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In the process of roadway excavation, the rock mass around the roadway is often subjected to cyclic loads, and the rock mechanical properties and strain energy evolution under cyclic loads are obviously different from those under compression, so it is urgent to carry out research on rock mechanical properties and strain energy evolution under cyclic loads. This study aims to investigate the evolution of residual strain and strain energy in rocks under uniaxial cyclic loading-unloading experiments (UCLUE). Four types of rocks, namely coal, white sandstone, red sandstone, and granite, were subjected to uniaxial compression experiments (UCE) and various uniaxial cyclic loading-unloading experiments (UEACLUE). The findings are as follows: analysis of UEACLUE revealed a gradual decrease in residual strain with an increasing number of cycles, leading to its eventual disappearance. However, if the cyclic loading-unloading (CLU) was continued beyond this point, the rocks displayed a reappearance of residual strain. The number of cycles required to eliminate residual strain was found to be inversely proportional to the peak strength of the rocks, while directly proportional to the upper limit value of UCLUE. Among the different stages of the uniaxial cyclic loading and unloading test, the plastic stage of white sandstone exhibited the largest disparity in dissipated strain energy, followed by the plastic stage of red sandstone, with coal displaying the smallest difference. Analysis of dissipated strain energy in the four types of uniaxial cyclic loading and unloading tests revealed differences of 0.00348 mJ▪mm−3, 0.03488 mJ▪mm−3, 0.02763 mJ▪mm−3, and 0.01619 mJ▪mm−3 in the plastic stage for the respective rock types. Furthermore, examination of the input strain energy density (ISED) and dissipated strain energy density (DSED) during the CLU process showed a linear relationship between these variables. Additionally, the investigation of ISED and DSED in other types of UCLUE demonstrated adherence to the cyclic-linear dissipation law (CLDL). The study of mechanical properties and strain energy evolution under CLU is of positive significance for the development of rock fatigue damage and rock damage mechanics.
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1 INTRODUCTION
The mechanical properties and evolution of strain energy in rock masses subjected to CLU present distinct characteristics in comparison to those under UCE (Yang et al., 2018; Arora et al., 2019; Stavropoulou et al., 2021). To achieve a comprehensive understanding of the failure mechanism and ensure the long-term stability of rock masses, it is crucial to investigate the mechanical properties and strain energy evolution specifically under CLU conditions. Extensive research conducted by various scholars has yielded substantial achievements in the study of mechanical properties under UCLUE. Liu et al. (2022) studied the mechanical properties of rock under triaxial multistage CLU, and the results showed that the elastic modulus, damping ratio, and damping coefficient of the sample generally reduced with the increase of the cycle. Liu et al. (2018) used random sinusoidal waves simplified from Wenchuan seismic waves to study the mechanical properties of rock mass with discontinuous joints. Ding et al. (2022) conducted UCLUE experiments on coal mass and found that the mechanical behavior of coal mass showed cyclic hysteresis under cyclic load, and the failure mode was more serious. Meng et al. (2021) conducted rock experiments under CLU, and the research results showed that the stress-strain curve of rock under CLU showed a hysteretic effect, and discussed the evolution law of strength, deformation characteristics, and expansion characteristics with the change of confining pressure. He et al. (2015) and He et al. (2017) used CLU experiments to analyze rock deformation and strain energy characteristics and studied rock damping ratio and damping coefficient under different conditions. In the research of rock damping under CLU, Liu et al. (2008) and Liu et al. (2010) studied the damping and damping coefficient of triaxial CLU experiment and proposed that these increase linearly with the increasing of cyclic load cycles. Zhang et al. (2011) found that the hysteresis ring was not a closed ring by analyzing the hysteresis ring in the conventional triaxial experiment of rocks, and redefined the calculation method of the hysteresis ring. Chang et al. (2019) conducted a study on the mechanical properties of rock-concrete subjected to cyclic loads. The results revealed the occurrence of three typical failure modes, namely, shear cracking, tensile cracking, and combined shear and wing cracking, in all specimens subjected to cyclic and static loads. Guo et al. (2022) performed impact dynamics tests on rock-concrete materials, providing a detailed analysis of failure modes, mechanical properties, and energy dissipation characteristics, thereby contributing to the existing research on the dynamics of rock-concrete materials. Ali et al. (2016) investigated the shear mechanism of rock joints under pre-peak cyclic load and identified two categories of influences: shrinkage and degeneration. Momeni et al. (2015) examined the effect of cyclic loads on the mechanical properties of granite and observed that fatigue damage analysis under different load levels indicated crack nucleation during a significant portion of the fatigue life span, with crack growth occurring under higher stress levels. Manoj and Petroš (2009) found that the microstructure of rock specimens has an impact on the fatigue characteristics of rock under dynamic cyclic loads. Yoshinaka et al. (1997) investigated the change in pore pressure and related failure modes through triaxial cyclic load tests on soft rock. Some scholars have studied the mechanical properties of rocks under unilateral unloading under true triaxial compression and analyzed their failure forms (Liu et al., 2020a; Liu et al., 2023).
The study of strain energy evolution in rocks is a prominent topic in rock mechanics, garnering significant attention from scholars both domestically and internationally, resulting in extensive research and fruitful outcomes (Xie et al., 2005; Xie et al., 2008). Investigations into the strain energy evolution of rocks primarily focus on understanding the laws governing strain energy under UCE, conventional triaxial loading, impact loads, and the distribution of strain energy throughout the loading process (Justo et al., 2018; Rashidi Moghaddam et al., 2018). ZHANG and GAO (2012a), ZHANG and GAO (2012b), and ZHANG and GAO (2015) analyzed the strain energy of red sandstone by examining the elastic strain energy at each unloading point. They further explored nonlinear theories of rock behavior. Meng et al. (2015) utilized strain energy calculation formulas to study the dissipation and accumulation of strain energy in rocks, considering factors such as size effect and loading rate. They obtained strain energy data from rock UCE experiments conducted with various sizes and loading rates. Building upon the study of strain energy evolution under UCE, Gong et al. (2018), Gong et al. (2019a), and Gong et al. (2019b) conducted uniaxial loading-unloading experiments to investigate strain energy accumulation and dissipation throughout the entire loading process. They proposed linear rules governing strain energy storage and dissipation, contributing to the theoretical understanding of rock strain energy evolution. Additionally, they improved the calculation formula for the peak strain energy impact index and established a rockburst tendency criterion based on the residual elastic strain energy index (the difference between pre-peak elastic strain energy density and post-peak failure strain energy density). Through an examination of the elastic properties of rocks in UCLUE, Liu et al. (2020b) observed that the elastic strain energy of rocks remained constant. Furthermore, Liu et al. (2021) postulated that the load at each unloading point in uniaxial fractional loading-unloading experiments was equal to that in UCE. They then proposed a method for analyzing the strain energy law in UCE.
The existing studies primarily focus on the damping characteristics and strain energy evolution of rocks under UCLUE. However, there is a relative dearth of research on the residual strain of rock mass and its internal relationship with different forms of energy. Investigating the internal relationship between residual strain and strain energy during UCLUE is crucial for effectively preventing and predicting rock fatigue damage and dynamic disasters. Therefore, it is imperative to conduct investigations to explore the correlation between the residual strain of rock masses and strain energy under UCLUE.
2 UCLUE METHOD AND CURVE ANALYSIS
2.1 UCE curve analysis
The experimental study involved four materials: coal, white sandstone, red sandstone, and granite. Both UCLUE and UCE were conducted using the RMT-150B rock mechanics test system.
In accordance with internationally recognized standards in rock mechanics, standard rock specimens were prepared using cutting and polishing techniques. These procedures were performed to meet the specified dimensional requirements for precise and dependable testing. Figure 1 provides a visual representation of the specimens. The uniaxial compressive strength values for coal, white sandstone, red sandstone, and granite are 10.24, 39.40, 60.94, and 80.71 MPa, respectively. Additionally, the elastic moduli for the four rocks are 5.01, 9.72, 10.22, and 19.21 GPa, respectively. The corresponding peak strains for each rock are 0.05930, 0.01038, 0.00773, and 0.00915, respectively. Figure 2 illustrates the stress-strain curves of the investigated rocks, showcasing the correlation between applied stress and resulting strain for each rock type. These curves enable the visualization of the different stages experienced during the loading process. Specifically, the stress-strain curve can be divided into three distinct stages based on the rate of stress-strain growth: compaction, elastic, and plastic stages. During the compaction stage, the strain growth rate increases in relation to the applied stress. The elastic stage is characterized by a linear stress-strain relationship. Finally, in the plastic stage, the strain growth rate gradually diminishes as the stress increases.
[image: Figure 1]FIGURE 1 | Four rock samples. (A) Coal sample. (B) White sandstone sample. (C) Red sandstone sample. (D) Granite sample.
[image: Figure 2]FIGURE 2 | Uniaxial compression curve of rock. (A) Coal. (B) White sandstone. (C) Red sandstone. (D) Granite.
2.2 Analysis of UEACLUE curve
In order to facilitate the analysis of residual strain in the UEACLUE experiments for different rock specimens, it is assumed that the upper stress limits for each type of rock are within the load range corresponding to the compaction stage, elastic stage, and plastic stage. The lower stress limits are set to 0. The upper limits for coal in the uniaxial cyclic loading and unloading tests are 5, 10, and 15 kN, respectively. For sandstone, the upper limits are 20, 40, and 60 kN, respectively. Red sandstone has upper limits of 30, 60, and 90 kN in the single-axis cyclic loading and unloading tests. As for granite, the upper limits are 40, 80, and 144 kN, respectively. The loading rate for the experiments is set at 0.5 kN/s, and a total of 20 cycles are conducted. Following the completion of the cyclic loading and unloading process, the specimens are not subjected to any further experiment.
From the visual representation presented in Figure 3, it is evident that the loading stress-strain path of sandstone under cyclic load is different from the unloading stress-strain. In particular, the nonlinearity of the unloading curve indicates that the rock has the hysteretic effect, and the initial loading-unloading will produce large residual strain. The residual strains has produced by the first loading-unloading of coal are 7 × 10−5, 4.89 × 10−4, and 6.36 × 10−4, respectively. The residual strains produced by the first loading-unloading of white sandstone are 9.3 × 10−4, 1.77 × 10−3, and 2.3 × 10−3, respectively. The residual strains produced by the first loading-unloading of red sandstone are 1.1 × 10−3, 2.02 × 10−3, and 2.63 × 10−3, respectively. The residual strains produced by the first loading-unloading of granite are 3.1 × 10−4, 4.11 × 10−4, and 4.8 × 10−4, respectively. The residual strain of the four rock types exhibits a positive correlation with the upper limit of the applied uniaxial cyclic loading and unloading stress. This correlation demonstrates that cracks can develop in the rock during the elastic stage, while the subsequent propagation of cracks remains stable. Notably, high-strength rocks exhibit relatively lower levels of residual strain during the initial loading and unloading processes.
[image: Figure 3]FIGURE 3 | UEACLUE stress-strain of four rock. (A) UEACLUE stress-strain of coal. (B) UEACLUE stress-strain of white sandstone. (C) UEACLUE stress-strain of red sandstone. (D) UEACLUE stress-strain of granite.
3 THE EVOLUTION LAW OF ROCK RESIDUAL STRAIN
3.1 Uniaxial cyclic loading-unloading experiment
Figure 4 illustrates the gradual reduction in residual strain observed for the four rock types as the cycle number increases during the experiment. Eventually, a point is reached where a non-residual strain phenomenon is observed.
[image: Figure 4]FIGURE 4 | Non-residual strain of the four rocks. (A) Coal. (B) White sandstone. (C) Red sandstone. (D) Granite.
The UEACLUE yielded distinct stress limits at which non-residual strain phenomena all will occurred for different rock types. Specifically, the coal sample exhibited non-residual strain at the 8th, 14th, and 15th cycles in the compaction, elastic, and plastic stages, respectively. Likewise, white sandstone demonstrated non-residual strain at the 7th, 12th, and 14th cycles in the compaction, elastic, and plastic stages, respectively. Similarly, for red sandstone, the stress limit was observed at the 6th, 10th, and 10th cycles in the compaction, elastic, and plastic stages, respectively. Finally, granite displayed non-residual strain at the 5th, 7th, and 8th cycles in the compaction, elastic, and plastic stages, respectively.
During the experimental procedure, the residual strain of the rocks exhibited a gradual decrease until reaching a state of non-residual strain. However, if the loading-unloading process was continued beyond this point, the residual strain reappeared. The occurrence of the non-residual strain phenomenon was found to be directly related to the applied stress, showing a proportional relationship. Among the four types of rocks investigated in this study, it was observed that higher-strength rocks experienced fewer occurrences of the non-residual strain phenomenon during the UEACLUE experiments.
3.2 Uniaxial variable upper cyclic loading limit experiment
To further investigate the non-residual strain phenomenon in sandstone under UEACLUE, a series of uniaxial variable upper cyclic loading limit experiments were conducted. The experiments consisted of three grades, each consisting of 20 cycles, with the upper limit values of CLU set at 20, 40, and 60 kN, respectively. The experiments followed a lower limit of 0 and a loading rate of 0.5 kN/s. At the end of each cycle, the sample was compressed until failure. Figure 5 illustrates the stress paths observed during the experiments.
[image: Figure 5]FIGURE 5 | Uniaxial variable upper cyclic loading limit experiment stress paths.
Figures 6, 7 show the curve of stress-strain and non-residual strain in the uniaxial equal amplitude cyclic loading experiment. In the uniaxial equal amplitude cyclic loading experiment of sandstone, the residual strains produced in the first cycle of the first stage, second stage and third stage are 1.34 × 10−3, 0.55 × 10−3, and 0.44 × 10−3, respectively. After the non-residual strain phenomenon of rock appears in the first stage of CLU, residual strain will appear again if the loading-unloading experiment has continued. The second stage and third stage cycles have the same evolution law, indicating that after the occurrence of non-residual strain phenomenon, if the upper limit of CLU stress has increased, residual strain phenomenon will appear again. To sum up, in the UCLUE, after the non-residual strain phenomenon of rock appears, increasing the upper limit value of UCLUE stress and continue to carrying out CLU, the rock will appear non-residual strain again.
[image: Figure 6]FIGURE 6 | Uniaxial equal amplitude cyclic loading experiment.
[image: Figure 7]FIGURE 7 | Non-residual strain.
4 ROCK STRAIN ENERGY EVOLUTION
4.1 Strain energy calculation method
Based on the principles of thermodynamics, it is observed that when the rock is subjected to loading, a certain amount of strain energy is stored within the rock and can be reversed under specific conditions. This stored energy is referred to as elastic strain energy. However, during the loading process, another portion of the strain energy is dissipated and cannot be reversed. This dissipated energy is known as dissipative strain energy.
The relationship is as follows (Meng et al., 2015):
[image: image]
Where u is the total strain energy density generated by the work of external load on the rock specimen; ue is the elastic strain energy density stored in the rock; ud is the DSED. The distribution has shown in the Figure 8.
[image: Figure 8]FIGURE 8 | Schematic diagram of strain energy.
As shown in Figure 8, the area under the unloading curve represents the elastic strain energy ue, and the area enclosed by the loading curve, unloading curve, and horizontal coordinate represents the dissipated strain energy ud of the rock.
[image: image]
[image: image]
Where ε is axial strain; σ' and ε' represent loading stress and strain. σ" and ε" represent unloading stress and strain. Figure 8 shows the stress-strain curve of rock under axial load σ1. The total ISED of the experimenting machine is u, the DSED is ud, and the elastic strain energy density is ue.
4.2 Strain energy dissipation evolution under cyclic load
Using the strain energy analysis method, the stress-strain curve obtained from the UCLUE is integrated.
As depicted in Figure 9. In the UEACLUE, the DSED of rock decreases non-linearly as the number of cycles increases, the strain energy dissipation increasing when the number of cycles is the same with the increase of the upper limit value of UCLUE. The DSED produced by the first loading-unloading of rock is much greater than that produced by the subsequent loading-unloading. Previous studies have suggested that a strong correlation between DSED and the generation of damage in rocks. By understanding the evolution law of DSED, it is possible to establish a theoretical foundation for more precise assessments of rock fatigue damage. By comparing the dissipative energy generated by uniaxial cyclic loading and unloading of four kinds of rocks, it can be seen that in the plastic stage, the dissipative strain energy-cycle curve of coal evolves in an approximate horizontal direction with the increase of cycle times after the 7th cycle, while the dissipative strain energy curve of sandstone fluctuates to a certain extent with the increase of cycle times. The dissipative strain energy of granite and red sandstone in plastic stage decreases linearly with the increase of cycle times. The dissipative strain energy of the four kinds of rocks in the compaction stage, elastic stage and plastic stage is inversely proportional to the peak strength. In the cycle process of the compaction stage, the dissipative strain energy density of coal, red sandstone and white sandstone fluctuates little, while that of granite fluctuates greatly. In the comparison of dissipative strain energy of the four rocks, it can be found that the dissipative strain energy of the white sandstone in the elastic stage has little difference with that of the plastic stage, which indicates that the dissipative strain energy of the sandstone in the elastic stage is relatively large, while the dissipative strain energy of the other three rocks increases significantly from the elastic stage to the plastic stage. In the uniaxial cyclic loading and unloading test of coal, the maximum difference of dissipated strain energy density generated by each cyclic loading and unloading is 0.00348 mJ·mm−3. In the uniaxial cyclic loading and unloading test of white sandstone, the maximum difference of dissipated strain energy density produced by each cyclic loading and unloading is 0.03488 mJ·mm−3. In the uniaxial cyclic loading and unloading test of red sandstone, the maximum difference of dissipated strain energy density produced by each cyclic loading and unloading is 0.02763 mJ·mm−3. In the uniaxial cyclic loading and unloading test of granite, the maximum difference of dissipated strain energy density produced by each cycle loading and unloading is 0.01619 mJ·mm−3.
[image: Figure 9]FIGURE 9 | Curves of rock strain energy dissipation and cycle numbers under UEACLUE. (A) Coal. (B) White sandstone. (C) Red sandstone. (D) Granite.
4.3 Cyclic-linear dissipation law (CLDL)
Through a comprehensive investigation of the quantitative relationship between DSED and ISED, a linear functional relationship between the two has been established. This finding confirms the existence of a CLDL in rocks.
[image: image]
Where ɑ and b represent the fitting parameters in the linear functional relationship between DSED and ISED. The fitting results for white sandstone are exemplified and illustrated in Figure 10.
[image: Figure 10]FIGURE 10 | (A) is the fitting result of the compaction stage, (B) is the fitting result of the elastic stage, and (C) is the fitting result of the plastic stage.
Figure 10 presents the fitting results for white sandstone as an example. Based on Table 1 and Figure 10, the input strain energy and dissipated strain energy of the four types of rocks were fitted during the experiment. The fitting correction coefficients for all four types of rocks are above 0.98, indicating a good fitting effect. It indicates that there is a linear functional relationship between the input strain energy and dissipated strain energy of rocks under UEACLUE, which is independent of the load level of CLU. Based on the cyclic - linear dissipation law, it is evident that the evolution trend of dissipation strain energy is consistent with that of input strain energy during experiment.
TABLE 1 | Fitting results of CLDL.
[image: Table 1]5 APPLICATION RANGE OF CLDL
5.1 Uniaxial variable upper and lower cyclic loading limit experiment
To validate the aforementioned hypothesis, a uniaxial variable upper and lower with constant amplitude (UVULCLUE) experiment was conducted using the RMT-150B apparatus. The experiment consisted of multiple stages, with each stage characterized by different upper and lower limits of cyclic loading. In the first stage, the upper limit was set at 10 kN, while the lower limit was 0. After completing 20 cycles in the first stage, the experiment progressed to the second stage, where the upper limit was increased to 20 kN, while the lower limit remained the same as the previous stage’s upper limit. The difference between the upper limit values of cyclic loading and unloading stress of adjacent grades is 10 kN. “Stress path of UVULCLUE” as shown in Figure 11A.
[image: Figure 11]FIGURE 11 | Uniaxial variable upper and lower cyclic loading limit experiment. (A) Stress path of UVULCLUE. (B) Stress-strain curve of UVULCLUE.
As shown in Figure 11B. In the UVULCLUE, the residual strain of 0.55 × 10−3 is generated by the initial loading-unloading in the first stage cycle, which is larger than that generated by other cycles in the first stage cycle, indicating that the initial loading-unloading is caused by the compaction of the internal defects in the sandstone, resulting in a more residual strain than that in other cycles. The residual strain of the rocks from Grade 2 to Grade 7 under initial loading are 2.18 × 10−3, 0.99 × 10−3, 0.55 × 10−3, 0.73 × 10−3, 0.38 × 10−3, and 0.35 × 10−3, respectively.
The strain energy evolution law of UVULCLUE has shown in Table 2. The strain energy calculated at the beginning of the second stage of the UVULCLUE is the strain energy density within the load range of the second level cycle. In other words, the ISED, DSED, and elastic strain energy density of the second level cycle is the strain energy density under 10–20 kN, rather than the strain energy density of the rock under 20 kN.
TABLE 2 | Fitting results.
[image: Table 2]The quantitative relationship between the DSED and the total ISED was investigated respectively in the UVULCLUE, and it was found that there was also a linear functional relationship between them. It shows that the CLDL not only applies to UEACLUE, but also applies to other types of CLU experiments, which introduces a novel perspective on the evolution of strain energy in rock during loading-unloading.
5.2 Uniaxial stage loading-unloading experiment
Uniaxial stage loading-unloading adopts the loading-unloading method of increasing load. The loading stage of the experiment is 10 kN, that is, 0→10→0→20→0→30 kN. The uniaxial stage loading-unloading curve as depicted in Figure 12.
[image: Figure 12]FIGURE 12 | Uniaxial stage loading-unloading curve.
The phenomenon of “hardening” in rock specimens under loading-unloading, where the peak load exceeds the uniaxial compressive strength, has been observed consistently in previous studies. For instance, Zuo et al. (2011) investigated the cyclic load behavior of coal and rock mass, while You and Su (2008) studied marble specimens. Building upon the findings of these researchers, it is believed that the “hardening” phenomenon is attributed to the presence of cracks within the rock specimens. Local contact stress between these cracks is significantly higher than the stress induced by axial compression loading. As a result, the specimens exhibit substantial strain and even localized failure under axial load. Debris formed during the loading-unloading process may detach and fill adjacent cracks, thereby increasing friction and enhancing the bearing capacity of the rock. It is important to note that “hardening” should not be confused with an increase in overall strength, which encompasses tensile, compressive, shear, and torsional resistance. Instead, “hardening” primarily refers to the augmentation of friction and bearing capacity.
As shown in Figure 13. The relationship between the ISED and the DSED with the increase of the unloading level in uniaxial stage loading-unloading is analyzed. And a linear functional relationship between the DSED and the ISED is obtained. When the input strain energy increases, the strain energy dissipating also increases in the same proportion. Meng et al. (2015) believed that the strain and failure of rock is a process of the generation, expansion, connection, penetration, and sliding of micro-cracks within the rock. Strain energy needs to be absorbed to generate new fractured surfaces, while the sliding friction between fractured surfaces dissipates strain energy. In other words, the strain energy density absorbed by rocks is a linear function of the sliding friction strain energy density between fractured surfaces. To sum up, the CLDL applies to various loading-unloading methods in this manuscript and is able to better reflect the strain energy evolution law during the loading-unloading process of rocks.
[image: Figure 13]FIGURE 13 | Linear energy storage law.
6 DISCUSSION
Based on the hypothesis proposed regarding the “hardening” phenomenon in rock specimens, several important implications can be derived. Firstly, it is crucial to consider the presence and behavior of cracks in rock specimens when studying their mechanical response under loading-unloading conditions. The high local contact stress between cracks highlights the significance of crack initiation, propagation, and interaction in determining the overall deformation and failure characteristics of the rock.
Secondly, the formation of debris and its subsequent filling between cracks should be taken into account. The accumulation of debris can enhance the frictional contact between cracks, leading to an increase in the bearing capacity of the rock. This phenomenon implies that the mechanical behavior of rocks is not solely governed by the intrinsic properties of the rock material, but also influenced by the interactions and interplay between cracks and debris.
Furthermore, the “hardening” phenomenon challenges the conventional understanding that loading and unloading inherently result in damage to rock mass. Instead, it suggests that under certain conditions, cyclic loading and unloading can actually contribute to the strengthening of rock specimens. This finding underscores the need for a more comprehensive and nuanced understanding of the fatigue and damage processes in rocks, considering the complex interrelationships among stress, deformation, crack evolution, and debris behavior.
Overall, this hypothesis provides a framework for further investigations into the underlying mechanisms of the “hardening” phenomenon and opens up avenues for exploring innovative approaches to enhance the mechanical properties and stability of rock materials.
7 CONCLUSION
By analyzing the mechanical characteristics and strain energy evolution in UCLUE, we have identified the evolution law of residual strain in rock mass under loading-unloading conditions. Furthermore, through the analysis of strain energy evolution, we have discovered the CLDL. To validate the applicability of the CLDL, we have conducted studies using two additional loading-unloading schemes. The results obtained from these studies are as follows:
(1) In the process of UEACLUE, the residual strain of rock gradually decreases until non-residual strain occurs. If the loading-unloading continues, the residual strain will appear again. In the process of UEACLUE, the occurrence times of non-residual strain phenomenon is proportional to the upper limit value of UEACLUE. Among the four kinds of rocks in this paper, the higher the strength of the rocks, the fewer the occurrence cyclic numbers of non-residual strain phenomenon in the UEACLUE.
(2) In the UCLUE, after the non-residual strain phenomenon of rock occurs, increasing the upper limit value of UCLUE stress and continuing to carry out CLU, the non-residual strain phenomenon of rock will appear again.
(3) The presence of cracks in rock specimens leads to high local contact stress between the cracks, exceeding the stress under axial compression loading. This results in significant strain and even local failure phenomena in the specimens under axial load, with the formation of debris that can fall off and fill nearby cracks. The debris filling between the cracks enhances friction and increases the load-bearing capacity of the rock.
(4) In terms of the different stages of uniaxial cyclic loading and unloading tests, the largest dissipated strain energy difference was observed in the plastic stage of white sandstone, followed by the plastic stage of red sandstone, and the smallest in the plastic stage of coal. By analyzing the dissipated strain energy from four types of uniaxial cyclic loading and unloading tests, it was observed that the dissipated strain energy differences within the same group varied as follows: 0.00348, 0.03488, 0.02763, and 0.01619 mJ·mm−3.
(5) By analyzing the dissipated strain energy and input strain energy in uniaxial cyclic loading and unloading test, there is a linear relationship between ISED and DSED of CLU. The applicability of the CLDL has been verified by other loading-unloading experiment schemes. A new law of rock strain energy evolution in UCLUE is found.
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