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Effects of length-to-diameter
ratio and strain rate on strain
energy accumulation and
dissipation in sandstone

Xiaodie Liu* and Zhixi Liu

School of Architectural Engineering, Tongling University, Tongling, Anhui, China

To investigate the influence of the length-to-diameter (L/D) ratio and strain rate
on the evolution of strain energy of sandstone under uniaxial compression,
experimental tests were conducted using the RMT-150B rock mechanics test
system. Specifically, uniaxial compression experiments (UCE), uniaxial loading-
unloading experiment(ULUE) and uniaxial cyclic loading-unloading experiments
(UCLUE) were performed. The results show that: 1) Based on an investigation of
the Kaiser effect in UCLUE, it is postulated that a small degree of loading-
unloading has negligible impact on the storage of strain energy in rock masses.
The hypothesis regarding the limited influence of loading-unloading on the elastic
strain energy storage of rocks is confirmed through a comparative analysis
between the elastic strain energy storage in UCLUE and ULUE. 2) By analyzing
the ESED and ISED of sandstone under different L/D ratios and strain rates, it is
found that it follows the linear energy storage law. The evolution of elastic strain
energy is not affected by strain rate. Therefore, the UCLUE at any strain rate can
analyze the elastic strain energy of uniaxial compression experiment with the
same size at any strain rate, and provide a new method for strain energy analysis at
different length-diameter ratios and strain rates. 3) When the stress of sandstone
samples of equal size is equal, the smaller the strain rate, the longer the loading
experiment of sandstone, the more time the friction development and
interconnection of cracks in sandstone are, and the more dissipated strain
energy and input strain energy are generated. 4) Smaller L/D ratios are
associated with larger ESED and DSED values in sandstone. As the stress
intensifies, the ESED and DSED of certain sandstones with larger L/D ratios
experience a sharp increase when approaching the failure stress. Under equal
stress levels, it is possible for sandstones with larger L/D ratios to exhibit higher
ESED and DSED values compared to those with smaller L/D ratios.
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Abbreviations: CLU, cyclic loading-unloading; DSED, dissipated strain energy density; ESED, elastic strain
energy density; ISED, input strain energy density; L/D, length-to-diameter; UCE, uniaxial compression
experiment; UCLUE, uniaxial cyclic loading-unloading experiment; ULUE, uniaxial loading-unloading
experiment.
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1 Introduction

The concept of the “size effect” in rock mechanics is the
phenomenon where the strength of a rock specimen decreases as
its size increases. Additionally, the strength of the rock increases
with higher strain rates. In engineering design, rock mass is
affected by size effect and strain rate, which brings difficulties to
its failure prediction (Hashiba et al.,, 2019; Li et al., 2021). In
traditional elastic-plastic mechanics analysis, the curve of stress-
strain is usually used to describe the mechanical response of rock
deformation and failure process, and thus constitutive equation
and strength theory describing rock are established (Haupt, 1991;
Nawrocki et al., 1999; Hajiabdolmajid et al., 2002; Liu and Dali,
2018; Dong et al., 2021; Richards et al., 2022; Sun et al., 2023).
However, the dispersion of rock strength and the diversity of
stress-strain relationship bring difficulties to engineering design
analysis and prediction.

According to principles of

thermodynamics, the fundamental characteristic of rock
deformation is the conversion of strain energy, and it failure
is the instability phenomenon driven by energy (Xie et al., 2005a;
Xie et al.,, 2008). Consequently, conducting an energy evolution
analysis of the rock failure process from a thermodynamic
perspective, considering diverse strain rates and sizes, has the
potential to effectively reflect the nature of rock failure.

The investigation of rock failure through the lens of
thermodynamics has emerged as a prominent area of interest
in the realm of rock mechanics, and noteworthy advancements
have been achieved (Xie et al., 2005b; Li et al., 2020). Xie et al.
(2005a), Xie et al. (2005b), Xie et al. (2008) examined the impact
of strain energy evolution law of rocks, providing a
comprehensive analysis of the intricate connection between
strain energy dissipation and damage. Zhao et al. (2020)
analyzed the strain energy evolution law of marble under true
triaxial experiment, and further discussed the influence of strain
rate on rock damage. In the above studies on rock energy
evolution, the ESED is mainly obtained by energy calculation
formula, which assumes that rock unloading curve is a straight
line. However, the study reveals that the unloading curve of the
rock does not exhibit a linear trajectory, but instead exhibits
distinct nonlinear characteristics (Yoshinaka et al., 1998; Manoj
and Petro$, 2009; Xiao et al., 2010; Ma et al.,, 2013; Zhang et al,,
2013; Song et al., 2016; Zhou et al., 2018; Xie et al., 2023). As a
result, the accuracy of energy calculations using the formula is
questionable. Based on the principles of thermodynamics,
scholars have obtained unloading curves for rocks by
conducting loading-unloading experiments. These
represent the behavior of rocks during the unloading process.

curves

Hence, certain researchers have investigated the loading-
unloading experiments of rocks through the thermodynamic
perspective. The area bounded by the unloading curves and
the horizontal axis signifies the buildup of elastic strain energy
within the rock (Qingbin et al., 2015). Meng et al. (2018)
conducted a comprehensive analysis on the strain energy
during the loading-unloading process of red sandstone. Their
investigation utilized the UCLUE to explore the patterns and
mechanisms of energy transfer within the red sandstone. In a
related study, Liu and Dai (2021) examined the impact of particle
diameter on the elastic strain energy and dissipated strain energy
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of coal mine gravel through loading-unloading experiments.
Their findings indicated that the particle diameter played a
significant role in the storage and dissipation of energy within
the gravel samples. Notably, samples with larger particles
exhibited a greater capacity for storing elastic strain energy
with With  the
progression of research, scholars have been investigating the

compared to samples smaller particles.

energy evolution of uniaxial

experiments on rocks. Gong et al. (2018), Gong et al. (2019a),

single loading-unloading
Gong et al. (2019b) conducted a comprehensive analysis on the
strain energy evolution of rock deformation and failure using
uniaxial single loading-unloading experiments. Their findings
revealed a linear relationship between the ESED and the ISED,
indicating a linear energy storage law. Additionally, they
enhanced the calculation formula of the peak energy impact
index based on this linear energy storage law. Furthermore,
they established a
incorporating the residual ESED index (the difference between

rock burst tendency criterion by
pre-peak ESED and post-peak failure strain energy density). This
criterion significantly enriched the understanding of rock energy
evolution.

Until now, the majority of studies on the size effect and strain
rate of rocks have primarily focused on their strength and
mechanical properties. Huang et al. (2014) investigated the
uniaxial compression of marble with varying sizes and suggested
that the uniaxial compressive strength of rocks exhibits a size effect
that correlates with the L/D ratio. Yang et al. (2005), through
experimental and theoretical studies of rock materials, proposed
that the size effect in rocks is primarily influenced by the friction
effect at the rock ends, rather than the heterogeneity of their internal
structure. They further developed a theoretical model for the size
effect in marble. Zhu et al. (2019) conducted triaxial compression
experiments on siltstone to investigate the size effect and analyze the
correlation between rock strength and deformation under varying
confining pressures. According to their findings, the measured
values of rock strength, Poisson’s ratio, and Young’s modulus
reach a stable state when the confining pressure is equal and the
L/D ratio exceeds 2.2. Nevertheless, the analysis of rock strain energy
under various L/D ratios and strain rates remains relatively scarce in
the existing research literature. Some studies on L/D ratio and strain
rate still assume that the unloading curve follows a linear pattern.
The research conducted on CLU experiments provides clear
evidence that the unloading curve of rocks exhibits nonlinearity.
Therefore, utilizing this assumption to analyze the energy evolution
of rock masses may not accurately reflect the energy evolution of
rock failure and deformation.

This study employed a comprehensive experimental approach,
encompassing UCE, UCLUE, and ULUE. The experiments involved
the use of sandstone specimens with varying L/D ratios. Firstly,
based on the Kaiser effect of UCLUE, it is assumed that a small
amount of loading-unloading will not affect the strain energy storage
of rock mass. Then the ESED was compared between the uniaxial
single loading-unloading experiment and the UCLUE to verify the
correctness of the hypothesis. Finally, the UCLUE is adopted to
evaluate the strain energy of rock under UCE. The evolution of
elastic strain energy and dissipative strain energy along with axial
stress is obtained by calculating the energy analysis method
proposed in this paper. The research results have positive
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Sandstone samples

FIGURE 1

test equipment

Rock specimens and test equipment. (A) Sandstone samples, (B) test equipment.

significance for rock failure mechanism and dynamic disaster
mechanism.

2 Rock specimen size and experiment
scheme

This paper uses sandstones from Luling coal Mine in Anhui
Province, China. The sampling depth of the sandstone used in the
experiment is 850 ~ 860 m, the rock geology is uniform, and there is
no obvious joint. The wave velocity of the sample was measured with
MC-6310 non-metallic ultrasonic detector to remove the large
discrete test block, and the wave velocity of the test block was
between 2.4 and 2.5 km/s. Figures 1A illustrates the rock specimens
and test equipment.

UCE scheme with different L/D ratio: UCEs were carried out on
sandstone samples with diameter of 50 mm and length of 50 mm,
75 mm, 100 mm, 125 mm and 150 mm with strain rate of 5.0 x 10™*s™".

UCE scheme with different strain rates: UCEs were carried out
on sandstone samples with diameter of 50 mm and length of
100 mm with strain rates of 1.0x107°s}, 5.0x107°s!, 1.0x107s™,
5.0x10*s" and 1.0x107s™.

UCLUE scheme with different L/D ratio: UCLUEs were carried
out on sandstone samples with diameter of 50 mm and length of
50 mm, 75 mm, 100 mm, 125 mm and 150 mm with strain rate of
5.0x107*s™". The loading stress path is:
0—10 kN—0—20 kN—0—30 kN—0—40 kN—0—50 kN. ~ Until
the sample is compressed to failure, the peak load difference
between the adjacent cycles is 10 kN.

UCLUE scheme with different strain rates: UCLUEs were
carried out on sandstone samples with a diameter of 50 mm and
a length of 100 mm using strain rates of 1.0x107s", 5.0x107s,
1.0x10™s", 5.0x10*s" and 1.0x107s™". The loading stress path is:
0—10 kN—0—20 kN—0—30 kN—0—40 kN—0—50 kN.  Until
the sample is compressed to failure, the peak load difference
between the adjacent cycles is 10 kN.

ULUE scheme with different L/D ratio: ULUEs were carried out
on sandstone samples with diameter of 50 mm and length of 50 mm,
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75 mm, 100 mm, 125 mm and 150 mm at a strain rate of 5.0 x 10™s"
'. The peak stress of ULUE is equal to the each cyclic load of uniaxial
cyclic loading-unloading with different length-to-diameter ratio.

ULUE scheme with different strain rates: ULUEs were carried
out on sandstone samples with diameter of 50 mm and length of
100 mm at the strain rates of 1.0 x 10°s%, 5.0 x 10°s%, 1.0 x 10757,
5.0 x 10*s™" and 1.0 x 10”%s". The peak stress of ULUE is equal to the
each cyclic load of uniaxial cyclic loading-unloading with same
strain rates.

The stress path diagram of UCLUE and the stress path diagram
of UCLUE are shown in Figure 2.

Figure 3A illustrates the UCE curves of sandstone with L/D
ratios of 1.0, 1.5, 2.0, 2.5, and 3.0, respectively. The specific size of
the samples is: the diameter is 50mm, the length is 50 mm,
75 mm, 100 mm, 125 mm and 150 mm respectively. The strain
rates for all experiments were set at 5 x 10™*s™”, and the
corresponding uniaxial compressive strengths were measured
as 56.1 MPa, 44.9 MPa, 39.3 MPa, 35.2 MPa, and 33.6 MPa,
respectively. It is evident from Figure 3A that there exists an
inverse relationship between the L/D ratio of the sandstone
samples and their uniaxial compressive strengths.

To investigate the inpact of strain rates on rock, we
conducted UCEs on sandstone specimens with varying the
strain rates. The strain rates used in the experiment were 1 x
107", 5 x 107°s, 1 x 10", 5 x 10", and 1 x 107s7,
respectively. Figure 3B presents the UCE curves of sandstone
at varying strain rates. As the strain rate increases, the strength
of the sandstone also increases.

3 Energy calculation and hypothesis

To investigate the failure process of rock from a thermodynamic
perspective, it is essential to determine the object of study, which
involves selecting a thermodynamic system. In this paper, the focus
is on rocks subjected to specific external loads, which serve as the
research system. The experimental machine housing the rocks is
considered the environment (Xie et al., 2005b).
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The stress path diagram of uniaxial single loading-unloading experiment

Stress path diagrams. (A) The stress path diagram of UCLUE, (B) The stress path diagram of uniaxial single loading-unloading experiment.
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3.1 The calculation method of rock energy

Based on the thermodynamic principles, elastic strain energy
is characterized as reversible, while dissipated strain energy is
regarded as unidirectional and irreversible. In the context of UCE
conducted without heat exchange between the rock specimen and
its surrounding environment, the relationship between these
energy components can be expressed as follows (Zhang et al,,
2023):

u=ul+u (1)

Frontiers in Earth Science

The variable “u” represents the ISED generated by the external load
applied to the rock specimen. “u®” represents the DSED, which refers to
the energy consumed in the process of rock deformation and failure. On
the other hand, “u®” represents the ESED stored within the rock. Energy
density, in this context, refers to the amount of energy per unit volume
of the rock. Energy distribution diagram of rock is shown in Figure 4.

The specific calculation formula for the strain energy
distribution in the rock can be expressed as follows:

€ €
u' = ja’de’ - Ja;’ds;’ )
0

&
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Energy distribution diagram of rock.
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Where: ¢ is strain, ¢’ and ¢’ represent loading stress and strain. ¢”
and ¢” represent unloading stress and strain.

3.2 The hypothesis of energy analysis
The Kaiser effect, which is the phenomenon of acoustic emission

occurring during the ductile deformation of materials, serves as the
foundation for AE inspection. Numerous studies have revealed that
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in CLU experiments, compared to the initial loading and unloading
cycles, subsequent CLU cycles exhibit lower ringing counts and
weaker AE signals (Ge et al., 2022). This suggests that the rock mass
sustains less damage from a small amount of CLU. Consequently, it
can be inferred that the influence of a small amount of CLU on the
accumulated ESED of the rock mass is minimal and can be
neglected. Based on this hypothesis, when the stress, size and
strain rate are equal, the ESED at each unloading point of
UCLUE is equal to the ESED of UCE. As shown in Figure 5, the
ESED at point A of the UCE is the area surrounded by point ACB.
The ESED at point D, of UCE is the area surrounded by point DFE.
The ESED of G; point in UCE is the area surrounded by GIH point.

4 Energy analysis method under
uniaxial compression experiment

4.1 Stress-strain curve of UCLUE

Based on the above energy calculation method and hypothesis, a
UCLUE is designed. UCLUE adopts the loading and unloading
method of increasing load, taking 10 kN as a cycle, that is, loading in
sequence as 0—10—0—20—0—30 kN, until the rock specimen is
damaged.

Figure 6 shows the curves comparison between UCE and
UCLUE with varying L/D ratios. As the cycle number in the
UCLUE increases, there is a gradual deviation between the UCE
curve of rock and the unloading points of the UCLUE curve. The
maximum deviation occurs when the peak strength of the UCE is
reached.

Notably, the rock strength in the UCLUE is higher than that in
the UCE, indicating a phenomenon known as “hardening” of the
rock after the loading and unloading process. The observation of this
“hardening” phenomenon contradicts the conventional belief that
loading and unloading cause damage to the rock mass, which is
inconsistent with the theory of fatigue damage. To support this
finding, the authors referred to relevant literature and discovered
similar occurrences of the “hardening” phenomenon in previous
studies. For example, (Jian-ping et al., 2011) investigated coal and
rock mass under cyclic loading, while (Ming-qing and Cheng-dong,
2008) studied marble specimens, both of which reported the
presence of the “hardening” phenomenon. Xu et al. (2009)
carried out a uniaxial cyclic loading-unloading experiment on
skarn and found that the same “hardening” phenomenon existed.
Liu et al. (2021) also found that the rock hardening phenomenon
existed after cyclic loading and unloading in the study of red
sandstone uniaxial cyclic loading-unloading experiment.

Building upon the previous studies on the “hardening”
phenomenon in rock specimens, the authors propose that this
phenomenon can be attributed to the presence of cracks within
the rock specimens. During loading, the local contact stress between
these cracks becomes significantly higher than the nominal stress.
Consequently, the specimens experience substantial deformation
and may even exhibit local failure phenomena due to the elevated
stress levels. As a result of this stress-induced deformation and
failure, debris is generated, which can then fall off and fill the nearby
cracks. The presence of debris between the cracks enhances friction
and subsequently increases the bearing capacity of the rock. This
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UCE curves and UCLUE curves of sandstone with different L/D ratios. (A) L/D=1.0, (B) L/D=15, (C) L/D=2.0 (D) L/D=2.5, and (E) L/D=3.0.

phenomenon of debris filling between cracks plays a crucial role in
the observed “hardening” behavior of the rock specimens. By
shedding light on the underlying mechanisms of the “hardening”
phenomenon, this explanation provides valuable insights into the

Frontiers in Earth Science

complex behavior of rocks during loading and unloading. It

emphasizes the significance of crack propagation, deformation,
and debris filling as key factors influencing the mechanical

response and strength enhancement observed in the rock
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FIGURE 7
Stress-strain curve of the ULUE.

specimens. It is worth noting that “hardening” is not the same as the
increase in strength, which includes tensile, compressive, shear, and
torsional resistance, whereas “hardening” is simply the increase in
the bearing capacity due to the increase in friction.

4.2 Verification of energy analysis method

In line with the hypothesis presented in this paper, it is posited
that a small amount of loading-unloading has minimal impact on
the elastic strain energy of sandstone. To verify the rationality and
accuracy of the aforementioned analysis method, the ESED at each
unloading point in the ULUE was compared with that of the
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UCLUE. The stress-strain curve of the ULUE is depicted in
Figure 7, wherein it is evident that the unloading curve exhibits
noticeable nonlinearity.

The ESED of ULUE was compared with that of UCLUE. As
shown in Figure 8A, the ESED of sandstone under different L/D
ratios in UCLUE has the same evolutionary trend as that of ULUE,
and the two curves almost coincide. As shown in Figure 8B, the
ESED-stress curve of sandstone follows a distinct pattern during the
UCLUE and ULUE conducted at various strain rates. The
hypothesis proposed in this paper is substantiated by observing
the evolution pattern of ESED in the ULUE with different L/D ratios
and sizes. The correctness of the hypothesis in this paper is verified
by a ULUE.

4.3 Energy analysis of sandstone under
uniaxial compression experiment

According to the previous research, when the unloading point
loads of UCE and UCLUE are equal, the ESED of both is also equal.
Therefore, the UCLUE of sandstone can be used to analyze the
energy evolution of UCE, and the results are shown in Tables 1, 2.

According to the hypothesis, the energy evolution can be
obtained when the unloading points of UCE and UCLUE are
equal, but the energy evolution law under arbitrary stress before
the peak of UCE cannot be described. Based on the analysis of strain
energy consumption characteristics during rock loading, it has been
observed that there exists a linear relationship between the ESED
and the ISED. This linear energy storage behavior can be expressed
as follows (Gong et al., 2018; Gong et al., 2019a; Gong et al., 2019b):

(4)

Where, u° is the ESED in the rock loading process; u is the ISED;
Both a and b are fitting parameters.

u=au+b

0.060

0.045

0.030

0.015

1 1 n 1

20 40 60
Stress/MPa
Evolution of ESED of sandstone under different strain rates

80

Comparison of ESED of rock under ULUE and UCLUE. (A) Evolution of ESED of sandstone under different L/D ratios, (B) Evolution of ESED of

sandstone under different strain rates.
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TABLE 1 Energy evolution law of sandstone with different L/D ratios. (mJsmm?).

Load/kN

10 0.0053 0.0088 0.0035 0.0066 0.0032 0.0060 0.0023 0.0046 0.0021 0.0044
20 0.0139 0.0251 0.0104 0.0196 0.0096 0.0188 0.0073 0.0141 0.0066 0.0121
30 0.0240 0.0447 0.0195 0.0363 0.0175 0.0350 0.0138 0.0263 0.0124 0.0221
40 0.0352 0.0673 0.0298 0.0560 0.0264 0.0535 0.0209 0.0409 0.0187 0.0343
50 0.0483 0.0925 0.0418 0.0790 0.0367 0.0766 0.0295 0.0584 0.0265 0.0490
60 0.0622 0.1193 0.0543 0.1049 0.0479 0.1012 0.0388 0.0813 0.0347 0.0677
70 0.0799 0.1490 0.0689 0.1364 0.0618 0.1352 — — — —
80 0.0963 0.1826 0.0847 0.1762 — — — — — —
90 0.1150 0.2197 — — — — — — — —
100 0.1373 0.2602 — - — — — — — —
110 0.1599 0.3277 — — — — — — — —

TABLE 2 Energy evolution law of sandstone with different strain rates. (mJsmm=).

Load/kN

10 0.0031 0.0075 0.0032 0.0066 0.0030 0.0061 0.0032 0.0060 0.0031

20 0.0096 0.0225 0.0097 0.0197 0.0095 0.0184 0.0096 0.0188 0.0095 0.0186
30 0.0176 0.0415 0.0175 0.0371 0.0174 0.0349 0.0175 0.0350 0.0177 0.0348
40 0.0264 0.0650 0.0263 0.0576 0.0262 0.0544 0.0264 0.0535 0.0261 0.0535
50 0.0366 0.0934 0.0367 0.0806 0.0365 0.0788 0.0367 0.0766 0.0364 0.0743
60 0.0478 0.1274 0.0479 0.1098 0.0481 0.1048 0.0479 0.1012 0.0477 0.0994
70 — — — — 0.0619 0.1429 0.0618 0.1352 0.0615 0.1293

TABLE 3 Linear energy storage fitting formulas of sandstone with different L/D
ratios.

L/D ratios Fitting formulas Adj.
R-Square

1.0 050444 0.00185 u = 0.50444u + 0.99666
0.00185

15 0.48878  0.00137 u = 0.48878u + 0.99692
0.00137

2.0 045924 0.00092 u = 0.45924u + 0.99855
0.00092

25 0.48361  0.00050 u = 0.48361u + 0.99735
0.00050

3.0 0.52088  0.00032 u = 0.51171u + 0.9974
0.00044

The ESED and DSED of sandstone under UCE with different
strain rates and L/D ratios were fitted, and the fitting results were
shown in Tables 3, 4.

Frontiers in Earth Science

The ESED and DSED values of sandstone under UCE were
obtained for different strain rates and L/D ratios, and these data were
used to perform fitting analysis. The fitting results for the ESED and
DSED are presented in Tables 3, 4, respectively.

Previous research conducted by various scholars has suggested
that the plastic stage of rock deformation is accompanied by the
generation of numerous cracks, particularly near the peak stress (Ge
etal, 2022). Additionally, (Gong et al., 2019b) have assumed that the
failure process of rock include the initiation, propagation,
coalescence, penetration, and sliding of micro-cracks within the
rock, and the formation of new fracture planes within the sandstone
necessitates energy absorption.

Figure 9A illustrates the ESED-stress curves of sandstones with
varying L/D ratios under varying loads. It can be observed that at low
loads, there is minimal difference in the ESED values among
sandstones with varying L/D ratios. However, as the stress
increasing, the deviation between the ESED-stress curves of
different L/D ratios becomes pronounced. This indicates that for
a given stress level, sandstones with smaller L/D ratios store a higher
amount of ESED. With the increase of stress, the ESED of some
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TABLE 4 Linear energy storage fitting formulas of sandstone with different strain rates.

Strain rates a o] Fitting formulas Adj. R-Square
1.0 x 107%™ 0.37740 0.00089 u = 0.37740u + 0.00089 0.99691
50 x 10%! 043845 0.00068 u® = 0.43845u + 0.00068 0.99841
1.0 x 10 0.43705 0.00127 w = 0.43705u + 0.00127 0.99673
50 x 107! 0.45924 0.00092 u® = 0.45924u + 0.00092 0.99855
1.0 x 107" 0.47494 0.00056 € = 0.47494u + 0.00056 0.99955
A B
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Energy evolution of sandstone under UCE with different L/D ratios. (A) ESED-stress curve (B) DSED-stress curve.

sandstones with large L/D ratio will increase sharply when
approaching the failure stress. It may even appear that the ESED
stored by sandstones with large L/D ratio is greater than that of
sandstones with small L/D ratio.

According to Figure 9B, the overall ISED of rocks shows a
nonlinear growth trend during the loading process. At the first
loading stage, when the loads are equal, the DSED of sandstone
under different aspect ratios has a small difference. With increasing
stress, the smaller the L/D ratio under the same stress, the greater the
DSED. With the further increase of stress, the DSED increases
sharply when the sandstone with large high-diameter ratio
approaches the peak stress. The DSED of sandstone with L/D
ratio of 2 is greater than that of sandstone with L/D ratios of
1.5 and 1 under the same stress at the peak stress. The reason is
that with the increase of stress, the sandstone with large high-
diameter ratio will produce more cracks when approaching the peak
stress, and the energy will be dissipated by sliding friction between
crack surfaces. However, the sandstone with relatively small high-
diameter ratio is in the elastic stage or the early plastic stage at
this time.

The dissipated strain energy of sandstone samples with large L/D
ratio is lower than that of sandstone samples with small L/D ratio at

Frontiers in Earth Science

the initial stage of loading. However, when the DSED of rocks
approaches the peak stress, the cracks enter an unstable
development stage, and the friction between cracks consumes
more strain energy. Therefore, the DSED of sandstone samples
with large L/D ratio is higher than that of sandstone samples with
small L/D ratio. Because the crack is usually in a state of stress
concentration, the ESED stored in sandstone samples with large L/D
ratio is higher than that of sandstone samples with small L/D ratio.

Through the analysis of sandstone samples at different strain
rates, it has been determined that the energy evolution of rock
adheres to the linear energy storage. This indicates a linear
relationship between the ESED and the ISED of sandstone.
Figure 10 illustrates the evolution curves of the ISED, ESED, and
DSED of rock under various strain rates.

The evolution law of ISED and ESED is shown in Figure 10A. In
UCE, both ISED and ESED of rock show nonlinear growth with load
increasing. When the strain rates of sandstone are 1 x 10°s™, 5 x 10°
%11 x 10%s%, 5 x 10%s! and 1 x 107s, the ESED-stress of
sandstone before the peak stress evolves along a specific curve, and
the strain rate has little effect on it. The relationship between strain
rate and energy storage limit in sandstone is evident in the findings
of this study. Under equal stress conditions, it has been observed that
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Energy evolution curves at different strain rates. (A) Evolution curves of ESED-stress and ISED-stress, (B) DSED-stress evolution curves.

higher strain rates correspond to lower ISED values in sandstone.
Meng et al. (Gong et al., 2019a) point out that the smaller the strain
rate is, the more the new crack and the primary crack inside the
sandstone can fully friction. However, due to the higher strain rates
during the loading process, there is less energy dissipation in the
rock. Researchers such as Xie et al. (Xie et al., 2005a; Xie et al., 2005b;
Xie et al, 2008) have proposed that rock damage is positively
correlated with energy dissipation. Therefore, at equal stress
levels, the damage is less pronounced at higher strain rates,
resulting in greater peak strength and a higher accumulation of
elastic strain energy at the peak.

Figure 10B illustrates the DSED-stress curve of rock under
various strain rates. It is evident that the DSED of sandstone
exhibits a nonlinear increase with increasing stress. The inpact
of strain rate on the DSED is more significant compared to the
ESED. The generation of new crack surfaces within the rock
necessitates energy absorption, while the sliding friction
between crack surfaces dissipates energy, as highlighted by
previous research (Meng et al., 2018). When the strain rate is
low, an extended loading time allows for enhanced friction,
development, and connection of cracks within the rock,
resulting in the generation of greater dissipated strain energy
under equivalent loads. Consequently, a portion of the external
work applied to the rock is converted into dissipated strain
energy, leading to the gradual lower in the strength of the rock
(xie et al., 2005b). This phenomenon explains the observed
decrease in rock strength with decreasing strain rate.

5 Discussion

According to the strain energy evolution law of the UCE of
sandstone specimens with the same diameter and different length,
the energy evolution analysis of the UCE of sandstone specimens
with different L/D ratio is proposed by using UCLUE combined with
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linear energy storage law. The energy evolution analysis of sandstone
specimens with different L/D ratio shows that the smaller the L/D
ratio, the larger the energy storage limit of sandstone; the higher the
strain rate, the greater the energy storage limit of sandstone.

To solve the problem of maintaining the stability of deep
roadway, scholars at home and abroad have done a lot of studies
and pointed out that surrounding rock stress, lithology and
support are the main factors affecting the stability of roadway.
It is very difficult to control large deformation of deep roadway
simply by improving the properties of surrounding rock and
enhancing the strength of support, while relatively reducing the
stress of surrounding rock is fundamental to maintaining the
stability of such roadway. The essence of roadway stress transfer
is to use artificial methods to reduce the stress environment of
the
surrounding rock, so that the peak of abutment pressure is

surrounding rock or change stress  distribution of
transferred to the depth of surrounding rock, so as to reduce
the fracture range of surrounding rock and maintain the long-
term stability of roadway.

The essential feature of rock deformation and failure is energy
conversion, so the occurrence process of rock burst can be
understood from the perspective of energy: Due to the influence
of excavation unloading on rock mass, the limit energy storage of
rock mass around surrounding rock mass decreases, and unloading
will cause energy transfer and conversion of rock mass around
roadway. After one or several energy transfer events, the rock mass
of roadway reaches the energy storage limit. The elasticity will be
released quickly resulting in rock burst. In this study, the greater the
strain rate, the greater the energy storage limit of rock mass, the
more severe the rock burst damage caused by the release of elastic
strain energy. Therefore, it is very important to select the
appropriate driving rate in the process of roadway driving for the
safety of rock burst mine.

In the prevention and control of rock burst, borehole pressure

relief is a common measure, which belongs to the pressure relief
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in the roadway, and the process is relatively simple. Borehole
pressure relief changes the stress concentration of the
surrounding rock, as shown in Figure 11 and Figure 12 (o}, is
the peak value of the vertical stress of the surrounding rock of the
roadway; L(o,,) is the peak position of the vertical stress of the
surrounding rock. ¢’y is the peak value of vertical stress of
roadway wall rock after borehole pressure relief. L(d’}) is the
peak position of vertical stress in roadway wall rock after
borehole pressure relief). Borehole pressure relief can provide
effective compensation space for the expansion deformation of
surrounding rock and absorb part of the deformation while
transferring the high stress around the roadway. Large
dimensions such as roadway, chamber, etc.; medium size such
as pressure relief hole, gas extraction hole, etc; smaller
dimensions such as joints, cracks, etc. All of the above can be
regarded as free Spaces of different scales. Any newly formed free
space is the expansion and extension of the free space system, and
any free space can also be regarded as a system composed of
countless smaller free spaces (Qi et al., 2018).

In summary, it is generally believed that borehole pressure
relief can reduce the size of rock mass and the stress
concentration of surrounding rock to a certain extent. In this
study, the smaller the L/D ratio, the higher the energy storage
limit of rock. Borehole pressure relief can reduce the probability
of rock burst from the perspective of energy. If we can further

study the energy storage limit of surrounding rock under
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different tunneling rates and the energy storage law of rock
specimens with other shapes, then the energy storage limit of
rock mass in surrounding rock can be better predicted. The
monitoring coordinates of roadway microseismic events under
different tunneling rates are used to obtain the energy changes of
surrounding rock, so as to determine the location and range of
borehole pressure relief, and more accurately prevent rock burst
by using borehole pressure relief technology. There is a great
difference between the roadway tunneling rate and the specimen
size in the broken zone of surrounding rock, so it is of positive
significance to study the dimension effect and strain energy
evolution characteristics of rock mass under different strain rates.

6 Conclusion

It is postulated that a small amount of loading and unloading has
negligible impact on the energy storage of rock mass. The strain
energy density of uniaxial compression experiment was analyzed by
UCLUE. The validity of the analysis method is further substantiated
through ULUE. The key conclusions derived from the study are as
follows:

(1) Based on an investigation of the Kaiser effect in UCLUE, it is
postulated that a small degree of loading-unloading has
negligible impact on the storage of strain energy in rock
masses. The hypothesis regarding the limited influence of
loading-unloading on the elastic strain energy storage of
rocks is confirmed through a comparative analysis between
the elastic strain energy storage in UCLUE and ULUE.

By analyzing the ESED and ISED of sandstone under different
L/D ratios and strain rates, it has been observed that these two

)

quantities exhibit a linear functional relationship. Specifically,
the ESED increases linearly with an increase in ISED.
Consequently, we present a methodology for studying the
of energy
experiments through the utilization of UCLUEs.

evolution strain in uniaxial compression

(3) The ESED of rocks remains unaffected by the strain rate. Under
equal load and size conditions, the ESED of rocks remains
constant. However, at low loads and under equal stress
conditions, both the DSED and ISED decrease with
increasing strain rate. At peak stress, both ESED and DSED
exhibit an increase with higher strain rates. When the strain rate
is low, an extended loading time facilitates enhanced friction,
development, and interconnection of cracks within the rock.
Consequently, under equivalent loads and low strain rates, a
greater amount of dissipated strain energy is generated.

At low loads, the differences in ESED and DSED values among
sandstones with varying L/D ratios are minimal. However, as

(4)

the stress level increases, the divergence between the ESED-
stress and DSED-stress curves for different L/D ratios becomes
more prominent. Smaller L/D ratios are associated with larger
ESED and DSED values in sandstone. As the stress intensifies,
the ESED and DSED of certain sandstones with larger L/D ratios
experience a sharp increase when approaching the failure stress.
Under equal stress levels, it is possible for sandstones with larger
L/D ratios to exhibit higher ESED and DSED values compared
to those with smaller L/D ratios.
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