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Uniaxial compression tests were carried out for two stress paths: fixed upper
limit and increasing lower limit, and fixed lower limit and increasing upper
limit, to study the differences in mechanical behavior, energy evolution
patterns, and fractal dimension of simulated deep sandstone under different
stress paths. The results show that the strength of the stress path with a fixed
lower limit and increasing upper limit is higher than that of the stress path
with a fixed upper limit and increasing lower limit. Failure mode occurs in
both cases through tension, but the former is more intense. Under cyclic
loading and unloading, the evolution of total energy, elastic energy, and
dissipated energy highly depends on the stress path. High stress increases
the ratio of elastic energy to total energy and the ratio of elastic energy to
dissipated energy. When maximum or minimum stress remains unchanged,
both ratios decrease with cycling. Both stress paths produce predominantly
coarse particles, but the stress path with a fixed lower limit and increasing
upper limit results in higher fragmentation and a larger fractal dimension.
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Introduction

The gradual depletion of shallow resources and the abundant reserves of deep resources
have jointly caused the continued increase in mining depth [1-4]. As non-ferrous metals, coal,
petroleum, and other mineral resources face deep mining, the surrounding rock is significantly affected
by blasting disturbances, large construction machinery vibrations, and other strong cyclic loading [5,
6]. The direct loading test forms and related conclusions no longer meet the practical needs of
engineering. Therefore, studying the impact of cyclic loading paths on the mechanical behavior,
energy evolution patterns, and fractal characteristics of deep rock materials can help reveal the
stability of the mine rock structure under complex stress conditions during deep mining.

An increasing number of researchers have focused on this research hotspot and begun to
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investigate the mining-induced response characteristics of rock materials using cyclic loading tests.
Ding et al. [7] conducted uniaxial compression and uniaxial cyclic loading tests on coal samples. The
results showed significant cyclic hysteresis effects under cyclic loading; total energy, elastic energy,
and dissipated energy all increased with axial stress before failure, albeit with different evolution
patterns. Wei [8] used uniaxial compression and uniaxial cyclic loading and unloading tests to
investigate the mechanical and failure characteristics of weak interlayer rocks in both natural and
saturated states. Cyclic loading reduced the strength of natural rock samples by about 18%. Failure
under uniaxial loading was mainly splitting-shear, whereas cyclic loading induced a tensile-shear
composite failure mode. Song et al. [9] conducted uniaxial compression and cyclic loading tests on
coal samples to investigate the effects of cyclic loading and unloading on the mechanical anisotropy of
rocks with different bedding angles. The results showed that cyclic loading and unloading increased
the uniaxial compressive strength and elastic modulus of coal samples and enhanced their anisotropic
behavior, leading to more fragmented failure. However, in most tests, the lower stress limit during
cyclic loading remains fixed while the upper stress limit increases, i.e., fixed lower limit and
increasing upper limit (FLLIUL). The stress path of fixed upper limit and increasing lower limit
(FULILL) is rarely considered, which limits a more comprehensive understanding of the dynamic
disturbance response characteristics of rock materials.

This study systematically analyzed the mechanical properties, macroscopic failure modes,
energy evolution laws, fractal dimension based on fragmentsof simulated deep sandstone under
uniaxial conditionsand cyclic loading paths. The research results provide a new perspective for a more
comprehensive understanding of the catastrophic characteristics of rock masses in deep mining sites.
Methodology

The material composition of the samples used in this study isP.O 52.5 Portland cement,
silica fume, quartz sand, potassium feldspar, sodium feldspar, water, nano clay, water reducer, and
defoamer, with a mass ratio of 600:180:780:390:390:265:62.4:11.7:1. The quartz sand component
consists of an equal mass mixture (1:1:1:1) of 10-20 mesh, 20-40 mesh, 40-80 mesh, and 80-120
mesh sand particles. Given that the mechanical behavior of the rock specimens produced with this
mixture closely resembles that of deep sandstone at kilometer-scale depths in the Pingdingshan mining
area under the same loading rate, this material is designated as simulated deep sandstone. In
accordance with the standards of the International Society for Rock Mechanics, standard cylindrical
specimens measuring 50 mm in diameter and 100 mm in height were prepared.The mechanical tests
were conducted using the TGW-2000 high-temperature and high-pressure triaxial loading system at
the State Key Laboratory of Intelligent Construction and Healthy Operation and Maintenance of Deep
Underground Engineering at Sichuan University.

As most previous studies have utilized the FLLIUL stress path, this study deliberately
designed two stress paths: FLLIUL and FULILL. The axial load vs. time relationship for the FLLIUL
path follows the trend: 0 KN— 40 kN— 3 kN— 80 kN— 3 kN— 160 kN— 3 kN— failure. The
axial load vs. time curve for the FULILL path follows the trend: 0 kN— 160 kN— 3 kN— 160 kN
— 40 kN— 160 kN— 80kN — failure. Both stress paths were fully controlled by axial loading,
with a loading rate of 100 N/s.

Results and analysis
Macroscopic mechanical behavior and fracture characteristics
The stress—strain curves of the simulated deep sandstone under different stress paths are



shown in fig.1. The peak strength of the simulated deep sandstone was 110.32 MPa under the FLLIUL
stress path, whereas it was 96.36 MPa under the FULILL stress path, representing a 12.65% reduction
in strength. Clearly, the FULILL stress path imposes greater structural damage on the simulated deep
sandstone compared to the FLLIUL stress path.After testing, the simulated deep sandstone shows
typical tensile failure characteristics, with more severe failure features under the FLLIUL loading path.
Analyzing from the perspective of damage, the loading amplitude of the FULILL loading path exhibits
a significantly higher loading amplitude compared to the FLLIUL path, which induces greater internal
damage during failure. Ultimately, the material strength was reduced, resulting in less pronounced
macroscopic failure features.
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Figure 1. Stress strain curves and macroscopic fracture modes under different stress paths
Energy evolution mechanism
Understanding the essence of the state transition of rock materials from the perspective of
energy has become one of the common methods in rock mechanics [10]. Previous studies have shown
that the energy conversion relationship of rock materials under external loading is [11]:
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where U, is total energy density, Ue is elastic energy density, Uy is dissipated energy density, o; is axial
stress, & is axial strain, and E is elastic modulus.

Mathematically,U,, U, and Ugevolution of the simulated deep sandstone under different
cyclic loading paths were calculated based on the above equations, as shown in fig.2. It is clear that
the evolution of U, U, and Uy differs under different stress paths. Among them, the evolution of
Ueand Uiis similar under the FLLIUL and FULILL stress paths, both varying in synchronization with
axial stress, indicating that the amount of input and stored energy is highly dependent on the
magnitude of ;. The evolution of Ugs more complex, and it behaves differently under the FLLIUL
and FULILL stress paths.Under the FLLIUL stress path, Uq in the loading phase of the third cycle and
the loading and failure phaseall shownon monotonic variation trend. Under the FULILL stress path,
the loading and unloading phase of the first cycle, the loading phase of the second cycle, and the
loading and failure phase all show a trend of first increasing and then decreasing Us.
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Figure 2. Evolution law of energy index under different cyclic loading paths

Taking the maximum stress (peak point) and the minimum stress (valley point) in each cycle
as the research objects, the changes in energy indicators under different stress states are presented, as
shown in fig.3. It is quite apparent that, except for two special cases, as the number of cycles increases
or as axial stress at the peak point or valley point increases, the magnitude of U, U, and Ugall increase.
These two cases are that the U.at the valley point under the FLLIUL stress path and the U.at the peak
point under the FULILL stress path show little change, because the stress values at these points are
equal.
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Figure 3. Evolution of energy parameters at extreme points under different stress paths

The ratio of elastic energy to total energy (Ue:) can be regarded as the level of energy
storage in rock material under different stress conditions. The ratio of elastic energy to dissipated
energy (Ueq) can indirectly characterize the stable state of the rock material[12]. The equations for
calculating Ug; and Ugyq are as follows:
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Here, Ug; and Ugy are calculated according to egs. (4) and (5), as shown in fig.3. The evolution
patterns of Ue, and Uy at the peak and valley points in the cyclic loading and unloading phases under
the same stress path are opposite. Similarly, the evolution patterns of U and Ugqy under the FLLIUL
and FULILL stress paths at the same stress level are different. This indicates that as the stress at the
cycle extreme points increases, the energy storage level of the simulated deep sandstone increases, and
more Uiis converted into U,. However, when the stress at the cycle extreme points remains constant, as
the number of cycles increases, the energy storage level of the simulated deep sandstone gradually
decreases, and less Uiis converted into U.. The FLLIUL stress path gradually strengthens the structure
ofsimulated deep sandstone, raising the energy storage level and making the structure more stable and
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secure, with strength naturally increasing. On the other hand, under the FULILL stress path, the
structural degradation of simulated deep sandstone becomes more severe, reducing the energy storage
level and strength, which aligns with the macroscopic mechanical performance. It is worth noting that
under the FLLIUL stress path, U, and U, at the peak stress point of simulated deep sandstone are both
higher than those under the FULILL stress path, resulting in more severe peak failure.
Fractal dimensionbased on fragments

Fragments with particle sizes of >2.5 mm, 2-2.5 mm, 0.9-2 mm, 0.45-0.9 mm, 0.3-0.45
mm, and <0.3 mm were obtained using sieves with different mesh sizes and were weighed sequentially,
as shown in fig.4(a). It can be observed that the mass of particles with sizes greater than 2.5 mm
accounts for more than 97% of the total mass. This indicates that under different cyclic loading and
unloading paths, the resulting fragments are predominantly of large particle sizes. Additionally, the
fragments produced in the FLLIUL stress path are significantly more fragmented than those produced
in the FULILL stress path. This may be due to the fact that the structural damage under the FLLIUL
stress path is less severe than that under the FULILL stress path, resulting in a relatively intact
structure in sample under FLLIUL stress path, which causes a higher degree of fragmentation upon
peak failure [16]. Given the self-similarity of the fragments, fractal dimension is introduced to
quantitatively analyze the degree of fragmentation. The fractal dimension Ds is calculated using a
mass—equivalent particle size model, with the equation as follows [13]:

lg[ M (Ly)/M]
lg L,
where M(Lq)/M is the cumulative percentage content of fragments with equivalent edge length less
than Leg, Leq is the equivalent edge length corresponding to a fragment mass of M(Leg), and M is the
total mass of fragments within the calculation scale.

The results calculated according to eq. (6) are shown in figs.4(b) and (c). The fractal
dimension based on fragments under the FLLIUL stress path is 2.2028, while under the FULILL stress
path, the fractal dimension is 2.0996, a reduction of 4.68%. This indicates that the latter significantly
reduces the structural complexity of the fragments.
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Figure 4. Calculation of fractal dimension based on fragmentsunder different stress paths
Conclusion
Through uniaxial compression tests on simulated deep sandstone under FLLIUL and
FULILL cyclic loading and unloading paths, the differences in strength characteristics, failure modes,
energy evolution, and fractal dimension under different stress paths were investigated.Under the
FLLIUL stress path, the strength of simulated deep sandstone is higher compared to the FULILL stress
path. Both stress paths result in tensile failures, with more pronounced failure features under FLLIUL.
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The trends of U, and U, under both stress paths show similar patterns, synchronously increasing and
decreasing with oy, while Ugexhibits a complex, nonlinear multi-stage evolution. U, U, and Uy
monotonically increase with the number of cycles and stress levels, except at specific points where
stress levels remain constant. High stress levels promote efficient conversion of Uito U, enhancing
energy storage capacity, while cyclic loading reduces energy conversion efficiency and increases
damage. The FLLIUL stress path results in more intense fragmentation and a higher fractal dimension
based on fragments compared to the FULILL stress path.
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Nomenclature
Leg-equivalent edge length corresponding to a
fragment mass of M(Le), [-]
M-total mass of fragments within the
calculation scale, [g]

Uy-total energy density, [KJ-m™]

U,-elastic energy density, [KJ-m™]

Ug-dissipated energy density, [KJ-m™] Greek symbols
E- elastic modulus, [GPa] o, -axial stress, [MPa]
Uer-ratio of elastic energy to total energy, [-] &, -axial strain, [%]

Ugg-ratio of elastic energy to dissipated energy, [-]  Acronym

. . FLLIUL-fixed lower limit and increasing

D¢fractal dimension, [-] .

upper limit

M(L¢g)/M-cumulative  percentage  content  of

fragments with equivalent edge length less than L,

(-]
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