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Energy evolution and damage
characteristics of coal rock

under graded cyclic loading and
unloading with confining pressure

Zhonggian Chen, Shuang Dang™, Chaolin Wang, Mingxuan Shen, Tao Wei & Qian Cao

This work conducts staged confining pressure cyclic loading and unloading (SCPLU) tests on coal rock
to explore its energy evolution and damage features under complex stress states. A novel damage
variable based on dissipated energy and enhanced modulus of elasticity is proposed. Results show
that under low confining pressure, coal rock failure is minimally affected by cyclic unloading, with few
micro-cracks. However, under high confining pressure, micro-cracks increase with rising confining
pressure and unloading cycles. After each stage of loading and unloading, stress redistribution in

coal rock causes micro-crack propagation, more dissipated energy, increased irreversible plastic
deformation, and worsened damage. The damage variable based on dissipated energy and the
improved modulus of elasticity has a high fitting degree of 0.998 with the damage evolution equation
based on the Weibull distribution, which is superior to the improved modulus of elasticity method
alone. The failure process of coal rock can be divided into five stages: compaction segment, elastic
segment, crack instability development segment, crack instability propagation segment, and residual
strength segment. This classification effectively characterizes the failure process of coal rock and
provides a reference for further revealing the damage evolution mechanism of coal rock under complex
stress paths.
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In the complex environment of geological tectonic activity and engineering disturbance!™, the processes of
rock deformation and failure are extremely intricate®>~’. The process is impacted by the rock material’s inherent
mechanical properties combined with other factors, including the stress path®’ and the evolution of micro-
cracks and defects within the rock mass'. In underground coal mining, coal pillars in goaf areas are particularly
influenced by mining disturbances!!~', coal pillars experience cyclic loading and unloading processes, which
can lead to instability and failure'®. This causes the stress in the overlying strata to continuously shift towards the
intact coal pillars, resulting in deformation and breakdown of coal rock!’~'°. Therefore, studying coal rock failure
under SCPLU conditions is crucial for coal mine stability and safety.

The rock failure process is characterized by the generation, transformation, dissipation, and release of
energy’*~2%. In recent years, as rock mechanics and damage mechanics have advanced, more scholars have begun
to focus on the energy transformation mechanisms!®42%, Triaxial cyclic loading and unloading experiments
have been conducted on different types of rocks to explore the energy evolution during the cyclic process and
to clarify the failure characteristics of rock?*-28. Liu et al.?® explored the connection between energy dissipation
and crack propagation through triaxial cyclic loading and unloading tests on porous siltstone. Zhang et al.*
studied the evolution laws of elastic strain energy and dissipated energy at different sampling depths of coal
rock. Defining damage from the perspective of energy can reveal the failure characteristics of rock®*2. Peng
et al.¥ redefined the damage variable on the basis of dissipated energy and analysed the energy evolution laws
of multiple-defect sandstone samples with different defect lengths under uniaxial loading. Shen et al.* triaxial
compression tests to develop a logistic-based dissipated energy equation and study coal damage features.

The stress path, initial confining pressure, unloading rate, and rock properties all impact the damage features
in triaxial cyclic loading and unloading tests. Numerous researchers have carried out experimental investigations
in these areas. Zhang et al.*® performed tests on marble in various stress paths and found that failure modes and
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energy storage differ between uniaxial and triaxial conditions. Zhao et al.*® conducted unloading tests on rocks
and concluded that higher initial confining pressures led to greater elastic energy, and dissipated energy. Guo
et al.¥” explored the impact of the unloading rate on the energy evolution law of coal was investigated. The
unloading rate is inversely proportional to the total work and the stored elastic strain energy. Zhang et al.*®
performed uniaxial tests on coal and sandstone, analyzing the energy evolution, finding that Coal stores less
energy and dissipates more.

In summary, the characteristics of energy evolution in rock, influenced by many factors, can reflect the rock’s
failure process. Present studies primarily concentrate on how rock energy changes and its damage features behave
under conditions of cyclic loading and unloading in both uniaxial and triaxial settings. The energy evolution
and damage mechanisms of rock under SCPLU still need further investigation. During underground mining
engineering and tunnel excavation processes, the original stress state of the surrounding rock is disrupted,
resulting in stress redistribution. Consequently, the surrounding rock is subjected to a certain confining pressure.
As mining and excavation progress, the goaf areas around the roadways continuously expand, the stress state
of the surrounding rock undergoes constant changes, and the confining pressure also experiences a process
of staged adjustment®. Moreover, the repeated loading caused by excavation, blasting, backfilling, and other
operations can readily cause deformation and instability in the surrounding rock. Therefore, in this work, SCPLU
tests are conducted on coal rock samples under different confining pressures to investigate the energy evolution
characteristics and damage mechanisms of coal rock. A new method for calculating the damage variable based
on dissipated energy and an improved modulus of elasticity is defined to describe the damage features during
this process. This lays a theoretical groundwork for further exploring the failure mechanisms of coal rock under
complex stress conditions from an energetic viewpoint.

Experimental materials and procedures

Test scheme

The testing equipment is a 1000-type stress-strain controlled triaxial shear permeability testing machine. The
maximum axial pressure of the triaxial testing machine is 1000 KN, with a testable axial pressure range of 10-
1000 kN. The upper limit of confining pressure is 60 MPa. Figure 1 shows the testing equipment.

Sample preparation

The coal rock samples were sourced from the Houwenjialiang Coal Mine in the Inner Mongolia Autonomous
Region. The coal rock type is long-flame coal, and the mining depth is 65-70 m. The coal rock samples were made
into standard cylindrical shapes, sized at 50 mm in diameter and 100 mm in length, conforming to the ISRM
standard*’. The ends of the coal rock samples were polished to be flat to ensure that they met the experimental
requirements. The processed coal rock samples are shown in Fig. 2. Three coal rock samples, numbered MY-1,
MY-2, and MY-3, were selected for the experiment. The samples underwent SCPLU testing at various confining
pressures (3, 6, and 9 MPa) and the same unloading amplitude (1.5 MPa).

Stress paths during the test

The experimental process is shown in Fig. 3 and consists of three stages. In Stage I, the confining pressure is
loaded to the preset value (3, 6 and 9 MPa) at a rate of 3 MPa/min, and the axial stress is loaded at the same rate.
In Stage II, The axial stress is increased to 120% of the samples’ uniaxial compressive strength (15 MPa) while the
confining pressure remains constant. In Stage III, SCPLU begin. In each cycle, the confining pressure is reduced
by 1.5 MPa from the maximum of the cycle for a duration of 30 min. A total of 30 cycles are conducted, with
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Fig. 1. Model 1000 stress-strain controlled triaxial shear permeability testing apparatus.
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Fig. 2. Coal rock samples.
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Fig. 3. Loading mode.

loading and unloading rates of 3 MPa/min, until failure of the sample and the loading and unloading process is
stopped.

Results

Stress—strain characteristics

Figure 4 shows the relationship between the deviatoric stress—strain of coal rock samples. Coal rock is
heterogeneous and contains a certain number of micro-cracks. When subjected to external forces, these micro-
cracks continuously close, expand, and coalesce?!. As shown in Fig. 4, before reaching the peak strength, he
coal rock samples exhibit greater axial deformation than radial deformation, and the radial strain curves are
almost coincident with the same slope. At the peak strength, the stress-strain curve of the sample does not have
a distinct yield plateau under low confining pressure (o3 = 3 MPa). However, as o3 rises, the plasticity of the coal
rock increases progressively, and the yield plateau becomes more pronounced.

After the peak strength, the €1 and €3 increase rapidly, with the €3 being significantly greater than the
€1.When o3 = 3 MPa, the postpeak stress drop of the coal rock sample exceeds o3 = 6 MPa and 03 = 9 MPa,
and the residual strength is lower. The analysis suggests that under SCPLU, a high confining pressure inhibits
the propagation of micro-cracks within coal rock. These micro-cracks continuously close and open in localized
areas, forming many micro-cracks. In contrast, under low confining pressure, micro-cracks are more likely to
coalesce into rupture surfaces, thus exhibiting more distinct brittle characteristics. This indicates that confining
pressure can enhance the ability of coal rock to resist deformation®2.

In addition, when o3 = 3 MPa, the failure pattern of coal rock is characterized by a mixture of shear and
splitting failure. Specifically, a vertical splitting crack and an inclined rupture surface are formed on the surface
of the sample. When the o3 is raised to 9 MPa, the dominant failure mode of the coal or rock shifts to shear
failure. The end of the sample exhibited an inclined rupture surface, some micro-cracks formed in the vicinity
of these rupture surfaces. Notably, with the o3 rises from 6 to 9 MPa, the quantity of micro-cracks near the
rupture surfaces also rises, and the shape of the rupture surfaces becomes more tortuous and complex. High
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Fig. 4. Deviation stress-strain curves of coal rock.

confining pressure restricts crack coalescence, resulting in more cracks within the coal rock and more noticeable
fragmentation features.

Figure 5 shows the confining pressure-strain curves of coal rock. During SCPLU, the hysteresis loop refers
to the area formed by the non-coincidence of the loading and unloading curves, representing the dissipated
energy''. With the increase cycles, the slopes of the hysteresis loops for MY-1, MY-2, and MY-3 increase, the
range of strain variation for each cycle becomes larger, the area of the hysteresis loop increases, and the slopes of
the loading and unloading curves decrease, energy dissipation rises.

As can be seen from Fig. 5a, the axial strain changes only slightly during each unloading stage, indicating that
staged confining pressure unloading has a relatively minor impact on the axial direction. Figure 5b illustrates
the variation pattern of radial strain with respect to confining pressure. The radial strain gradually increases
as the number of unloading stages rises, and the range of change in radial strain during each unloading stage
also gradually widens. This reflects continuous radial dilation during the unloading process. During the final
unloading stage, the radial strain of the coal-rock increases significantly, ultimately leading to failure. The
variation of volume strain with confining pressure in Fig. 5¢ also exhibits the same pattern.

Figure 5d illustrates the evolution of the hysteresis loop during the final unloading stage. The ranges of radial
strain variation for MY-1, MY-2, and MY-3 are —0.004 to —0.033, —0.023 to —0.033, and —0.022 to —0.030,
respectively. Moreover, with an increasing number of cycles, the confining pressure varies within a specific
range, and crack propagation stabilizes. The area of the hysteresis loops no longer changes, indicating that
the deformation under this level of confining pressure has stabilized. When the next cycle begins, the damage
intensifies further, and plastic deformation continues to accumulate, ultimately leading to failure of the coal rock.

Analysis of the mechanical parameters of coal rock

To further analyse the relationship between the confining pressure and the mechanical parameters of coal rock,
this study takes MY-2 as an example and draws a schematic diagram of the stage division of the deviatoric
stress-strain curve of coal rock, as presented in Fig. 6, determine the characteristic stress points. The point
at which the stress—strain curve has a relatively constant slope. The inflection point of the stress—strain curve
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Fig. 5. Stress-strain curves of coal rock.
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Stress/MPa

Sample | o5 (MPa) | 71 MP3) | & (MPa) | €? (%) | €& (%) |V (%) | E (GPa) | E, (GPa) | Ey, (GPa) | E, (GPa)

MY-1 3 20.630 6.791 0.976 —-0.368 | 0.383 2.197 2.141 2.011 0.367
MY-2 6 27.418 6.131 1.216 -0.561 | 0.466 2.557 2.525 2.047 0.476
MY-3 9 30.279 11.857 1.319 -0.918 | 0.647 2.633 2.611 2.185 0.557

Table 1. Results of coal rock testing.
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Fig. 7. (a) Relationships between the stress, peak strain, and confining pressure; (b) Relationships between the
elastic modulus and confining pressure.

represents the initial yield point*>. The peak strength point is when deviatoric stress reaches its maximum. The
start of the residual stage is the onset of the postpeak plastic flow plateau*’.

Table 1 presents the results of the SCPLU tests, whereas Fig. 7 shows the relationships between the mechanical
parameters of coal rock and the initial confining pressure. In Table 1 and Fig. 7, o7, 03 and o represent the peak
strength, confining pressure and residual strength; €%, €7 and €% denote the peak volumetric strain, peak axial
strain and peak radial strain; E is the elastic modulus (the slope of the elastic segment of the stress-strain curve);
E;, Ep and E, represent the elastic moduli (tangent moduli) at the initial yield point, peak strength point, and
beginning of the residual stage, respectively.

As the confining pressure increases from 3 to 9 MPa, the peak strength of the coal increases from 20.630 to
30.279 MPa, and the residual strength increases from 6.791 to 11.857 MPa. The elastic modulus also increases
from 2.197 to 2.633 GPa. The elastic moduli at the initial yield point, peak strength point, and beginning of the
residual stage all gradually increase, indicating a positive correlation with the confining pressure, which suggests
that confining pressure can enhance the ultimate and residual load-bearing capacities of coal rock.

Energy evolution characteristics of coal rock

Energy calculation method

During rock deformation, the total energy is invariant. The work done by external forces equals the energy
absorbed during loading, which can be described as*>¢:

U=U.+Uq (1)

where U represents the total absorbed energy, U. represents the stored elastic energy, and Uy represents the
dissipated energy.

During the testing process, the sample is subjected to axial stress o1 and radial stresses o2 and 3. All three
stresses work on the sample as it undergoes deformation. Thus, the total energy can be represented as*”:

U=U,4+Ux+Us (2)

where U; denotes the work performed by the axial stress, Uz and Us are indicative of the work done by the radial
stresses, and Uz = Us. Characterizing the total energy absorbed by coal rock as®:

UN:U]E\I+UIL%I:U1,N+2XU3,N (3)
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where U§; represents the elastic energy, U represents the dissipated energy, and Uy, n and Us v represent
the axial strain energy and radial strain energy absorbed by the rock sample in the N-th cycle of loading and
unloading, respectively.

The calculation of energy can be performed by determining the area of infinitesimal trapezoids, as shown
in Fig. 8. The loading curve area, represented by the region CBB‘C; is the axial (radial) strain energy absorbed
Ui,n(Us,n). The shaded area under the unloading curve, represented by the CDD‘C’ region, indicates the axial
(radial) elastic energy released U7 x (Us ). The difference between these two areas represents the axial (radial)
dissipated energy. The calculation methods for Uz, n, U i N»>and U {{  are as follows!®#:

n

Uiw =3 5l + @l (s = (Enva]
. (4)
Ut =3 5100+ ()] 101 — (b))

d e
Un=Uin—-Uin

The methods for calculating the Us v, Uge’ N> and Ug‘i w are as follows:

n

Usw = 3 3l(00)s + (@ia)all(ei)a — (isal
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Us.w = 32 l(0Da + (0h)all(e)a — (bl

/=1

(5)

Uiy = Us,n = Us
For the N-th loading and unloading cycle, the elastic energy stored and the dissipated energy in coal rock can

be expressed as:
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Fig. 8. Energy calculation diagram.
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Analysis of elastic energy evolution

Rock failure involves by the generation, accumulation, transformation, and dissipation of energy. The stored
elastic energy in rock can reflect its load-bearing capacity and degree of failure*®. To analyse the evolution of
elastic energy in coal rock under the condition of SCPLU, this paper calculates the elastic energy using the
mentioned method. The axial elastic energy of coal rock in relation to the number of cycles is shown in Fig. 9a.

As cycles increases, the elastic energy initially increases gradually. When the sample approaches the final
unloading stage, the elastic energy reaches its peak. As test continue, the axial elastic energy sharply decreases,
followed by a slow decline. This behavior can be attributed to the initial SCPLU, during which fewer new cracks
form and energy dissipation remains low. The energy produced during loading is mainly stored as elastic energy
in coal rock, causing a gradual increase in axial elastic energy. As cycles increases, many new cracks continuously
form within the sample, gradually expanding and interconnecting. During this process, the elastic energy within
the coal rock sample is rapidly dissipated, leading to a sharp decrease in axial elastic energy. Moreover, during
the transition between each cycle, the stress state is redistributed. This abrupt change in the stress state causes a
reallocation and release of energy, thereby inducing a sudden change in elastic energy.

Figure 9b shows the relationship between the radial elastic energy of coal rock and cycles under varying
confining pressures. As cycles grows, the radial elastic energy initially declines gradually, reaches a minimum
value, and then slowly increases, with an overall relatively gentle trend. The reason for this is that during the
initial phases of cyclic unloading, the deformation observed in coal rock is primarily due to the compression of
internal voids and fractures. This leads to relatively minor radial strains and a progressive reduction in radial
strain energy. As cycles increases, the irreversible strain increases sharply, and the cracks expand rapidly, causing
an increase in the radial elastic energy.

The energy storage limit U, ™** can indicate the energy accumulation capacity of rock. the correlation between
rocks energy storage potent1a1 and confining pressure is defined as Y = Aos + B%, where Y represents
the upper limit of rock energy storage, A is the impact factor of confining pressure on U,™**. To explore the
connection between o3 and the U,™** of coal rock, this study generates a scatter plot with confining pressure on
the horizontal axis and maximum elastic energy on the vertical axis, and performs a linear fit. The correlation
between o3 and U™ is depicted in Fig. 10. When the o3 are 3, 6 and 9 MPa, the maximum elastic energy
stored in coal rock are 0.0178, 0.03137 and 0.04076 MJ/m>. When o5 =9 MPa, the energy storage limit is 1.299
times greater than that at 6 MPa and 2.283 times greater than that at 3 MPa. Additionally, the coeflicient of
determination (R?) for the fit between confining pressure and energy storage limit is 0.989, indicating a positive
correlation between confining pressure and energy storage limit.

To analyse the energy variation under each stress state, this paper takes the average energy as the vertical
coordinate and obtains the average energy at different cycle numbers, as shown in Fig. 11. Since the unloading
process of MY-1 has only two stages, it cannot reflect the variation law of average energy. Therefore, it is not
analysed in this paper. Figure 10 shows that with increasing cycles, the U and total energy of MY-2 first rise
but then gradually fall. Damage to coal rock results in the dissipated energy reaching a maximum. The elastic
energy is converted into dissipated energy, which facilitates crack expansion and penetration. The evolution of
the average energy of MY-3 is similar to that of MY-2. When o3 = 9 MPa, the coal rock is damaged in the fourth
cycle, with the average dissipated energy peaking.

Analysis of dissipated energy evolution
The ratio of energy dissipation reflect the degree of internal damage in rock?. The ratio of energy dissipation for
the N-th cycle is given by:

Uy Uy
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Fig. 9. Evolution curves of the elastic energy in coal rock under different confining pressures.
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The relationship between strain energy, number of cycles, and the ratio of dissipated energy is shown in
Fig. 12. In the early SCPLU, coal rock deformation is mainly due to micro-crack compression without new
crack generation. Thus, loading energy is primarily stored as elastic energy in coal rock®. As cycles increase,
total energy and dissipated energy keep rising, and the share of dissipated energy also rises until it reaches a
maximum at a certain point. During this process, the elastic energy remains almost constant due to the lack
of new crack formation consuming the dissipated energy. In the postpeak stage, the cracks fully penetrate to
form rupture surfaces. The proportion of dissipated energy sharply increases as the total energy continuously
decreases. Elastic energy stored within coal rock is continuously released and converted into dissipated energy,
which drives the expansion, penetration, and failure of cracks. As shown in Fig. 12d, under the same number of
cycles, the higher the confining pressure is, the smaller the energy dissipation ratio. A higher confining pressure
inhibits crack propagation, reducing the brittleness of coal and increasing its ductility. This causes an elevation in
the elastic energy stored within coal rock and a rise in total energy, thus diminishing the energy dissipation ratio.

Discussion

Definition of the damage variable based on dissipated energy and the improved elastic
modulus method

The essence of rock failure is energy instability>!. To describe the damage features of rock, Xie et al.>? proposed a

definition of damage for elastic-plastic materials that considers the influence of irreversible plastic deformation
under one-dimensional conditions:
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Fig. 12. Strain energy—number of cycles—energy consumption ratio of coal rock.
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where D represents the damage variable; £” and  represent the residual plastic deformation after unloading and
the axial strain, respectively; and E’ and F represent the unloading stiffness and the initial elastic modulus of
the elastoplastic damaged material, respectively.

Cyclic loading and unloading under uniaxial conditions can be described by this definition. To better
describe the evolution of damage variables in coal rock during SCPLU tests, this paper introduces a new method
for calculating damage variables, using the improved elastic modulus method. This method takes into account
both axial and radial damage as well as dissipated energy. Let N represent the number of cycles; the axial damage
variable is expressed as:

einy — €' E’
Diy =1 SN =€ (_N> ©
E1IN E

where D1 y represents the axial damage variable at the N-th cycle and where einvandeln represent the residual
axial plastic deformation and axial strain after unloading, respectively, where ¢'1x = e1(n41) — €1~, and
E, E represent the unloading stiffness of the elastoplastic damaged material and the initial elastic modulus at
the N-th cycle, respectively. Similarly, The radial damage variable is given by:

_ / El
Dsy =1 — E3N —E 3N ( N) (10)
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where D3x represents the radial damage variable at the N-th cycle and where €'sn and ean are the residual
radial plastic deformation and radial strain after unloading, respectively, where ¢’sy = £(3n11) — €3n. The
total damage variable is given by:
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where Uy represents the total dissipated energy, Uqa: represents the total axial dissipated energy, and Ugs
represents the total radial dissipated energy. Dy is the damage variable of the sample at the N-th cycle. When
Dn=0, the sample is intact; when Dy=1, the sample has failed. Larger D values indicate more severe rock
sample damage.

Coal rock is a brittle material. In accordance with the energy-based statistical damage constitutive model, it
is assumed that the strength of rock units obeys the Weibull distribution®, with the probability density function
given by:

e

)™ exp[— (=)™ (12)

P(E)im g =

=7 F
where m and F are the parameters that define the shape and scale of the distribution, and are associated with the
material properties of the rock. Therefore, the count of rock elements that fail at a strain of € is given by:

3

n(e) = N/ZP(x)dx =N {1 eapl- (5"} (13)

In the formula, N represents the total elements. The damage variable is defined as the proportion of failed
elements to the total elements, the damage evolution equation for coal rock is obtained as>*:

D= % =1- exp[—(%)]m (14)

To demonstrate that this method can better depict the damage characteristics of coal rock during SCPLU, this
paper compares the fitting degrees of the damage variables obtained via three different damage calculation
methods—calculating damage via radial strain, calculating damage via axial strain, and the new damage variable
calculation method—with the damage evolution equation. The higher the fitting degree is, the more accurate
the damage calculation method is. For convenience in calculation and comparison, the radial strain is taken as
a positive value during the calculations.

Figure 13 shows the fitting degree of the damage evolution equation under different damage calculation
methods. D represents the damage variable defined in this paper, whereas D, and D, are the damage variables
defined by the improved elastic modulus method. where €1 and €3 are the axial and radial strains used for fitting
the damage evolution equation, respectively. As shown in Fig. 13 and Table 2, the damage variable defined by the
combination of €1, €3, and dissipated energy has a significantly greater degree of fit with the damage evolution
equation than the other methods of calculating damage. The coefficient of determination R? is above 0.983 in all
cases, with the highest value reaching 0.998. Therefore, the damage evolution equation established by combining
the principle of dissipated energy with the improved elastic modulus method can effectively describe the damage
evolution law during the deformation and failure process of coal rock under SCPLU.
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Fig. 13. Goodness of fit for damage evolution equations under different damage calculation methods.
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RZ
Damage calculation method | MY-1 | MY-2 | MY-3
D 0.992 | 0.998 | 0.983
D, 0.960 | 0.957 | 0.975
D 0.971 | 0.993 | 0.975

e
%

Table 2. Goodness of fit for damage evolution equations under different damage calculation methods.
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Fig. 14. Diagram of the fitting curves for the damage variable.

Figure 14 shows the fitting curves of coal rock damage evolution. As shown in Fig. 14a—c, in early SCPLU, the
coal rock sample exhibits minimal radial deformation, and damage variable gradually increases with increasing
radial strain. As unloading continues, the radial strain keeps increase, and when it increases to a certain level,
both the radial strain and the damage variable increase sharply, followed by the failure of the sample. The failure
of coal rock involves continuous damage accumulation, which leads to sudden failure when reached a certain
threshold.

Damage evolution process

Figure 15 shows the damage evolution curves of coal rock, the SCPLU process consists of five stages.

Stage One: At the beginning of the cycle, the damage variable of the coal rock is not zero. This indicates that
the coal rock sample already had some micro-cracks before the test started. The closure of these micro-cracks

uses up some energy, which is why the initial damage variable is relatively large.

Stage Two: This stage is the elastic stage, where the micro-cracks are relatively stable and the change in the

damage variable is not significant.

Stage Three: This is the unstable development stage of micro-cracks. The micro-cracks begin to expand,

leading to a noticeable increase in the damage variable.
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Fig. 15. Diagram of the damage evolution curves of coal rock.

Stage Four: This is the unstable expansion stage, where the damage variable increases sharply. Damage
accumulates continuously, and the cracks continue expanding and coalescing, eventually leading to failure of
the coal sample.

Stage Five: This is the residual strength stage, the internal state of the coal rock remains relatively stable, with
insignificant changes in the damage variable.

Overall, the damage variable increases with the increasing number of cycles. During the transition from
the end of one cycle to the beginning of the next, the damage variable experiences a sudden change. After the
next cycle, it begins to increase steadily again. This is because the abrupt drop in confining pressure causes the
energy stored in the coal sample to be rapidly released, causing rapid crack expansion and a continuous increase
in damage. Once the next cycle begins, the coal rock stabilizes and the increase in the damage variable becomes
more stable. At the same number of cycles, coal rock samples under high confining pressure tend to have a lower
damage variable than those under low confining pressure. This is because high confining pressure suppresses
crack propagation, resulting in a lower damage variable. This finding indicates that the damage variable defined
in this paper can effectively characterize the failure process of rock during SCPLU.

To explore the link between the proportion of dissipated energy at the failure point of coal rock and the initial
confining pressure, the failure point of the coal rock sample is determined as the point following the sudden
change in the damage variable. The dissipated energy ratio versus confining pressure at this point is shown in
Fig. 16. A clear linear relationship is observed between these two variables, with a fitting coefficient R of 1. The
proportion of dissipated energy at the failure point of the coal rock sample decreases as the confining pressure
increases. This further shows that under SCPLU conditions, higher confining pressure restrains coal rock failure
and boosts their load-bearing capacity.

The study is subject to several limitations. First, the experiments were conducted solely on laboratory-
scale coal samples, neglecting potential field-scale effects and material heterogeneity. Second, the SCPLU path
employed is relatively simplified and thus fails to fully capture the dynamic disturbances inherent to real mining-
induced stress evolutions. Third, although the newly proposed damage variable exhibits high fitting accuracy, it
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Fig. 16. Graph of the relationship between the confining pressure and the proportion of dissipated energy at
the abrupt change in the coal rock damage variable.

has not been systematically validated across multiple rock types; its broader applicability therefore remains to
be confirmed.

Conclusion
This study conducted SCPLU tests on coal rock samples, defined a new method for calculating damage variables,
and analysed the energy evolution and damage characteristics of coal rock. The conclusions are as follows:

1.

In the SCPLU tests, coal rock mainly undergoes splitting failure under low confining pressure, and cyclic
loading has minimal impact on the failure mode. Under high confining pressure, shear failure is dominant,
and the number of micro-cracks around the rupture surface grows as the confining pressure and the number
of cycles increase.

In the SCPLU tests, when one cycle of loading and unloading ends and the next cycle begins, stress redistri-
bution occurs within the coal rock. This leads to crack propagation, increased dissipated energy, increased
irreversible plastic deformation, and further intensified damage.

The damage variable calculation method, defined based on dissipated energy and the improved elastic mod-
ulus approach, demonstrates a fitting degree of 0.998 with the damage evolution equation, outperforming
the improved elastic modulus method alone. This method can divide the failure process of coal rock into
five stages: the compaction stage, elastic stage, unstable crack development stage, unstable crack propagation
stage, and residual strength stage.
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