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Abstract: Uniaxial step cyclic loading and unloading tests on siltstone were conducted to investigate
the mechanisms and evolution characteristics of rock deformation, including elastic, viscoelastic, and
plastic aspects. This study proposes a method for separating dissipated energy into damage energy,
which is used for particle slippage and structural fractures, and plastic energy, which remains in
cracks that do not open after unloading. Additionally, elastic energy is divided into particle elastic
energy, released by particle rebound, and crack elastic energy, released by the reopening of compacted
cracks. The results indicate that as the stress amplitude increases, the damage energy consumption,
plastic energy consumption, particle elastic energy, and crack elastic energy increase. At peak stress,
significant expansion and penetration of cracks within the rock sample occur, leading to a sharp
increase in damage energy consumption and a dramatic decrease in the rock sample’s mechanical
properties, with the particle elastic energy dropping quickly. Plastic energy dissipation relates solely
to cracks that do not reopen during unloading, with minimal change after reaching peak stress. The
calculated damage variables, based on damage energy consumption, align with the deformation and
energy characteristics of the rock, providing a reasonable description of the damage development
process of the rock under cyclic loading and unloading.

Keywords: rock mechanics; cyclic loading and unloading; deformation characteristics; damage
energy consumption; plastic energy consumption; damage variable

1. Introduction

In engineering activities such as mineral resource extraction and tunnel excavation, the
surrounding rock mass often experiences reciprocal or periodic cyclic loading [1,2]. Under
cyclic loading, the internal pores and fractures within a rock mass continuously develop
and interconnect, leading to progressive damage, which significantly affects its mechanical
properties and failure mode [3-5]. Therefore, it is crucial to scientifically and accurately
describe the deformation evolution mechanism and deterioration damage characteristics
of rock during cyclic loading and unloading processes. This understanding is essential
for the prevention and control of rock mass engineering disasters and the evaluation of
long-term stability.

Currently, scholars have conducted various cyclic loading tests to analyze the me-
chanical response and deformation characteristics of rock materials. Gordon and Davis [6]
studied the strain hysteresis characteristics of water-saturated rock under cyclic loading.
Elliott and Brown [7] investigated the evolution of reversible and irreversible deformations
in rock under cyclic loading. Yoshinaka et al. [8] analyzed the dilatancy deformation
characteristics of four types of soft rocks through cyclic loading and unloading tests and
reported an exponential relationship between the deformation modulus and plastic strain.
Jia et al. [9] conducted triaxial cyclic loading and unloading tests on fine-grained sand-
stone and found that, as the number of cycles increased, the volumetric strain gradually
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decreased from compaction to dilation. Meng et al. [10] observed that, in triaxial cyclic
loading and unloading tests, limestone exhibited post-peak strain softening characteristics,
signifying brittle failure. Yang et al. [11] developed a fatigue damage creep model that
accurately describes the entire deformation process of siltstone under cyclic loading.

The evolution of the mechanical properties of rock under cyclic loading is funda-
mentally driven by the accumulation and dissipation of energy [12-14]. Many scholars
have studied the deformation and fracture evolution of rock under cyclic loading from
an energy perspective. For instance, Thomas et al. [15] explored the relationship between
rock fracture energy consumption and initial structural characteristics using fractal the-
ory. Petrov et al. [16] investigated the effects of load frequency and amplitude on energy
evolution during cyclic processes and discussed the energy mechanism of type I crack
propagation. Xie et al. [17] researched the energy dissipation mechanism during the
deformation and failure process of rock and proposed a rock failure criterion based on
dissipated energy. Zhang et al. [18] and Meng et al. [19] observed that the energy dur-
ing the cyclic process generally exhibits a nonlinear increase. Brantut and Petit [20] and
Wang [21,22] conducted triaxial cyclic loading experiments and discovered that the energy
required to induce shear cracks is significantly greater than that needed to induce tensile
cracks. Zhang et al. [23] performed multilevel cyclic loading tests on coal, examining the
energy dissipation characteristics and the influence of loading frequency on the energy
dissipation rate.

In recent years, the study of rock damage has gained significant attention [24-26].
Scholars have developed various damage variable expressions based on the elastic mod-
ulus [27,28], residual strain [29,30], and energy principles [31,32]. However, the decay of
the elastic modulus and the accumulation of residual deformation serve only as external
indicators of damage and fail to quantitatively reflect the extent of damage. Energy, as
the intrinsic driving force of failure, forms the foundation of damage models established
on energy principles, enabling a more accurate and objective reflection of the evolution
of damage in rock during deformation and failure. Liu et al. [33], Cheng and Li [34],
Yang et al. [35], and Wang et al. [36] highlighted that the ratio of dissipated energy to input
energy in loaded rock undergoes distinct stages of change. They also defined a damage
variable for rocks based on dissipated energy. Liu et al. [37] proposed the concept of a
compaction coefficient to describe the extent of rock compaction and proposed a damage
constitutive model that accounts for the rock compaction process. Li et al. [38] incorporated
initial damage considerations and established a damage variable suitable for fractured rock.
Gong et al. [39] concentrated on the pre-peak deformation characteristics of brittle rock
and defined the damage variable for brittle rock as the ratio of dissipated strain energy to
constitutive strain energy. By conducting triaxial loading and unloading tests at various
confining pressures, Miao et al. [40,41] developed a damage variable capable of describing
the damage evolution throughout the entire cyclic process.

The abovementioned scholars have extensively researched the mechanical properties,
failure modes, energy evolution, and damage during the process of rock deformation and
failure. Their work has provided valuable references for this study. However, there is
currently limited research that integrates the rock deformation process under cyclic loading
and unloading with energy storage and release. This research also fails to differentiate
between plastic energy dissipation and damage energy dissipation and lacks quantitative
calculation methods for energy release due to rock particle rebound and the reopening of
compacted cracks.

Therefore, this paper aims to analyze the mechanisms and evolution characteristics of
elastic deformation, viscoelastic deformation, and plastic deformation of silty sandstone
under uniaxial step cyclic loading. By decomposing the dissipated energy and elastic
energy based on these mechanisms of deformation, new damage variables are defined
based on energy dissipation due to damage and crack energy. This provides a theoretical
basis for further understanding the mechanisms of rock failure under cyclic loading from
an energy perspective.
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2. Uniaxial Step Loading and Unloading Test
2.1. Experimental Materials

As shown in Figure 1a, according to the International Society for Rock Mechanics
(ISRM) standards, the diameter of all cylindrical specimens is 50 mm, the length is 100 mm,
the unevenness of the upper and lower end faces is less than £0.02 mm, the diameter error
is less than 0.3 mm, and the axis deviation is less than 0.25°. The main mineral components
of siltstone are quartz (78.58%), feldspar (6.66%), mica (5.37%), clay minerals (4.43%), garnet
(1.76%), and other minerals (3.20%) (Figure 1b). Process mineralogy analyses show that
mineral particle size ranges from 1 um to 104 um, and minerals with particle sizes smaller
than 38 pm account for 71.67% of the minerals (Figure 1c). The rock pores are relatively well
developed, and mercury intrusion porosimetry (MIP) tests indicate a porosity of 19.98% for
the siltstone. The average density of the siltstone is 2.12 g/cm?, and the average P-wave
velocity is 2165 m/s. The average uniaxial compressive strength (UCS) was measured to be
34.76 MPa, with minimal variation in the test results.
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Figure 1. Basic physical and mechanical characteristics of the siltstone. (a) Siltstone sample specimens;
(b) Mineral composition; (c) Particle size distribution; (d) Results of representative stress—strain curve;
(e) Uniaxial compression strength test.

2.2. Experimental Scheme

Traditional uniaxial and triaxial loading tests are incapable of discerning the elastic,
viscous, and plastic strains that occur in rock during testing. Consequently, a compre-
hensive analysis of the strain response mechanisms during experiments has been ren-
dered impractical. To address this limitation, a uniaxial step loading and unloading test
was devised for rock based on the deformation characteristics of siltstone under uniaxial
compression. As shown in Figure 2, all tests were conducted using an MTS 815 rock
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mechanics test machine. The rock specimen was fitted with linear variable differential
transformers (LVDTs), designed to measure axial and circumferential strains with maxi-
mum ranges of 5 mm and 8 mm, respectively. The loading scheme for specimen S6 (57)
was as follows: (1) Apply a constant rate load of 0.2 kN/s until reaching a stress am-
plitude of 3 kN (6 kN), followed by instantaneous unloading to 0.5 kN, with a 10 min
hold; (2) Reload using a constant rate of 0.2 kN/s to attain a stress amplitude of 3 kN
(6 kN), then unload at a constant rate of 0.05 kN/s to 0.5 kN; (3) Keep the lower load limit
unchanged at 0.5 kN, and repeat steps (1) and (2) with a stress gradient of 6 kN until the
stress amplitude reaches 69 kN (66 kN). In order to maintain a consistent strain change rate
throughout the loading process and secure a complete post-peak full stress—strain curve, if
the load exceeds 30 kN during the loading process, a circumferential deformation rate of
0.03 mm/min is applied to attain the stress amplitude.

Load -
Upper limit load

Circumferential |

|
control \/ |

30kN

(a) (b)

Figure 2. Stepwise cyclic loading and unloading test system and test path. (a) The MTS 815 rock
mechanics test machine; (b) Test path.

3. Mechanism and Evolution Characteristics of Siltstone Deformation at Different
Loading and Unloading Stages

3.1. Deformation Characteristics of Siltstone Subjected to Stepped Cyclic Loading and Unloading

The mechanism and evolution characteristics of siltstone deformation at various
loading and unloading stages are illustrated in Figure 3. The study conducted two tests
on the 56 and S7 paths, respectively. The results were largely consistent; however, due to
article length constraints, they are not included here. Notably, internal crack propagation
in the rock displays a memory effect, whereby cracks merely exhibit rapid growth once
the applied stress exceeds the previous maximum stress. In situations where the load
during loading surpasses the previous maximum load, the rock’s loading curve continues
to follow the pattern of the uniaxial compression curve. However, as the stress amplitude
gradually increases, the irreversible deformation incurred by the rock during the loading
and unloading process surpasses that of the uniaxial compression test. Consequently, the
stepwise cyclic loading and unloading curve realigns toward increased strain.
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Figure 3. Stress-strain curves after stepwise cyclic loading and unloading. (a) S6; (b) S7.
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Under axial loading, the axial deformation of the rock sample comprises the defor-
mation of the rock particle body (load-bearing structural framework), the deformation
of the cementing material between particles, the slip and dislocation of mineral particles,
and the deformation caused by the closure of pores and cracks. Upon removal of the axial
load, the deformation of the particle body immediately recovers. The dislocation slip be-
tween particles will gradually recover over time, whereas the damage to the original pores
of the rock sample and the compression-induced closure of microcracks are irreversible
post-unloading. Therefore, the siltstone exhibits elastic, viscoelastic, and plastic charac-
teristics at the macroscopic level during the loading and unloading process. The plastic
deformation remaining after each unloading cycle is collectively referred to as residual
deformation, which continues to accumulate with an increase in the number of cycles,
known as cumulative deformation.

As shown in Figure 4, to simplify the explanation, the strain during the loading and
unloading process under the i-th load is defined as follows:

Figure 4. Schematic diagram of strain division during the i-th cycle of loading and unloading.

The first loading deformation is epp (section A-B); the first unloading deformation
is epc (section B-C); the elastic aftereffect deformation is ecp (section C-D); the second
loading deformation is epg (section D-E); and the second unloading deformation is egp
(section E-F).

The relationship between the deformations eap and epg during the two loading phases
of specimen 56, along with the stress amplitude, is depicted in Figure 5a. The calculation of
eaB-€pE is presented in Figure 5b. When the stress amplitude ranges from 3 to 21 kN, the
rock sample undergoes loading compaction. This leads to the initial pores being compacted
and closed, resulting in a rapid increase in strain with an upward convex trend as the
stress amplitude increases. However, as the initial porosity gradually decreases, the rate
of strain change decreases. After one cycle of loading and unloading, the density of the
rock increases, strengthening its resistance to deformation. Consequently, when loaded
again to the same stress amplitude, the deformation of the rock decreases, with eap-epg > 0.
When the stress amplitude ranges from 27 to 33 kN, the rock specimen enters the elastic
stage, and the mechanical properties of the rock remain essentially unchanged after one
cycle of loading and unloading, with esp-epg > 0. Upon reaching a stress amplitude of
39-51 kN, the rock specimen enters the stable crack development stage. During loading,
cracks gradually initiate, and the strain increases linearly with increasing stress amplitude.
After one cycle of loading and unloading, the rock’s resistance to deformation decreases,
leading to an increase in the amount of rock deformation, with ep-epg < 0. When the stress
amplitude exceeds 51 kN, the rock specimen enters the unstable fracture development
stage. Cracks initiate and propagate rapidly, causing the strain to increase in a concave
manner as the stress amplitude increases. The rate of strain change gradually intensifies,
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resulting in a rapid decrease in the resistance of the rock to deformation. Consequently, the
absolute value of e5p-epg quickly increases.

0.5 1

<z AN
*— €&,
0.4+ AR * 0.02 .\

~ 001+ .
s \
= L
S 0.00 n.
Z .-
-0.01 \-\_
\
—0.02 \
-84t
39 15 21 27 33 39 45 51 57 63 69 3095 21 S a8 a0 s ol SE 6 6
Stress amplitude (kN) Stress amplitude (kN)
(a) (b)

Figure 5. Relationship between the loading deformation and stress amplitude. (a) eap and epg;
(b) eaB-¢DE-

The stress—strain curve of the elastic aftereffect (section C-D) is shown in Figure 6.
After axial unloading, the rock exhibits viscoelastic characteristics, with the axial strain
gradually decreasing over time. As the stress amplitude increases step by step, the amount
of elastic deformation exhibiting delayed recovery enlarges correspondingly. However, the
elastic aftereffect curves for stress amplitudes ranging from 51 to 69 kN show a high degree
of similarity, with no significant differences observed in the recovered deformation values.
The ratio of viscoelastic deformation to total loading deformation progressively decreases.
This indicates that there exists an upper limit for the value of viscoelastic deformation in
rock, and it is not infinitely scalable with stress amplitude.
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Figure 6. Relationship between viscoelastic deformation and stress amplitude. (a) Elastic aftereffect
curve; (b) Viscoelastic deformation value.

The difference (epc-egp) between the deformations of the two unloading recoveries
was calculated and plotted in Figure 7a. It can be observed that during the compaction
stage (3-21 kIN), epc-¢gF is greater than zero and increases as the stress amplitude rises. This
indicates that new plastic deformation occurs in the rock during the second unloading process,
resulting in less deformation recovery afterward. Taking the fourth cycle in Figure 7b as
an illustration, the axial stress initially decreases during unloading, while the axial strain
continues to increase, resulting in egc < egr upon completion of unloading. This occurs as the
stress diminishes gradually during the unloading process, facilitating the expansion of rock
cracks. However, during the rapid unloading process, the rock cracks do not have sufficient
time to expand, resulting in predominantly elastic deformation. During the compaction stage
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(321 kN), the higher the stress amplitude and the extended unloading duration, the more
significant the plastic deformation produced during the slow unloading process. This plastic
deformation corresponds numerically to the difference in deformation recovery between the
two unloading periods, egc-€g.
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Figure 7. Plastic deformation values during unloading. (a) Difference between two unloads;
(b) Stress—strain curve of the fourth cycle.

After entering the elastic stage (greater than 27 kN), epc-epr decreases as the stress
amplitude increases. When the stress amplitude is between 39 and 51 kN (the stable crack
development stage), epc-egr ~ 0, which indicates that the deformation recovered during the
two unloading processes is essentially equal. This suggests that, at higher stress amplitudes,
the microstructure of the rock tends to reach a similar state after rapid and slow stress release.

Upon entering the unstable fracture development stage (57-69 kN), epc-egp < 0, indi-
cating that the deformation recovery during slow unloading is greater than that during
rapid unloading (Figure 7). This suggests that, at high stress amplitudes and extended
unloading times, not only does elastic deformation recovery and plastic deformation occur
during slow unloading, but viscoelastic deformation recovery also occurs. Therefore, when
calculating the difference in strain recovery between two unloading processes, the contribu-
tion of the elastic aftereffect segment ecp cannot be ignored. The calculations consistently
show that epc-egp + ecp is always greater than 0. By disregarding the small portion of unre-
covered viscoelastic deformation during slow unloading, it can be considered that the value
of epc-egr + cp is the plastic deformation generated during the second unloading process.
By analyzing the deformation characteristics across various stages to calculate the plastic
deformation generated during unloading, as depicted in Figure 8, it becomes apparent
that plastic deformation first increases and then decreases with increasing stress amplitude.
This demonstrates that the magnitude of plastic strain generated during unloading is not
solely determined by the stress amplitude.
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Figure 8. Unrecoverable deformation produced during the second unloading cycle.
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The deformation characteristics of the cumulative strain and strain increment at
points D and F under various amplitudes are shown in Figure 9. It is evident that the
loading and unloading curves exhibit distinct properties. The first loading and unloading
curve displays an upward convex shape, while the second loading and unloading curve
exhibits a concave shape. During the first unloading, instantaneous unloading occurs, and
minimal plastic deformation is observed. The plastic deformation during loading and
unloading is equivalent to the plastic deformation generated during the loading phase.
Consequently, the residual deformation at point D conforms to the pattern of exp and
follows the stages of compaction, elasticity, stable crack development, and unstable fracture
development. On the other hand, the second unloading involves slow unloading, which
leads to plastic deformation during both loading and unloading. The plastic deformation
during loading and unloading = the plastic deformation generated by loading + plastic
deformation generated by unloading. As a result, at point F, the plastic deformation
increases with increasing stress amplitude during the compaction stage. During the stages
of elastic deformation and stable crack expansion, the plastic deformation experiences a
slight decrease before stabilizing. As the crack undergoes unstable expansion, the rate of
plastic deformation increases rapidly.
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Figure 9. Plastic strain after unloading. (a) Point D; (b) Point F.

3.2. Deformation Mechanism of Siltstone under Uniaxial Loading and Unloading

Based on the deformation development process, the stress—strain curve of rock can be
divided into five stages:

(1) Crack closure stage I: During the initial phase of loading, the majority of the
initial pores and cracks within the rock progressively close under the load’s influence.
The deformation at this stage exhibits nonlinear characteristics, with changes in the rock’s
structure and properties being largely irreversible, allowing only certain cracks to reopen
post unloading.

(2) Elastic stage II: Once the stress surpasses the closure stress o, the initial cracks
within the rock are essentially sealed, transitioning into the elastic deformation phase. At
this stage, crack initiation and propagation are virtually absent, and the deformation can
be characterized as linear.

(3) Stable crack expansion stage III: Once the stress surpasses the crack initiation stress
0., the rock displays nonlinear behavior, attributed to the progressive emergence of new
cracks and the expansion of existing cracks. While this stage is predominantly characterized
by elastic deformation, the onset of plastic deformation is evident.

(4) Unstable crack expansion stage IV: Once the stress surpasses the damage threshold
0.4, crack expansion undergoes a fundamental change. During this stage, cracks progres-
sively widen and ultimately coalesce, with marked nonlinear and plastic deformations and
significant alterations in the rock’s internal structure.
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(5) Post-peak stage V: Upon reaching the peak stress oc, numerous cracks expand and
coalesce, resulting in the formation of a macroscopic fracture surface. Consequently, the
rock’s strength declines abruptly, and there is a substantial increase in plastic deformation.

The preceding five stages elaborate on the processes of rock elastic and plastic defor-
mations, yet the mechanisms behind viscoelastic and viscoplastic deformations remain
unknown. As illustrated in Figure 10a, a microscopic cross-section of the rock specimen was
analyzed to examine the deformation mechanism of siltstone under step cyclic loading. As
illustrated in Figure 10b, siltstone utilizes quartz and feldspar as its fundamental skeleton.
The microstructure is characterized by a loose, broken, and honeycomb-shaped configura-
tion. Irregularly shaped quartz particles adhere to each other, forming the fundamental
skeleton. Clay minerals act as binders, and the cementation quality is low. The cementation
surrounding the skeletal particles constitutes less than 30% of the total mineral content.
The pore structure in the siltstone is relatively well developed, and the mercury intrusion
porosity (MIP) test indicated a porosity of 19.98%. During the loading process, as stress
levels increase, the mineral particles within the rock begin to shift and separate. When
deformation surpasses the tolerable limits of the cemented structures that connect the
mineral particles, this results in the breakdown of these structures and the transformation
of mineral particles into discontinuous nodes. Currently, the strain resulting from particle
dislocation slip is irreversible; thus, upon the application of axial stress, siltstone undergoes
viscoplastic deformation, a phenomenon typically observed only during the creep of con-
ventional rock. Furthermore, during the ongoing loading and unloading process, fractured
clay minerals fill the pores between mineral particles, thereby reducing rock porosity and
inducing plastic deformation.
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Figure 10. Deformation mechanism of siltstone under uniaxial loading and unloading. (a) Schematic
representation of the micro-section of a rock specimen; (b) Viscoplastic deformation; (c) Viscoelastic
deformation.
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As illustrated in Figure 10c, when the cementation between certain rock mineral
particles is robust, or if the deformation of these particles is minimal and does not exceed
the deformation threshold of the cementation structure, the cementation structure among
the rock mineral particles remains intact. Upon unloading the axial stress, the cementing
material directs the mineral particles toward a state of reduced deformation, thereby
restoring viscoelastic deformation and diminishing axial deformation.

It is important to note that viscoelastic deformation during loading is significantly less
than elastic deformation. The magnitude of viscoelastic deformation is governed by the
axial stress o and the loading rate. During instantaneous loading, viscoelastic deformation
is virtually absent.

4. Calculation Method of Dissipative Energy and Elastic Energy Based on Deformation
Evolution Characteristics

The phased deformation characteristics of rocks under stepped cyclic loading are
essentially the mechanical manifestations of the compaction of original micropores and the
nucleation, expansion, and coalescence of new cracks. The interaction between the external
load and the rock can be considered a closed system of energy transfer, transformation, and
release. Due to rock heterogeneity and scale differences, it can sometimes be challenging to
effectively explain certain problems solely through deformation analysis. By combining
energy and deformation, a more universally applicable description that closely aligns with
the nature of rock deformation and damage can be obtained.

As shown in Figure 11, according to the law of energy conservation, assuming there is
no heat exchange during the loading and unloading process of the rock, the total energy
density U’ of the i-th cycle during the loading and unloading process can be divided into
elastic energy density U. and dissipation energy density U, as follows:

E,

Ui:/g]_Baids” )
A

i o

ui = [ ode @)
B

u,=u—-ui 3)

where eiA is the minimum value of the loading strain in the i-th cycle (%), siB is the maximum
value of the loading strain in the i-th cycle (%), and (- is the minimum value of the
unloading strain in the i-th cycle (%).
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Figure 11. Schematic diagram of the energy division of the i-th cycle.

Figure 12 presents the calculations of the total energy density, elastic energy density,
and dissipated energy density for rock samples at various amplitude levels, using specimen
56 as an example. Equations (1)—(3) are used for the calculations. Based on the unload-
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ing rate, the first loading and unloading at each amplitude level are recorded as instant
unloading, while the second loading and unloading are recorded as slow unloading. The
energy during the two loading and unloading processes increases with increasing stress
amplitude, with the proportion of elastic energy being greater than the dissipated energy.

60 60
- —a— Total energy (low speed)
—=— Total energy (instantaneous) #— Elastic energy (low speed)
50 #— Elastic energy (instantaneous) 504 |—a— Dissipated energy (low speed)

—— Dissipated energy (instantaneous)

Energy density (kJ-m™)
Energy density (kJ-m™)

3 9 15 21 27 33 39 45 51 57 63 3 9 15 2I1 27 3I3 39 4I5 51 57 63
Stress amplitude (kN) Stress amplitude (kN)

(@) (b)

Figure 12. Energy calculation results at various amplitude levels. (a) First loading and unloading
cycle; (b) Second loading and unloading cycle.

The occurrence of plastic deformation is attributed to the dissipated energy during
the loading and unloading process. As displayed in Figure 13, a comparison between the
plastic deformation at different amplitudes in Figure 8 and the increase in dissipated energy
in Figure 12 reveals consistent patterns.
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Figure 13. The increment of dissipated energy and the increment of plastic deformation in the i-th
cycle. (a) First loading and unloading cycle; (b) Second loading and unloading cycle.

As depicted in Figure 14a, the stress and strain conditions at the intersection of the
initial unloading and subsequent loading processes are identical. However, this unloading-
reloading cycle requires a significant amount of energy consumption, which is quanti-
tatively equivalent to the area enclosed by the hysteresis loop formed by the unloading
and loading curves. During a large number of cycles, the energy density of the hysteresis
loop accounts for more than 80% and 60% of the dissipated energy density during the
loading and unloading processes, respectively (Figure 14b). The stress amplitude at the
intersection point of loading and unloading is lower, and loading to this intersection point
does not result in extensive plastic deformation. Consequently, the process of unloading
and reloading to the intersection point does not entail substantial energy consumption, and
the energy within the hysteresis loop cannot be considered as dissipated energy lost during
the unloading and reloading processes.
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Figure 14. Unloading-loading hysteresis loop and its energy proportion. (a) Loading and unloading
intersection point; (b) Hysteretic loop area energy/dissipated energy.

As shown in Figure 15, based on the above analysis, combined with the plastic defor-
mation generation mechanism during rock loading and unloading, the dissipated energy is
refined and decomposed into damage energy dissipation Ué 1(SaBmp) and plastic energy
dissipation U/ (Smcp). The energy dissipated due to damage corresponds to the energy
consumed as a result of factors such as fracture of the rock particle structure, disloca-
tions of particle slip, and friction between cracks. This energy corresponds to the plastic
deformation caused by fractures in the rock during the loading process and the slip of
particles during the unloading process. The energy dissipated due to plastic deformation
corresponds to the energy contained within the cracks that are not fully opened during
the unloading process of the rock sample. This energy pertains to the plastic deformation
of closed cracks that remain tightly shut during loading and cannot be restored after un-
loading. Plastic energy dissipation is irreversible and is only present within the specimen
because the cracks fail to open during unloading. Its magnitude varies with changes in
the unloading rate and stress amplitude. If the unloading rate is sufficiently slow, the
cracks can be completely opened once again, and the plastic energy dissipation during this
scenario corresponds to the energy within the completely compacted cracks.

o
9 .
---------- > Damage energy dissipation U},
» Particle elastic energy U7,
............ ~ Elastic energy U!
0 €
A D C

Figure 15. Schematic diagram of the division of plastic energy consumption and damage energy
consumption.

As shown in Figure 16, the energy density of rock samples at different amplitudes is
calculated using the division method illustrated in Figure 15. The deformation recovery
mechanism during two unloading cycles in Figure 6 demonstrated that rapid unloading
results in significant stress changes within a short period of time, making it difficult for
microcracks to return to their initial state and causing numerous microcracks to remain
closed. By contrast, slow unloading allows microcracks more time to gradually recover and
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increases their likelihood of returning to their initial state. As a result, the plastic energy
consumption during slow unloading is lower than that during instantaneous unloading.
However, slow unloading also involves more energy dissipation due to relative friction
between rock particle slippage and cracks. Therefore, after the compaction stage (when the
stress amplitude exceeds 21 kN), the damage energy consumption during slow unloading
becomes greater than that during instantaneous unloading.

5 |—=— Damage energy dissipation (instantaneous)

° —m— Plastic energy dissipation (instantaneous)
—e— Damage energy dissipation (low speed)

/ 12 - | Plastic energy dissipation (low speed)

Energy density (kJ-m™
|
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Stress amplitude (kN) Stress amplitude (kN)
(@) (b)

Figure 16. Calculation results of plastic energy consumption and damage energy consumption.
(a) Damage energy consumption; (b) Plastic energy consumption.

During the compaction stage (<21 kN), weak structures within the rock rupture, and
pores and cracks compress and close, resulting in a significant dissipation of energy, primar-
ily in the form of damage energy. Consequently, in Figures 14b and 16b, the plastic energy
consumption/dissipation energy during the first loading and unloading cycle was less
than 50%. The primary occurrence of structural cracks transpires during the initial loading
process, causing the damage energy consumption during the first loading and unloading
stage to exceed that during the second loading and unloading stage, which corresponds
to eap-¢pg > 0 in Figure 5. During the elastic stage and stable crack development stage
(27-51 kN), the internal structure of the rock sample undergoes increasing compression and
becomes more densely compacted, with structural defects such as microcracks reaching
a stable development state. The dissipated energy at this stage is predominantly plastic
energy consumption, with the growth rate of damage energy consumption slowing. It is
not until the unstable fracture development stage (57-63 kIN) that rock damage and fracture
increase, resulting in a rapid increase in damage energy consumption.

It can be observed from the recovery mechanism of elastic strain during the unloading
process that elastic strain primarily consists of the deformation recovery of rock particles
and the reopening of compaction cracks. The recovery process of elastic deformation
during rock unloading essentially involves the release of elastic energy. Therefore, as
shown in Figure 17, the elastic energy U. released during the unloading process can be
divided into the particle elastic energy Uég released by the rebound of rock particles and

the crack elastic energy U/, released by the reopening of compacted cracks. In the early
stage of unloading, the internal cracks in the rock cannot immediately transition from
the compression state to the expansion state, and the elastic deformation during this time
period is dominated by particle rebound deformation. As the stress decreases, the cracks in
the previously compacted section reopen, causing the tangent slope of the unloading curve
to gradually decrease. During this time, the recoverable crack deformation dominates the
elastic deformation. Therefore, the tangential modulus at the initial stage of unloading
is closest to the true properties of the rock particles. As shown in Figure 18, the tangent
line BL of the stress-strain curve is drawn at the initial stage of unloading, and the area of
ABLN is the particle elastic energy Uég stored in the rock particles in the i-th cycle. The
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difference between the elastic energy U’ and the particle elastic energy ll(}; is the crack
elastic energy Uéh released by crack reopening.

o B

* Crack elastic energy U7,

----------------- » Particle elastic energy Ue"g

0! L ¢

A D C L N

Figure 17. Schematic diagram of the energy calculation.
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Figure 18. Stepwise cycle loading and unloading test (S8). (a) Stress path; (b) Stress-strain curve.

On this basis, the energy in a cycle of loading and unloading can be divided into the
following three parts, as shown in Equations (4) and (5): damage energy consumption Ué d
caused by rock particle slippage and particle structure fracture; particle elastic energy Uf;_g
stored by the compression deformation of rock particles; and crack energy Ui, stored by
microcrack compression and closure. The crack energy is divided into two parts. One part
is released as the crack opens during unloading, which is manifested as crack elastic energy
Uéh. The other part is not released and is stored inside the rock, which is manifested as
plastic energy dissipation U}, o

U' = Ugq + Ueg + Uj (4)
ucl;e = uciie + uéh (5)
5. Damage Evolution Characteristics Based on Plastic Energy Dissipation and
Crack Energy
5.1. Definition of Damage Variables Based on Plastic Energy Dissipation and Crack Energy

Damage in rock refers to the deterioration of its internal structure caused by various
external factors. To quantify the extent of damage caused by loading, Eberhardt et al. [42]
proposed a method for characterizing damage based on irreversible deformation. Lemaitre
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and Dufailly [43] calculated rock damage based on the degradation of the elastic modulus,
as shown in Equation (6):

E(d)
Eo

where D is the rock damage amount, Ey is the elastic modulus in the intact state, and E(d) is
the elastic modulus after damage.

The damage characterization method described in Equation (6) is based on the premise
that the rock elastic modulus gradually decreases as the degree of damage increases.
However, numerous experiments have shown that under higher compressive stress, the
elastic modulus of rock actually increases. This phenomenon, known as “negative damage”,
results in a decrease in the calculated damage as the stress level increases. To address
this issue, researchers have proposed alternative rock damage characterization methods
based on energy [34-36], such as the method described in Equation (7), which measures
dissipated energy.

D=1- (6)

1
d
where Ué is the dissipated energy generated in the i-th cycle, with the value range of i
being 1 ~ the maximum number of loops; and the summation limit of LU is U]. U] is the
total dissipated energy in the entire cycle.

However, during the actual calculation process, it has been observed that the cumu-
lative dissipated energy during cyclic loading of rock samples far exceeds the dissipated
energy observed during uniaxial compression. This means that if a certain threshold of
dissipation energy is reached, the rock sample is considered damaged under uniaxial
compression, whereas the same sample remains undamaged when subjected to cyclic
loading and unloading. Additionally, the plastic energy dissipated in the dissipated energy
remains in unopened cracks after unloading and does not contribute to significant damage
to the internal load-bearing structure, resulting in a lower calculated damage based on
dissipated energy.

During the loading of rock samples, cracks initiate and expand, releasing damage
energy. Simultaneously, the cracks are recompacted during the loading process, causing
energy to be stored in the compacted cracks and leading to an increase in crack energy.
Therefore, it can be inferred that the amount of damage energy consumed reflects the extent
of microcrack initiation and expansion during each cycle. The number of cracks is primarily
determined by the stress amplitude difference between the i-th cycle and the i-1th cycle,
representing a new increase as the cycle progresses. The value of the crack energy can
indicate the overall number of cracks after each level of cycles, representing a cumulative
amount. Both of these values are related to the damage state of the rock sample.

Based on the dissipation and accumulation of damage energy and crack energy, the
damage of rock samples can be evaluated using Equations (8) and (9), respectively. Di
is the ratio of the cumulative damage energy density of the previous i cycle to the total
damage energy density during the entire cycle. D} is the ratio of the crack energy density
of the i-th cycle to the stress amplitude of the cycle, which represents the number of cracks
generated inside the rock sample under the action of unit stress.

(8)

where Ué 4 is the damage energy density generated in the i-th cycle, with the value range of
i being 1 ~ the maximum number of loops, and the summation limit of U, qis ul,. ulyis
the total damage energy density in the entire cycle.

i
— uce
ol

D} )
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where U, is the crack energy density of the i-th cycle with units of k]-m~3, and ¢ is the
stress amplitude of the i-th cycle of the rock sample, measured in MPa. Therefore, the unit
of the numerator in Equation (9) is J/m3, which simplifies to N/m?, and the unit of the
denominator, which is Pa, also equals N/ m?2. Thus, the numerator and denominator have the
same dimensions, making D), dimensionless.

5.2. Verification Test

To validate the proposed damage variable calculation method in this article, a uniaxial
step loading and unloading test was conducted, as depicted in Figure 18. Each loading
level was initially loaded with an axial stress rate of 0.1 MPa/s. Once the volumetric strain
reaches the maximum value, it was then loaded with a circumferential deformation rate of
0.03 mm/min until the axial stress reached the stress amplitude of that particular level. The
sample was then unloaded to 0.2 MPa at an axial stress rate of 0.25 MPa/s. The stress
amplitude and stress amplitude gradient for the first cycle were both set to 3.7 MPa.

The calculated energy of each cycle for specimen S8 is presented in Figure 19. The energy
increases with the number of cycles (stress amplitude) before reaching the peak and decreases
as the number of cycles continues to increase after the peak. When the 12th and 15th cycles are
loaded close to the stress amplitude, the axial load growth rate decreases, resulting in a longer
loading time and increased energy input by the testing machine. As a result, various energies
increase slightly. Figure 19b,c show that when the peak stress is reached (the 10th cycle), a
significant number of cracks expand and penetrate, resulting in a sudden increase in damage
energy consumption. The penetration of cracks leads to a sharp decrease in the mechanical
properties of the rock sample, and the elastic energy of the particles decreases rapidly in the
11th cycle. The dissipation of plastic energy is only related to the cracks that fail to open during
unloading, while the crack elastic energy reflects the energy released by crack opening during
unloading. Therefore, the changes in plastic energy dissipation and crack elastic energy are
relatively consistent, with only a slight decrease due to the reduction in stress amplitude in
the cycles after reaching the peak. Figure 19d demonstrates that although the magnitudes of
change in damage energy consumption and crack energy differ, the patterns of change are
completely consistent, both reflecting the degree of damage and cracking within the rock.
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Figure 19. Energy calculation of stepwise cycle loading and unloading test. (a) Total energy;
(b) Dissipated energy; (c) Elastic energy; (d) Damage energy dissipation and crack energy.
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The elastic modulus calculated for each cyclic loading in Figure 18 is presented in
Figure 20. Before reaching the peak strength, as the stress amplitude increases, the elastic
modulus of the siltstone increases. As a result, it is not feasible to calculate the damage
of the rock samples during loading based on the elastic modulus degradation method
described in Equation (6), as it may result in “negative damage”.
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Figure 20. Elastic modulus calculation.

Taking the monotonic loading stress-strain curve depicted in Figure 21 as an illustrative
example, the magnitude of the area beneath the curve corresponds to the total strain energy
density exerted on the rock by external forces. By designating the stress point on the
loading curve as the vertex and the slope of the loading process as the elastic modulus, a
right-angled triangle is formed when the line extends downward. The area of this triangle
signifies the elastic strain energy density, whereas the remaining space enclosed by the
loading curve and the hypotenuse represents the dissipated energy density. The calculation
reveals that the dissipated energy density at the peak of the uniaxial compression test
in Figure 1 is 78.2 k]-m~3. Furthermore, when the loading reaches its peak, as shown in
Figure 18, the cumulative sum of the damage energy density and dissipated energy density
is 74.8 k]-m~3 and 137.97 k] -m 3, respectively. Evidently, the total dissipated energy density
during rock sample failure vastly exceeds that during uniaxial compression. Consequently,
utilizing dissipated energy to characterize rock sample damage is unsuitable for cyclic
loading and unloading situations. The use of damage energy consumption to describe
damage can circumvent this issue.

Dissipated energy

......

"7 Elastic energy

a

o P 0 €

Figure 21. Uniaxial compression test energy calculation.

Based on the calculation methods outlined in Equations (7)—(9), the damage vari-
ables for each cycle of specimen S8 were computed individually, as depicted in Figure 22.
Throughout the cyclic loading and unloading test, the variation pattern of damage variable
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Di, computed using damage energy consumption, aligned with the deformation and en-
ergy characteristics of the rock. In the compression and elastic stages, damage increased
gradually with increasing stress amplitude, increasing linearly with increasing stress ampli-
tude during stable crack development, spiking upon reaching peak stress, and surged post
peak. Moreover, for D, no instances of “negative damage” abnormalities were observed
at any stage, indicating that damage variables derived from damage energy consumption
calculations can more accurately reflect the evolutionary traits of rock sample damage
during cyclic loading and unloading. Furthermore, the damage variable based on damage
energy dissipation excluded plastic energy dissipation that did not induce substantial
damage within the rock, thereby providing a closer approximation of the true damage state
within the rock.
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Figure 22. Damage variable calculation results.

The damage variable D}, calculated based on the crack energy, can quantitatively
depict the number of cracks generated within the rock sample under unit stress. D),
exhibited a rapid increase during the compaction stage, slight growth during the elastic and
stable crack development stages, significant escalation after the stable crack development
stage, and a sudden surge upon reaching the peak stress. At this juncture, internal cracks
within the rock were primarily interconnected, resulting in a reduced post-peak stress
amplitude and a decrease in the generation of numerous cracks, thereby decelerating the
growth rate of damage variables.

6. Conclusions

This paper investigates the generation mechanism and evolution characteristics of rock
elastic deformation, viscoelastic deformation, and plastic deformation during the uniaxial
step cyclic loading and unloading process. By integrating the deformation process with
energy storage and release, a quantitative calculation method for plastic energy dissipation
and damage energy consumption is developed. This method proposes the division of
elastic energy into particle elastic energy and crack elastic energy. Additionally, the damage
characteristics of rock during the cyclic loading and unloading process are calculated based
on damage energy consumption and crack energy. The main conclusions are as follows:

(1) There exists an upper limit to the viscoelastic deformation capacity between rock
particles, which does not increase infinitely with stress amplitude. The value of the ir-
recoverable deformation during unloading is determined by the newly generated plastic
deformation and the recovered viscoelastic deformation during unloading. The irrecover-
able deformation initially increases and then decreases with increasing stress amplitude.

(2) The rules governing plastic deformation and dissipated energy increment remain
consistent across all levels of stress amplitude. The energy consumed during loading
and unloading results in plastic deformation. Plastic deformation during rock loading
and unloading mainly comprises plastic deformation caused by structural fracture and
particle slip and plastic deformation caused by closed cracks that cannot reopen during
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unloading. The corresponding dissipated energy can be refined into damage energy
dissipation caused by factors such as rock particle slippage and structural fracture and
plastic energy dissipation contained in cracks that fail to fully reopen after unloading.

(3) Based on the recovery process of elastic strain during unloading, the elastic energy
released during unloading is divided into the particle elastic energy released by the rebound
of rock particles and the crack elastic energy released by the reopening of compacted cracks.
Furthermore, the energy in a cycle of loading and unloading can be reclassified into
damage energy consumption caused by slippage, dislocation, and structural fracture of
rock particles, particle elastic energy stored in the compressive deformation of rock particles,
and cracks stored in the compression and closure of microcracks. This energy is divided
into three parts, among which the crack energy consists of plastic energy dissipation and
crack elastic energy.

(4) Upon reaching the peak stress, when a large number of cracks expand and pene-
trate the rock sample, the damage energy consumption increases suddenly, the mechanical
properties of the rock sample decline, and the elastic energy of the particles decreases
rapidly. Plastic energy dissipation is only related to cracks that fail to open during unload-
ing. Crack elastic energy reflects the energy released by crack opening during unloading.
Therefore, plastic energy dissipation and crack elastic energy change relatively uniformly.

(5) The damage variable calculated based on the crack energy can quantitatively
characterize the number of cracks generated inside the rock sample under the action of
unit stress. The damage variables calculated using damage energy consumption align with
results reflected by the analysis of deformation characteristics and energy characteristics
under cyclic loading and unloading, better reflecting the evolution characteristics of rock
sample damage during cyclic loading and unloading. Moreover, the damage variable
based on damage energy dissipation removes retained crack energy that does not cause
substantial damage inside the rock, thus providing a closer approximation to the true
damage state inside the rock.
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