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Abstract: Previously conducted studies have established the conversion relationship between incident
energy, reflected energy, transmitted energy and absorbed energy of rocks under dynamic load. In
this paper, the combined dynamic and static loading tests of sandstone under different prestress and
different bedding angles are carried out to explore the law of the influence of prestress and bedding
angles on energy evolution and damage evolution. The purpose is to provide some reference for
deep mining, rock engineering design and geological hazard assessment. The energy conversion
and damage characteristics of sandstone in the whole process of deformation are studied, and the
internal energy conversion mechanism of sandstone under dynamic load is proposed. It is found
that the increase in prestress will lead to the increase in the initial energy value of sandstone and
further affect the shape of the energy evolution curve. In addition, the relationship between strain
and energy transformation is established, and it is found that the energy transformation in different
stages is different. At the same time, the relationship between prestress and damage characteristics
and bedding angle and damage characteristics is established, and it is found that bedding angle and
prestress significantly affect the damage characteristics.

Keywords: layered sandstone; mining application; internal energy conversion; failure mechanism;
damage mechanism; phased energy characteristics

1. Introduction

In geological processes, the interplay of sedimentation, changes in sedimentary envi-
ronments, sediment characteristics and geological deformation can lead to the development
of distinct layered structures in multiple orientations [1]. These structural interactions give
rise to typical stratified rocks within rock layers, making the investigation of their mechani-
cal properties a focal point in the realm of rock mechanics [2-4]. As depicted in Figure 1,
underground engineering involves both dynamic and static loads affecting the surrounding
rock [5-10]. Nevertheless, a comprehensive study on the energy conversion and damage
mechanisms induced by dynamic loads, with consideration to bedding angle and prestress,
remains lacking. As such, this research aims to thoroughly explore the influence of bedding
angle and prestress on the dynamic load energy conversion and damage mechanisms in
sandstone. The findings from this study will yield a comprehensive comprehension of sand-
stone’s energy conversion and damage mechanisms, which holds significant implications
for deep mining, rock engineering design and geological hazard assessment.
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Figure 1. Load state of surrounding rock inside pillar.

A lot of research has been conducted on underground safety operations in coal and
metal mines, for example, Khayrutdinov M.M. puts forward a different method to evaluate
the state of rock mass, which is a good improvement on the current state assessment of
rock mass. It provides a new way of thinking for mining [11]. Adigamov A.E proposed a
new mathematical model which takes into account the stress—strain state of anisotropic dis-
turbed rock mass. This paper provides some reference for underground engineering safety
operation. In addition, disturbance will also affect the state of rock mass after mining [12].
Rybak, ].M. established the sequence of disturbance development and proposed methods
to reduce the impact of underground mining on destructive bodies. This study has great
significance for mining disturbance [13]. Kongar-Syuryunthe, Ch proposed a methodology
of selecting a mineral deposit development technology. It provides a certain reference
for safe mining [14]. In terms of the study of rock dynamic loading behavior and energy
characteristics, Chang used a static and dynamic test system to conduct a static fracture
comparison test on NSCB samples. It was found that the fracture paths of NSCB samples
were different with different loading rates [15]. Zhao conducted fracture tests on coal
samples. Their study revealed that the fracture toughness differed significantly depending
on the bedding angle [16]. Zhang conducted dynamic impact tests on sandstone and found
that the tensile cracks of sandstone increased with high loading levels [17]. Ye conducted
dynamic impact tests on graphitic rock and obtained the law that the softening coefficient
decreases and the hardening coefficient is proportional to the impact rate [18]. Wu found
that the fracture modes of intact specimens and those with open porosity were significantly
different. At the same time, the presence of pre-porosity would significantly degrade rock
parameters [19]. Lu studied the brittle-toughness characteristics of sandstone. The relation-
ship between water content and strength was observed, and sandstones with varying water
content exhibited distinct microscopic mechanisms [20]. Liu designed a true triaxial impact
rock burst test, and the study found that the degree of rock breakage varies with different
loading methods [21]. Cen found that the dynamic load frequency was positively correlated
with the unloading modulus of sandstone; in addition, the cyclic dynamic impact tensile
strength was greater than the cyclic static impact tensile strength [22,23]. Zho conducted
dynamic load tests on 3D created rocks and found that the crack growth modes of rocks
under dynamic load and static load impacts are different [24]. Wu conducted dynamic load
impact tests on jointed rock and observed that the strength of the intact specimen surpassed
that of the jointed specimen [25]. Yan investigated the behavior of parallel fractured sand-
stone under dynamic load impact. The results show that there is a significant correlation
between strain rate and rock deformation [26,27]. Li found that there was no obvious rule
between the impact pressure and the elastic modulus [28]. Li found that the existence of
prefabricated cracks affects the dynamic strength characteristics of coal [29]. In terms of the
study on the mechanical behavior and energy characteristics of rock under dynamic and
static combined loading, tao found that prestress and dynamic disturbance caused strong
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instability and failure of rock, which was verified by numerical simulation [30]. Chang
found that the increase in impact velocity strengthens the difference [31]. Wang’s study
revealed notable differences in the particle size of coal samples under distinct loading
methods [32]. Zhou's research demonstrated how prestress influenced the failure mode
of sandstone [33]. Li’s investigation, using self-developed test equipment, focused on
studying the fracture process of pre-cut sandstone specimens. The study revealed that
rock damage under static load is caused by stress concentration and far-field strain around
the pre-cut hole [34]. Cai found that saturated sandstone exhibits small pre-peak energy
consumption and more post-peak energy dissipation [35]. Ke found that the freeze—thaw
cycle changes the pattern of rock failure [36]. Du’s research demonstrated that the presence
of confining pressure changes the failure pattern of rock [37,38]. Zhu’s work explored the
different energy evolution modes of sandstone under various prestresses [39].

Analyzing the above, it can be noted that the study of rock mechanical behavior
under impact loads is a very topical issue. Therefore, the purpose of this study is to
explore the impact of the underlying bedding angle of impact load and prestress on the
energy conversion and damage mechanism of sandstone. The findings from this study
will yield a comprehensive comprehension of sandstone’s energy conversion and damage
mechanisms, which holds significant implications for deep mining, rock engineering design
and geological hazard assessment. To achieve this, it is necessary to solve the following
tasks: (1) the combined dynamic and static loading test of sandstone under impact load;
(2) the global energy evolution curve and damage mechanism curve of sandstone under an
impact load are calculated based on the energy calculation principle.

2. Test Plan
2.1. Sample Preparation

The sandstone samples utilized in this study were obtained from Jixi City, Heilongjiang
Province. In Figure 2, the sandstone exhibits a gray appearance, likely attributed to its
unique mineral and particle composition. Moreover, the presence of a distinct bedding
structure is evident, clearly delineating layers within the rock. The formation of this bedding
structure is likely linked to the historical processes of rock deposition and deformation.
For the dynamic and static combined loading tests, a series of 50 mm x 50 mm cylindrical
samples were extracted from the same parent rock. These tests were conducted with varying
prestresses and bedding angles. Furthermore, XRD and SEM analyses were carried out to
gain comprehensive insights into the sandstone’s microstructure, mineral composition and
intergranular relationships. The XRD test equipment used in this paper is the Dutch Panaco
brand, and the model number is X'Pert. In the SEM test, we used the German ZEISS test
equipment, and the model number is GeminiSEM 300. In addition, the Inorganic Crystal
Structure Database (ICSD) was used for XRD: this database contains structural information
on inorganic compounds, including X-ray data, unit cell parameters and atomic coordinates.
In the XRD test preparation process, first, the sample is pulverized using tools such as
a mortar and pestle to obtain sufficiently fine particles (about 45 um in diameter). This
helps to reduce the crystal size and improve the resolution of XRD tests. In the SEM test,
the sandstone is cut into thin sheets or a part of it is removed and then polished to obtain
a smooth surface. In addition, due to the poor electrical conductivity of sandstone, we
gold-plated the cut rock to improve the electrical conductivity of sandstone, making the
SEM image of sandstone more clear. At the same time, in the SEM test, we used a Soper
brand drying oven to dry SEM samples of sandstone; after our measurement, the initial
humidity of the sandstone before drying was 0.04%, and the final humidity of the sandstone
after drying was 0.01%. This is because thorough drying will cause certain damage to
the rock, so we only partially dried the sandstone. The XRD and SEM results confirm the
sandstone’s composition as sandstone, further highlighting the significant bedding effect.
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Figure 2. Typical rock sample.

2.2. Test Scheme and Dynamic Stress Balance

To explore the energy evolution and damage mechanism of sandstone, we conducted a
series of carefully designed experiments. First, the sandstone samples were initially loaded
with different prestressing levels (0 MPa, 12.5 MPa, 25 MPa, 37.5 MPa and 50 MPa). In
addition, the angle of application of stress to the test sample is shown in Figure 3a. This
means that the angle of stress application is constant. The selected prestress levels were
specifically chosen to mimic various stress conditions commonly encountered in practical
engineering, thereby facilitating a deeper comprehension of sandstone’s energy and damage
mechanisms. Following the initial loading, we proceeded with dynamic impact tests on the
sandstone samples, encompassing 5 distinct angles (0°, 30°, 45°, 60°, 90°). These angles
were deliberately selected to investigate how sandstone responds under different bedding
conditions. By applying shock loads to the test, we can simulate shock loads in geological
disasters, such as earthquakes or explosions. Furthermore, the experimental setup involved
the utilization of improved SHPB equipment to conduct this test (as depicted in Figure 3a).
Ensuring dynamic stress balance during this test is of paramount importance. In this
regard, Figure 3b demonstrates the dynamic stress balance observed in typical sandstone.
The figure clearly indicates that the sandstone conforms to the dynamic stress balance
requirements, thereby validating the integrity and reliability of the test data presented in
this study.
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Figure 3. Cont.
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Figure 3. Improved SHPB and dynamic stress balance. (a) Improved SHPB; (b) dynamic stress balance.

3. Principle of Energy Calculation

Studying the transfer laws of elastic and dissipative energy in sandstone during com-
bined dynamic and static loading tests under varying prestress and bedding angles holds
significant importance. Such understanding is crucial for comprehending the mechani-
cal response and damage mechanisms of rocks. As depicted in Figure 4, the calculation
of the total energy U of sandstone under different prestress and bedding angles is as
follows [40-43]:

u=ue+ ud 1)

where U€ represents the elastic energy and U stands for the dissipative energy of sandstone.
During this experiment, the U, U® and U9 of the sandstone conform to the following formulas:

€1
u:/o e @)
1 1
e _ — e _ _— 2
u —20'181 2Eu01 3)
ud = u — ue 4)

where 0 represents the axial principal stress, €1 denotes the axial principal strain and E,
corresponds to the corresponding elastic modulus.
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Figure 4. Energy calculation method of rock.

4. Global Energy Conversion Characteristics of Sandstone

The test of sandstone under varying prestress and bedding angles yields distinct
global energy evolution patterns, attributed to the influence of prestress and bedding angle.
Figure 5 illustrates the global energy evolution of sandstone under these conditions. This
evolution is categorized into five stages: Stage I, the static loading stage (absent when
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sandstone is tested under pure dynamic loading); Stage II, the secondary pressure sealing
stage; Stage IlI, the crack propagation stage; Stage IV, the damage stage; and Stage V, the

post-peak stage.
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Figure 5. Global energy evolution characteristics of sandstone.

Figure 5 illustrates the distinct global energy evolution of sandstone under varying
prestress and different bedding angles. Moreover, a notable contrast is evident between
the global energy evolution of sandstone. Thus, this study delves into the global en-
ergy evolution characteristics of sandstone separately from the perspectives of prestress
and bedding.

Stage I: During this stage, as the prestress elevates from 0 MPa to 50 MPa, the static
loading phase extends, leading to a significant surge in the energy stored within the rock
mass. This emphasizes the pivotal impact of prestress on the energy evolution characteris-
tics of sandstone. The process of static loading allows the energy input in the sandstone,
driven by prestressing, to steadily accumulate, causing a continuous rise in each energy pa-
rameter of the sandstone. It is important to note that this stage is absent in the global energy
evolution of sandstone when solely subjected to pure dynamic loading tests. Additionally,
the bedding angle also plays a substantial role in shaping the static load energy evolution
stage of sandstone. As the bedding angle increases, the energy stored in the sandstone
initially rises before eventually decreasing. This phenomenon is attributed to the alteration
in mechanical response and energy distribution within the sandstone as the bedding angle
increases. Notably, when the bedding angle is 0° or 90°, the sandstone exhibits higher
strength and lower energy accumulation, whereas at the 30°, 45° and 60° bedding angles,
the sandstone displays lower strength and a gradual increase in energy accumulation.
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Stage II: This phase demonstrates the joint influence of prestress and bedding angle on
the global energy evolution of sandstone. Moreover, as static and dynamic loads increase,
the energy of sandstone under various bedding angles and prestresses gradually rises.
Elastic energy predominates during this stage, attributed to the elastic deformation of
sandstone. Furthermore, as the prestress increases, the deformation of sandstone gradually
shifts from elastic to dissipative, potentially due to the varying degrees of deterioration
within the sandstone as prestress intensifies. Consequently, prestress exerts a notable impact
on the internal structure of sandstone, significantly shaping the global energy evolution
characteristics. The influence of bedding angle on the energy evolution of sandstone in this
stage is comparatively minor. Therefore, emphasis should be placed on comprehending
the effect of prestressing on the energy evolution law of sandstone during this stage.

Stage III: During this phase, elastic energy continues to dominate the energy consump-
tion. This can be attributed to the fact that despite some fracture expansion in sandstone at
this stage, the accumulated elastic energy from the early stages of static and dynamic load
combinations remains the primary contributor. Furthermore, both prestress and bedding
angle have minimal influence on the energy evolution of sandstone during this phase.

Stage IV: The damage stage. Similar to Stage III, elastic energy continues to be the
primary contributor to energy consumption during this phase. The presence of fracture
expansion in the rock sample at this stage does not significantly alter the dominance of
accumulated elastic energy from the previous stages. Consequently, elastic energy remains
the dominant factor in energy consumption. Moreover, prestress and bedding angle exhibit
minimal influence on the energy evolution of sandstone in this stage.

Stage V: Post-peak stage. In this phase, as strain increases, the elastic energy of
sandstone under different prestress and bedding angles decreases drastically, while the
absorbed and dissipated energy of sandstone experiences a sharp increase. The significant
decrease in elastic energy is due to the previous stage where the sandstone undergoes a
series of deformation and damage processes, leading to the accumulation of a large amount
of elastic energy. However, during the destabilization and damage of sandstone, cracks
rapidly expand, causing a sharp increase in dissipative energy and a decrease in elastic
energy. In the post-peak phase, the influence of bedding angle and prestress on the energy
evolution curve of sandstone is noteworthy. With the increase in prestress, the initial energy
value of sandstone rises, consequently affecting the overall shape of the energy evolution
curve. Additionally, the initial energy values of sandstone vary with different bedding
angles, indicating that the bedding angle also significantly impacts the energy evolution
curve of sandstone.

U¢, U, U¢ and U€ 4 represent the elastic energies at the linear elastic point,
damage point, peak point and failure point of sandstone, respectively. U4, U4, U4 ¢ and
U4 4 correspondingly denote the dissipated energy of linear elastic point, damage point,
peak point and failure point of sandstone; U, Ue, Ucs and Ugq represent the total strain
energy of the linear elastic point, damage point, peak point and failure point of sandstone.

The initial prestress and its bedding angle play a crucial role in determining the energy
at the elastic points of sandstone. Curves representing these energy parameters at different
characteristic points of sandstone under various prestress and bedding angle conditions
are presented in Figures 6-9. The analysis results demonstrate that these energy param-
eters are notably influenced by the initial prestress and bedding angle, highlighting the
importance of further examining these effects. Figure 4 illustrates the significant influence
of prestress on the energy characteristics of sandstone. As the prestress increases, the
degree of deformation in the rock also increases, resulting in higher levels of energy at the
elastic points of sandstone. This behavior can be attributed to the fact that prestress acts
as an external load, inducing greater strain and stress within the rock, thereby promoting
higher deformation, energy accumulation, and dissipation in sandstone. Consequently, the
energy characteristics of sandstone exhibit significant variations under different prestress
conditions. In addition, the bedding angle also significantly impacts the energy charac-
teristics of sandstone. Notably, when the bedding angle is 45°, the elastic energy at the
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elastic points of sandstone is generally at its maximum, whereas sandstones with other
bedding angles tend to have lower elastic energy. This observation may be attributed to
the alterations in stress distribution and deformation modes within the sandstone due to
changes in the bedding angle, consequently affecting the process of energy conversion and
dissipation. Additionally, the dissipated energy and total energy at the elastic points of
sandstone exhibit fluctuations with the increase in the bedding angle.
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Figure 6. Law of U®y, U4y, Uy of sandstone with bedding angle and prestress under different
conditions. (a) The law of U€; of sandstone takes the bedding angle as the independent variable;
(b) the law of U®; of sandstone takes the prestress as the independent variable; (c) the law of Ud, of
sandstone takes the bedding angle as the independent variable; (d) the law of U4, of sandstone takes
the prestress as the independent variable; (e) the law of U; of sandstone takes the bedding angle as the
independent variable; (f) the law of U of sandstone takes the prestress as the independent variable.
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Figure 7. Law of U®, U9, Ug of sandstone with bedding angle and prestress under different
conditions. (a) The law of U®. of sandstone takes the bedding angle as the independent variable;
(b) the law of U® of sandstone takes the prestress as the independent variable; (c) the law of Ud.. of
sandstone takes the bedding angle as the independent variable; (d) the law of U of sandstone takes
the prestress as the independent variable; (e) the law of U, of sandstone takes the bedding angle as the
independent variable; (f) the law of U of sandstone takes the prestress as the independent variable.

From Figure 7, it is evident that the elastic energy, dissipated energy and total energy
at the sandstone damage point increase with the rise in prestress. This behavior can be
attributed to the increased prestress causing deformation and strain accumulation in the
rock, consequently leading to heightened energy storage and release. Moreover, with
the increase in the bedding angle, the elastic energy, dissipative energy and total energy
at the sandstone damage point exhibit an initial increase followed by a decrease. This
phenomenon may arise from variations in stress distribution and fracture mechanisms
in rocks under different bedding angles. At smaller bedding angles, layered sandstone
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demonstrates higher strength, leading to enhanced elastic and energy absorption capacity.
However, as the bedding angle further increases, the strength of stratified sandstone de-
creases, resulting in increased fracture propagation and energy release, leading to reduced
elastic energy and total energy. These findings offer valuable insights into the energy
characteristics of stratified sandstone. As the key controlling factors, prestress and bedding
angle significantly influence the energy conversion mechanism of the rock.
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Figure 8. Law of Uy, U4y, U of sandstone with bedding angle and prestress under different
conditions. (a) The law of U® sandstone takes the bedding angle as the independent variable;
(b) the law of U® ¢ of sandstone takes the prestress as the independent variable; (c) the law of Udy of
sandstone takes the bedding angle as the independent variable; (d) the law of U9 of sandstone takes
the prestress as the independent variable; (e) the law of U ¢ sandstone takes the bedding angle as the
independent variable; (f) the law of U of sandstone takes the prestress as the independent variable.
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Figure 9. Law of Uy, U4 4, U4 of sandstone with bedding angle and prestress under different
conditions. (a) The law of U€ 4 of sandstone takes the bedding angle as the independent variable;
(b) the law of U€ 4 sandstone takes the prestress as the independent variable; (c) the law of ud «d sand-
stone takes the bedding angle as the independent variable; (d) the law of U9 4 of sandstone takes the
prestress as the independent variable; (e) the law of U4 of sandstone takes the bedding angle as the
independent variable; (f) the law of U g of sandstone takes the prestress as the independent variable.

From Figure §, it is evident that the elastic energy, dissipative energy, and total en-
ergy of sandstone at the peak point increase with the rise in prestress. This indicates
a distinct evolution in the energy characteristics of sandstone in response to increasing
prestress. Furthermore, the increase in prestress leads to greater deformation of sandstone
during the static load stage, resulting in a gradual enhancement of peak energy during
the loading process. This phenomenon is likely due to microstructure recombination and
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strain accumulation within the rock caused by the increased prestress, leading to greater
energy absorption and storage. Moreover, the peak elastic energy, dissipative energy, and
total energy of sandstone initially increase and then decrease with the increase in bedding
angle. This behavior is linked to changes in the fracture mechanism within the rock due to
variations in bedding structure. When the bedding angle is 0° or 90°, the bedding structure
may provide additional strength and stiffness, resulting in reduced energy absorption and
strain under the same stress. Conversely, at bedding angles of 30°, 45° and 60°, the bedding
structure may become unstable, leading to increased crack propagation and energy release,
resulting in a gradual increase in the energy signature at the peak point. These observations
shed light on the influence of prestress and bedding angle on the energy characteristics of
sandstone at the peak point.

From Figure 9, it is evident that the elastic energy of sandstone at the failure point
increases with the rise in prestress. This indicates that even under high prestress conditions,
where the sandstone becomes unstable and damaged, there is still a certain amount of elastic
energy present due to the increased prestress. However, the increase in prestress does not
exhibit a clear pattern of influence on the energy dissipation and total energy at the failure
point of sandstone. High prestress does not significantly impact the energy dissipation and
total energy at the failure point of sandstone. Moreover, the energy of sandstone at the
failure point does not exhibit a clear trend with bedding angle. Based on these observations,
it appears that the impact of the bedding angle on the energy characteristics of sandstone
at the failure point is relatively modest.

5. Evolution Mechanism of Elastic Energy and Dissipative Energy

The increase in prestress introduces changes to the initial state and internal stress
distribution of sandstone, thereby influencing the energy conversion and dissipation pro-
cess during this test under different prestress and bedding angles. On the other hand,
variations in bedding angle cause non-uniform stress and strain distribution in sandstone,
impacting the mechanism and path of energy conversion. In this section, we analyze the
ratio L of elastic energy to dissipated energy and the evolution relationship of strain to
delve into the energy conversion mechanism of sandstone under varying prestress and
bedding angles. Through studying the correlation between the L value and strain, we
can unveil the characteristics and laws governing the energy conversion mechanism of
sandstone under this condition.

Figure 10 reveals intriguing insights into the energy conversion mechanism of sand-
stone under dynamic load conditions. As the sandstone moves from point A to point B,
we observe a decrease in the L value for sandstones with bedding angles of 0°, 45°, 60°
and 90°, while the L value for the 30° sandstone increases. This behavior can be attributed
to the progressive increase in sandstone damage from point A to point B, leading to a
corresponding rise in dissipative energy. Consequently, the L value decreases for most
sandstone samples, except for the 30° bedding angle, where a dispersed state might influ-
ence the L value positively. Similarly, as the sandstone transitions from point B to point
C, the L value decreases for all bedding angles (0°, 30°, 45°, 60° and 90°). This reduction
is associated with the progressive damage and plastic deformation experienced by the
sandstone in this stage. Subsequently, as the sandstone moves from point C to point D,
the L value continues to decrease due to the further increase in damage and dissipative
energy, culminating in the post-peak rupture stage. Contrary to dynamic loading, the
deformation of sandstone under dynamic and static combined loading starts from the static
loading point. To investigate the energy conversion mechanism under this condition, this
study examines the process from the static loading end. As the sandstone progresses from
point a to point b, the L value increases for sandstones with bedding angles of 0°, 45°,
60° and 90°, while remaining consistent with the dynamic load results for other points b
to d. In summary, this comprehensive analysis uncovers the complex energy conversion
mechanism of sandstone under impact load conditions, providing valuable insights into
the influence of prestress and bedding angle on sandstone behavior.
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Figure 10. Evolution mechanism of elastic energy and dissipative energy of sandstone.

6. Damage Analysis of Sandstone Caused by Initial Stress and Bedding Angle
6.1. Damage Analysis of Prestressed Sandstone

The damage calculation formula of sandstone under uniaxial compression is as follows:
Dy = U%/Us Q)

where U4 is the dissipated energy of the sandstone under prestress; U is the total energy of
sandstone under prestress; and D is the damage degree of the sandstone under prestress.

The damage degree within the sandstone varies under different prestress conditions,
undergoing processes such as compaction, deformation and damage. To quantitatively
assess the degree of damage, the ratio of dissipated energy to total energy of the sandstone
is analyzed. Figure 11 illustrates the damage degree curves for different prestressed
sandstones with varying bedding angles. The results reveal that sandstone with 30°, 45°
and 60° bedding angles exhibits significantly higher initial damage degrees compared
to those with 0° and 90° bedding angles. This highlights the considerable influence of
bedding angle on the initial damage degree of the sandstone. Changes in the bedding angle
can result in alterations in the mechanical behavior and crack development modes in the
sandstone, leading to varying degrees of damage. Specifically, at the 0° and 90° bedding
angles, the bedding structure may provide additional strength and stiffness, resulting in
lower energy absorption and strain under the same stress and, thus, a lower degree of
damage. Conversely, at the 30°, 45° and 60° angles, the bedding structure may become
unstable, leading to increased crack propagation and energy release, resulting in higher
damage to the rock.

6.2. Damage Evolution of Sandstone under Combined Dynamic and Static Loading

Building upon the previous research, the failure process of sandstone under prestress
and bedding angles involves energy conversion. During loading, external energy is intro-
duced into the rock, leading to destruction through various forms of energy conversion. In
this paper, we employ the ratio of dissipative energy to the total energy of sandstone as the
chosen damage variable. The calculation formula for sandstone under different prestress
and bedding angles is as follows:



Processes 2023, 11, 2641

16 of 21

& 1 2
ud,  J;, onde — 5o

D>, =
2 u ;1 opde

(6)

where U9 and U represent the dissipated energy and total energy of sandstone in this test.
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Figure 11. Curves of sandstone static load damage degree and bedding angle under different conditions.

By employing the defined damage variables and utilizing the calculation formula
mentioned above, we can quantitatively assess the degree of damage within the sandstone.
This provides an objective approach to evaluate the sandstone failure process and facilitates
comparisons and analyses with other studies. The careful selection of these damage
variables is crucial for a comprehensive understanding of the mechanical behavior and
failure mechanism of sandstone. It enables us to gain insights into the energy conversion
and distribution within rocks during loading, as well as the accumulation and evolution of
damage. Through this examination of variables, we can uncover the mechanical response
and damage mechanism of sandstone, thereby furnishing more accurate information
and a solid foundation for rock engineering design, geological disaster prediction and
resource exploitation.

In this experimental study, sandstone specimens are subjected to static loading with
varying initial prestresses. The damage observed in the sandstone is a result of the combined
effects of the initial static loading and dynamic and static loading. The initial prestress
contributes to the damage value of the sandstone, denoted as D;. Subsequently, the overall
damage experienced by the sandstone under the dynamic and static combined loading is
represented by the coupling damage value, referred to as Doupling:

Deoupling = D1 + (1 — D1)D; @)

Utilizing the formula provided earlier, the author has plotted the coupled damage
curves of sandstone under various prestress and bedding angle conditions, as illustrated in
Figure 12.
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Figure 12. Damage evolution characteristics of sandstone.

Based on the observations from Figure 12, the combined damage mechanism curves of
sandstone under varying prestress and bedding angles demonstrate a two-stage pattern. In
the initial stage, the coupling damage of sandstone increases gradually with strain, while
in the latter stage, the coupling damage accelerates rapidly with strain. This two-stage
characteristic indicates the complexity of sandstone’s deformation and failure process, with
significant damage accumulation during deformation. Furthermore, the damage curve
of sandstone is notably affected by prestress. The coupling damage curves of sandstone
show notable variations under different prestressed conditions. As the prestress increases,
the first stage duration of the coupled damage curve decreases, suggesting that higher
prestress levels lead to an increased initial damage degree in sandstone, hastening its
approach to the peak stress state. This demonstrates the considerable influence of prestress
on sandstone’s damage behavior, rendering it more susceptible to damage. Additionally,
the bedding angle also affects the coupled damage curve of sandstone. For instance,
under 12.5 MPa prestress, the coupled damage curve of sandstone at a 90° angle exhibits a
rebound effect. This phenomenon underscores the significant influence of bedding angle
on sandstone’s coupled damage behavior, shedding light on the role of bedding structure
in rock deformation and failure.

The figure also illustrates how both prestress and bedding angle impact the initial
damage of sandstone. As prestress increases, the initial damage point of sandstone cou-
pling damage rises, indicating a gradual escalation in the initial damage degree. This
phenomenon can be attributed to the intensified crack propagation within the sandstone
under higher prestress, resulting in a greater degree of damage. Higher prestress ren-
ders the sandstone more susceptible to stress concentration and failure during loading.
Moreover, the initial damage degrees of sandstones with different bedding angles exhibit
significant variations. This disparity can be attributed to distinct internal rock structures
and crack distributions corresponding to different bedding angles. The varying layered
structures with differing inclinations might lead to distinct crack propagation paths and
mechanical behaviors, thus generating different initial damage degrees during loading.
These results demonstrate the critical influence of bedding angle on the rock’s damage char-
acteristics and underscore the key role of bedding structure in shaping these characteristics.
The insights gained from this research offer a deeper understanding of how prestress and
bedding angle affect the initial damage of sandstone, holding great significance for rock
engineering design, geological hazard assessment and resource exploitation. Moreover, for
underground engineering and energy development, this in-depth understanding of sand-
stone’s initial damage characteristics provides valuable guidance for engineering design
and risk assessment, enabling more precise and informed decision making.
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7. Conclusions

As a result of the study, it is found that prestress and bedding angle have important
effects on the energy conversion mechanism and damage mechanism of sandstone. The
research findings are expected to reveal vital insights into the energy dissipation and
damage mechanisms of sandstone under various prestress and bedding angle conditions.
Some detailed conclusions are as follows:

1.  The global energy evolution curve and damage mechanism evolution curve of sand-
stone under prestress and bedding inclination were obtained.

2. With the increase in prestress, the energy of each characteristic point of sandstone
increases, and the total energy evolution curve changes. In addition, the energy of
each characteristic point of sandstone is also different with different bedding angles.

3. Itis found that the energy conversion mechanism of sandstone is also different under
different loading modes.

4. Itis found that the prestress is positively correlated with the initial damage degree of
sandstone, and the initial damage degree of sandstone with different bedding angles
is also different.
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