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ABSTRACT: The mechanical deterioration of sedimentary rocks poses a significant challenge to the stability of
underground engineering structures. This study systematically investigated the degradation mechanisms of four
typical sedimentary rock types (sandstone, shale, limestone, and slate) under multi-field coupling effects. The
influence of bedding angle, pore characteristics, and loading conditions on crack propagation and failure
patterns was analyzed. The results revealed that sedimentary rocks exhibit strong anisotropic behavior, with
bedding structures significantly influencing strength degradation and failure modes. The mechanical
parameters demonstrate a characteristic U-shaped variation with bedding dip angles, where lower angles
promote splitting failure, intermediate angles lead to composite failure, and higher angles favor shear failure.
Energy dissipation analysis showed that rock failure is driven by a balance between energy storage and
release, with crack propagation intensifying as stress increases. Computed Tomography imaging and acoustic
emission monitoring further revealed that microstructural damage accumulates progressively, accelerating
degradation in complex environments. The findings highlight the necessity of advanced analytical approaches,
including machine learning-based prediction models, Computed Tomography imaging, and multi-field coupling
simulations, to enhance degradation assessment and disaster prevention strategies in underground engineering.
The present study provides a theoretical foundation for improving the stability assessment of sedimentary rock
masses and guiding future research on engineering safety.

KEYWORDS: sedimentary rocks, mechanical deterioration, crack propagation, energy dissipation, bedding
angle.
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I. INTRODUCTION

The mechanism of mechanical degradation refers to the gradual weakening of rock mechanical
properties under external loads and environmental conditions, which is crucial for predicting long-term stability
and disaster prevention in engineering rock masses. As one of the three major rock types in the Earth's
lithosphere, sedimentary rocks constitute approximately 75% of the global crustal surface and are widely
distributed in geological structures. They play a pivotal role in various underground engineering projects such as
tunnels, subways, hydropower development, and mining operations. The mechanical characteristics of
sedimentary rocks directly influence engineering design, construction, and long-term stability, making them
critical factors in engineering safety™?. Under natural conditions and engineering activities, sedimentary rocks
are frequently subjected to multiple stress factors including high stress, elevated temperatures, and groundwater
actions, leading to progressive deterioration of their internal structure and mechanical properties. During
prolonged stress exposure, rock masses may develop micro-cracks, pore expansion, and even shear slip failures,
while water-rock interactions and high temperature environments further accelerate their degradation
processes(®-l.
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These challenges include multi-field coupling, nonlinearity, cross-scale phenomena, and dynamic
conditions under complex engineering requirementst’®l, Zhang™® analyzed the permeability characteristics of
red-bed rock masses in the Sichuan Basin, conducting macro analyses and regional discussions based on
geological features and hydraulic engineering survey data. Zhang et al.[r%1 proposed a composite shallow-deep
surrounding rock theoretical model, elucidating the failure mechanism and instability criteria of deep
surrounding rock. The variation of rock mechanical parameters during fracturing processes determines fracture
formation and distribution, significantly impacting hydrocarbon productivity and wellbore stability*2*%, Ranf*3l
established a conversion model for dynamic and static rock mechanical parameters and analyzed the variation
patterns of wellbore collapse and fracture pressures under different stress states, developing a wellbore stability
evaluation software. These findings have provided theoretical support for the design, construction, and
maintenance of various underground engineering projects.

The degradation mechanisms of sedimentary rocks is essential for evaluating the long-term stability of
rock masses in engineering projects, forming a crucial foundation for predicting rock failure and ensuring
construction safety. This study concentrates on four typical sedimentary rocks (sandstone, shale, limestone, and
slate) and systematically examines their mechanical degradation mechanisms through four perspectives:
physical characteristics, mechanical degradation traits, micro-mechanical features, and fracture mechanisms.

1. CHARACTERISTICS AND MECHANISM OF TUNNEL CATASTROPHES IN SEDIMENTARY
ROCKS

Under the sustained implementation of China's Western Development Strategy, infrastructure
construction in the western region has experienced substantial acceleration, particularly in large-scale
transportation projects including railways and highways. By the end of 2024, the total operational railway
mileage in mainland China had surpassed 159000 kilometers, incorporating 18573 railway tunnels with an
aggregate operational length exceeding 23508 kilometersi'4l. Notably, the majority of these tunnel projects are
situated in sedimentary rock regions characterized by complex geological conditions, which present significant
challenges to both construction and long-term operation. Sedimentary rock masses, distinguished by their
unique layered structure and pronounced anisotropic mechanical properties, are particularly vulnerable to
environmental disturbances such as dynamic loads and water seepage during tunnel construction and operation,
often resulting in substantial degradation of mechanical performance. This degradation typically exhibits
cumulative characteristics, manifesting as catastrophic phenomena including lining cracks, floor heave, and
sidewall squeezing, as depicted in Figure 1.
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Figure 1: Typical disaster types of tunnel surrounding rock (a)Lining cracking. (b)Squeeze inside the side wall.
(c)floor heave deformation

The existing railway tunnels have revealed a prevalent phenomenon of floor heave deformation in the
base rock, resulting in catastrophic consequences such as floor heave and lining cracks, which significantly
compromise the structural stability and operational longevity of tunnels. Sedimentary rock tunnels are
particularly susceptible to such disasters due to the high sensitivity of sedimentary rock masses to external
disturbance loads in complex environmental conditions. The progressive accumulation of damage along bedding
planes under stress eventually leads to the loss of surrounding rock support capacity, triggering catastrophic
events. The frequent occurrence of these disasters underscores the critical need for research into the mechanical
degradation of sedimentary rock masses. A systematic analysis of the degradation mechanisms and the evolution
of mechanical properties in sedimentary rock under varying environmental and stress conditions provides
essential scientific foundations for enhancing tunnel engineering safety and extending service life, thereby
demonstrating substantial practical significance.

This study systematically investigated the mechanical degradation mechanisms of sedimentary rocks,
with a specific focus on sandstone, slate, limestone, and shale. Through comprehensive statistical analysis of
CNKI literature spanning the past decade, five pivotal research directions were identified: wave velocity
variation characteristics, mechanical property evolution, energy dissipation properties, microscopic mechanical
features, and fracture mechanisms. These interrelated dimensions collectively established a robust research
framework for understanding the mechanical degradation of sedimentary rocks. The integration of these
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research directions not only advanced fundamental understanding but also established theoretical support for
ensuring safety and sustainability in sedimentary rock tunnel engineering projects.

I1l. MULTI-SCALE RESEARCH PROGRESS ON MECHANICAL DEGRADATION MECHANISMS
OF TYPICAL SEDIMENTARY ROCKS
3.1 Wave velocity change characteristics
The alteration of wave velocity directly mirrors the evolution of internal rock fractures, rendering wave
velocity testing indispensable in rock mechanics and engineering geology™®*l. This method not only
characterizes rock physical properties but also furnishes essential data on mechanical parameters. Concurrently,
wave velocity serves as an indicator of rock porosity and density, demonstrating higher velocities in denser
rocks and lower velocities in more porous formations. Moreover, wave velocity variations unveil fracture
characteristics and rock anisotropy, particularly highlighting velocity discrepancies across bedding planes,
emphasizing the complexity of internal rock architecture. Wang et al.['®] investigated elastic wave propagation in
Jialing River micritic limestone under triaxial stress conditions. Through uniaxial and triaxial loading
experiments, they acquired deformation data and wave velocity changes, subsequently formulating the wave
velocity-stress relationship, as illustrated in Eq. (1).
(6] VPl _VPl(l)

o, =0+ Pl 1
Where, ¢19 represents the uniaxial compressive limit of the rock, Ve is the P-wave velocity corresponding to

this compressive limit, and K& is a rock property-dependent coefficient.

The results demonstrated that wave velocity exhibited a linear increase with stress during the elastic
stage, with high-density, high-elastic-modulus rocks such as limestone showing smaller velocity changes
compared to low-density rocks like sandstone. Zhang et al.l’ conducted triaxial loading experiments on
homogeneous yellow sandstone, monitoring ultrasonic wave velocity variations and dynamic elastic parameters
through comprehensive acoustic emission analysis. Their findings indicated that both P-wave and S-wave
velocities followed a quadratic relationship with confining pressure (o3), as described by Egs. (2) and (3). At
low confining pressures, rapid crack closure resulted in significant velocity increase, whereas at high pressures,
complete pore closure led to velocity stabilization. Notably, S-waves exhibited greater sensitivity to rock
damage, manifesting earlier decline than P-waves. Prior to reaching damage stress, P-wave and S-wave
velocities maintained a strong linear correlation.

V, =—0.18007 +23.3310, +3879 (2)

V, =-0.05207 +8.2020, + 2178 3)

The fracture behavior of sedimentary rocks significantly influences the attenuation mechanisms of
internal stress waves, and the acoustic wave evolution characteristics can effectively elucidate the damage
mechanics properties of these rocks. Cheng?? conducted impact tests on high-quality, homogeneous red
sandstone from Anyuan, Ganzhou, using an improved static-dynamic combined loading device under various
axial pressures. The study measured stress wave waveforms using ultra-dynamic strain gauges and
oscilloscopes, systematically investigating the changes in P-wave velocity under loading. The results align with
those from reference [19], as shown in Figure 2. The experiments revealed that the P-wave velocity of the
sandstone changes significantly with axial pressure. This relationship is closely tied to the elastic modulus and
strength, providing valuable insights into the mechanical behavior of sandstone under dynamic loading
conditions. Besides, Lan?!! conducted indoor mechanical tests on slate from the Rongjiang Water Conservancy
Project, finding that P-wave velocity is highly sensitive to the degree of rock weathering, followed by the
presence of open, unfilled cracks. Meanwhile, Li et al.[?? measured the elastic wave velocity characteristics of
Longmaxi Formation shale samples from the Xiangxi Shanye-1 Well Project under different stress conditions.
They calculated the wave velocity differences in stress environments and discovered that shale elastic wave
velocity is positively correlated with density. Additionally, they found that P-wave velocity is significantly
higher in the direction parallel to the bedding plane compared to the perpendicular direction.

The anisotropic characteristics of porosity distribution in rock masses substantially influence their
mechanical properties and engineering stability, leading to extensive systematic investigations by researchers.
Zhang et al.”®l comprehensively reviewed the relationship between rock wave velocity and pressure,
emphasizing key findings. The presence of pore fluids reduces effective confining pressure, thereby decreasing
the sensitivity of wave velocity to pressure variations. Research indicated that the P-wave to S-wave velocity
ratio in sandstone and mudstone increases rapidly below 100 MPa but stabilizes beyond this pressure threshold.
Consequently, wave velocity testing technology proves highly valuable for estimating the physical and
mechanical properties of sedimentary rocks. Studies have established a strong correlation between acoustic
parameters and these properties, offering a scientific basis for the development of subsurface spaces in
sedimentary rock formations and enhancing their safety and stability. Through wave velocity measurements,
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researchers and engineers can derive critical insights into rock behavior, facilitating informed decision-making
and effective risk management in geological and engineering projects.
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Figure 2: Variation trend of P-wave velocity under loading!?°!

3.2 Deterioration mechanism of mechanical properties

The deterioration mechanism of rock mass mechanical properties has emerged as a critical research
focus in geotechnical engineering, predominantly influenced by the complex interplay between environmental
factors and external loading. In engineering applications, rock masses are frequently subjected to multifaceted
influences including chemical corrosion, freeze-thaw cycling, water-rock interactions, and dynamic
disturbances. Acidic environments significantly alter the energy absorption and dissipation characteristics of
rock masses, leading to marked reductions in mechanical properties under dynamic impact loads. The freeze-
thaw process intensifies dynamic damage in red sandstone through the expansion of internal fracture networks,
while temperature variations and geological conditions further modulate its macroscopic responses. The
mechanisms of water softening, characterized by clay mineral dissolution, pore water pressure changes, and
frictional weakening, along with non-uniform deterioration patterns, have been extensively documented in
water-rock interaction studies. Through uniaxial compression tests on layered sandstone, Zhao®¥ revealed that
the rock's compressive strength is lowest when bedding planes are inclined at 30° to the loading direction.
Subsequent research by Gao et al.[?®1 demonstrated pronounced variations in mechanical responses and
deformation-failure patterns through uniaxial and triaxial compression tests on sandstone with 0° and 90°
bedding angles, noting that confining pressure mitigates anisotropic behavior. By conducting triaxial
compression tests on sandstone samples with different bedding angles, Zhang et al.[?81 found that the fracture
mode and strength of bedded sandstone are related to the bedding angle, showing marked anisotropy. Based on
comparative analysis of experimental data, they proposed an optimized Jaeger’s plane of weakness(JPW) model,
described by Eqgs. (5) and (6), which more accurately predicts the anisotropic strength of layered sandstone
under different bedding angles and confining pressures.

90 _0°
oi(f)=of + 7 P ©)
0.5
A_%i1imE (6)
GC O-C O-C

where, o1 represents the triaxial compressive strength of the rock sample, o3 denotes the confining pressure, and
B refers to the bedding dip angle. The parameters m and o3 are strength parameters determined by fitting the
relationship between o1 and o3. Based on Eqgs. (5) and (6), the peak strength of a rock sample corresponding to
any bedding dip angle can be calculated.

To investigate the failure mechanisms of hard siltstone, Cheng et al.[?"1 conducted uniaxial compression
tests on specimens with varying bedding dip angles, revealing distinct anisotropic features in their mechanical
properties under stress. Specifically, both crack initiation stress and peak stress were markedly influenced by
bedding orientation. The study also found that elastic modulus and deformation modulus exhibited similar
trends, initially decreasing gradually at lower bedding dip angles before sharply declining and subsequently
increasing abruptly as the dip angle increased. Poisson's ratio, on the other hand, displayed an initial gradual
increase, followed by a marked acceleration, ultimately reaching a plateau at higher bedding dip angles. In a
complementary investigation, Hao et al.?®l examined the mechanical characteristics and crack propagation
patterns in sandstone under various bedding dip angles through uniaxial compressive strength tests and Brazilian
splitting tests. Their results, consistent with those documented and illustrated in Figure 3, demonstrated that the
uniaxial compressive strength of sandstone follows a distinctive "U"-shaped trend, initially decreasing before
rising with increasing bedding dip angle, while tensile strength showed a continuous decline. These findings
collectively highlight the significant influence of bedding dip angle on the mechanical behavior of sandstone.
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Figure 3: Relationship between strength and bedding dip angle?®!

The investigation by Chen et al.[?®l revealed that black shale strength exhibits a distinct "U"-shaped
anisotropic pattern with increasing bedding dip angles, with fracture network complexity peaking at a 90°
bedding dip angle. Through systematic Brazilian splitting tests, direct shear tests, and three-point bending tests,
Heng et al.B% established that shale's tensile strength and fracture characteristics show significant bedding dip
angle dependence, particularly noting that bedding planes demonstrate substantially weaker mechanical
properties compared to the rock matrix. Wang et al.®] demonstrated through Brazilian splitting tests that shale's
tensile strength increases proportionally with strain rate, further corroborating the critical role of bedding dip
angle in determining shale's mechanical behavior. Expanding the scope of anisotropic studies, Ou et al.l*d
conducted comprehensive Split Hopkinson Pressure Bar tests on five sets of slate, identifying pronounced
anisotropic characteristics in slate's tensile strength that followed a characteristic "U-shaped" pattern. Mao et
al.B¥l examined slate specimens from the South-to-North Water Diversion Project's West Route. Their
comprehensive analysis, employing uniaxial and triaxial compression testing, yielded significant findings
through mathematical modeling based on the single weakness plane theory, as expressed in Egs. (7) and (8),
with supporting graphical data presented in Figures 5. The investigation revealed a strong correlation between

theoretical predictions and experimental observations, demonstrating pronounced anisotropic behavior in slate's
uniaxial compressive strength.

13.7 (7
oO.. =
™ (1-0.203cot B)sin(2.3)
R 13.7+0.2030, 8)

(1-0.203cotB)sin(2p)
where, omc represents the uniaxial compressive strength, o1m represents the triaxial compressive strength, and g
represents the bedding dip angle.
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Figure 5: Compressive strength curve of rock samplel®

The geometric parameters such as bedding dip angle and thickness significantly influence mechanical
deterioration mechanisms, as a distinctive tectonic feature in sedimentary rocks. The weak cementation capacity
of bedding structural planes renders them vulnerable zones within the rock mass, prone to stress concentration
and slip deformation under external loading. The bedding dip angle governs sedimentary rock failure modes and
engineering instability by altering the orientation between structural planes and principal stress directions. In
sedimentary rocks with low bedding angles, failure is predominantly controlled by interparticle friction and
cohesion strength under loads perpendicular to bedding planes. With increasing inclination angles, the slip shear
effect along bedding surfaces intensifies, leading to marked reductions in bearing capacity and maximum
deterioration. Sedimentary rock mechanical anisotropy directly manifests through bedding structures, exhibiting
higher tensile but lower compressive strength parallel to bedding, and the converse perpendicular to bedding - a
phenomenon attributed to structural hindrance of stress transfer. Geotechnical engineering practice demonstrates
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that anisotropy and failure mode transitions induced by bedding dip angle variations are key contributors to
underground space surrounding rock instability. Consequently, disaster risk assessment necessitates coupled
analysis of structural plane strength parameters and bedding dip angles.

The mechanical deterioration mechanism of layered sedimentary rocks has garnered significant
attention from scholars, who have conducted extensive investigations through both engineering practice and
theoretical research. Yin et al.3¥ established a positive correlation between elastic modulus and strain rate in
sedimentary rocks such as limestone, sandstone, and shale, with this phenomenon being particularly pronounced
in sandstone due to its pore structure. This correlation was further validated by Hao et al.?8], who performed
uniaxial compression and Brazilian splitting tests on sandstone specimens with five distinct bedding plane
angles. Their findings revealed a positive relationship between elastic modulus and bedding plane angle,
highlighting the substantial impact of bedding structure on rock stiffness, as depicted in Figure 6. When the
bedding plane angle was 0°, the weak planes were perpendicular to the loading direction, resulting in diminished
specimen stiffness as the load was primarily supported by the matrix, thus yielding a lower elastic modulus.
Conversely, as the bedding plane angle increased to 90°, the matrix assumed a greater load-bearing role with
weak planes aligned parallel to the loading direction, leading to an elevated elastic modulus. Consequently, the
elastic modulus of the specimens exhibited a gradual increase as the bedding plane angle varied from 0° to 90°.
Additionally, Wang et al.®®l examined the dynamic and static Young's moduli of organic-rich shale through
quasi-triaxial tests, demonstrating that the bedding plane angle significantly influenced Young's modulus. The
Young's modulus in the direction parallel to bedding was substantially higher than that perpendicular to
bedding, with static mechanical properties undergoing notable changes as stress levels increased. To investigate
the deformation anisotropy of layered rock masses, Huang et al.* conducted uniaxial compression tests on
limestone specimens with varying angles, observing that the elastic modulus initially decreased and
subsequently increased with rising bedding plane angles, as illustrated in Figure 8.
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Figure 6: Relationship between elastic modulus and bedding dip angle?%¢]
Table 1: Effect of bedding inclination on mechanical properties of typical sedimentary rocks
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Mechanical property
Rock type Test type Deformation property Strength property Document
Rock burst test The tensile strength
- The tendency of rock burst . 371
Sandstone | with double o . showed a decreasing He et al
. occurrence difficulty is U-shaped
unloading trend
Uniaxial and The elastic modulus showed a .
. : . The trend of compressive | Deng et
Sandstone | triaxial gradually increasing trend trend of : [38]
. . . strength is U-shaped al
compression tests | deformation modulus is U-shaped
Uniaxial The trend of deformation modulus | The trend of peak stress is 27]
Sandstone . . Cheng
compression test is U-shaped U-shaped
Uniaxial . The fracture toughness showed a The tensile streng_th Hao et
Sandstone | compression test, - showed a decreasing 28]
- . decreasing trend al
Brazilian split test trend
Slate Uniaxial The overall Poisson's ratio showed | The trend of compressive | Wang et
compression test a gradually increasing trend strength is U-shaped alt®
. . The trend of critical
Slate Dynamic loading | It gradually controls the damage failure strength is U- Ou et all“!
test pattern
shaped
U_nla_X|aI and The trend of elastic modulus is U- | The trend of compressive | Mao et
Slate triaxial . - . 3]
. shaped; Impact failure mode strength is U-shaped al
compression tests
Slate Uniaxial and The elastic modulus and The peak strength of Gao et
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triaxial deformation modulus of horizontal | horizontal bedding is alt
compression tests | bedding are about 50% and 80% about 20% larger than

larger than that of vertical bedding | that of vertical bedding
Shale Uniaxial The elastic modulus showed a The trend of compressive | Hou et
compression test | decreasing trend strength is U-shaped alt*2
Uniaxial The elastic modulus showed a The trend of compressive - [43]
Shale . - X Xie etal
compression test | decreasing trend strength is U-shaped
Shale Uniaxial The trend of elastic modulus is an | The trend of initiation Wang et
compression test inverted "U" shape stress is U-shaped al4
Uniaxial and The elastic modulus and Poisson's | The uniaxial and triaxial
. . X . . - Zhang et
Shale triaxial ratio show obvious anisotropy compressive strength is alles]
compression tests | characteristics U-shaped
Unla}xml cyclic The elastic modulus showed a The trend of compressive [46]
Shale loading and . X Renet al
? decreasing trend strength is U-shaped
unloading test
. Uniaxial The trend of elastic modulus is U- The trepd of peak stre_ngth Huang et

Limestone . and residual strength is U- | _ 5
compression test shaped al

shaped
. The Brazilian The tensile modulus showed a The tensile streng_th Huang et

Limestone - - showed a decreasing 7]

splitting test decreasing trend trend al

The analytical results indicate that bedding plane angle exerts a substantial influence on the mechanical
properties of sedimentary rocks. Table 1 comprehensively summarizes the relationship between bedding plane
angle and mechanical characteristics in representative sedimentary rocks. Investigations revealed consistent
patterns in mechanical properties and failure modes across various rock types when subjected to different
bedding plane angles. The strength and elastic modulus of most rocks demonstrate a characteristic "U-shaped"
distribution, showing an initial decrease followed by an increase as bedding plane angle varies, with minimum
values typically observed between 30° and 50°. Experimental evidence from uniaxial and triaxial compression
tests indicates that sandstones, shales, and slates exhibit distinct "U-shaped" strength variations, accompanied by
fluctuating elastic modulus values. Notably, both tensile modulus and Poisson's ratio in shale and limestone
decreased proportionally with increasing bedding plane angle, while limestone's tensile strength manifested a
continuous downward trend. These findings collectively demonstrate that bedding plane angle substantially
affects multiple mechanical parameters (compressive strength, elastic modulus, and Poisson's ratio) and failure
modes in sedimentary rocks. This research establishes a theoretical framework for engineering applications
involving sedimentary rocks and provides scientific foundation for their sustainable resource utilization.

3.3 Energy dissipation characteristics

Sedimentary rocks, as multiphase composite media, exhibit significant structural heterogeneity due to
the complex mineral composition and inherent defects including cracks, pores, bedding planes, and faults. These
structural characteristics fundamentally determine the intricate energy dissipation behavior observed in
sedimentary rocks, particularly under subsurface engineering conditions. When subjected to external loading,
sedimentary rocks experience progressive energy input, accumulation, dissipation, and release processes.
Notably, energy dissipation becomes increasingly pronounced during plastic deformation, primarily manifested
through mechanisms such as crack propagation, pore closure, and intergranular sliding. These micro- and meso-
scale alterations collectively drive the progressive degradation of the rock's mechanical properties. The
comprehensive understanding of energy dissipation characteristics in sedimentary rocks is essential for
elucidating mechanical degradation mechanisms, establishing reliable constitutive models, and accurately
predicting rock stability in engineering applications. Such knowledge provides critical theoretical foundations
for risk mitigation and optimization in engineering designs involving sedimentary rock formations.

The strain energy release law during rock cracking is governed by the dynamic equilibrium between
elastic strain energy accumulation and sudden release, with the accumulation threshold and release rate serving
as predictive indicators for the critical point of rock mass instability, thereby establishing a crucial theoretical
foundation for engineering rock mass safety early warning. Through investigation of energy storage and
dissipation behaviors in rocks under uniaxial compression, Gong et al.*®! revealed nonlinear variations in energy
density before and after peak strength, providing significant insights into the quantification of rock mechanical
behavior. Ren et al.*l, in their uniaxial cyclic loading and unloading experiments on Longmaxi Formation shale
samples with varying bedding dip angles, demonstrated that the energy dissipation characteristics of acoustic
emission and charge signals exhibited consistent overall trends, while specimens with vertical or horizontal
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bedding angles displayed enhanced energy dissipation relative to other orientations. Wang et al.[*?l, in their
comprehensive study of sandstone's energy evolution characteristics under different confining pressures,
developed an energy strength criterion for sandstone, offering novel perspectives for stability assessment under
high confining pressures. Their findings indicated that the elastic strain energy of sandstone remained constant
prior to peak stress under elevated confining pressures, contributing valuable insights into the understanding of
sandstone’s instability and failure energy criterion.

Energy consumption analysis establishes a critical physical foundation for assessing essential
engineering properties of rock masses, including slope stability and reservoir fracturing mechanisms. Through
comprehensive laboratory compression tests, Guo et al.’ systematically investigated the stress-energy
dissipation relationship in karst limestone under external loading conditions, demonstrating that both total strain
energy U and releasable strain energy U® exhibited linear progression with axial strain under natural conditions,
as shown in Figure 7. Meanwhile, Wang et al.’ conducted SHPB system impact tests on damaged sandstone,
observing significant increases in reflected and dissipated energy alongside diminished transmitted energy as
damage levels escalated, thereby adversely affecting rock mass stability. Through innovative high-speed camera
monitoring and Discrete Lattice Spring Model (DLSM) simulations, Wang et al.’?l examined the effects of
bedding spacing on sandstone's dynamic fracture behavior and energy evolution, concluding that increased
bedding spacing reduced secondary crack formation while accelerating crack propagation velocity and
enhancing stress and strain peaks, coupled with shortened energy evolution durations, as depicted in Figure 8.
These investigations further demonstrated an inverse relationship between peak elastic strain energy and
bedding spacing, whereas absorbed and dissipated energy peaks displayed contrasting patterns. Simulation
outcomes indicated diminishing stress, strain, and energy peaks within the rock matrix between beddings as
spacing increased.
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Synthesizing the above research findings, we observe that the total energy, elastic energy and
dissipated energy of typical sedimentary rocks all increase with rising stress, revealing the energy response
characteristics of sedimentary rocks. The distinction lies in the post-yield phase, where elastic energy begins to
decline while dissipated energy significantly escalates. The expansion of fractures, changes in porosity, and
friction among particles dissipate a substantial portion of the input energy, undermining the bearing capacity and
structural stability of sedimentary rocks. Through systematic investigation of energy dissipation characteristics,
we can more accurately unveil the degradation mechanisms of sedimentary rocks under external loads,
providing theoretical foundations for establishing constitutive relationships and strength criteria of sedimentary
rocks, as well as scientific support for stability prediction and disaster prevention in engineering applications
involving sedimentary rocks.
3.4 Microscopic mechanical properties

The mechanical degradation of sedimentary rocks is fundamentally governed by their micro and
mesoscopic characteristics, encompassing microscopic fractures, porosity, and bedding structures. Studies have
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demonstrated that environmental conditions, loading methods, and structural features critically influence the
microscopic response mechanisms during mechanical loading, ultimately determining the rock's macroscopic
mechanical behavior. These microscopic alterations substantially impact the rock's strength, deformation
characteristics, and failure patterns under varying stress conditions. Such comprehensive understanding enables
more precise prediction of sedimentary rock behavior in engineering applications, thereby enhancing structural
safety and optimizing design approaches for projects involving sedimentary rock formations.

Table 2: Three-dimensional pore structure model of freeze-thaw sandstone in compression failure processt™

State
under Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
load

Before
loading

Before
peak
failure

After
failure

The Computed Tomography (CT) technology emerged as a pivotal instrument for the direct
observation and quantification of internal structural alterations. Liu et al.’®3 employed CT imaging to evaluate
the damage attributes of sandstone subjected to freeze-thaw cycles, as depicted in Table 2. To elucidate the
microscopic pore and throat distribution and structural characteristics of tight reservoirs, Bai et al.> employed
multi-scale CT imaging technology to characterize tight sandstone microstructure, as depicted in Figure 9. Their
study pioneered innovative methodologies for investigating pore and throat structures in nano-oil and gas
reservoirs, significantly advancing our comprehension of sedimentary rock micromechanical structures,
particularly under extreme conditions. Yang et al.[%* conducted direct shear, compression, and permeability tests
complemented by SEM observations to assess the impact of moisture content and dry density on the cohesion,
internal friction angle, and microscopic porosity of white sandstone. Their results demonstrated that elevated
moisture content diminishes the internal friction angle and exacerbates microstructural degradation.
Concurrently, Li et al.’®l systematically analyzed sandstone deterioration mechanisms across compaction,
elastic, and plastic stages by integrating resistivity and acoustic emission techniques to monitor the damage
progression. Their findings revealed that resistivity exhibits heightened sensitivity during crack initiation,
whereas acoustic emission intensifies prior to rupture.

20 ym

Figure 9: Nano-scale pore-throat distribution of tight sandstonel>
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Moreover, acoustic emission (AE) technology has emerged as a crucial methodological approach for
quantifying the evolutionary mechanisms of rock damage. Diao et al.["1 conducted acoustic emission uniaxial
compression tests to examine the AE characteristics during the failure process of slate with varying bedding
plane angles. Their findings demonstrated that slates with 0° and 45° bedding angles primarily experienced
shear failure, whereas those with 90° angles predominantly exhibited tensile failure. Notably, a sudden surge in
AE energy was identified as a precursor to deterioration. Following this research direction, Sun et al.[%¢
investigated the micromechanical characteristics and deterioration mechanisms of slate through uniaxial
compression tests. Their analysis revealed that variations in ring-down counts and the proportion of low-
frequency, high-amplitude signals could serve as instability precursors, with fluctuations in the multifractal
spectrum width Aa providing early characterization of the deterioration process, as demonstrated in Figure 10.
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Figure 10: The variation curve of Aa early warning time with bedding anglel

Structural characteristics of bedding planes and aperture dimensions were also found to significantly
influence the degradation mechanisms of sedimentary rocks. Dong et al.>! developed a numerical model to
analyze the impact of bedding angle and aperture size on shale instability characteristics. Zhang et al.[’l
systematically examined the micromechanical effects of bedding angle on shale failure mechanisms and crack
propagation. Their study established that bedding angle governs the development of failure modes. Parallel
research by Wang et al.[®¥ focused on the AE characteristics of fractured sandstone under varying loading rates,
particularly in the context of dynamic disaster early warning. The observed pattern of alternating AE signal
surges and quiet periods was identified as a valuable early warning indicator, providing novel theoretical
foundations for incorporating micromechanical parameters into dynamic disaster warning systems. Li et al.[d
systematically investigated the deformation and failure mechanisms of red sandstone fractures under both dry
and saturated conditions. The research demonstrated that acoustic emission signal acquisition techniques
effectively captured the compression failure characteristics of rock fractures. As evidenced by Figure 11, the
spatial correlation between acoustic emission localization points and experimentally measured surface failure
zones validated the reliability of the acoustic emission monitoring method. This investigation provided
quantitative insights into the controlling influence of fundamental mechanical parameters and fracture surface
characteristics on the compression deformation and failure processes of rock materials.
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Figure 11: Comparison between AE positioning points and experimentally measured asperity damage areas®?

The mechanical degradation of sedimentary rocks was primarily governed by microstructural
characteristics, environmental conditions, and loading methods. Microscopic cracks and pore features
demonstrated substantial anisotropic behavior under mechanical stress, directly regulating crucial mechanical
parameters including cohesion and internal friction angle. The decrease in internal friction angle and accelerated
microstructural deterioration induced by increased water content, coupled with the progressive evolution of pore
structures during freeze-thaw cycles, constituted the fundamental mechanisms of environmental-driven
degradation. The substantial impact of bedding structures and aperture characteristics on failure modes, along
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with the transformation of crack propagation patterns under confining pressure, highlighted the pivotal role of
structural features in mechanical degradation processes. Modern analytical techniques, such as acoustic
emission monitoring and resistivity measurements, provided reliable empirical evidence for developing
comprehensive damage variables and evolution equations.

3.5 Fracture mechanism

The elucidation of fracture mechanisms in sedimentary rocks during mechanical metamorphism is
essential for predicting rock mass instability and ensuring engineering safety. Research has demonstrated that
the fracturing behavior of sedimentary rocks under external loading exhibits distinctive micro- and meso-scale
characteristics, primarily governed by internal fracture systems, pore structures, and loading conditions. Among
these factors, the bedding structure, as a prominent structural characteristic of sedimentary rocks, significantly
influences fracture mechanisms and mechanical behavior through the interaction of key parameters including
bedding inclination, loading direction, and confining pressure.

Numerous experimental studies have demonstrated that the bedding dip angle is a critical factor
determining the fracture patterns of sedimentary rocks. Through systematic investigation of Tournemire shale,
Niandou et al.l®® revealed the controlling mechanism of bedding structure and loading direction on fracture
patterns, concurrently discovering the significant regulatory effect of confining pressure on rock plastic
deformation. Hou et al.®l systematically studied the mechanical response of shale with varying bedding dip
angles through uniaxial compression tests, demonstrating that specimens parallel to the bedding orientation
exhibit higher strength reserves and energy absorption capacity, whereas those perpendicular to the bedding
direction are more prone to brittle fracture, as shown in Figure 13. Based on comprehensive research on layered
shale, Gaol® further classified shale fracture patterns into three typical mechanisms: vertical splitting tensile
failure, bedding plane slip failure, and composite shear failure traversing both matrix and bedding planes. These

findings fully illustrate the decisive role of bedding dip angle in the mechanical deterioration process of shale.
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Figure 13: Fracture pattern variation for specimens with bedding orientation64

Moreover, Deng et al.[?8 performed compression tests on layered sandstone with varying bedding dip
angles, categorizing the fracture patterns into three distinct types: tensile splitting fracture, shear slip fracture
along bedding planes, and composite shear fracture involving both matrix and bedding planes, thereby
emphasizing the complexity of sandstone fracture behaviors. In the case of limestone, Huang et al.[*%1 observed
that fracture patterns transition sequentially through four modes—axial splitting failure, mixed splitting and
sliding failure, sliding failure along bedding planes, and splitting failure along bedding planes—as the bedding
dip angle increases, as illustrated in Figure 14. Through uniaxial compression tests on layered slate, Sun et al.[%
identified precursor signals of instability under different bedding dip angles, noting a progressive shift in
fracture modes from tensile splitting to splitting shear, then to shear sliding, and ultimately back to tensile
splitting failure. Similarly, Zhao et al.[%! demonstrated that the fracture patterns of layered slate are primarily
governed by shear-sliding failure and mixed tensile-shear failure along bedding planes, underscoring the critical
influence of bedding-matrix interactions on fracture mode determination.
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Figure 14: Fracture patterns of slate with different bedding dip anglest®¢!: (a) axial splitting failure (b) mixed
splitting and sliding failure (c) sliding failure along bedding planes (d) splitting failure along bedding planes.
Extensive research has demonstrated that the fracture mechanisms of sedimentary rocks are governed
by the complex interaction of multiple factors, primarily including bedding structure, loading conditions, and
confining pressure. The bedding dip angle was found to play a pivotal role in determining fracture patterns, with
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low-angle bedding promoting crack closure and high-angle bedding facilitating crack propagation along weak
planes. Regarding loading direction, experimental evidence revealed that rocks exhibited greater compressive
strength and energy dissipation capacity under parallel loading compared to perpendicular loading, which
typically induced brittle failure. Confining pressure emerged as a critical regulatory factor, substantially
enhancing the rocks' plastic deformation capacity through the delay of both crack propagation and closure
processes, thus reducing rock mass instability. These interacting factors resulted in distinct fracture modes,
including splitting tensile failure, bedding plane slip-shear failure, and composite shear failure, indicating that
sedimentary rock fracture represents a complex physical process involving the coupling of inherent structural
characteristics and external loading conditions. These findings not only provide essential theoretical insights
into the mechanical degradation mechanisms of sedimentary rocks but also establish a scientific basis for
assessing the stability of underground engineering structures. Future investigations should prioritize the long-
term mechanical behavior of sedimentary rocks, particularly focusing on their response under complex stress
paths and water-rock interaction conditions.

IV. CONCLUSION

Research on the mechanical degradation mechanisms of typical sedimentary rocks have achieved
substantial advancements globally. These mechanisms demonstrate considerable complexity and diversity
across multiple dimensions, including physical characteristics, mechanical parameter variations, energy
dissipation patterns, and micro-meso-scale features. Under external loading conditions, physical attributes such
as pore structures and bedding dip angles significantly influence mechanical parameters like elastic modulus and
compressive strength, exhibiting distinct linear variation trends during degradation. Energy dissipation analyses
have established that rock failure fundamentally stems from the interplay between energy dissipation and
release. Furthermore, micro-meso-scale investigations and fracture mechanism analyses have elucidated the
degradation behaviors and fracture patterns of sedimentary rocks in complex stress environments, offering
deeper insights into the intrinsic degradation process. The mechanical degradation of sedimentary rocks is
predominantly governed by bedding structures, pore characteristics, and loading conditions, progressively
manifesting as crack propagation, pore expansion, and splitting failure phenomena.

These studies established fundamental theoretical frameworks for constructing mechanical models of
sedimentary rocks and predicting engineering stability, while simultaneously providing scientific guidance for
stability assessment and disaster prevention in engineering practices. The investigation of mechanical
degradation mechanisms in sedimentary rocks necessitates further exploration in the following areas:

(1) The machine learning methodologies demonstrated significant potential in enhancing the prediction
accuracy of deformation and instability in sedimentary rock masses. Through training on extensive experimental
datasets, machine learning algorithms developed degradation prediction models adaptable to diverse conditions,
thereby improving the precision of engineering rock mass risk assessments and offering intelligent support for
stability analysis. This approach facilitated the identification of complex patterns and relationships in
degradation processes that proved challenging to capture through traditional methods.

(2) The CT imaging technology provided substantial support for investigating the degradation
mechanisms of sedimentary rocks. Through high-resolution scanning, CT technology enabled real-time
monitoring of internal cracks and pore changes, capturing the evolution of microstructural features without
disrupting the testing process. This capability established a scientific basis for precise quantification and
dynamic analysis of degradation mechanisms, while also facilitating the visualization and analysis of spatial
distribution and connectivity of fractures and pores.

(3) As underground engineering extended into greater depths, the combined effects of temperature,
humidity, and other environmental factors on sedimentary rock degradation emerged as a critical research
direction. Degradation models based on multi-field coupling more comprehensively represented actual
degradation mechanisms, offering more realistic theoretical support for engineering stability assessment and
disaster prevention strategies. The understanding of interactions between these fields contributed to the
prediction of long-term behavior and the design of effective mitigation measures for deep underground
environments.
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