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To explore the influence of confining pressure on the energy evolution characteristics of loaded rocks, triaxial cyclic loading-
unloading experiments on sandstones were carried out under 6 kinds of confining pressures using the axial loading and
circumferential deforming control modes. Total energy density, elastic energy density, and dissipated energy density absorbed
by rock specimens under different confining pressures were obtained. The confining pressure effect of the evolution process and
distribution law in energy accumulation and dissipation was analyzed. Energy conversion mechanism from rock deformation to
failure was revealed, and energy conversion equations in different stress-strain stages were established.Themethod of representing
the rock energy accumulation, dissipation, and release behaviors by energy storage limit density, maximum dissipated energy
density, and residual elastic energy density was established. The rock showed that, with the increase of confining pressure, the
characteristic energy density of rock increased in the power exponent form, and the energy storage limit density increased
faster than the maximum dissipated energy density. The greater the confining pressure was, the greater the proportion of elastic
energy before peak was. It is indicated that the confining pressure increased the energy inputting intensity, improved the energy
accumulating efficiency, and inhibited the energy releasing degree.

1. Introduction

According to the laws of thermodynamics, energy conversion
is an essential characteristic of material physical processes.
In the final analysis, rock failure is a state instability phe-
nomenon driven by energy [1], and the dynamic failure of
rock is a result of the rapid release of elastic energy aggregated
inside a rock when failure reaches the intensity limit [2–
4]. Energy evolution runs through the entire process of
rock deformation and failure. The outside world often inputs
energy to rock in the form of mechanical energy, part of
which is transformed into elastic energy to accumulate in the
rock and the rest of which dissipates in the forms of damage
energy and plastic energy that cause structural changes in
the rock material. When a rock reaches its intensity limit,
the elastic energy in it is released and transformed into the

kinetic energy of rock fragments. Studying the laws of rock
deformation and failure from the perspective of energy is
closer to the essence of its failure. This approach can enrich
and deepen understanding of the mechanical behavior of
loading rock and promote research on rock burst, large-area
roof weighting, coal and gas outburst, and other coal and rock
dynamic disasters.

From the perspective of mechanics, the deformation and
failure of rock is actually a process from local dissipation
to local failure and finally to overall catastrophe. From the
perspective of thermodynamics, the deformation, failure, and
catastrophe process is an irreversible process of energy dissi-
pation, including energy dissipation and energy release. Rock
deformation and failure is the comprehensive result of energy
dissipation and release. Energy dissipation damages rock and
results in lithologic deterioration and loss of strength. Energy
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release is the internal reason for the sudden overall failure of
rock. In the process of rock deformation and failure, energy
plays a fundamental role. The unstable failure of rock is
the result of sudden energy release from the rock, which
is catastrophic energy dissipation under certain conditions.
Therefore, it is of prime significance to study the energy state
during the entire process of rock deformation and failure [5–
8]. In terms of the energy evolution law for loading rock,
studies mainly use rock mechanics experiments to obtain the
varying regularity of elastic energy and the dissipated energy
in rock in different stages of deformation and failure and to
analyze correlations between regularity and rock mechanics
behavior.

In recent years, scholars have conducted much research
by experimental means and gained a preliminary under-
standing of the energy evolution law for loading rock. They
have also achieved certain research progress in describing
the deformation and failure behavior of rock through energy
analysis. For example, Tsoutrelis and Exadaktylos analyzed
the energy characteristics of rock before the peak based on
uniaxial and triaxial rock compression experiments in the
lab [9]. Gaziev proposed that the failure of the unit cell
does not begin until the shape change reaches a limiting
value and that continuous accumulation of total strain energy
is a necessary condition for material failure [10]. Holcomb
noted that the stress-strain curve of rock was characterized
by nonlinearity, hysteresis, discrete memory, and energy
dissipation under uniaxial cyclic loading [11]. Tutuncu et
al. studied the mechanical behavior of sedimentary rock
under uniaxial cyclic stress and found that the plastic-loop
characteristic of the stress-strain curve was correlated with
the frequency of load application and the strain amplitude
and that it affected accumulation and dissipation of rock
energy [12, 13]. Wong et al. studied the mechanical behavior
characteristics of rock under dynamic loading and revealed
the failure law of rock [14, 15]. Deng et al. conducted dynamic
uniaxial compression experiments on granite and sandstone
at 5 different impact speeds using a Split-Hopkinson Pressure
Bar (SHPB) test device and revealed energy dissipation
characteristics of rock dynamic deformation and failure [16].
Li et al. studied energy dissipation characteristics of rock
under cycling impact and established a relationship between
the accumulated absorption energy of rock per unit volume
under cycling impact load and the size of rock broken
[17]. Zhang et al. researched the distribution law of the
impact loading rate on energy dissipation and release of
gabbro andmarble [18]. Xie et al. performed thermodynamic
analysis of the rock deformation and failure process, revealed
the internal relationship between rock failure and energy
accumulation and release, defined concepts of unit dissipated
energy, releasable strain energy, strength loss, and overall
failure, and established rock strength and an overall failure
criterion based on an energy dissipation and release principle
[1]. Li et al. did uniaxial compression experiments on coarse-
grained rock under different strain rates, revealed the influ-
ence of the loading strain rate on strain energy dissipation
and release of the rock, discussed the energy mechanism
of the rock failure evolution, and indicated that when there
was more dissipated energy under uniaxial compression

before the peak and higher strength, the releasable elastic
strain energy and release speed after peak were greater,
the extensional penetrating rupture feature of rock was
stronger, and the number of broken blocks was greater;
energy dissipation caused rock failure, and strength loss and
energy release led to macroscopic failure surface penetration
and overall rock failure [19]. Gao et al. conducted uniaxial
cyclic loading-unloading experiments on red sandstone and
revealed the nonlinear characteristic of rock energy evolution
under uniaxial compression experimental conditions [20].
Meng et al. performed uniaxial compression experiments and
uniaxial loading-unloading experiments on red sandstones
under different sizes and loading rates using an MTS 815
rock mechanics test system, provided a rock energy cal-
culation method using the cyclic loading-unloading stress-
strain curve, obtained total absorbed energy, elastic energy,
and dissipated energy of rock under different sizes of rock
specimens and loading rates, and revealed the evolution and
distribution law of energy accumulation and dissipation of
rock before the peak in the process of rock deformation and
failure [21, 22]. Hua and You analyzed the source of rock
energy release in the unloading failure process and noted
that unloading failure was caused by the release of a large
amount of elastic energy aggregated before rock unloading
[23]. Peng et al. analyzed the damage evolution behavior and
the dissipated energy characteristics of coal through triaxial
compression experiments on coals under 5 types of confining
pressures and defined the damage variable based on energy
analysis and its evolution law [24]. Yang et al. conducted
triaxial compression experiments on tight sandstone to ana-
lyze the relationships among elastic energy density, dissipated
energy density, and confining pressure [25]. Ju et al. studied
the influence of porosity on rock energy dissipation and
the energy dissipation situation during critical rock failure
through methods of experiment and numerical simulation
[26]. Under the same impact rate, with an increase of porosity
of the rock, the energy dissipated by the rock increased,
and the energy dissipated by critical failure decreased. Rock
energy dissipation reflected internal damage and failure of
rock to a certain extent. Song et al. studied the correlation
between dissipated energy and electromagnetic radiation in
the damage and failure process of coal [27].

In general, the research work noted above greatly pro-
motes the development of rock energy theory, but it mainly
focuses on energy characteristics at the yield point and peak
point, before the peak or at other particular stages, and
research on energy evolution throughout the rock defor-
mation and failure process and its distribution law is not
sufficient. In particular, research on the confining pressure
effect of absorbed energy, aggregated energy, dissipated
energy, and released energy after peak is not extensive.
Thus, this paper describes triaxial cyclic loading-unloading
experiments under 6 types of confining pressures to obtain
the evolution regularity of elastic energy and dissipated
energy in the entire process of rock deformation and failure
(including stages before and after the peak of the stress-
strain curve), to reveal the confining effect of rock energy
accumulation, dissipation, and release characteristics, and
to provide both a theoretical foundation for studying the
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damage and failure mechanism of rock from the perspective
of energy and guidance for forecasting the failure process
in rock engineering and for studying the dynamic disaster
mechanism of coal and the corresponding prevention strat-
egy.

2. Energy Calculation Method
and Experimental Scheme for Rock
Triaxial Loading

2.1. Strain Energy Density Calculation of the Triaxial Loaded
Rock. The first law of thermodynamics states that thermal
energy can be transferred, its form can be transformed, and
the total energy in various forms is constant in the process of
transfer and conversion. In the entire process of rock defor-
mation and failure, rock continuously exchanges energy with
the external environment, namely, thermal energy exchange
and mechanical energy exchange. The thermal energy can
be transformed into internal energy to cause an increase
in rock temperature, resulting in temperature deformation.
The potential energy is produced in the case of boundary
conditions such as nonuniform temperature deformation or
limited temperature deformation. The energy input from
outside is mainly mechanical energy (work on the rock
specimen performed by the tester). It is transformed into
elastic deformation energy stored during elastic deformation,
damage energy (surface energy) during cracking, and rock
block kinetic energy, frictional heat energy, all types of
radiant energy, and others after unstable failure.

According to the first law of thermodynamics,

𝑈 = 𝑄 +𝑊. (1)

In the formula, 𝑈 is the internal energy increment of the
system, J; 𝑄 refers to the heat exchange between the system
and the environment, J; and𝑊 is the work exchange between
the system and the environment, J.

For the triaxial experiments on rock, work was done
on the rock specimen by the tester from the loading of
a hydrostatic stress state (𝜎1 = 𝜎2 = 𝜎3). After the
hydrostatic stress state was achieved, the axial stress 𝜎1 in
compression constantly worked on the rock specimen. In
the circumferential direction, due to expansion deformation,
the confining pressure 𝜎3 did negative work on the rock
specimen. In other words, after the hydrostatic stress state,
the rock specimen absorbed energy in axial compression
deformation and dissipated energy in circumferential expan-
sion deformation. Therefore, if heat exchange between the
rock system and the environment is not considered, the total
energy 𝑢0 of the rock specimen in the experimental process
can be expressed as

𝑢0 = 𝑢01 + 𝑢02 + 𝑢03, (2)

where 𝑢01 is the absorbed energy in rock compression under
the axial stress 𝜎1; 𝑢02 is the dissipated energy in rock
expansion under the confining pressure 𝜎3; and 𝑢03 is the
absorbed energy of the rock specimen in the hydrostatic

stress state. The energy 𝑢03 can be solved according to elastic
mechanics:

𝑢03 = 12𝜎1𝜀
𝑒

1 + 12𝜎2𝜀
𝑒

2 + 12𝜎3𝜀
𝑒

3 = 3 (1 − 2𝜇)2𝐸 (𝜎3)
2 , (3)

where 𝐸 is the elastic modulus, MPa; 𝜇 is Poisson’s ratio.
Thus, from the initial state of the rock specimen to loading

to the hydrostatic stress state, there was also energy evo-
lution within the rock specimen. During the axial loading-
unloading stages under fixed confining pressure after the
hydrostatic stress state, the rock also dissipated energy in the
direction of the confining pressure. Since the experiment did
not consider the condition of unloading confining pressure,
the evolution of the circumferential rock energy was limited.
At the same time, considering that quantities of energy
compositions were small and did not directly cause failure of
the rock specimen, the analysis in this paper ignores energy
evolution behavior in these two aspects.The energy evolution
of loading rock was roughly divided into 4 processes, namely,
energy input, accumulation, dissipation, and release. Since
many types of energywere involved, it was difficult tomonitor
the evolution process of each type of energy. Considering
the reversibility of elastic energy and the irreversibility of
dissipated energy, this paper presented systematic research
on elastic energy and dissipated energy only. In addition,
energy density calculated in the paper referred to input,
accumulation, dissipation, and release of axial energy density,
which was calculated from applying axial pressure after the
hydrostatic stress state.

Considering the deformation of a rock unit under the
effect of an external force, it was assumed that there was no
heat exchange with the outside world during the physical
process. In other words, it was a closed system. According to
the law of conservation of energy,

𝑢0 = 𝑢𝑒 + 𝑢𝑑, (4)

where 𝑢0 is the total energy absorbed by the rock, namely,
the external energy input (work done on the rock by an
external force); 𝑢𝑒 is the elastic energy aggregated in the rock;
and 𝑢𝑑 is the energy dissipated by the rock in the loading
process, which is mainly used for internal damage and plastic
deformation.

A rock is a type of natural geological material containing
microcracks, porosity, joints, and other defects that lead to
imperfect elasticity during rock deformation. Figure 1 shows
a typical stress-strain curve for a rock in triaxial cyclic
loading-unloading experiments. The figure shows that when
unloading after loading to a certain stress level, the unloading
curve does not coincide with the loading curve. It is lower
than the original loading curve rather than following its
path, forming a closed plastic loop (closed-loop curve). The
formation of a plastic loop reflects work done for internal
crack formation, extension, and crack closure friction of the
rock specimen under loading. In other words, the area of the
plastic loop reflects the amount of energy dissipated from the
rock.

In accordance with the opinion that elastic energy is
reversible and the rock stress-strain curve characteristics in
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Figure 1: A complete stress-strain curve of the red sandstone
specimen during the triaxial cyclic loading-unloading compression
(𝜎3 = 10MPa).
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Figure 2: Variation of the elastic energy density and the dissipated
energy density per unit rock volume under loading-unloading
conditions.

a triaxial cyclic loading-unloading experiment, the elastic
energy and dissipated energy can be calculated from the rock
loading-unloading stress-strain curve. The energy released
after unloading can be regarded as elastic energy aggregated
by the rock at a stress level during unloading, and the
value reduced relative to total energy absorbed by the rock
during loading is the dissipated energy of the rock at a stress
level. The correlation between elastic energy density 𝑢𝑒𝑖 and
dissipated energy density 𝑢𝑑𝑖 in a unit volume of loading-
unloading curves at stress level 𝜎 is shown in Figure 2.

The area under the loading curve in a triaxial cyclic
loading-unloading stress-strain curve is the energy density
absorbed by the rock specimen, namely, the work done
by the tester on the rock specimen. The area under the
unloading curve is the elastic energy density released by
the rock specimen, namely, the recoverable strain energy

Table 1: Triaxial cyclic loading-unloading experimental schemes of
sandstone specimens.

𝜎3 (MPa) Rock specimens
0 U-1#, U-2#, U-3#
5 1#, 2#, 3#
10 4#, 5#, 6#
15 7#, 8#, 9#
20 10#, 11#, 12#
25 13#, 14#, 15#
30 16#, 17#, 18#

released by the rock specimen after unit unloading. The
absorbed energy density minus the elastic energy density
is the dissipated energy density, namely, the area between
loading and unloading curves, which is used for failure and
elastic deformation inside the rock unit.

𝑢𝑒𝑖 = ∫
𝜀


𝜀
𝜎𝑖𝑑𝜀𝑖,

𝑢𝑑𝑖 = ∫
𝜀


0

𝜎𝑖𝑑𝜀1 − ∫
𝜀


𝜀
𝜎𝑖𝑑𝜀𝑖.

(5)

In the formula, 𝜎 is the stress at any point on the
stress-strain curve, MPa; 𝜀 is the strain corresponding to
𝜎, mm/mm; and 𝜀 is the strain when 𝜎 is unloaded to 0,
mm/mm.

2.2. Experimental Equipment and Methods. To reveal the
influence of confining pressure on rock energy evolution, the
triaxial cyclic loading-unloading experiments on red sand-
stone specimens under six groups of confining pressures (5,
10, 15, 20, 25, and 30MPa) were carried out.The experimental
scheme was detailed in Table 1.

The overall cyclic loading-unloading process was con-
trolled by the MTS 815 rock mechanics test system with the
axial loading and circumferential deforming controlmethods
(as shown in Figure 3).The systemwas composed of a loading
system, a testing system, and a control system. With several
different control modes, including axial stress control, axial
stroke control, axial strain control, and circular strain control,
this facility can meet the requirements of various experimen-
tal designs. To eliminate environmental noise, the noise level
of the loading system was tested beforehand, and a digital
filter was implemented during data acquisition. The servo
sensitivity, strain loading rate, and the minimum sampling
interval for the MTS 815 system were 290Hz, 10−7–10−2/s,
and 50 𝜇s, respectively. At the initial stage, the axial loading
control method was used for the constant gradient loading
and unloading with 20 kN as a cycle. Axial loading and
unloading rates were 0.5 kN/s and 2.0 kN/s, respectively.
The confining pressure remained the same at the unloading
stage. To prevent the sudden failure of rock specimens when
being unloaded at the peak or after the peak, when the load
reached to 80% of the peak intensity, the loading mean was
converted into the circumferential deforming control. The
circumferential loading rate was 0.001mm/s. The increment
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(a) (b)

(c) (d)

Figure 3: The MTS 815 rock mechanics test system applied in rock mechanical experiments. (a) Confining device. ((b) and (c)) Installation
of rock specimens. (d) Rock failure after triaxial compression.

of every circumferential loading point is 0.2mm. The axial
loading rate was 2.0 kN/s. Experiment was terminated until
reaching the residual strength.

According to the experimental need, the specific steps
were as follows: (1) preparation: numbering the rock spec-
imens, measuring the diameters, heights, and weights, cov-
ering the thin heat-shrinkable tube surrounding rock speci-
mens, wrapping them uniformly with the waterproof tap to
prevent rock specimens from the hydraulic oil, and finally
placing the rock specimens in the triaxial pressure chamber;
(2) loading to the preset confining pressure value according
to the hydrostatic stress, resetting the axial displacement and
circumferential displacement and then starting the loading
experiment following the design scheme; and keeping the
confining pressure unchanged during unloading process; (3)
experimental path: 0→ 20 kN→ 0→ 40 kN→ 0→ 60 kN→
0→ 80 kN→ 0→ 100 kN→ 0→ 120 kN→ 0→ 140 kN→
0→ ⋅ ⋅ ⋅ → 𝜎80% (load reaches 80% of the peak intensity; the
circumferential deformation is d0)→ 0→ d0 + 0.2mm→ 0

→ d0 + 0.4mm→ 0→ d0 + 0.6mm→ 0→ ⋅ ⋅ ⋅ → residual
strength (experiment ended).

3. Rock Energy Evolution and
Distribution Law under Triaxial Cyclic
Loading-Unloading Conditions

3.1. Energy Evolution Law of the Triaxial Loaded Rock Spec-
imens. The total absorbed energy density, elastic energy
density, and dissipated energy density of rocks under different
confining pressures can be calculated according to the rock
energy calculation formula and the stress-strain curve from
triaxial cyclic loading-unloading processes to reveal the
influence of the confining pressure on the energy evolution
law of rock specimens. The stress-strain and energy density-
strain curves of rock specimens under uniaxial cyclic loading-
unloading conditions are shown in Figure 4, the energy
density-strain curves of rock specimens under triaxial cyclic
loading-unloading conditions are shown in Figure 5, and
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Figure 4: The stress-strain relationship and the energy density-strain relationship of red sandstone specimens under the uniaxial cyclic
loading-unloading compressions.

the energy density-strain curves of rock specimens under
different confining pressures are shown in Figure 6.

From Figures 4 and 5, (1) before the peak, during uni-
axial cyclic loading-unloading (𝜎3 = 0MPa), when the load
reached the stress peak, the stress-strain curves decreased
sharply; rock specimens experienced sudden failure and
instability and lost bearing capacity in a short time. As a
result, there was no time to record test data. When confining
pressure was applied (𝜎3 > 0MPa), before the peak, the
energy evolution behavior of the rock was similar to that
in the uniaxial cyclic loading-unloading experiment. The
absorbed total energy density, aggregated elastic energy
density, and dissipated energy density of rock specimens all
increased with the increase of axial strain. The tester contin-
ually transferred mechanical energy to the rock specimens.
The rock specimens aggregated energy on one hand and
dissipated energy to cause changes in their own structures
on the other hand. The aggregated elastic energy of rock
specimens increased faster than the dissipated energy, indi-
cating that, before the peak, the energy behavior of the rock
was mainly reflected as energy accumulation with elastic
energy dominant. The elastic energy increased slowly at
first and rapidly later. It increased slowly at the compaction
stage of initial loading. This behavior occurred because
primary pores in rock specimens were compressed, leading
to small initial stiffness (initial elastic modulus) and low
efficiency of energy conversion. The release of elastic energy
and the increase of dissipated energy caused a reduction in
the energy storage capacity of the rock specimens so that
rock deformation increased gradually and tended to failure.
When rock specimens were about to fail, the dissipated
energy increased rapidly, and the elastic energy increased
more slowly, which indicated that the rock structure was

changed and that internal crack extension and connection
phenomena were clear. (2) After the peak, connection and
extension microcracks and the formation process of macro
failure surfaces in rock specimens promoted the conversion
of elastic energy stored in them into other forms of energy
to be dissipated and released, which caused a rapid decrease
of the elastic energy density and a significant increase of the
dissipated energy density. As a result, the dissipated energy
density gradually exceeded the elastic energy density until
dissipated energy was dominant. Their change curves had
peaks. The peak of elastic energy occurred earlier than that
of dissipated energy. With the increase of the failure degree
of rock specimens during loading and the development to a
residual phase, both elastic energy and dissipated energywere
at low levels.

According to Figure 6, (1) before the peak, the elastic
energy density-strain curves under different confining pres-
sures changed consistently. They increased with the increase
of the loading level until reaching the peak of elastic energy
density (the storage limit of the rock). Then, they decreased
to small values after the peak. With the increase of the
confining pressure, the slopes of the elastic energy density-
strain curves before the peak showed a trend of increase,
indicating that confining pressure improved the efficiency
of energy accumulation. (2) Before the peak, the dissipated
energy density-strain curves under different confining pres-
sures changed consistently. With the increase of the loading
level, they increased slowly. When the specimen was close
to failure, the dissipated energy increased dramatically to
form a peak point, characterizing the occurrence of a macro
fracture. It decreased to a small value after the peak. With
the increase of confining pressure, the slopes of the dissipated
energy density-strain curves before the peak showed a trend
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Figure 5: Relationships of the rock energy density and the strain under triaxial cyclic loading-unloading compressions.
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Figure 6: Relationships of the rock energy density and the strain under different confining pressure conditions.

of decrease, indicating that the confining pressure reduced
the degree of energy release.

To quantitatively describe the effect of confining pressure
on rock energy evolution, three characteristic energy density
parameters were proposed. The maximum elastic energy
density (peak) was defined as the energy storage limit of the
rock, which was used to characterize the capacity of the rock
to accumulate elastic energy. The greater the energy storage
limit of the rock was, the less susceptible it was to damage
due to the drive of energy. The residual value after the great
release of elastic energy density for the first time after the peak
was the residual elastic energy density, which was used to
characterize the capacity to release elastic deformation energy
after the peak. The greater the residual elastic energy density
was, the less thoroughly the rock energy was released. The
maximum value of the dissipated energy density was defined
as themaximumdissipated energy density, whichwas used to
characterize the energy dissipation capacity of the rock. The
greater themaximumdissipated energy densitywas, themore
susceptible the rock was to suffer damage and plastic slip,
thereby reducing its energy storage limit. The average of the
three characteristic energy density parameters of rock under
different confining pressures could be calculated, as shown in
Table 2.

The change curve of the characteristic energy densitywith
confining pressure is shown in Figure 7. The fitting functions
of the three characteristic energy density parameters were as
follows:

𝑢𝑒max = −0.81661𝑒−𝜎3/27.90342 + 0.92581
(𝑅2 = 0.99755) ,

𝑢𝑒𝑟 = −0.22525−𝜎3/7.94849 + 0.24700
(𝑅2 = 0.96618)

Table 2: Rock characteristic energy densities in different confining
pressure conditions.

𝜎3 (MPa) 𝑢𝑒max (MJ/mm3) 𝑢𝑒𝑟 (MJ/mm3) 𝑢𝑑max (MJ/mm3)
0 0.1043 0.0000 0.0212
5 0.2483 0.0782 0.1243
10 0.3641 0.1096 0.1965
15 0.4466 0.1281 0.2082
20 0.5129 0.1295 0.2153
25 0.5941 0.1391 0.2261
30 0.6527 0.1405 0.2610

𝑢𝑑max = −0.13957𝑒−𝜎3/6.35320 + 0.14002
(𝑅2 = 0.99664) .

(6)

According to Figure 7, (1) with the increase of the
confining pressure, the energy storage limit density of the
rock increased dramatically in form of a power exponent.
It increased significantly with confining pressure before
20MPa. When the confining pressure was 5MPa, it was 2.4
times greater than that without confining pressure. When
the confining pressure was 10MPa, it was 3.5 times greater.
When the confining pressure was 20MPa, it was 4.9 times
greater. When the confining pressure was more than 20MPa,
it increased slowly with the increase of confining pressure.
When the confining pressure reached 30MPa, it increased by
only 9.85% compared with that at 25MPa. With the increase
of the confining pressure, the residual elastic energy density
also increased, indicating that the greater the confining
pressure was, the less thoroughly the elastic energy of the
rock dissipated during failure. At this point, the elastic energy
was necessary for release for two or more times, which again
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Figure 7: Changes of characteristic energy densities with the
confining pressures.

caused a decrease of the elastic energy density curve after
a certain period of stability. (2) The greater the confining
pressure was, the greater the maximum dissipated energy
density was. It mainly increased in the form of a power
exponent. For example, the maximum dissipated energy
when the confining pressure was 20MPa increased by 10.2
times compared with that without confining pressure, and
the maximum dissipated energy at 30MPa increased by
only 15.45% compared with that at 25MPa. The greater the
confining pressure was, the less the fracture surface formed
after rock failure was. Thus, when confining pressure was
high,most dissipated energywas used for the internal friction
of rock plastic deformation.

3.2. Energy Distribution Law of the Triaxial Loaded Rock
Specimens. According to (4), the input of external energy
can be converted into two parts, namely, elastic energy and
dissipated energy. For the same quantity of energy input,
different distribution proportions have great influence on the
deformation and failure modes of a rock. The distribution
proportion of energy is also different under different con-
fining pressures. Therefore, it is necessary to focus on the
influence of the confining pressure on the energy distribution
law of rock. The proportion of rock energy density-strain
curves under triaxial cyclic loading-unloading conditions is
shown in Figure 8, and the proportion of rock energy density-
strain curves under different confining pressures is shown in
Figure 9.

Before the peak, the work done by the tester on rock
specimens (external input energy) was mostly converted
into elastic energy stored in the rock specimens, so elastic
energy accounted for a large proportion. Although at this
stage energy was dissipated due to compaction of pores and
microcracks in rock specimens and initiation and extension
of microcracks, the elastic energy that accumulated in rock

specimenswasmuch greater than the dissipated energy.Thus,
the elastic energy played a dominant role, and its proportion
was always greater than that of dissipated energy. In other
words, the work done by the tester (external input energy)
was mostly converted into elastic energy to be stored in the
rock specimens. The proportion of elastic energy increased
with the increase of the loading level and tended to be stable
in the elastic stage. Before the peak, the rock specimens
mainly accumulated elastic energy.They also dissipated a part
of the energy at the same time, which caused a fluctuation
of the proportions of elastic energy and dissipated energy.
Thus, this stage was a dynamic energy conversion process.
The greater the confining pressure was, the greater the pro-
portion of maximum elastic energy was. The proportions of
maximum elastic energy under 6 types of confining pressures
were 85.12%, 88.35%, 88.24%, 89.85%, 89.73%, and 91.36%.
Accordingly, with the increase of the confining pressure, the
proportion of dissipated energy decreased, which indicated
that the increase of confining pressure not only increased the
intensity of energy input but also improved the efficiency of
energy accumulation. If the confining pressure was unloaded
suddenly at a high stress level, it would cause the release
of a large amount of elastic energy and further induce rock
dynamic disasters.

After the peak, when the specimen was close to rock
failure, the connection and extension of microcracks in rock
specimens and the formation of macro failure surfaces were
needed to release elastic energy accumulated in the rock
specimens, which caused a continuous increase of dissipated
energy and an increase of its proportion. When loading to
the peak stress of the rock and entering the postpeak stage,
elastic energy accumulated in rock specimens was released
instantly and converted into dissipated energy of rock failure,
causing a significant increase of dissipated energy. As a
result, the proportion of dissipated energy in rock specimens
exceeded that of elastic energy during macro fracture. The
proportions of maximum dissipated energy under 6 types
of confining pressures were 63.13%, 61.04%, 56.50%, 54.76%,
62.61%, and 60.76%. When loading to peak stress, the rock
specimens were in a high energy unstable state. Further, the
stress decreased to the residual strength, which was a sudden
change process of energy conversion. A large amount of
elastic energywas released during rock failure, leading to rock
restructuring and a sharp reduction of elastic energy. When
rock specimens were stable again, they recovered the ability
to accumulate energy, and the proportion of elastic energy
started to increase again. However, due to the reduction of
the energy storage capacity of the rock caused by fracture,
the proportion of elastic energy could not return to its
previous level. The greater the confining pressure was, the
lower the proportion of elastic energy reduced during peak
damage, which indicated that confining pressure had an
inhibitory effect on energy release. From the perspective
of thermodynamics, the damage and cracking process of
rock was an irreversible evolution process of the internal
structure of the rock, which needed to dissipate energy. The
rock behaved as a dissipative structure, formation of which
required supply of external energy and the maintenance
of internal energy dissipation. The heat conduction, the
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Figure 8: Relationships of the rock energy density percentage and the strain under the triaxial cyclic loading-unloading conditions.
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Figure 9: Relationships of the rock energy density percentage and the strain under the different confining pressure conditions. (a) Elastic
energy density percentage versus strain; (b) dissipated energy density percentage versus strain.

change of volume unit shape and location, the production
and maintenance of elastic deformation, and the formation
and extension of internal microdefects and other irreversible
processes in the deformation and failure of the rock all caused
a high proportion of dissipated energy in the residual stage.
In addition, when the load reached the residual strength, the
load that the rock could bear was basically unchanged. With
the increase of the load, the elastic energy accumulated in the
rock remained unchanged so that the proportions of elastic
energy and dissipated energy were constant. It was a steady
energy conversion process.

4. Rock Energy Conversion Mechanism in
the Deformation and Failure Process

The peak stress point is the critical point of overall failure
caused by the loss of rock strength and connection of
macro fracture surfaces, as well as the critical point for
the conversion of elastic energy and dissipated energy. The
energy density characteristics before and after the peak and
at the peak point are shown in Figure 10, and specific values
are detailed in Table 3.

According to Table 3, (1) before the peak, elastic energy
density accounted for 60.86% to 73.28% of the total elastic
energy density in the entire process. With the increase of
the confining pressure, the elastic energy density before the
peak also increased.When the confining pressure was 5MPa,
it was 1.47MJ/mm3 before the peak; when the confining
pressure was 30MPa, it was 3.05MJ/mm3 before the peak, an
increase of 2.08 times. The dissipated energy density before
the peak accounted for only 28.02% to 35.62% of the total
dissipated energy density in the entire process. (2) At the
peak point, the elastic energy density accounted for 9.69% to
15.68% of the total elastic energy density in the entire process.
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Figure 10: Rock energy conversion behaviors in triaxial cyclic
loading-unloading compressions (𝜎3 = 10MPa).

Further, with the increase of confining pressure, the elastic
energy density at the peak point also increased. When the
confining pressure was 5MPa, it was 0.25MJ/mm3 at the
peak point; when the confining pressure was 30MPa, it was
0.65MJ/mm3 at the peak point, an increase of 2.63 times.
The dissipated energy density at the peak point accounted for
6.11% to 12.58% of the total dissipated energy density in the
entire process. (3) After the peak, the elastic energy density
accounted for 22.97% to 34.29% of the total elastic energy
density, and the dissipated energy density accounted for
55.77% to 70.65% of the total dissipated energy density in the
entire process, so the latter accounted for a large proportion
after the peak. In general, the elastic energy density stored
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Table 3: Magnitude and percentage of the elastic energy density and the dissipated energy density around the rock failure stage.

𝜎3 (MPa)
Prepeak phase At the stress peak Postpeak phase

u𝑒𝑖 (MJ/mm3) u𝑑𝑖 (MJ/mm3) u𝑒𝑖 (MJ/mm3) u𝑑𝑖 (MJ/mm3) u𝑒𝑖 (MJ/mm3) u𝑑𝑖 (MJ/mm3)
Value % Value % Value % Value % Value % Value %

5 1.468 70.5 0.359 35.1 0.248 11.9 0.072 7.1 0.613 29.4 0.665 64.9
10 2.261 60.1 0.515 2.8 0.364 9.6 0.112 6.1 1.288 34.2 1.025 55.7
15 2.378 67.8 0.505 35.6 0.446 12.7 0.152 10.7 1.125 32.1 0.913 64.3
20 2.528 67.6 0.489 29.8 0.512 13.7 0.138 8.4 1.207 32.3 1.151 70.1
25 2.981 72.1 0.534 34.3 0.594 13.8 0.193 10.7 1.149 27.8 1.023 65.7
30 3.051 73.2 0.507 29.4 0.652 15.6 0.216 12.5 1.112 26.7 1.215 70.5

in rock specimens at the peak stress point was greater than
the dissipated energy density used for elastic deformation
and new crack surface energy, indicating that the total energy
density absorbed by rock specimens before the peak was
mainly stored in form of elastic energy density. The total
energy density, elastic energy density, and dissipated energy
density absorbed by rock specimens at the peak stress point
all increased with the increase of confining pressure, so the
greater the confining pressure was, the stronger the failure
degree of rock specimen before peak was (𝑢𝑑 was greater)
and the greater the stored elastic energy density was. After the
peak, with the rapid release of elastic energy and the release of
a large amount of strain energy due to elastic deformation and
crack extension in the rock specimens, the dissipated energy
density increased dramatically.

Based on the previously studied energy density conver-
sion regularity of red sandstones under triaxial cyclic loading-
unloading conditions and the strain energy conversion pro-
cess diagram of red sandstones under such conditions, the
energy conversion process mechanism of red sandstones at
the prepeak compaction and elastic stage, prepeak plastic
stage, postpeak strain softening stage, and postpeak residual
stage from deformation to failure could be summarized.

(1) At the Prepeak Compaction and Elastic Stage. In the
compaction (OA segment on the curve) and elastic stages
(AB segment on the curve), rock specimens did not generate
new cracks to dissipate energy, and the total energy density
absorbed was mainly stored in the form of elastic energy
density. At this stage, a part of the energy was dissipated due
to the compression of primary pores within rock specimens
or the closure of microcracks, but the dissipated energy
density was too small to be considered. Therefore, elastic
energy conversion regularity at compaction and elastic stage
could be described as

𝑢𝑒 ≈ 𝑢0

𝑢𝑒 ≫ 𝑢𝑑
𝑑𝑢𝑒
𝑑𝑡 > 0
𝑑𝑢𝑑
𝑑𝑡 ≈ 0,

(7)

where 𝑡 was test time, s.

(2) At the Prepeak Plastic Stage. In the initial stages of plastic
deformation (initial part of the BC segment on the curve,
namely, the crack stable extension stage), the strain energy
absorbed by rock specimens was mostly stored in form of
elastic energy density. When it was close to the peak point
C (latter part of the BC segment, namely, the crack unstable
extension stage), the dissipated energy density increased
rapidly and was mainly used for the surface energy of crack
extension. However, the elastic energy density stored before
the peak was always greater than the dissipated energy den-
sity.The dissipated energy density rate increased significantly
only close to the peak point. Therefore, the strain energy
conversion regularity at the prepeak plastic stage could be
described as

𝑢𝑒 > 𝑢𝑑. (8)

In the initial stage of plastic deformation (the crack stable
extension stage), the storage rate of elastic energy density was
greater than the dissipation rate of dissipated energy density;
therefore, there was

𝑑𝑢𝑒
𝑑𝑡 >
𝑑𝑢𝑑
𝑑𝑡

𝑑𝑢𝑒
𝑑𝑡 > 0
𝑑𝑢𝑑
𝑑𝑡 > 0.

(9)

At a place near the peak point C (the crack unstable
extension stage), the storage rate of elastic energy density was
much smaller than the dissipation rate of dissipated energy
density; therefore, there was

𝑑𝑢𝑒
𝑑𝑡 <
𝑑𝑢𝑑
𝑑𝑡

𝑑𝑢𝑒
𝑑𝑡 > 0
𝑑𝑢𝑑
𝑑𝑡 > 0.

(10)

(3) At the Postpeak Strain Softening Stage.The postpeak strain
softening stage (CD segment on the curve, namely, the stress
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drop stage) was also the overall rock failure process. At this
stage, the dissipation rate of strain energy density absorbed
by rock specimens was equal to that of dissipated energy
density. It was mainly converted into crack surface energy for
rapid crack extension and run-through after the peak. Due to
the rapid decrease of stress after the peak, the elastic energy
was released quickly, and the release rate of elastic energy
density was greater than that of dissipated energy density.
Therefore, strain energy conversion regularity at the postpeak
strain softening stage could be described as


𝑑𝑢𝑒
𝑑𝑡
 ≫
𝑑𝑢𝑑
𝑑𝑡

𝑑𝑢0
𝑑𝑡 ≈
𝑑𝑢𝑑
𝑑𝑡

𝑑𝑢𝑒
𝑑𝑡 < 0

𝑑𝑢𝑑
𝑑𝑡 > 0.

(11)

(4) At the Postpeak Residual Stage. When loading to the
residual strength (DE segment on the curve), with continuous
loading, the load borne by the rock specimens was basically
unchanged, which caused the elastic energy accumulated in
the rock to maintain a constant level. The release rate of
elastic energy density was zero. However, there were still
a small number of microcracks generated in the loading
process, which led to a slight increase of dissipated energy.
Therefore, the strain energy conversion regularity at the
postpeak residual stage could be described as

𝑑𝑢𝑑
𝑑𝑡 ≫
𝑑𝑢𝑒
𝑑𝑡

𝑑𝑢𝑒
𝑑𝑡 ≈ 0

𝑑𝑢𝑑
𝑑𝑡 > 0.

(12)

In general, the deformation and failure process of rock is
a unified process of energy transfer and conversion accompa-
nied by energy accumulation, dissipation, and release. Energy
conversion and loss are the essence of rock deformation and
failure, corresponding to microcrack closure, new microc-
rack extension, run-through, and formation of main cracks.
In this process, the rock strength is decreased, which makes
the rock finally lose its bearing capacity. With changes of the
stress state and the development of deformation, the energy
state of rock continues to change, and microdefects in the
rock evolve from a disordered distribution to an orderly
development to formmacro cracks. Eventually, macro cracks
accumulate to large cracks along a particular direction, which
causes overall instability.

5. Discussion on Energy Evolution Path of the
Dynamic Disturbed Rock in Engineering

Unlike the constant confining pressure in rock experiments
in the lab, the stress path of rock in engineering practice
is always very complex. The coal seam mining stress path
in coal mining, for example, as shown in Figure 11, can be
basically divided into 4 stages [28]: stage 1: the coal-rockmass
in front of the working face before mining disturbance can
be regarded as being under the hydrostatic pressure state (𝜎1
= 𝜎2 = 𝜎3 = 𝛾H, where 𝜎1 is the vertical stress or abutment
pressure; 𝜎2 and 𝜎3 are the horizontal stresses; 𝛾 is the weight
of rock strata; and H is the mining depth); stage 2: with
the progress of mining work, the distance from the working
face is increasingly shortened, causing a gradual reduction of
the horizontal stress (𝜎2 = 𝜎3 = 𝜆𝛾H, where 𝜆 is the lateral
pressure coefficient), and the vertical stress (𝜎1 =K𝛾H, where
K is the stress concentration coefficient) increases gradually;
stage 3: the vertical stress increases to the peak point, causing
destruction of the coal-rock mass; and stage 4: the horizontal
stress is gradually unloaded to 0, and the vertical stress is
reduced to the uniaxial residual strength (𝜎𝑟) at the coal wall.

The representation of the mining stress path on a con-
ventional triaxial stress-strain curve is shown in Figure 12.
The initial state can be considered as the hydrostatic stress
state. Later, the increase of axial pressure and the reduction
of confining pressure mean that the mining stress-strain
curve moves from a high-confining pressure curve to a low-
confining pressure curve until the axial pressure is just equal
to the peak stress under the current confining pressure. At
this time, rock begins to enter the failure stage, and axial
pressure begins to decrease. The confining pressure is loaded
continuously tomake themining stress-strain point continue
moving to a stress-strain curve under a lower confining
pressure until reaching the residual strength point under
uniaxial loading to finish a complete mining stress path.

According to rock energy behavior and its confining
pressure effect, we can provide a simple discussion on its
energy path under mining conditions. The rock under a
specific confining pressure has a storage limit. It undergoes
unstable failure if it reaches the limit value and is disturbed.
Figure 13 is the energy storage limit curve. The initial stress
is set to be 𝜎0 at point D. There are many energy paths to
failure. Different confining pressures and loading-unloading
methods for axial pressure can cause differences in the energy
path. Under different initial stresses, the stress paths needed
to reach the same energy state are also different.On thewhole,
however, they all achieve it through a combination of 2 paths,
namely, increasing the energy storage level and decreasing
the energy storage limit. Generally, there are 3 typical energy
paths: path DC shows axial loading under constant confining
pressure, corresponding to pseudotriaxial rock tests; path
DB is the shortest path from D to the energy storage limit
curve, perhaps corresponding to a quasi-static continuous
loading method. The path DA directly evolves to failure
under a uniaxial stress state. There is no failure before it. It
may correspond to an unloading failure process under the
dominance of the confining pressure. From the perspective of
energy, 3 conditions are needed for rock to undergo dynamic
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Figure 13: Energy evolution path in mining-disturbed rock masses.

instability: (1) the rock stores a large amount of elastic energy;
(2) the rock reaches the energy limit and suffers failure;
(3) energy must be released rapidly and in large amounts
during failure. Therefore, a large slope for the energy path
indicates that the rock has reached the critical state under
the condition of high energy storage. At this point, it is easier
to induce strong energy release behavior due to the sudden

unloading of the confining pressure and to further cause
dynamic disasters.

6. Conclusions

Through triaxial cyclic loading-unloading experiments on
sandstones under 6 types of confining pressures, the influence
of the confining pressure on the axial energy evolution and
the distribution laws was obtained. On this basis, rock energy
conversion equations at different stress-strain stages and
the energy evolution path under mining conditions were
discussed. The following conclusions were drawn.

(1) Rock deformation and failure is essentially a process
of energy dissipation and release. It takes energy release as its
source power at themoment of sudden change of a rock in the
stable state. Under cyclic loading-unloading, red sandstones
reflected obvious plastic-loop phenomena, indicating that the
work done by the tester was not completely converted into
rock elastic energy but a part of it was released in the forms
of failure energy and plastic energy.

(2) Before the peak, the rock energy behavior was mainly
displayed as energy accumulation. The elastic energy density
increased slowly at first and then rapidly. When it was close
to failure, the growth rate of the dissipated energy density was
greater. After the peak, the elastic energy density dramatically
decreased, and the dissipated energy density significantly
increased, which was mainly embodied in energy dissipation
and release. With the increase of the confining pressure, the
characteristic energy density parameters of the rock were
basically increased in the form of power exponents, indi-
cating that the rock energy storage limit density increased,
but the elastic energy was not fully released during postpeak
failure, and most dissipated energy was used for plastic
deformation of rock specimens.

(3) The proportion of elastic energy before the peak
was always greater than that of dissipated energy, and most
of the work done by the tester was converted into elastic
energy and stored in rocks. After the peak, the proportion of
dissipated energy exceeded that of elastic energy whenmacro
cracks occurred in the rock specimens. With the increase
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of the confining pressure, the proportion of the maximum
elastic energy increased, indicating that confining pressure
improved the efficiency of energy accumulation. The greater
the confining pressure was, the smaller the proportion of
elastic energy decreased during peak failure, which indicated
that confining pressure inhibited the degree of energy release.

(4) The study analyzed the energy mechanism of red
sandstones in the deformation and failure process and
established energy conversion equations in the prepeak
compaction and elastic stage, prepeak plastic stage, postpeak
strain softening stage, and postpeak residual stage. The
rock energy path from deformation to failure was achieved
through a combination of increasing energy storage level and
decreasing energy storage limit.The great slope of the energy
path indicated that the rock had reached its critical state in
the case of high energy storage. At this point, it was easier
to induce strong energy release behavior due to the sudden
unloading of the confining pressure.

Symbols

𝑈: Internal energy increment of the system, J
𝑄: Heat exchange between the system and the

environment, J
𝑊: Work exchange between the system and

the environment, J
𝜎1: Axial stress, MPa
𝜎3: Confining pressure, MPa
𝜎: Stress at any point of stress-train curve,

MPa
𝜀: Strain corresponding to 𝜎, mm/mm
𝜀: Strain when 𝜎 is unloaded to 0, mm/mm
𝐸: Elastic, MPa
𝜇: Poisson’s ratio
𝑢0: Total energy, J
𝑢𝑒: Elastic energy aggregated in rock, J
𝑢𝑑: Energy dissipated by the rock in loading

process, J
𝑢01: Absorbed energy in rock compression and

deformation under the axial stress 𝜎1, J𝑢02: Energy dissipated in the rock deformation
and expansion when doing negative work
under the confining pressure 𝜎3, J𝑢03: Energy absorbed by the rock in the
hydrostatic stress state, J

𝑡: Testing duration, s.
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