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With the increasing global demand for clean and renewable energy sources, many
underground hydropower caverns are built in deep mountain valleys in high-stress
regions. The evolution of the mechanical properties of the surrounding rock of
underground caverns under high-stress excavation requires urgent investigation.
According to the deep-buried granite in the underground caverns of the
Shuangjiangkou hydropower station, triaxial tests under confining pressures of 10, 30,
40, and 50MPa were conducted by the MTS815 rock mechanics test system. Based on
the stress–strain curve, the evolution law of the strength parameters of rock samples with
the crack volume strain and energy with the energy consumption ratio under different
confining pressures was analyzed. Our results showed that the stress–strain curve of the
sample is divided into five stages with four characteristic points: the closed point, initiation
point, volume expansion point, and peak point. The strength of each stage increases with
an increase in the confining pressure. In addition, the failure of this granite is characterized
by apparent shear failure. The internal friction angle and the cohesion increase rapidly with
the increase in the crack volume strain, and they gradually tend to be constant.
Furthermore, the confining pressure profoundly influences energy evolution during the
loading in the stable and unstable crack growth stages. In these stages, total energy,
dissipated energy, and elastic strain energy increase with an increase in the confining
pressure. Finally, the energy consumption ratio can represent the preliminary criterion of
rock failure in terms of energy. With the increase in the confining pressure, the energy
consumption ratio of rock samples gradually increases to approximately 1.0 at the peak
stress point. The research results can provide a reference for the instability prediction of
surrounding rock masses of high-stress underground caverns.

Keywords: deep-buried granite, deformation and failure characteristics, strength parameters, energy evolution,
energy consumption ratio

INTRODUCTION

With the development of the world economy and the population increase, traditional nonrenewable
energy sources can no longer meet the energy demand. Hydropower has become an essential part of
economic activities in various countries as renewable and clean energy. Many underground power
stations are built in mountain valleys in deep high-stress areas, limited by specific topographical and
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geological conditions (He et al., 2005; Wang et al., 2006; Xie et al.,
2015; Wang et al., 2016; Xu D. et al., 2022). Most of the diversion
tunnels of Jinping II Hydropower Station have a buried depth of
1,500 m with a maximum buried depth reaching 2,525 m.
Therefore, these deep underground hydropower facilities are
unavoidably confronted with a similar issue: the stability of
the underlying rock mass in a deep-buried or high-stress
environment. Owing to the location of the facility in a high-
stress region, high-stress-induced failures such as spalling, slab
cracking, and rockburst may occur in the surrounding rock
during excavation, seriously threatening the safety of
personnel, failure of the surrounding rock support system, and
increasing engineering costs (Feng et al., 2015; Feng et al., 2018;
Zhang et al., 2020; Xu et al., 2021; Feng et al., 2022; Xu D.-P. et al.,
2022; Zhang et al., 2022). Thus, it is critical to investigate the
development of the surrounding rock failure process in a high-
stress underground cavern and to provide an experimental basis
for developing a durable surrounding rock excavation and
support scheme.

Pioneers have conducted extensive research on rock failure
during loading. Martin et al. (Martin 1993; Martin and Chandler
1994; Martin 1997) presented a method for calculating the
characteristic stress based on the crack volume strain based on
the extensive laboratory tests on Lac du Bonnet granite.
Hajiabdolmajid et al. (2000) proposed a cohesion weakening
and frictional strengthening model to capture an essential
component of brittle rock mass failure. Eberhardt et al. (1999)
performed an extensive laboratory investigation into the
identification and quantification of stress-induced brittle
fracture damage in rock. Pourhosseini and Shabanimashcool,
2014 developed an elasto-plastic constitutive model to describe
the pre-peak elastic and the post-peak strain-softening behavior
and the dilation of intact rocks under static loading. Zhu et al.
(2007) studied the relationship between the crack initiation stress,
crack initiation angle, and confining pressure based on the
uniaxial and triaxial test results of Three Gorges granite. Yang
et al. (2005) explored the strength and deformation
characteristics of medium- and coarse-grained marbles via
triaxial tests under a confining pressure of 5–40 MPa. Pu et al.
(2017) quantitatively analyzed the influence of the confining
pressure on the strength and deformation characteristics of
phyllite based on triaxial compression tests under a confining
pressure of 5–30 MPa. Zhao et al. (2014) conducted uniaxial and
triaxial compression tests on Beishan granite under a confining
pressure of 5–40 MPa, analyzed the stress–strain curve and its
spatiotemporal distribution relationship with acoustic emission
(AE) events, and revealed the rock fracture evolution mechanism
in different stages of compression deformation.

The essence of rock fracture involves the flow and
transformation of energy inside the rock. The storage,
dissipation, and release of energy are closely related to the
fracture damage state of the rock. Thus, in-depth and
systematic research has been conducted on the energy
evolution mechanism of hard rock failure under different
mechanical environments. Xie et al. (2005) preliminarily
explored the energy change process during rock failure
through uniaxial tests on granite, limestone, and sandstone.

Yu et al. (2022) investigated the energy evolution and the
spatial fractal characteristics of acoustic emission events in the
process of sandstone failure through uniaxial tests. You and Hua,
2002 investigated the energy change characteristics of siltstone
samples during triaxial compression and unloading. Su and
Zhang, 2008 studied the variations in strength, average
modulus, and energy dissipation characteristics of damaged
marble samples. Liu et al. (2013) studied the relations between
energy change and the confining pressure, stress, and strain at
different stages based on the triaxial compression test results of
marble samples. Liu et al. (2021) investigated the mechanical
properties and energy evolution of granite rocks through a triaxial
compression test under different confining pressures and
suggested a model for describing rock damage evolution.
Wang et al. (2021) examined the confining pressure effect of
energy dissipation during hard rock fracture based on the
stress–strain curves and AE characteristics of Beishan granite
samples under different confining pressures.

In summary, it can be found that the pioneer’s research rarely
dealt with the evolution law of strength parameters with damage
variables before the failure of high-stress hard rock. Second, the
research on the energy evolution of the high-stress hard rock failure
process mainly focused on the energy change during loading, and
there were few research results that combine the energy evolution
law with the macroscopic failure of the rock. In this study, the
MTS815 electro-hydraulic servo mechanics test system was used to
carry out triaxial compression tests on deep-buried fine-medium-
grained granite from the Shuangjiangkou underground powerhouse
to investigate the rock strength parameters and energy evolution law
under different confining pressures (0–50MPa). The research results
are expected to provide a laboratory test basis for the selection of
rock mass mechanical parameters, engineering numerical
computation, excavation plan development, and surrounding rock
mass support design of underground caverns under high-stress
conditions.

MATERIALS AND METHODS

Sample Preparation
The studied granite was taken from a pilot tunnel of the under-
construction underground caverns at the Shuangjiangkou
hydropower station, which is situated roughly 2–6 km below
the Zumuzu–Chuosijia river confluence in the upper sections
of the Dadu River in Maerkang and Jinchuan counties, Aba
Prefecture, Sichuan Province, China. The measured magnitudes
of three in situ principal stresses (σ1, σ2, and σ3) in the
underground caverns areas were 16–38, 9–20, and 3–10 MPa,
respectively. The rock mass surrounding the underground
caverns was composed of Yanshanian porphyritic biotite-K-
feldspar granite. Pegmatite veins with a thickness of less than
1 m and length of 3–10 m were randomly mixed into the granite
in the form of veins, bands, and block shapes.

The drilled granite core (70–72 mm in diameter) (Figure 1A)
was further processed and polished into a cylindrical sample with
a diameter of 50 mm and a height of 100 mm (Figure 1B)
according to the suggested methods of the International
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Society of Rock Mechanics (Bieniawski and Bernede, 1979). The
P-wave velocity of the rock sample measured using an acoustic
velocimeter was 3,750–3,850 m/s. Furthermore, the rock piece
from the pilot tunnel was polished and processed on the spot into
mineral slices, which were identified using polarized light
microscopy (Figure 2). The granite was characterized as

fine–medium-grained granite with grain sizes ranging from
0.20 to 4.75 mm. The granite has a mineral composition of
35% quartz, 50% feldspar, 10% mica, and a small amount of
zircon and iron (Table 1). The granite displays material features
of brittle failure owing to the high amount of quartz in the
mineral composition.

Test Equipment
Uniaxial and triaxial tests were performed using theMTS815 rock
mechanics test system. This test equipment can be used to
accurately and consistently determine the mechanical
properties and seepage characteristics of rock masses,
concretes, and coals under complex stress conditions. The
system can also collect data at high and low speeds for various
loading modes, including force, displacement, axial strain, and
circumferential strain. The axial ultimate loading capacity of the
test system is 4,600 kN, and themaximum confining pressure that
can be applied is 140 MPa.

Test Procedure and Scheme
The test scheme is shown in Table 2. The confining pressures of
triaxial tests were 10, 30, 40, and 50 MPa. There were three
specimens for the triaxial tests corresponding to each confining
pressure. Testing was performed according to the following steps:
1) a load of 0.5 kN was applied in advance to ensure contact
between the indenter and the sample. 2) The axial load and
confining pressure were applied simultaneously at a
predetermined value at a loading rate of 0.5 MPa/s 3) The
confining pressure was kept constant, and the axial load was
continuously increased until the sample failed.

STRENGTH EVOLUTION

Characteristic Stress
Rock failure is closely related to the stress path under excavation.
The rock failure process under different stress paths can be
reflected by the changing trend of connection points in each

FIGURE 1 | Test sample source and shape: (A) Drilling core; (B) Standard sample.

FIGURE 2 |Mineral composition of the granite sample under a polarized
light microscope.

TABLE 1 | Mineral content and the grain size of the Shuangjiangkou granite.

Mineral Content (%) Grain size (mm) Morphology

Quartz (Qtz) 35 0.15–3.00 Granular
K-feldspar (Kfs) 5 0.30–5.70 Strip-like
Plagioclase (PI) 45 0.20–3.00 Plate strip
Mica (Bt) 12 0.20–1.60 Lamellate
Zircon 1 0.10–0.45 Lamellate
Iron 2 0.05–0.10 Stylolitic
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stage of the stress–strain curve. Therefore, accurately determining
the characteristic points of each stage of rock failure is helpful in
predicting and preventing rock engineering disasters. The
characteristic points at the stress–strain curve of rock samples
are the closed, initiation, volume expansion, and peak points.
Consequently, the stress–strain curve can be divided into five
stages: compaction, linear elastic, stable crack growth, unstable
crack growth, and post-peak stages. The stress values
corresponding to these four points are the closing stress σcc,
the crack initiation stress σci, the damage stress σcd, and the peak
stress σf. σf can be directly obtained because it is equal to the
maximum stress at the stress–strain curve. σcc, σci, and σcd are
primarily determined through the AE test method, the lateral
strain difference method, and the crack volume strain method
(Martin, C.D. et al., 1994). In this study, σcc, σci, and σcd were
determined based on the crack volume strain method because this
method has a clear idea and easy operation. According to the
crack volume strain method, the volume strain ε] is the sum of the
elastic volume strain εev and the crack volume strain εcv:

εv � εev + εcv � ε1 +2ε3, (1)
where ε1 is the axial strain, and ε3 is the circumferential strain.

According to the generalized Hooke’s law, the elastic volume
strain εe] can be obtained as follows:

εev � [(1 − 2μ)/E](σ1+2σ3), (2)

where μ is the Poisson’s ratio, E is elastic modulus, σ1 is the axial
stress, and σ3 is the confining pressure.

In the compaction and linear elastic stage stages, the reduction of
εv equals that of εev induced by initial crack closure. In the crack
growth stage, ε] includes the volume increment induced by crack
expansion; therefore, the increment of ε] is less than that of εe]. The
εc]–ε1 curve inclines in the negative direction and has a peak plateau
period. The axial stress corresponding to the two end points of the
peak plateau period are σcc and σci, respectively.With the continuous
increase of load, the crack propagation leads to the volume change
mode of a rock sample from compression to expansion. The
inflection point can be observed at the εc]–ε1 curve and the axial
stress corresponding to this point is σcd (Figure 3).

According to Eqs 1 and 2, εc] under the confining pressure of
0–50 MPa was obtained. According to the crack volume strain
method, the εcv − ε1 and εv − ε1 curves (Figure 4) were drawn,
and the characteristic stresses (σcc, σci, σcd, and σf) under the
confining pressure of 0–50 MPa were determined and are listed in
Table 3. From the table, it can be seen that 1) each characteristic
stress increases with the increase in confining pressure; 2) the
ratios of σcc to σf, σci to σf, and σcd to σf are 0.21–0.24, 0.28–0.34,
and 0.64–0.82, respectively, indicating that in terms of confining
pressure effect of characteristic stresses, σcd is the most significant,
σci is the second most significant, and σcc is the least significant.

Strength Parameter Evolution
Since the failure of rock samples in this study was characterized
by shear failure (Figure 5), the internal friction angle φ and
cohesion c corresponding to each characteristic stress point were
calculated using the Mohr–Coulomb criterion (Eq. 3).

σ1 � [(1 + sinφ)/(1 − sinφ)]σ3 + (2c cosφ)/(1 − sinφ). (3)
Generally, when the loading stress exceeds σci, the rock begins

to be damaged. Cracks inside the rock grow differently in
response to various types of forces. In the stable crack growth
stage, internal cracks mainly develop in the direction parallel to
σ1, and the damage gradually increases. In the unstable crack
growth stage, internal cracks are mainly characterized by
penetration and slip. The damage gradually increases and
accumulates until the rock fails. Therefore, the zeroed crack

volume strain εDcv
(εDcv � εcicv − εcv) was taken as the damage

variable in this study, and the relationship between φ and c
with εDcv was established as follows:

(1) Deviatoric stress (σ1 − σ3) − εDcv curves were drawn under
different confining pressures (Figure 6).

TABLE 2 | Test scheme and parameters.

σ3 (MPa) Test group number Number/groups Diameter (mm) Height (mm)

0 JZ-1 3 49.31 100.15
10 JZ-2 3 49.77 100.16
30 JZ-3 3 49.62 100.14
40 JZ-4 3 49.47 100.21
50 JZ-5 3 49.68 100.17

FIGURE 3 | Schematic diagram of the determination of each stage and
characteristic stress of the stress–strain curve under σ3 = 0 MPa.
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(2) φ and c values were obtained at different εDcv curves based on
the Mohr–Coulomb criterion (Figure 7; Table 4).

(3) The relationship curve between φ, c, and εDcv was drawn,
and the evolution law of φ and c with εDcv was analyzed
(Figure 8).

From Figure 8, it can be seen that for Shuangjiangkou
granite, φ and c first increased rapidly with the increase in εDcv
and then tended to be constants (φ at 49° and c at 39 MPa,
respectively).

ENERGY ANALYSIS

Energy Analysis Method
The failure process of rock samples is a process of energy
absorption, storage, dissipation, and release. The work done
by external force on the rock includes elastic strain energy,
plastic deformation energy, damage energy, and other
dissipated energy. When the elastic strain energy of the
rock absorbed and stored from the external system
reaches its energy storage limit, the rock fails, and the
stored energy is converted into surface energy, kinetic

FIGURE 4 | εc]–ε1 and ε]–ε1 curves under different confining pressures: (A) σ3 = 0 MPa; (B) σ3 = 10 MPa; (C) σ3 = 30 MPa; (D) σ3 = 40 MPa; (E) σ3 = 50 MPa.

TABLE 3 | Characteristic stress value and its ratio to peak stress under different confining pressures.

σ3 (MPa) σcc (MPa) σci (MPa) σcd (MPa) σf (MPa) σcc/σf σci/σf σcd/σf

0 41.49 58.72 140.8 171.1 0.24 0.34 0.82
10 65.98 86.85 200.47 310.95 0.21 0.28 0.64
30 106.73 132.46 328.03 474.19 0.23 0.28 0.69
40 104.57 142.05 374.23 498.24 0.21 0.29 0.75
50 127.43 174.34 409.78 536.91 0.24 0.32 0.76
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energy, heat energy, and other radiant energy. Based on this
understanding, the energy analysis of the rock failure process
can be conducted.

FIGURE 5 | Failed rock samples in compression tests.

FIGURE 6 | Relationship between deviator stress and εDcv .

FIGURE 7 | Relationship between σ1 and σ3 under different εDcv curves.

TABLE 4 | φ and c values at various εDcv values.

εDcv (%) φ (°) c (MPa)

0.00 22.02 20.78
0.01 28.27 26.24
0.02 33.13 27.35
0.04 39.42 28.49
0.06 42.11 29.86
0.08 43.43 31.53
0.10 44.29 32.76
0.20 46.62 35.64
0.30 47.72 36.67
0.40 48.40 37.15
0.50 48.83 37.47
0.60 49.12 37.65
0.80 49.25 38.26
1.00 48.45 39.62

FIGURE 8 | Evolution law of strength parameters φ, c with εDcv .
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FIGURE 9 | Energy– and stress–strain curves of triaxial samples subjected to different confining pressures (A) σ3 = 0 MPa; (B) σ3 = 10 MPa; (C) σ3 = 30 MPa; (D)
σ3 = 40 MPa; (E) σ3 = 50 MPa.

TABLE 5 | Dissipated energy, elastic strain energy, and their ratio to total energy of each characteristic stress point in the crack growth stage.

Phase cutoff point σ3 (MPa) σ1 (MPa) U (MJ/m3) Ud (MJ/m3) Ue (MJ/m3) Ud/U Ue/U

Initiation point 0 58.72 0.05 0.012 0.038 0.236 0.764
10 86.85 0.07 0.024 0.046 0.343 0.657
30 132.46 0.12 0.042 0.078 0.350 0.650
40 142.05 0.14 0.052 0.088 0.372 0.628
50 174.34 0.16 0.067 0.093 0.419 0.581

Volume expansion point 0 140.80 0.25 0.011 0.239 0.044 0.956
10 200.47 0.48 0.051 0.429 0.106 0.894
30 328.03 1.00 0.164 0.836 0.164 0.836
40 374.23 1.22 0.335 0.885 0.275 0.725
50 409.78 1.43 0.410 1.020 0.287 0.713

Peak point 0 171.10 0.41 0.057 0.353 0.139 0.861
10 310.95 1.66 0.582 1.078 0.351 0.649
30 474.19 3.41 1.525 1.885 0.447 0.553
40 498.24 3.53 1.635 1.895 0.463 0.537
50 536.91 3.81 1.910 1.900 0.501 0.499
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Assuming that the rock system is a closed system which does
not exchange heat with the outside, the total work of the test
equipment on the rock sample U can be converted into elastic
strain energy Ue and dissipated energy Ud according to the first
law of thermodynamics:

U � Ud + Ue. (4)
Assuming that the rock is homogeneous and isotropic, the

energy during loading can be known from the elastic theory:

U � ∫ε1

0
σ1dε1 + ∫ε2

0
σ2dε2 + ∫ε3

0
σ3dε3, (5)

Ue � (1/2Ε)[σ2
1 + σ22 + σ23 − 2μ(σ1σ2

3 + σ1σ3 + σ2σ3)]. (6)
Under the conventional triaxial condition (σ2 = σ3), Eqs 5 and

6 can be simplified as

U � ∫ε1

0
σ1dε1+2∫

ε3

0
σ3dε3, (7)

Ue � (1/2Ε)[σ2
1+2σ23 − 2μ(2σ1σ3 + σ23)]. (8)

Energy Evolution During Rock Failure
U, Ue, andUd of the triaxial samples were determined using Eqs 4
and 8 based on the stress–strain curves subjected to different
confining pressures (Figure 9). By analyzing the energy changes
in the five stages (compaction, linear elastic, stable crack growth,
unstable crack growth, and post-peak stages) and four
characteristic points (closed, initiation, volume expansion, and
peak points), we obtained the energy evolution law of the samples
during the whole loading–failure process:

1) In the compaction stage, the closure and slip of micro-cracks
consumemost ofU (presented asUd), resulting in less increase
in Ue with the increase in the axial strain.

2) In the linear elastic stage, the compaction of micro-cracks
consumes most of U (presented as Ue), leading to a small
Ue. Ue increases linearly with the increase in the axial
strain.

3) In the stable crack growth stage, many micro-cracks initiate
with the increase in the axial load. As the number of micro-
cracks continues to increase, Ue increases in a decreasing
growth rate, and Ud increases with the increase in the axial
strain.

4) In the unstable crack growth stage, the micro-cracks
propagate with the increase in the axial load. As the
propagation of micro-cracks continues, Ud and Ue rise in
increasing and decreasing growth rates, respectively,
indicating that the rock’s internal structure changes
dramatically. Moreover, the greater the confining pressure
is, the more pronounced the gap between Ue– and U–ε1
curves.

5) In the post-peak stage, the micro-cracks penetrate to form
macroscopic fractures. Ue is converted into Ud, which is
presented as surface energy and kinetic energy. Ue

decreases and Ud increases significantly with the increase in
the axial strain until the rock fails.

FIGURE 10 | U, Ud, and Ue at the (A) initiation point, (B) volume
expansion point, and (C) peak point.
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By comparing the energy evolution of each stage under
different confining pressures, we found that the energy release
is concentrated in the post-peak stage, and the energy dissipation
is primarily concentrated in the stable and unstable crack growth
stages. To explore the influence of the confining pressure on the
energy evolution, the U, Ue, and Ud values at the initiation,
volume expansion, and peak stress points (Table 5) were
calculated, and the corresponding U–, Ue–, and Ud–σ3 curves
were plotted as shown in Figure 10. From the figure, it can be
observed that the confining pressure significantly influences the
energy evolution during rock failure: 1) the higher the confining
pressure, the larger the difference between the U– and Ue–σ3
curves. 2) U at each stage linearly increases with the increase in
confining pressure. 3) Ud and Ue at each stage nonlinearly
increase with the increase in confining pressure.

Energy Criterion of Rock Failure
From the energy perspective, rock failure is caused by the quick
release of accumulatedUe inside the rock. The accumulation ofUe

is mainly concentrated in the stable crack growth and unstable
crack growth stage. In these stages, part ofUe is converted intoUd,
which leads to a sharp increase in Ud and the gradual
accumulation of internal damage. Therefore, the transition
from the stable state to the unstable state is a process of
energy transformation and mutation. Therefore, the energy
consumption ratio ku was defined to characterize the energy
change and the stable state of the rock during loading (Jin et al.,
2004; Li et al., 2018; Meng et al., 2020).

ku � Ud/Ue. (9)
Here, when ku < 1, the rock is in a relatively stable state; when

ku = 1, the rock is in a critical stable state; and when ku > 1, the
rock is in an unstable state.

The ku–ε1 curves of Shuangjiangkou granite under different
confining pressures show that 1) the ku–ε1 curve is spoon-shaped
(Figure 11), indicating that with the increase in ε1, ku first
decreases and then increases after an inflection point
(minimum ku-value); 2) ku at the inflection point increases

FIGURE 11 | Stress–strain and ku–ε1 curves under different confining pressures. (A) σ3 = 0 MPa; (B) σ3 = 10 MPa; (C) σ3 = 30 MPa; (D) σ3 = 40 MPa; (E) σ3 =
50 MPa; (F) ku–ε1 curves.
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with the increase in the confining pressure (Figure 11F); 3) before
the peak point, ku increases with the increase in the confining
pressure, and ku under each confining pressure is less than 1.0;
and 4) ku at the peak point approaches 1.0 (Figures 11A–F). At
this point, the rock samples under low confining pressures are in a
stable state, whereas those under high confining pressure are in a
critical state. The presence of multiple sets of tensile-shear cracks
inside the failed rock samples under low confining pressures (σ3 =
0, 10 MPa, see Figure 5) indicates thatUd at the pre-peak stages is
relatively large, and theUe is relatively small, thereby reducing the
rate of energy dissipation and release during specimen damage. In
contrast, the presence of one set of shear fractures inside the failed
rock samples under high confining pressure (σ3 = 20, 30, and
50 MPa, see Figure 5) indicates that most ofU is transferred toUe

at pre-peak stages, resulting in a sudden release of Ue when the
rock sample fails. Therefore, ku can describe the stable state of the
rock and provide new ways for predicting rock failure in terms of
energy.

CONCLUSION

The influences of confining pressure on the strength,
deformation, failure characteristics, and energy development of
deep-buried Shuangjiangkou granite were explored using triaxial
tests. The following conclusions were drawn:

(1) The stress–strain curve of deep-buried Shuangjiangkou
granite can be divided into five stages: the compaction
stage, linear elastic stage, stable crack growth, unstable
crack growth, and post-peak stages, with four critical
points: closed point, initiation point, volume expansion
point, and peak point. The corresponding strength
parameters of each point increase with the increase in the
confining pressure.

(2) The failure of deep-buried Shuangjiangkou granite samples
in the triaxial tests under different confining pressures is
primarily characterized by shear failure. φ and c tend to be
stable after increasing rapidly with the increase in εDcv, which
is consistent with the change law of strength parameters from
the closed point to the initiation, volume expansion, and peak
points.

(3) The confining pressure significantly influences the energy
evolution in the stable and unstable crack growth stages. The
total energy, elastic strain energy, and dissipated energy at each
stage increase with the increase in the confining pressure, and
the total energy has a linear relationship with the confining
pressure. The elastic strain energy and dissipated energy
increase slowly under a high confining pressure.

(4) The energy consumption ratio can be used as a preliminary
criterion of rock failure in terms of energy. Compared with
that under low confining pressures, the energy consumption
ratio under a high confining pressure is relatively more
prominent, and with the increase in the confining
pressure, the value of the energy consumption ratio at the
peak point gradually approaches 1.0, and the rock failure
point reaches the peak value.

(5) The underground powerhouse of the Shuangjiangkou
hydropower station belongs to an extremely high-stress
area. During the excavation process, many branch tunnels
have rockburst. The essence of rockburst is the
instantaneous expression of energy storage, dissipation,
and release inside the rock. Because this granite exhibits
rockburst, it is impossible to conduct post-peak
reinforcement to prevent or delay the further
deterioration of the surrounding rock’s mechanical
properties. Therefore, this study can help establish the
rock mechanics model for underground caverns.
Furthermore, it provides a new perspective for
rockburst prediction in advance. It analyzes the stability
of engineering rock mass based on the criterion of rock
failure energy, which can guide the formulation of the
excavation scheme and surrounding rock support
countermeasures.
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