reason why this phenomenon
appeared was that the confining effect of circumferential
force on rock deformation is less than the compression of
axial force on rock when the confining pressure is less than
50MPa. In this case, due to the axial compression, micro-
cracks and pores in the rock develop rapidly in the cir-
cumferential direction, and the energy dissipation in the
circumferential direction is greater than the energy storage.
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Figure 4: Stress-strain curves of eight confining pressures in TSCLUC tests. (a), (c), (e), (g), (i), (k), (m), and (o) axial loading-unloading
curves and (b), (d), (f ), (h), (j), (l), (n), and (p) circumferential loading-unloading curves. (a)ia � 5MPa, (b) iC � 5MPa, (c) ia � 10MPa, (d)
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iC � 40MPa, (m) ia � 50MPa, (n) iC � 50MPa, (o) ia � 60MPa, and (p) iC � 60MPa.
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However, with the increase of confining pressure, the
confining effect of circumferential force on rock is greater
than the compression of axial force on rock.,emicrocracks
in the rock begin to close under the action of external force,
and the storage of circumferential energy is gradually greater
than the dissipation. Figure 8 implies the relationships
between CEED, CDED, and CIED. ,e CEED and CDED
increase exponentially with the CIED. ,eir correlation
coefficients are more than 0.99, which has a very strong
correlation. As noted in Figure 7, circumferential energy
density variation characteristics show that the energy dis-
sipation dominates in the circumferential direction when the
confining pressure is less than 50MPa.

4.3. Energy Storage and Dissipation Characteristics of Red
Sandstone in the Total Direction. Similar to the character-
istics of Figure 7, Figure 9 shows that the variation trend of
three energy density parameters in the total direction. ,e
TIED increased in the form of quadratic function with the
increase of stress level, whose correlation coefficient is

0.9963. ,e TEED and TDED also obeyed the relationship
and their correlation coefficients are 0.9968 and 0.9888,
respectively. However, before the stress level is 20MPa, the
TDED is higher than the TEED. When the stress level is
20–60MPa, the TDED is lower than the TEED. ,e reason
why this phenomenon appeared is that the increase degree of
the TDED is greater than that of the TEED before the stress
level of 20MPa. It can be found from Figure 10 that the
quadratic function growth relationships of the TEED and
TDED with the increasing of TIED in the total direction
were found. ,e growth rate of TEED is higher than that of
TDED, which demonstrates that the energy storage plays a
dominant role in triaxial compression tests with constant
confining pressure.

5. Discussion

Although rock is a kind of inhomogeneous material with
joints and fissures, there is a certain regularity of energy
transformation under triaxial compression. In the axial
direction, there is a good linear relationship between the

Table 1: ,ree energy density parameters of red sandstone specimens in the axial direction.

Specimen ID Axial pressure (MPa)
In the axial direction

AIED (mJ/mm3) AEED (mJ/mm3) ADED (mJ/mm3)
S-T-1 5 0.0013 0.0010 0.0003
S-T-2 10 0.0042 0.0029 0.0013
S-T-3 15 0.0080 0.0055 0.0025
S-T-4 20 0.0118 0.0092 0.0026
S-T-5 30 0.0227 0.0174 0.0053
S-T-6 40 0.0345 0.0291 0.0054
S-T-7 50 0.0485 0.0394 0.0091
S-T-8 60 0.0735 0.0587 0.0148

Table 2: ,ree energy parameters of red sandstone specimens in the circumferential direction.

Specimen ID Confining pressure (MPa)
In the circumferential direction

CIED (mJ/mm3) CEED (mJ/mm3) CDED (mJ/mm3)
S-T-1 5 0.0020 0.0006 0.0014
S-T-2 10 0.0077 0.0018 0.0059
S-T-3 15 0.0118 0.0032 0.0086
S-T-4 20 0.0170 0.0047 0.0123
S-T-5 30 0.0268 0.0084 0.0184
S-T-6 40 0.0395 0.0178 0.0217
S-T-7 50 0.0464 0.0227 0.0237
S-T-8 60 0.0648 0.0363 0.0285

Table 3: ,ree energy parameters of red sandstone specimens in the total direction.

Specimen ID Stress level (MPa)
In the total direction

TIED (mJ/mm3) TEED (mJ/mm3) TDED (mJ/mm3)
S-T-1 5 0.0033 0.0016 0.0017
S-T-2 10 0.0118 0.0047 0.0071
S-T-3 15 0.0197 0.0086 0.0111
S-T-4 20 0.0286 0.0139 0.0147
S-T-5 30 0.0493 0.0258 0.0235
S-T-6 40 0.0734 0.0467 0.0267
S-T-7 50 0.0944 0.0622 0.0322
S-T-8 60 0.1375 0.0946 0.0429
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AEED, ADED, and AIED, which is consistent with the
findings of Gong et al. [18] under uniaxial compression. In
the circumferential direction, there is a quadratic relation-
ship between the CEED, CDED, and CIED. Due to the
influence of circumferential energy transformation, TEED
and TDED have a quadratic relationship with TIED, which
provided a method for accurately estimating the energy
parameters of deep rock under high confining pressure.
Accurately obtaining the elastic energy of rock under three-

dimensional high stress state is the basis and premise of
evaluating rockburst intensity. According to the above
correlation function, the elastic energy stored in deep rock
under different confining pressures can be calculated ac-
curately. On this basis, the three-dimensional high stress
unloading test will be continued in the follow-up research.
,e intensity of rockburst can be accurately and quantita-
tively evaluated by analysing the energy released in the
unloading process of high-energy-storage rock.

AIED
AEED
ADED

0
0.00

0.02

0.04

0.06

0.08

UAi = 2E – 05ia
2 + 0.0002ia + 0.0004

R2 = 0.9967

UA
ei = 1E – 05ia

2 + 0.0002ia − 7E – 05
R2 = 0.9978

UA
di = 3E – 06ia

2

+ 3E – 05ia + 0.0005
R2 = 0.9657

En
er

gy
 d

en
sit

y 
(m

J/m
m

3 )

10 20 30
Axial pressure (MPa)

40 50 60

Figure 5: Variation curves of three energy density parameters
under eight axial pressures.

0.00
0.00

0.01

0.02

0.03

0.04

0.05

0.06

0.02 0.04
AIED (mJ/mm3)

En
er

gy
 d

en
sit

y 
(m

J/m
m

3 )

0.06 0.08

UA
ei = 0.8106UAi − 0.0003

R2 = 0.9989

UA
di = 0.1894UAi + 0.0003

R2 = 0.9800

AEED
ADED

Figure 6: Relationships between AEED, ADED, and AIED.

CIED
CEED
CDED

0 10 20 30
Confining pressure (MPa)

40 50 60

En
er

gy
 d

en
sit

y 
(m

J/m
m

3 )

0.00

0.02

0.04

0.06

0.01

0.03

0.05

0.07

0.08
UCi = 5E – 06ic

2 + 0.0007ic – 0.0006
R2 = 0.9948

UC
di = –4E – 06ic

2 + 0.0007ic − 0.0009
R2 = 0.9921

UC
ei = 9E – 06ic

2

+ 2E – 05ic + 0.0004
R2 = 0.9924

Figure 7: Variation curves of three energy density parameters
under eight confining pressures.

0.00 0.02 0.04
CIED (mJ/mm3)

0.06

CEED
CDED

0.00

0.01

0.02

0.03

0.04

En
er

gy
 d

en
sit

y 
(m

J/m
m

3 ) UC
di = –5.3742U2

Ci + 0.7767UCi + 0.0002
R2 = 0.9955

UC
ei = 5.3742U2

Ci + 0.2233UCi – 0.0002
R2 = 0.997

Figure 8: Relationships between CEED, CDED, and CIED.

8 Shock and Vibration



6. Conclusions

A series of TSCLUC tests of red sandstone under eight
confining pressures were conducted. ,e area graphic in-
tegration method was adopted to calculate the energy
density parameters in different directions. ,e relationships
of elastic energy density, dissipative energy density, and
input energy density under different axial or confining
pressures were analysed. ,e conclusions can be derived as
follows.

(1) ,ere is a strong linear relationship between the axial
elastic energy density, the axial dissipative energy
density, and the axial input energy density under
triaxial compression. Energy storage dominates in

the axial direction. With the increasing of axial
pressure, the growth rate of axial input energy
density is greater than that of axial elastic energy
density, and the growth rate of axial elastic energy
density is greater than that of axial dissipative energy
density.

(2) Circumferential elastic energy density and circum-
ferential dissipative energy density have a quadratic
function relationship with circumferential input
energy density under triaxial compression.When the
confining pressure is less than 50MPa, the growth
rate of circumferential dissipative energy density is
greater than that of circumferential elastic energy
density. At this time, the energy dissipation is the
main direction. When the confining pressure is
between 50 and 60MPa, the growth rate of the
circumferential dissipative energy density is smaller
than that of the circumferential elastic energy
density.

(3) Similar to the circumferential direction, the rela-
tionship between the total elastic energy density and
the total input energy density presents a quadratic
function. By using the above relationship, the elastic
energy stored in deep rock under three-dimensional
stress environment can be accurately calculated as
long as the total input energy is known, which
provides a new method for accurately estimating the
elastic energy of deep rock under different confining
pressures. ,e above results provide a possibility to
study the mechanism of rockburst induced by
unloading of three-dimensional high-energy-storage
rock from the perspective of energy.
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