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Abstract: Rock fatigue damage and instability during failure processes involve continuous initiation,
propagation, and coalescence of internal cracks accompanied by energy exchange with surroundings.
Energy-based analysis provides fundamental insights into damage accumulation and transformation
mechanisms. This paper systematically review the research progress on energy evolution patterns
under various influencing factors, microstructural transformation mechanisms during damage
development, and associated macroscopic mechanical behaviors. It synthesizes achievements in
energy-based strength criteria, fatigue damage evolution models, constitutive relationships, and
engineering stability assessments. Current limitations are identified, and future directions are
proposed: 1) Investigating energy evolution mechanisms under multi-field coupling conditions; 2)
Developing comprehensive energy-driven damage evolution laws and constitutive models; 3)
Establishing energy-based fatigue life prediction frameworks for rock engineering applications.
These advancements aim to enhance theoretical understanding and practical reliability in rock
mechanics analysis.
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1. Introduction

Rock fatigue damage has garnered significant attention from scholars as an essential part of the
theoretical framework of rock mechanics. The cumulative effects of fatigue damage and the
characteristics of damage transition are widely applicable in various fields, including mining,
underground engineering, and slope stability [1-3]. As a discontinuous medium influenced by long-
term geological structures, rocks contain numerous natural defects such as fractures, voids, and
joints. These structural features result in nonlinear and anisotropic mechanical behavior [4,5].
Furthermore, the presence of various external loads often leads to the manifestation of cumulative
fatigue damage in rock materials, a progressive accumulation of damage that occurs over extended
time scales. During this process, the microstructure and mechanical properties of the rock may
undergo transitions at specific intervals, indicating an acceleration of damage. Such phenomena
directly impact the safety and stability of engineering structures [6-11].

In recent years, significant progress has been made by scholars both domestically and
internationally in the study of rock fatigue damage, systematically exploring the cumulative effects
and damage transition characteristics under various conditions. In experimental research, techniques
such as acoustic emission and nuclear magnetic resonance have been employed to monitor rock
fatigue damage under different loading conditions [12-14]. By tracking the elastic waves and
temperature changes generated in rocks during loading, researchers have achieved real-time
monitoring and quantitative analysis of internal microcrack propagation and damage accumulation,
thereby further investigating fatigue life, cumulative effects, and transition characteristics [15-18]. On
the theoretical front, various rock fatigue damage models based on different theoretical frameworks
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have been proposed. These models take into account the microstructure of rocks, their macroscopic
mechanical behavior, and energy evolution laws, effectively describing the fatigue damage process
and mechanical response of rocks under load [19-21]. For instance, models based on fracture
mechanics theory analyze the stress intensity factors and energy release rates of internal cracks to
study crack propagation patterns and fatigue life prediction methods under cyclic loading [22-25].
Constitutive models based on damage theory accurately depict the relationship between the damage
state of rocks and their mechanical behavior by introducing damage variables [26]. Additionally, in
terms of numerical simulation, finite element and discrete element methods have been utilized to
simulate the damage accumulation and failure processes under cyclic loading, further revealing the
mechanisms of accumulation and transition [27,28].

From previous research on rock fatigue damage, it is evident that significant achievements have
been made both domestically and internationally; however, much of the focus has been on exploring
rock fatigue damage through specific physical experiments, which presents certain limitations as it
does not delve into the underlying essence of the phenomena. In recent years, there has been a
growing interest in studying rock fatigue damage from an energy perspective. This approach
integrates energy considerations with experimental research, circumventing the shortcomings
associated with the inability to observe the microstructure of rocks, and thereby providing a clearer
understanding of the cumulative effects and damage transition characteristics under fatigue. From
this viewpoint, many scholars consider the process of rock fatigue damage as an energy transfer
process within a thermodynamic framework [29,30]. This energy transfer process is typically divided
into four stages: energy input, energy accumulation, energy dissipation, and energy release. These
stages correspond to the initial compaction phase, elastic deformation phase, plastic deformation
phase, and instability failure phase observed in the stress-strain curve of rocks. At the macroscopic
level, this process manifests as follows: rocks start in a crack-free state, experience slow crack
propagation, enter an accelerated crack growth phase, and ultimately lead to rapid crack expansion
and failure [31-34]. Furthermore, some researchers have explored rock strength criteria, fatigue
damage evolution processes, and constitutive models based on the energy perspective from both
theoretical analysis and engineering application viewpoints [35-37]. Using these theoretical
frameworks, they have analyzed crucial issues such as the warning mechanisms and stability of
engineering rock masses. These studies not only enrich the theoretical foundation of rock mechanics
but also provide important guidance and reference for practical engineering applications.

Therefore, this paper will explore the cumulative effects of damage in rocks during fatigue
processes from an energy perspective, particularly focusing on the relationship between the changes
in microstructure during rock damage and deformation transformation and their corresponding
macroscopic mechanical behavior. Additionally, the article will systematically summarize various
influencing factors related to the mechanisms of rock fatigue damage and conduct a comparative
analysis of existing theories and constitutive models regarding the evolution of rock fatigue damage.
Finally, this paper will discuss and propose directions that require further strengthening in future
research, aiming to provide valuable insights for the understanding of rock fatigue damage and the
improvement of related models.

2. The Evolution of Energy and the Accumulation and Transformation of Rock
Fatigue Damage

2.1. The Evolution of Energy

To facilitate the study of the energy evolution of rocks, many researchers have proposed the
following assumption: the rock mass units are considered to be within a closed system, where there
is no heat exchange or energy loss due to phenomena such as acoustic emissions during the fatigue
damage process. In this scenario, the total energy U input into the rock mass by external loads is
solely converted into dissipated energy Ud and recoverable elastic potential energy Ue[38]. According
to the first law of thermodynamics, we can deduce the following;:
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U=U,+U, (1)

As shown in Figure 1, there is a relationship between elastic potential energy and dissipated
energy. Here, E represents the unloading elastic modulus. During the loading process, the area
enclosed by the stress-strain curve and the unloading curve corresponds to the dissipated energy Ud
of the rock, which is used for the initiation and propagation of microcracks within the rock, resulting
in internal damage. The area shaded in blue represents the elastic potential energy Ue, which is
reversible and corresponds to the work done by external loads on the rock, converted into energy
stored internally. From the stress-strain curve, it can be concluded that the value of the rock's
dissipated energy can be obtained by subtracting the recoverable elastic potential energy U. from the
total energy U input into the rock.
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v

Figure 1. Relationship between elastic potential energy and dissipated energy.

Therefore, in the principal stress space, the total energy input into the rock and the recoverable
elastic potential energy can be expressed as follows:

U= J-Ogl ode + J-ng o,de, + J‘:S o,de, ()
U, =%O‘lé‘f +%O'2€§ +%O'38§ 3)
8f=é[0,~—ﬂ,-(0j +0,)] @

1

In the equation, i, 0j, okrepresent the principal stresses (where i, j, k=1,2,3); eiand & denote the
strains and elastic strains in the direction of the principal stresses (where i=1,2,3); and wi and
Ei represent the Poisson's ratio and unloading elastic modulus, respectively.

However, to simplify the calculations, the recoverable elastic potential energy in equation (2) is
typically expressed as follows:

U, :i[o_lz +0, +0; _2:u(0102 +0,0; +0,0; )] ©)

0

In the equation, Eo represents the initial elastic modulus, which is used to substitute for the
unloading elastic modulus.

The aforementioned scenario pertains to true triaxial tests. In conventional triaxial compression
tests, the second and third principal stresses are equal. In uniaxial compression tests, both the second
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and third principal stresses are zero. Therefore, the energy calculation formulas for the rock in each
case can be further simplified as follows:

U= J.Ogl ode + 2]:2 o,de,

(6)
U, = ZLEO[O-IZ +20; - 2,u(2c710'2 +o) )]
U= J.:l ode,
_ o’ )
7 2E,

Equation (6) corresponds to the conventional triaxial compression test, while equation (7)
corresponds to the uniaxial compression test.

By using the stress-strain curve and the aforementioned formulas, we can calculate the total
energy input and the magnitude of recoverable elastic potential energy for rocks under different
loading conditions. The dissipated energy during the failure process of the rock can then be obtained
by taking the difference between these two values. In reality, the fatigue damage to rock and soil
masses is often not caused by a single load but rather by multi-level cyclic loads resulting from human
engineering activities [39,40]. As shown in Figure 2, the axial stress-strain curve of the rock specimen
under cyclic loading and unloading due to axial load is depicted.
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Figure 2. Schematic Diagram of Energy Calculation in Cyclic Loading and Unloading Tests.

Similar to the previous case, the energy input U and the recoverable elastic potential energy for
the i-th loading can be expressed as follows:

U, = .[0 O-iloaddgi 8)

.
Ui = J.g" O-iunloaddgi (9)

In the equation, €’ represents the strain value corresponding to the stress o’ at the end of the i-
th cyclic loading; In the equation, €” represents the strain value corresponding to the stress o” at the
end of the i-th cyclic unloading. In the equation, oilad and Oiunload are the curve functions for the i-th
cyclic loading and unloading, respectively.
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In triaxial cyclic loading and unloading, the presence of confining pressure results in external
work being done in the o3 direction as well(Figure 2).

During a cyclic loading and unloading process, when the axial load varies, both the maximum
and minimum stresses correspond to specific axial strains and circumferential strains. The internal
energy of the rock at this time can be expressed as follows:

U=U+U] = IO Cioaad €+ T3, (10)

U, =U+UP = [0, de, + 0 (e, — e} (11)

iunload

In the equation, Ur' and Ui represent the recoverable elastic potential energy in the axial and
circumferential directions during the i-th cycle, respectively. Additionally, since the circumferential
expansion does work against the confining pressure, U and Uie? are taken as negative value during
the calculation.

During the cyclic loading and unloading process, the initiation and propagation of micro-cracks
in the rock lead to inelastic deformation and hysteresis. At this point, the rock dissipates energy
through the damping forces it generates to resist external loads. The damping ratio reflects the energy
loss of the rock and soil mass due to internal resistance under loading, and it can be expressed as:

a4 )
4r A,

In the equation, A represents the area of the hysteresis loop shown in Figure 3 (b), which
indicates the energy loss during a single cycle. Asrepresents the area under the curve (AOE)
corresponding to the recoverable elastic potential energy at the peak stress.

Consequently, many scholars have also investigated the energy changes during the rock failure
process from the perspective of damping. Damping energy is considered a subset of dissipated
energy and is crucial for understanding the development of internal fractures within rocks [41].

o4 A

(o)

2

(b)

Figure 3. (a) Relationship between elastic potential energy and dissipated energy during cyclic loading and

unloading; (b) Schematic diagram of stress-strain hysteresis loop.

2.2. Factors Affecting Rock Fatigue Damage from an Energy Perspective

Due to the fatigue damage characteristics and failure features of rocks being influenced by
various factors, researchers have conducted extensive experiments from an energy perspective for
different research purposes. It has been found that rock fatigue damage is primarily affected by three
factors: intrinsic properties of the rock, external environmental conditions, and loading application
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factors. This paper summarizes and synthesizes the effects of these three factors on rock fatigue
damage.

2.2.1. Intrinsic Factors of Rocks

As shown in Figure 4, due to the differing genesis of rocks in nature and their varying geological
environments, there are numerous intrinsic differences among rocks, including variations in
lithology, microstructure, and defects such as fractures and joints. These differences alter the
deformation characteristics and failure mechanisms of rock fatigue damage.
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Figure 4. Influence of intrinsic factors of rocks on their fatigue damage.

From the perspective of strength in the physical properties of lithology, this paper categorizes
rocks into two main types: soft rocks and hard rocks. Some researchers have found through
experiments that, compared to soft rocks, hard rocks dissipate a higher proportion of energy after
reaching peak load, while much of the energy input from the external environment to soft rocks is
dissipated before the peak load is reached, resulting in different failure modes for the two types [42-
46]. Hard rocks, which are in a high-stress state at greater depths, are more prone to rockburst
behavior, storing a significant amount of energy before failure and releasing it during the failure
process [47-50]. In contrast, soft rocks dissipate some energy before reaching the peak, primarily due
to the development and extension of their own fractures [51].To gain a deeper understanding of how
various types of rocks exhibit differences in fatigue damage, the study primarily focuses on four
commonly encountered engineering rocks: sandstone, granite, shale, and limestone [52-55]. To this
end, Meng, Q. et al. [53] proposed a nonlinear evolution model that reveals the relationship between
energy density growth and variations in lithology, stress levels, and loading rates. Additionally, some
researchers have explored the influence of rock size on the distribution and evolution of energy
during the fatigue failure process of rocks [56].

From the perspective of the microstructure of rocks, the differences in the internal mineral
structure have a significant impact on their fatigue behavior[57]. Larger crystal structures and
irregular geometries are more likely to initiate cracks in regions of stress concentration, accelerating
the damage and failure process and reducing the fatigue life of the rock. In contrast, smaller crystal
structures and more regular shapes help to dissipate stress, thereby enhancing the overall toughness
of the rock [58-60].

Considering that most rocks in nature are not completely intact, various factors can lead to the
presence of defects such as joints, voids, and fractures within them [61,62]. Figure 5 illustrates the
pre-existing defects in rocks before experimentation, including voids, single fractures, and
parallel/crossed double fractures, as well as the formation of rock bridges. Compared to intact rocks,
those containing these defects exhibit shorter fatigue lives under stress, with deformation and failure
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occurring near the defects or developing from them [63-65]. Additionally, the orientation, inclination,
and length of fractures and joints can also influence their fatigue characteristics [66,67]. However,
due to space limitations, these aspects will not be elaborated upon here.

Figure 5. Various types of pre-existing defects in rocks [68-73].

2.2.2. Extrinsic Environmental Factors

The different external environments can also significantly affect the fatigue damage process of
rocks. As shown in Figure 6, rocks located in southern China are influenced by a subtropical monsoon
climate, where high temperatures and heavy rainfall in summer lead to considerable damage from
dry-wet cycles. Similarly, rocks in the northwest cold regions and high-altitude areas of China are
frequently subjected to freeze-thaw cycles. The presence of hilly terrain in eastern China means that
rocks in this region also experience repeated cold-heat effects. Additionally, changes in the external
hydration environment are also important influencing factors.
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Figure 6. Mountainous rock masses in China affected by external environmental factors.

Researchers conducting dry-wet cycle tests have found that, following water-rock interactions,
the increase in the energy dissipated by rocks gradually decreases, and the energy dissipation density
also shows a declining trend [74-76]. This is attributed to the fact that dry-wet cycling reduces the
load-bearing capacity of the rocks, leading to failure even under lower energy absorption. Moreover,
freeze-thaw cycle tests primarily aim to investigate the fatigue characteristics of water-saturated
rocks in cold regions, which are more susceptible to the expansive forces generated by the freezing
of internal free water [77-79]. Unlike the effects of dry-wet cycling, although the total energy
absorbed generally decreases with increasing freeze-thaw cycles, the rate of energy dissipation tends
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to increase [80,81]. However, some researchers have observed that prolonged exposure to low
temperatures, such as -10°C, significantly reduces the energy consumption associated with rock
failure [82].

Additionally, rocks that have undergone high-temperature treatment exhibit reduced energy
absorption from external sources, leading to a decrease in stored elastic energy. The proportion of
dissipated energy in the total absorbed energy increases with rising temperatures, meaning that
higher temperatures result in shorter times required for rock failure under external forces [83-85]. In
the central mountainous regions of China, extreme weather conditions such as extreme heat and cold
are rarely encountered, and the alternating temperatures can also influence the fatigue process of
rocks. Finally, rocks like those found in coastal areas, such as reef stones affected by hydration
environments, experience significantly shortened fatigue lives. Generally, the total energy, elastic
energy, and dissipated energy of rocks in areas with strong acidity or alkalinity are positively
correlated with the intensity of the acid-base conditions [86-88]. The energy evolution during the
damage process of water-rich rocks differs from that of drier rocks, primarily reflected in the
variations during the elastic energy increment phase [89,90].

2.2.3. Experimental Loading Factors

In exploring the impact of these loads on the fatigue damage mechanisms of rocks, most
researchers opt to simulate real-world loading conditions by varying factors such as the loading
method, loading rate, cyclic waveform, cyclic stress amplitude, and maximum cyclic stress [91-97].

As shown in Figure 7, human activities (such as tunnel excavation, mining explosions, and
vehicle traffic) and natural geological processes (such as earthquakes and volcanic eruptions) can
impose cyclic loads on rocks, with varying vibration frequencies.

!

. Earthquake | Mountain blasting =I|\’olcanic~{eruptions
0 10" 10° 10° 10 10°
| o
! lTunnel excavation 1 |
! Driving \'ilirations ! Frequency(HZ )

Figure 7. The Effects of Human Activities and Natural Environments on Rock Loading.

Figure 8 illustrates several types of cyclic waveforms commonly used by researchers, including
sinusoidal stress waves [98], triangular stress waves [99], and random stress waves[100].
Additionally, real-world loading factors can be simulated by varying the loading frequency, cyclic
stress amplitude, and setting the maximum cyclic stress. This can be achieved through techniques
such as single-stage constant amplitude loading and unloading [101], single-stage increasing
amplitude loading and unloading [102,103], multi-stage increasing amplitude loading and unloading
[104,105], and multi-stage constant amplitude loading and unloading [106] to fulfill experimental
objectives.
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Figure 8. Common cyclic waveforms.

Deng, J. and Bian, L. [107] analyzed the energy dissipation of rocks under random stress wave
action and found that harder rocks absorb less energy. When the stress amplitude is doubled, the
elastic energy consumption ratio (the ratio of elastic energy to total energy) decreases. Hong, L. et al.
[108] studied the energy consumption patterns of rocks subjected to dynamic impact loads by
applying half-sine waves, concluding that the energy consumption density of rocks is linearly related
to the externally input energy.

Additionally, based on different loading methods for rock testing, the primary types include
uniaxial compression tests, triaxial compression tests, Brazilian disc tests, and shear tests, with cyclic
conditions added to these tests [109-115], as shown in Figure 9. For underground engineering such
as mining and tunnel excavation, the cyclic triaxial compression test more accurately reflects the
actual stress conditions encountered by rocks.

In the simulation of triaxial loading tests on underground rock masses, the presence of confining
pressure is inevitable. This confining pressure can, to some extent, suppress energy release and
enhance the energy storage capacity of the rock, which is manifested as an increase in elastic strain
energy [116-119].

(d)

Figure 9. Different cyclic loading methods. (a). Uniaxial compression. (b). Brazilian splitting. (c). triaxial

compression. (d). shear test.
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2.3. Changes in Microstructural Characteristics and Macroscopic Mechanical Behavior During the Damage
Process

Figure 10 presents the three methods used by researchers in recent years to study the
relationship between microstructural deformation, mechanical properties, and energy during the
rock damage process, namely acoustic emission technology [120,121], infrared radiation technology
[122-125], and numerical simulation techniques [126-128].

Discrete
elements

(b) (©

Figure 10. Conventional Research Methods for Microstructural Changes and Mechanical Properties (a). Acoustic

Emission Technique [123]. (b). Infrared Radiation Technique[128]. (c). Numerical Simulation Technique[129].

During the loading and deformation process of rocks, a portion of the input energy is converted
into elastic potential energy for storage, while another portion is transformed into dissipated energy.
This lost dissipated energy manifests itself in the form of acoustic emission, frictional heat, relative
kinetic energy of displacement, plastic deformation, and crack propagation. When stress
concentration occurs within the rock, leading to the initiation and propagation of cracks, acoustic
emission technology can effectively capture the signals emitted by this portion of energy, revealing
the development of a microcrack network prior to macroscopic failure[130]. On the other hand,
infrared radiation technology primarily illustrates the spatial heterogeneity of energy dissipation by
deriving information about crack-dense regions or stress concentration areas from thermal radiation
energy fields. However, both of these techniques have certain limitations. As a result, researchers
today are increasingly inclined to combine numerical simulations (such as PFC/DEM) with multi-
scale experiments to investigate the relationship between microstructural changes, mechanical
properties, and energy during the rock damage process.

Analyzing the microstructural changes of rocks from an energy perspective allows for a precise
understanding of when cracks initiate, accelerate in propagation, and ultimately develop into
macroscopic failure. Figure 11 illustrates the variations in energy and the number of cracks in rocks
during the shearing process. As shown in the figure, after entering the post-peak phase, there is a
noticeable increase in dissipated energy, while elastic strain energy decreases. At this point, the
corresponding number of cracks also increases. This is attributed to the accumulation of significant
energy at the shear interface before reaching the peak shear stress, which leads to the development
of more cracks to dissipate this excess energy.
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Figure 11. Energy Evolution and Changes in Crack Quantity During Shearing Process [131].

Jiao, Y. et al. [132] investigated the energy evolution trends of fractured rock samples and the
relationship between crack length and dissipated energy through laboratory uniaxial compression
tests and PFC2D numerical simulations. As shown in Figure 12, when the rock is subjected to axial
stress before reaching peak strength, elastic strain energy dominates the total internal energy, while
a smaller portion of dissipated energy facilitates the propagation of internal cracks. Furthermore, a
certain linear relationship exists between crack length and dissipated energy, indicating that
dissipated energy drives the growth of cracks.

Pesk strengthMPa

Figure 12. a) Energy Evolution of Fractures (b) Crack Propagation Diagram (c) Relationship Between Crack
Length and Dissipated Energy [132].

In the study of rock damage evolution, the energy transformation mechanisms provide an
important perspective for revealing the nature of rock failure. Compared to the more intuitive
microstructural changes during the damage process, the mechanical properties of rocks are analyzed
from a mathematically quantitative perspective. By employing mathematical parameters such as
strength degradation, elastic modulus reduction, and energy dissipation rate, the entire process of
energy input, transformation, and release can be quantitatively analyzed. Additionally, the area of
the hysteresis loop in the stress-strain curve can be used for mathematical representation.

Some scholars have determined the characteristic stress at various stages by combining the
energy growth rate curve with the stress-strain curve, as shown in Figure 13. After entering the fourth
stage, the growth rate of elastic energy begins to decline. At this point, rock damage accelerates, and
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the growth rate of dissipated energy shifts from a steady increase to a rapid surge. As the peak stress
approaches, the growth rate of dissipated energy exhibits sharp fluctuations, which are caused by the
transition of small cracks into larger ones.

-Slope increase

01-C3

&

Figure 13. (A) Curve of Elastic Energy Storage Capacity Index (Ab) and Elastic Energy Growth Rate (ke); (B)
Curve of Dissipated Energy Growth Rate (ke); (C) Axial Stress-Strain Curve [133].

3. Energy-Based Strength Criteria and Constitutive Relations for Rocks
3.1. Rock Strength Criterion

The essence of rock fatigue damage and failure lies in the gradual dissipation and release of
energy. Rocks transfer the externally applied energy to their inherent defects or weakest points,
leading to a continuous weakening of their strength. Once the energy storage limit is reached, the
stored elastic energy is released, resulting in failure. Some researchers argue that while rock damage
will inevitably affect its strength, it does not necessarily lead to overall failure [134,135]. Table 1
presents some energy-based rock strength criteria proposed in recent years.

Table 1. Energy-Based Rock Strength Criteria.

Reference Calculation formula Content

Derive the energy-based strength failure

Tiraviriyaporn, P. et (1_ bl ) ¢ > ¢ +a ¢ criterion for rock materials based on
al. [136] 1J7s = 7D v volumetric strain energy density and
deviatoric strain energy density.
& 1 Ener dissipation-based strength
Xie, H. et al. [137] U =I ods, ——o0,& By . &
0 2 deterioration criterion for rock units
Uarn=U+U>U Energy criterion for rock strength failure
D — D
Hu, L. et al. [138] US o— DS ¢ induced by strain burst under cyclic
¢ disturbance
2 Rock failure criterion based on elastic strain
Cheng, Y. et al. [139] 0, =0, ++/2Ebo, + 0 ,
¢ energy density

1 . . I L Energy-based triple shear energy yield
V Jz cos 6 — \/g sin @sin s ? sing criterion for salt rock

Hao, T.S. et al. [140]

1—\/§tan6’sing0
3+3tan’ 0—4+/3 tan Osing

=2ccos@
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0_12 + 0_22 + 0_32 —2v ( 0,0, + 0,0, + 0,0, ):I Energy-derived rock failure criterion
Wang, Y. et al. [141] 5
=0, +Ko,

1 sin*® cos'o N Keow 1., 0 , . Energy mutation-derived rock failure
—— |S1n .
s cos criterion

Gao,M.etal. [142] —— =
KC KC9O KCO KCO

3.2. Damage Variable Evolution and Constitutive Relations Based on Energy Dissipation

Most damage variables related to rock are based on methods such as the effective elastic
modulus method, wave velocity method, and acoustic emission count method. However, analyzing
rock failure from an energy perspective is more aligned with the fundamental nature of rock failure.
The energy evolution of rocks can also effectively define damage variables and provide a more
accurate understanding of the damage mechanisms involved [143,144]. The internal damage
evolution of rocks is primarily driven by external energy input. To dissipate this energy, internal
defects and fractures within the rock continuously extend and develop. In this process, dissipated
energy is directly related to the strength degradation of the rock and is associated with the damage
variable. As a result, some researchers have defined the damage variable of rock by introducing the
ratio of dissipated energy to elastic energy, as well as the energy consumption ratio [145].
Furthermore, other scholars have compared the damping energy in dissipated energy to the total
input energy [146], exploring the influence of energy evolution on internal rock damage under cyclic
loading. The damage variable D determines the damage constitutive relationship, allowing for the
establishment of corresponding damage constitutive models. Table 2 presents various rock damage
constitutive relations based on energy dissipation that have emerged in recent years.

Table 2.
Reference Calculation formula
zhou, T.etal. 49 _JY(& ~DIl-j¢'5 exp(-) + Ep's +(1-p)lo, —2ko, —2g07) ~2440,]+(1-@)lo,
[26] de 3y, +ao, +2a0,

0

Gong, F. etal. O_M :K'(I—D)EEZK' I_CL Ee
[147] u;

The i-th loading:

_ P _ P 0
M -22%0 g (1-D, ) Ee =112 225 k| 1-Lt |Be o0 <e<e
& & & & u®
O =
i €& i €& |, cu’
——K(1-D )Ee=]]_ ——K.|1-— |E - <e<g
Gong[’;;] o - &~ l( JEe =1l g =& ( u* j T tmEs
The i-th unloading:
. oe—& . oe—& cu;
oo i=1mKi (1-D,)Ee =11, p— K, [1— i ]Es eP<e<e,
0 ex¢g’!
Zhang, C.-y. et — * _ — _
80 o] [0 ](1-[D]) = [E][e](1-[P))

The constitutive models in the table have evolved from earlier linear models to nonlinear models
that better reflect the characteristics of rock. These models take into account multiple factors and
include corresponding constitutive models, such as thermal damage constitutive models. Unlike
constitutive models based on strength criteria, those based on energy theory are more adept at
capturing the phenomenon of post-peak stress decline. They provide a more accurate description of
the entire process of rock failure and are therefore more reasonable.
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3.3. Energy-Based Analysis of Rock Stability

In practical engineering, the stability analysis of rocks is central to both engineering design and
safety assessment. Analyzing from an energy perspective provides a more quantitative evaluation
method. Prior to failure, rocks undergo an accelerated phase of energy release, so when the rate of
release sharply increases, the rock is nearing a critical state of instability and failure. At this point,
dissipated energy becomes a larger proportion of the total energy, making this analysis method
particularly important for predicting dynamic instability in rocks [149-152].W. Gao et al. [153], using
a method based on the minimum energy dissipation rate, considered the processes of crack
propagation and coalescence in rock slopes to analyze the stability of fractured rock slopes. Energy
density is also a crucial indicator for assessing rock mass stability; within rocks of equal volume, a
high energy density typically indicates a higher risk of instability [154-157]. As shown in Figure 12,
by combining numerical simulations with energy field distribution maps, it is possible to identify
potential instability areas through changes in energy density and energy gradient, providing an
important theoretical basis for geotechnical engineering design and disaster warning. Additionally,
some researchers have approached the issue of energy dissipation during the fatigue damage process
of rocks, proposing a new fatigue life prediction model based on their analysis. The effectiveness of
this model has been validated [158,159].

Kinetic energy
5.0000E+00
4.5000E+00
4.0000E+00

3.5000E+00
3.0000E+00
2.5000E+00
2.0000E+00
1.5000E+00
1.0000E+00
5.0000E-01

0.0000E+00

Figure 12. Numerical simulation and energy field distribution map [160].

Through the analysis presented above, it can be concluded that the stability analysis of rocks
from an energy perspective primarily focuses on three aspects: energy release rate, energy density,
and fatigue life. In the future, numerical simulation methods can be employed to further incorporate
multiphysical coupling effects, such as thermo-mechanical-hydraulic coupling. This approach will
facilitate the exploration of the relationship between energy distribution and rock stability under
complex conditions.

4. Discussions and Prospects

In summary, domestic and international scholars have made significant progress in the study of
rock energy evolution and its applications. From the perspective of energy transformation, it has been
concluded that the fatigue damage of rocks results from the combined effects of energy input, storage,
dissipation, and release, which closely reflects the essence of rock failure. The energy evolution of
rocks is influenced by various factors, including the intrinsic properties of the rock, the conditions of
load application, and external environmental factors, which are the primary focus of current research.
Additionally, studies on the strength criteria of rocks under energy theory, the evolution of rock
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fatigue damage under energy dissipation theory, and the stability analysis of engineering rock
masses under energy dissipation have important theoretical significance and application value in
practical engineering. However, research on the complex mechanisms of rock fatigue damage from
the perspective of rock energy evolution is still not comprehensive. The challenges and shortcomings
in this area of research can be summarized as follows:

1. Insufficient Multi-Factor Coupling Research: In real environments, rocks are often subjected
to the combined effects of freeze-thaw cycles, wet-dry cycles, and cyclic loading. Most existing studies
focus on the energy evolution of rocks under single-factor conditions, with relatively few
investigations into the energy evolution of rocks under multi-factor coupling. Research based on
single factors is inadequate for accurately reflecting the complex conditions faced in practical rock
engineering. Therefore, it is necessary to conduct multi-energy field coupling studies within a
thermodynamic framework.

2. Link Between Microstructural and Macroscopic Mechanical Changes: During the fatigue
damage process of rocks, there are subtle changes in microstructure that correlate with macroscopic
mechanical changes. Although some researchers have begun to analyze the energy dissipation
mechanisms associated with the development of internal fractures from an energy perspective, there
is still a need for further exploration. Specifically, the mechanisms of energy dissipation related to
inter-particle friction, crack propagation, and rock interface bonding require more in-depth
investigation.

3. Need for a Comprehensive Energy Evolution Constitutive Theory: The theoretical framework
for energy evolution and constitutive theories needs to be enriched and improved. A systematic
analysis from the energy perspective is necessary to construct a complete theoretical framework that
addresses the evolution of rock fatigue damage, strength criteria, and constitutive models for multi-
field coupling problems.

4. Impact of Extreme Weather on Rock Engineering: Rock engineering is increasingly susceptible
to the impacts of extreme weather, and the resulting engineering disasters are often difficult to predict
directly. Thus, a new challenge arises in integrating the study of rock engineering stability based on
energy consumption principles with engineering monitoring methods. Employing appropriate
monitoring technologies to conduct instability monitoring of rock engineering based on energy
consumption principles can provide practical application value in underground protective
engineering, mineral resource extraction, tunnel support, and other practical engineering projects.

5. Conclusions

This paper reviews the literature published in the past decade regarding the accumulation and
transformation characteristics of rock fatigue from an energy perspective. It provides a detailed
classification of the current rock strength criteria, the evolution of damage variables under energy
considerations, and constitutive relations, discussing existing shortcomings and potential future
research directions. The following conclusions are drawn:

1. From the perspective of energy evolution, it can be observed that the intrinsic strength and
defects of rocks have the most significant impact on their fatigue accumulation process and
transformation characteristics. Rocks with higher strength tend to have longer fatigue life, allowing
them to accumulate more energy during the fatigue process, but they can become more destructive
when instability occurs. Conversely, rocks with lower strength experience a shorter fatigue damage
process, making their critical state difficult to predict. The presence of confining pressure suppresses
energy release during rock damage, thereby increasing stored energy.

2. The energy evolution patterns during the fatigue damage process of rocks exhibit a high
degree of similarity with the development of internal cracks and the degradation of their mechanical
properties. By investigating the energy evolution pathway, one can gain insights into the extent of
crack development within the rock. In practical engineering, this can be used to predict the stability
of rock masses, and energy monitoring can be implemented to prevent disasters.
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3. Currently, the rock strength criteria and constitutive models studied from an energy
perspective are primarily based on the Mohr-Coulomb theory and Lemaitre's equivalent strain
hypothesis. These models demonstrate strong applicability under cyclic loading and dynamic failure
conditions, accurately reflecting post-peak behavior of rocks. They not only describe the state changes
and failure behavior in rock fatigue failure but also provide new insights for the quantitative
description of rock mechanical behavior.
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