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Abstract: Triaxial cyclic compression tests with different confining pressures were conducted to explore the energy
distribution characteristics of rock and their responses to confining pressure. The pre-peak input strain energy, pre-peak
elastic strain energy, and pre-peak dissipated strain energy at different stress levels were computed based on the
resultant stress—strain curves. The results indicated that under different confining pressures, both the pre-peak elastic
strain energy and pre-peak dissipated strain energy were linearly related to the pre-peak input strain energy, and thus the
linear energy storage and dissipation laws in triaxial cyclic compression were confirmed. The energy storage coefficient
in triaxial compression of the rock was positively correlated with the confining pressure, whereas the corresponding
energy dissipation coefficient exhibited an opposite correlation. Using the linear energy storage law, the peak elastic
strain energy and peak dissipated strain energy of rock in triaxial compression were deduced. Furthermore, the damage
evolution characteristics of rock under different confining pressures were analysed by considering the linear energy
dissipation law.
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Regarding the energy behavior during rock
failure, many valuable results have been achieved
by means of laboratory experiments [9—14]. For
examples, LI et al [15] conducted the triaxial

1 Introduction

The deformation and failure in rocks are

essentially structural adjustment progresses driven
by energy conversion and transfer. The use of
energy theory follows the nature of rock failure, and
can deepen the understanding of rock failure
phenomena, thus bringing new perspectives and
solutions for related deep rock engineering
problems [1-3]. For example, extensive theoretical
and experimental efforts have confirmed that it is
useful to understand rock failure phenomena from
the energy theory, such as the rockburst during deep
mining or tunneling projects [4—8].

compression tests on different types of rocks and
modified a brittleness index considering energy
dissipation. ZHANG et al [16,17] analyzed the
fracturing behaviors of hard rocks under true
triaxial ~stress using energy principles, and
concluded that strain energy analysis method can
effectively explain the macroscopic and micro-
scopic failures of rocks. The influence of loading
rate and unloading rate on rock strain energy in
true triaxial compression was also studied by
ZHAO et al [18], who found that as the loading rate
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increased, the total strain energy, elastic strain
energy, and dissipated strain energy increased.
GAO and YANG [19] investigated the role of strain
energy in rockburst in terms of experimental and
numerical methods through composite rock—coal
specimens and offered the evidence that the elastic
strain energy accumulated in rocks was converted
into the kinetic energy and was released during
rockburst. XIAO et al [20] established an energy
calculation equation in consideration of the
confining pressure and seepage pressure via cyclic
loading—unloading tests. Using the elastic to
dissipated energy ratio and elastic to total energy
ratio, KHAN et al [21] predicted the early failure
point of rock containing different water contents,
and provided an effective method for monitoring
the disasters that may occur in underground
projects.

The above efforts greatly contribute to the
development and application of energy theory in
rock mechanics problems. However, the distribution
law of strain energy and how the input strain energy
is allocated into elastic strain energy and dissipated
strain energy during rock loading has less been
studied. To achieve favorable results and make the
application of energy interpretations more scientific
and extensive in related rock engineering, it is
necessary to first understand the law of energy
distribution clearly in rock under different
stress states [22,23]. In previous studies, GONG
et al [24,25] have first revealed the linear energy
storage (LES) law and linear energy dissipation
(LED) law of rocks in uniaxial stress conditions and
confirmed that these linear energy laws always
appeared despite the loading forms and rock failure
modes [26]. Upon the LES law, they modified and
improved several classic rockburst proneness
indexes [24,27]. However, the LES and LED laws
have not been investigated in triaxial stress
conditions and the coupling effect of confinement
and cyclic loading has not been studied. During
construction of deep engineering projects,
surrounding rocks are inevitably subjected to
confinement effect and cyclic loads caused by
external influences such as chamber excavation,

blasting, and geological tectonic movement [28—34].

Cyclic compression is an applicable approach for
measuring the deformation and damage behavior
of rocks [35-38]. Thus, studying the energy
mechanism under triaxial cyclic loading is of

practical significance to deep rock engineering
problems.

In this study, several groups of triaxial cyclic
compression tests were conducted on MTS 815
testing system to investigate the energy distribution
laws of red sandstone. Based on the experimental
results, the existence of LES and LED laws in
triaxial cyclic compression was confirmed, and
the effect of confining pressure on the energy
distribution laws was analyzed. Subsequently, the
universality of the LES and LED laws under triaxial
stress states was carefully tested by extracting the
experimental data in literature. Further, using the
LED law, the damage evolution process of rock
in triaxial compression with different confining
pressures was characterized.

2 Experimental

2.1 Specimen preparation

The red sandstone sampling from Linyi City,
Shandong Province, China, was used as the testing
material. Rock specimens were processed into
cylinders with a height of 100 mm and a diameter
of 50 mm using a rock cutting machine. The end
faces of rock specimens were polished to ensure
that their unevenness is less than 0.1 mm, and that
the vertical angle error between the specimen axis
and end face is no more than 0.25°. The mean
density and P-wave velocity of the red sandstone
are 2500 kg/m* and 3200 m/s, respectively. The
uniaxial compressive strength of the red sandstone
is approximately 98 MPa [24].

2.2 Testing apparatus and scheme

The MTS 815 testing system was used to
perform the triaxial cyclic compression test with
confining pressures of 5, 10, and 15 MPa. The
testing system is mainly composed of the triaxial
chamber, the water and oil hydraulic pumps, the
electro-hydraulic servo control system, and the data
display screen. The axial force of the test machine
can reach 2600 kN with a measurement accuracy of
+0.5%. During experiments, the axial deformation
of rock specimen was measured by an extensometer
mounting on the specimen surface.

Figure 1 shows the stress path in a triaxial
cyclic compression test. The detailed testing
procedure is as follows:

(1) Triaxial compressive strength (TCS, or) of
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the red sandstone under three pre-set confining
pressures (03=5, 10, and 15MPa) was first
estimated. According to the obtained TCS under
each confining pressure, five unloading stresses (o;)
were predetermined in terms of o~i(or—03)t03
(wherein the stress level i was presupposed as 0.1,
0.3,0.5,0.7, and 0.9).

Stress

0y
5th stress level

0 Time

Fig. 1 Schematic curve of stress path in triaxial cyclic
compression test

(2) For the triaxial cyclic compression test,
axial and circumferential stresses were first applied
simultaneously to the pre-set confining pressure
(e.g., 5 MPa) at a rate of 0.1 MPa/s. Keeping the
confining pressure constant, the axial stress was
increased to the first stress level at the rate of
0.1 MPa/s, and then decreased to approximate O at
the same rate of loading to complete the first cycle.
Following the four remaining stress levels involved
in Step (1), similarly repeat the four related cycles
until the fifth cycle. In the fifth cycle, the axial
stress was firstly decreased to the wvalue of
confining pressure, and then the axial stress and the
confining pressure were simultaneously released to
about 0 at a rate of 0.1 MPa/s, completing the fifth
cycle.

(3) Finally, the axial and circumferential
stresses were simultaneously applied to the value of
pre-set confining pressure at the rate of 0.1 MPa/s.
Keeping the confining pressure unchanged, the rock
specimen was axially compressed to failure at the
rate of 0.1 mm/min. The force-controlled mode was
switched to displacement-controlled mode during
loading to prevent sudden instability of rock
specimens after peak stress from causing damage to
the testing machine. According to the triaxial peak
stress (TPS, op) obtained in this triaxial cyclic
compression test, the actual stress level (i) is

determined as

i=[i(o1—03)+03)/(0p—03) (1)

2.3 Energy theory for rock triaxial cyclic

compression test

In the triaxial compression test, because the
circumferential strain energy is small and it not
directly damages or destabilizes the rock specimen,
the impact of circumferential strain energy on test
results can be ignored to a certain extent [2,39—41].
Further, the aim of this study is to explore the
distribution laws of energy storage and dissipation
under cyclic loading and their responses to
confining pressure. As a result, herein we only
focus on the energy characteristics in the axial
loading direction of rock specimens. If no heat
exchange exits between the specimen loading
system and the outside environment, strain energies
including the pre-peak input strain energy U, ,
pre-peak elastic strain energy U; and pre-peak
dissipated strain energy U? at stress level i can be
determined by the following formulas according to
the first law of thermodynamics [1], as shown in
Fig. 2.

UiI:_[;,l (o, —03)dg, 2)
Ui=, (0, - 03y)dg 3)
Uid = Uil -U;f “

where & and &' separately denote the permanent
strain and the total strain corresponding to stress
level i, and &, refers to the permanent strain
produced in the last loading—unloading cycle.

A

g
lb— Unloading point
]
Unloading curve
U4
Loading curve LK U
P b & &

~1%i
Fig. 2 Schematic curve of strain energies in triaxial
cyclic compression at stress level i
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3 Results and analysis

3.1 Mechanical characteristics
3.1.1 Stress—strain curves

Figure 3 shows the representative axial
stress—strain  curves in the triaxial cyclic
compression tests. It is obvious that a higher
confining pressure leads to the greater peak
strength and peak strain. The post stress—strain curve
behaves gentler under a higher confining pressure,
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& /107*
Fig. 3 Axial stress—strain curves of rock specimens in
triaxial cyclic compression tests with different confining
pressures: (a) 5 MPa; (b) 10 MPa; (c) 15 MPa

indicating an improvement of rock plasticity due to
confinement. It is also observed that the subsequent
loading curve always passes through the inter-
section of the last loading and unloading curves,
and continues to develop along the previous loading
path. This observation implies that the rock has a
memory of the initial loading path in a triaxial
compression state. When the axial stress is
approximately zero, the end of an unloading curve
does not return to the starting point of the original
loading curve. This phenomenon indicates that the
rock has undergone irreversible deformation under
cyclic stress, i.e., the plastic deformation. The
plastic deformation consumes part of the input
strain energy of the rock specimen. With increasing
stress level, the proportion of strain energy
dissipated in rock increases. Therefore, the end of
the unloading curve is farther and farther away from
the starting point of the initial loading curve.
3.1.2 Characteristics of elastic strain and plastic
strain under various stress levels

Figure 4(a) illustrates the variation trend of
axial elastic strain (&' — &/ ) versus the actual stress
level in the triaxial cyclic compression test. It is
found that the axial elastic strain increases with
the actual stress level in highly linear relations.
The coefficient of determination R* resulted
from the regression analysis is greater than 0.9950,
indicating a strong correlation between the two
parameters. Interestingly, under different confining
pressures, at a similar actual stress level greater
than 0.3 approximately, the higher the confining
pressure is, the greater the elastic strain is. With an
increase in actual stress level, the difference
between axial elastic strains under various
confining pressures becomes greater. However, it
seems that the elastic strain under 10 MPa is the
greatest when the actual stress level is less than 0.3.
At low actual stress level, the difference between
elastic strains under three confining pressures is
small. Overall, a higher confining pressure causes a
greater elastic strain. This is because with an
increase in confining pressure, the strength of rock
specimen increases. Since the number of cycles in
the triaxial cyclic compression test is constant, the
loading—unloading gradient increases, which
determines that the elastic deformation increases
with the confining pressure.

Figure 4(b) depicts the variation trend of axial
plastic strain (& —&,) with respect to the actual
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Fig. 4 Correlations between axial elastic strain (a), axial
plastic strain (b), and actual stress level under different
confining pressures

stress level under different confining pressures.
Obviously, a “U”-shaped variation trend is
presented. Since the energy dissipated during
compression is mainly used for plastic deformation
of the rock specimen, the change in plastic strain
can be correlated with the dissipated strain energy
during rock deformation. It is found that the plastic
strain of the rock specimen is large in the first
loading—unloading cycle. The main reason is that
the rock specimen is initially compressed in the first
cycle. At this time, its inner micro-cracks are
initially compacted with an energy consumption,
which is the so-called rock compaction stage. When
the rock specimen undergoes the second, third, and
fourth loading—unloading cycles, the plastic strain
becomes less, and the less proportion of energy is
consumed in these cycles than that in the first
loading—unloading cycle. This is because after
the first loading—unloading cycle, existing micro-
cracks inside the rock specimen have already been
compacted, and only the development of newly-

generated cracks needs to consume energy. When
the rock specimen suffers from the fifth cycle, the
plastic strain increases suddenly. In this case,
massive cracks begin to develop and extend, and
the rock specimen is about to failure.

3.2 Nonlinear variation pattern of pre-peak
strain energy in triaxial cyclic compression
According to Egs. (2)—(4), the U}, U, and

U! were computed. The relations between these

three pre-peak strain energies and the actual stress

level under distinct confining pressures are plotted.

As shown in Fig. 5, under all confining pressures,
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Fig. 5 Growth trends of three pre-peak strain energies of
red sandstone under different actual stress levels and
confining pressures: (a) U/; (b) UF;(c) U
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the U/, U?, and U’ present a similar nonlinear
growth with the actual stress level. The growth
trend can be described using quadratic functions,
whose R? values all exceed 0.98. In addition, under
approximately the same actual stress level, each
type of pre-peak strain energy also increases with
the confining pressure. When the confining pressure
increases from 5 to 15 MPa, the U; is increased
by 2.4 times (Fig.5(b)), while the U is only
increased by 1.6 times (Fig. 5(c)). For example,
when the actual stress level is approximately 0.8,
the US and U’ under 5 MPa confining pressure
are about 0.1 and 0.03 mJ/mm? and those of
specimens under 10 MPa confining pressure are
approximately 0.16 and 0.035 mJ/mm?>, respectively.
Under the confining pressure of 15 MPa, the U;
is about 0.24 mJ/mm?, and the U} is about
0.05 mJ/mm?>. The analysis above indicates that
increasing the confining pressure is beneficial to the
conversion of U, into U; inside the rock, thus
meanwhile restraining the performance of energy
dissipation.
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3.3 Relationships of three pre-peak strain
energies in triaxial cyclic compression
Figure 6 illustrates the mutual relationships
between the three pre-peak strain energies under
different confining pressures. It is found that as U
increases, both U and U increase linearly,
with the R? exceeding 0.97. It should be noted that
to rectify a deviation, the coordinate origin (0,0)
was included during data regression [25]. These
preliminary linear relations are expressed by

Eq. (5):

U =a,U; +b,
Ul =c;U! b, (%)
cr=1-a;

In the above formulas, to quantitatively
describe the energy storage and dissipation
performances during triaxial cyclic compression, ar
is defined as the energy storage coefficient (ESC)
and cr as the energy dissipation coefficient (EDC)
in triaxial compression. b is caused by the rock

b =10 MP
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Fig. 6 Linear relationships between three strain energies of red sandstone (RS) in triaxial cyclic compression test:

(a) 03=5 MPa; (b) 63=10 MPa; (c) o3=15 MPa; (d) ar, cr
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heterogeneity and discrete energy data of rock
specimens and is very small relative to ar or cr,
which is ignorable in some cases. Therefore, Eq. (5)
can essentially be replaced by Eq. (6). This also
indicates that the U is proportionally distributed
into UF and U in the process of triaxial
compression. The proportional relationship between
Uf and U, is termed as the LES law, and that
between the U and U] as the LED law. As a
result, the ESC and EDC in triaxial cyclic
compression can be determined by Eq. (7). As
shown in Fig. 6, under the confining pressures
of 5, 10 and 15 MPa, the value of ESC in triaxial
compression follows an increasing order of
0.8033<0.8076<0.8161, and that of EDC shows
the decreasing order of 0.1967>0.1924>0.1839
(Fig. 6(d)). When the confining pressure changes
from 5 to 15 MPa, the ESC is increased by 1.59%,
and the related EDC is reduced by 6.51%.
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3.4 Universality of LES and LED laws in triaxial
cyclic compression

As analysed earlier, the LES and LED laws
were confirmed for the red sandstone during triaxial
cyclic compression tests. To verify the generality of
the LES and LED laws in such stress conditions, we
extracted several sets of energy data from the
stress—strain curves or related plots in the existing
literature, wherein two types of sandstone [39,40], a
type of limestone [42], and a type of marble [43],
were tested under various confining pressures. Via
linear regression analysis, we also found the linear
energy storage and dissipation laws of the four
types of rocks, as shown in Fig.7 and Table 1.
Despite of the variations in confining pressure,
cycle number (or the number of stress level), and
rock types, excellent mutual linear energy relations
were confirmed, with the minimal R* greater than
0.96. This confirmation implies that the LES and
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Fig. 7 LES and LED laws of Sandstone I (SI) under different confining pressures: (a) 03=5 MPa; (b) 05=10 MPa;

(c) 05=20 MPa; (d) 65=30 MPa
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Table 1 LES and LED laws of other three rocks under
different confining pressures

Confining
Rock type pressure/ Linear energy relations  R2
MPa
U£=0.5839U;+0.0012 0.9866
1
U=0.4161U/-0.0012 0.9739
S Uf=0.5879U;4+0.0025 0.9938
US=0.4121U/-0.0025 0.9875
0 U£=0.6079U;+0.0046  0.9903
Limestone U=0.3921U-0.0046 0.9780
(LS) | US=0.6473U,+0.0039  0.9903
5
U=0.3527U/~0.0039  0.9680
" U=0.6559U;4+0.0070 0.9967
U=0.3441U/-0.0070  0.9883
’s U£=0.7172U;40.0036  0.9991
U=0.2828U/-0.0036 0.9939
U£=0.5922U;+0.0024  0.9946
5
U=0.4078U/-0.0024 0.9888
0 U=0.6326U;+0.0008  0.9982
Sandstone U=0.3674U:/-0.0008 0.9979
I (SID) 2 US=0.6636U,-0.0044 0.9981
U=0.3364U/40.0044 0.9921
30 US=0.7100U;40.0212  0.9958
U=0.2900U/-0.0212 0.9752
)5 Uf=0.5292U;4+0.0021 0.9840
' U=0.4708U:-0.0021 0.9798
5 U£=0.4033U;4+0.0039  0.9701
Crystalline U=0.5967U,/-0.0039 0.9861
marble .
(CM) Uf=0.4067U;40.0042  0.9804
75
U=0.5933U/-0.0042 0.9907
0 U=0.4406U;+0.0055 0.9807
U=0.5594U/-0.0055 0.9880

LED laws are universal in rocks under triaxial
cyclic stress conditions from two aspects. (1) The
presence of LES and LED laws are unrelated to the
rock type in triaxial cyclic compression. In this
study, five types of rocks were involved, and they
all obey the LES and LED laws, even though the
specific linear regression of energy results seems
quite difference for varied rock types. (2) The

change of confining pressure also does not hinder
the presence of LES and LED laws. It is clear that
for each rock material subject to different confining
pressures, the LES and LED laws are also captured.
Therefore, it is rational to consider that the
existence of the revealed LES and LED laws is of
favourable universalism for rock in triaxial cyclic
compression.

3.5 Variations in ESC and EDC with respect to
confining pressure

Figure 8 presents the variations in the ESC and
EDC of the above five rock types in triaxial cyclic
compression with different confining pressures.
Generally, it turns out that the ESC increases and
EDC decreases with increasing confining pressure.
In other words, a higher confining pressure
normally causes a greater ESC and a smaller EDC.
However, the influencing degree of confining
pressure on these two coefficients differs due to the
change of rock type. Compared with the two energy
coefficients of other three rock types (RS, SI, CM
in Figs. 8(a, b, e), those of the LS and SII
(Figs. 8(c, d) are more sensitive to the variation of
confining pressure. It is worth clarifying that a
few cases exist, in which the ESC under a lower
confining pressure is larger than that under a higher
confining pressure. More specifically, the ESC of
SI (Fig. 8(b)) under 10 MPa confining pressure is
slightly greater than that under 20 and 30 MPa
confining pressures. Similarly, for the CM
(Fig. 8(e)), compared with the ESC resulted from
the confining pressures of 5, 7.5, and 10 MPa, the
ESC induced by 2.5 MPa confining pressure is
greater. These cases may be caused by the
discrepancy between physical properties of the
same rock type under different confining pressures.
However, it is still believed that the confining
pressure plays a role in increasing the ESC. This
can be confirmed by the fact that when confining
pressure varies from 5 to 10 MPa, the ESC of CM
increases and the corresponding EDC decreases
(Fig. 8(e)). Also, the ESC of SI under 5 MPa
confining pressure is smaller than that under
the confining pressures of 10, 20, and 30 MPa
(Fig. 8(b)). For the EDC of all rock types, opposite
responses to the confining pressure were observed
compared with the associated ESC. These findings
indicate that increasing the confining pressure is
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conducive to promoting the energy storage
performance of rocks. Although in a few cases, the
ESC under a lower confining pressure is slightly
greater than that under a higher confining pressure,
this does not affect the overall law that confining
pressure promotes the energy storage capacity of
rocks.

To further describe the influencing degree of
confining pressure on these two energy coefficients
through a quantitative manner, the variation rates of

the two coefficients are determined as

min

r,= A minT x100%
a
! min (8)
= T 2 100%
cﬁll'—‘nln

where r, and 7. denote the variation rates of ESC
and EDC, respectively. ™ and ¢ separately
represent the ESC and EDC of a specific rock type
under the minimal confining pressure. For instance,
a}ni“ of the RS tested is 0.8033, which corresponds
to the 5 MPa confining pressure (Fig. 8(a)). Note
that for a given rock type, the variation rate under
the minimal confining pressure is 0. From Fig. 8, it
appears that r, is positive and r. is negative
(Figs. 8(a—d)). In most cases, the r, increases and 7.
decreases with increasing confining pressure. For
example, the 7, of LS increases from 0 to 22.83%
and related r. varies from 0 to —32.04% when the
confining pressure changes from 1 to 25 MPa
(Fig. 8(c)). However, the SI and CM seem to
exhibit opposite results compared with the
remaining three rocks. This case may result from
the difference in physical properties of specimens
under the minimal confining pressure and other
higher confining pressures, as mentioned previously.
For all rock types, the influence of confining
pressure on the ESC is less pronounced than that on
the EDC. For example, when the confining pressure
of CM changes from 2.5 to 10 MPa, the absolute
maximum of r, reaches 23.79% and the maximum
re reaches 26.74%.

The ESC and EDC essentially reflect the
distribution characteristics of strain energy during
prepeak loading of rocks. Since these two
coefficients are both formulated in ratio forms, they
only characterize the rock energy storage and/or
dissipation ability from a relative aspect. Figure 8(f)

depicts proportions of UF and U’ of five rock
types subjected to different confining pressures.
It is found that the distribution of pre-peak strain
energy is not only influenced by the confining
pressure, but also by the material property. For the
CM, the proportion of U? is clearly larger than
that of U;. Conversely, the other remaining four
rock types exhibit the opposite energy proportions.
Under a given confining pressure, U; presents a
larger proportion than U!. In more details, for the
tested LS, when the confining pressure varies from
1 to 25 MPa, the proportion of U; increases from
58.39% to 71.72%, and the proportion of U
decreases from 41.61% to 28.28%. For the RS, SI,
and LS under the confining pressure of 10 MPa, the
proportions of U; are 80.476%, 71.36 %, and
60.79%, respectively, and the RS exhibits the
maximum of U; and the minimum of U; among

the five rock types. l
4 Application of LES and LED laws

4.1 Prediction of peak strain energy under

various confining pressures using LES law

The state of strain energy at peak strength
(named as peak strain energy) has great importance
for studying rock fracturing phenomena. Here,
the LES law was used to predict the peak strain
energies. The peak input strain energy (PISE) is
directly computed by integrating the stress—strain
curve, which is similar to the approach of obtaining
the U, at a given stress level in Fig. 2. Based on
this, the related peak elastic strain energy (PESE)
and peak dissipated strain energy (PDSE) can be
deduced using Eq.(5). Figure 9 demonstrates
PDSE, PESE and PISE in triaxial compression with
different confining pressures. It is observed from
Fig. 9 that under a constant confining pressure, the
amount of PESE is apparently greater than that of
the PDSE, reaching about four times. This implies
that energy storage instead of energy dissipation
dominates at the peak strength of rock. In addition,
with an increase in confining pressure, the three
peak strain energies all increase. This is because the
existence of confinement improves the bearing limit
of rock, thus comprehensively enhancing the ability
of absorbing, storing, and dissipating the strain
energy within the rock. As the confining pressure
changes from 5 to 15 MPa, the PESE increases
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from 0.1988 to 0.4763 mJ/mm?, increased by
139.59%. The related PDSE varies from 0.0484 to
0.1059 mJ/mm?, with a 118.80% increment. Since
the PESE describes an absolute energy state at peak
strength, it reflects the ultimate ability of rock to
store strain energy. It can be confirmed that the
confining pressure is instrumental in energy storage
of rock from an absolute energy aspect.

0.6 E= PDSE 0.5822
PESE

0.5r FH PISE 0.4763

041 el

0.1059:

Peak strain energy/(mJ-mm™)

0.0762 %

10 15
Confining pessure/MPa

Fig. 9 Peak strain energies predicted using mutual linear
relationships between pre-peak strain energies under
different confining pressures

Table 2 lists the proportions of PESE and
PDSE under different confining pressures, wherein
the PISE is the sum of the associated PESE and
PDSE. Under the confining pressures of 5, 10, and
15 MPa, the proportions of PESE are 80.41%,
81.08%, and 81.82%, and those of the PDSE are
19.59%, 18.92%, and 18.18%, respectively. This
indicates that an increase in confining pressure
improves the proportion of PESE and reduces the
proportion of PDSE. This also signifies that the
existence of confining pressure is more prone to
promote the energy storage performance and
weaken the energy dissipation capacity at rock peak
strength. A higher confining pressure can more
effectively curb the development and propagation
of rock internal cracks and thus reduce the
dissipation of strain energy.
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4.2 Damage evolution analysis of triaxially

compressed rock considering LED law

Rock will deform and be subject to damage
under external loading due to the occurrence of
micro cracks and permanent deformation. The
investigation into rock damage has a great
significance for the safety evaluation of deep
rock engineering structures [44,45]. The theoretical
investigations have indicated that rock damage is
related to micro-failure, and that permanent failure
can be characterized from the viewpoint of energy
dissipation [46,47]. However, the damage evolution
mechanism in rock under coupled conditions of
confining pressure and cyclic loading still remains
elusive [29]. In previous studies, a rock damage
variable has been established based on energy
dissipation. The damage variable is determined as
the ratio of U? to Uy [44, 48]:

D=U}IUy ©)

where D is the damage variable, and US denotes
the peak dissipated strain energy. In essence, since
the rock in triaxial cyclic compression obeys the
LED law, D can be expressed as

l

Uy U, U

p

d I I
U_':_CTUi :ﬁ (10)

where U ]i represents the peak input strain energy.
Figure 10 describes the variations in damage
variable with axial strain under triaxial cyclic
compression conditions. The damage variable
generally increases as the axial loading strain
increases. In the initial loading stage, the damage
variable increases slowly with the axial strain.
When the axial strain is low, the damage variable of
the same rock type subject to different confining
pressures is nearly the same. However, when the
axial strain becomes greater, with the same axial
strain, the damage variable under a higher confining
pressure
confining pressure. Furthermore, for the same rock

is smaller than that under a lower

Table 2 Amount and proportions of PESE and PDSE under different confining pressures

Confining PISE/ PESE/ PDSE/ Proportion of Proportion of
pressure/MPa (mJ-mm™) (mJ-mm3) (mJ-mm™) PESE in PISE/% PDSE in PISE/%
5 0.2472 0.1988 0.0484 80.41 19.59
10 0.4026 0.3264 0.0762 81.08 18.92
15 0.5822 0.4763 0.1059 81.82 18.18
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Fig. 10 Damage variable versus axial strain of rocks under triaxial cyclic compression with different confining

pressures: (a) RS; (b) SI; (¢) LS; (d) SII; (e) CM

type, as the confining pressure increases, the
damage evolution gradually becomes gentler. This
is because the higher confining pressure can more
effectively inhibit the crack propagation during
compression, thus reducing the damage of rocks.

5 Discussion

In this study, the LES and LED laws of rocks
were revealed under triaxial cyclic compression
conditions (a three-dimensional stress state). The
universality of LES and LED laws of rocks in

triaxial cyclic compression was also confirmed by
analysing the experimental data in existing
literature. Based on this, the revealed LES law was
used to predict the peak strain energies of rocks.
Considering the LED law, the damage evolution
characteristics of rocks under various confining
pressures were analyzed. In previous investigations,
the LES and LED laws under one-dimensional
and two-dimensional stress states have been
reported [25,26,49]. Combined with the current
work, these findings indicate that the LES and LED
laws are applicable to rocks subjected to one-
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dimensional to three-dimensional stress states. In
addition, the LES and LED laws have been applied
to the evaluation of rockburst proneness and the
characterization of rock damage [4,24,44]. The
above analysis shows that the LES and LED laws
have a good application in related rock mechanics
problems. However, the revealed LES and LED
laws are limited to the pre-peak stage of rock
deformation and failure. The energy law during
rock post-peak failure is of great significance to the
study of rock failure behavior, and the failure
intensity of rocks is closely related to the energy
state during post-peak stage. Whether there are LES
and LED laws in the post-peak failure of rocks
remains unclear. Therefore, the energy evolution
laws of after-peak strength of rock are desired to be
investigated in the future, and a wider experimental
campaign for exploration may extend the related
application of LES and LED laws.

6 Conclusions

(1) As the stress level increases, the elastic
strain increases in linear relations, while the
permanent strain follows U-shaped growth trend.
Under a constant stress level, the higher the
confining pressure is, the greater the elastic strain
is.

(2) Under all confining pressures, the three
pre-peak strain energies increase nonlinearly as the
actual stress level increases. Importantly, the linear
energy storage law and linear energy dissipation
law of rocks in triaxial cyclic compression are
further confirmed, and the universality of these
linear energy laws is verified using the existing
experimental results in literature. Through the linear
energy storage law, the peak strain energies of rock
under various confining pressures are predicted.

(3) The energy storage coefficient in triaxial
compression is positively correlated to the
confining pressure, while the corresponding energy
dissipation coefficient shows opposite relations.
From both the absolute and relative perspectives, it
is shown that confining pressure can improve the
energy storage performance of rocks.

(4) Based on the linear energy dissipation law,
the damage evolution characteristics of rocks
subjected to triaxial compression are analyzed.
Under similar axial strain, the damage variable
decreases as the confining pressure increases. This

is because compared with low confinement, a
higher confinement can restrain the generation
and development of micro-cracks in rocks more
effectively and thus reduce the rock damage degree.
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