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Time-dependent behavior has been demonstrated to be an essential factor in determining the long-term stability of underground structures. Creep and relaxation experiments are commonly used to investigate time-dependent behavior by subjecting rock to constant stress and strain. However, both stress and strain of in-situ rock masses are likely to change with time, a phenomenon known as generalized relaxation that has not been thoroughly investigated. In this study, a newly proposed control method with a constant linear combination of stress and strain as a feedback signal is used in compression and tension tests to investigate generalized relaxation behaviors of rocks. The results showed that the stress and strain of generalized relaxation are dependent on values of α, which represented generalized relaxation direction. The isochronous curves are enclosed within stress–strain curves of different loading conditions. The variation of stress (∆σ) and strain (∆ε) increases with increasing stress level and decreases with increasing confining pressure. Also, ∆σ and ∆ε in region II are smaller than in regions I and III. Furthermore, by performing brittle rock tests, complete generalized relaxation curves are obtained; three stages are observed, which are similar to conventional creep and relaxation behavior. Finally, the time and generalized relaxation failure behavior of Class I and Class II rock are discussed. The study is a valuable resource for gaining a comprehensive understanding of the time-dependent behavior of rocks and improving the stability and safety of underground structures.
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INTRODUCTION
Time-dependent deformation of rock significantly impacts the mechanical properties and stability of many of engineering and geological structures (Wang et al., 2021; Fan et al., 2020), such as landslides, earthquake, tunnels and mining. For example, Wang et al. (2021) investigated the long-term stability of engineering supporting structures for landslides, the deformation control and prediction of rock slopes by conducting triaxial creep tests. Willis et al. (2021) indicated that earthquakes imposed changes of mantle rock stress and commonly induce a period of creep. Time-dependent behaviors for undergrounding rock, caused by excavation and changes in the applied stress, affect the distribution and magnitude of disasters, e.g., rockburst (Feng et al., 2017; Zhao et al., 2019). Delay outburst of coal and gas in mining commonly occurs a few hours lag after mining blasting, which related with time-dependent properties of coal (Lu and Zhao, 2016). The self-bearing capacity of tunnels possesses a dynamic process, and the rock mass is regarded as a viscous material with a distinguishable strain-strengthening property (Yu et-al., 2021). Therefore, understanding time-dependent behavior of rock is important, not only to assess stability of underground excavation, but also to predict geohazards.
Creep experiments are commonly used to study the time-dependent behaviors of rocks. However, creep occasionally occurs in conjunction with in-situ relaxation due to the various supports and rock heterogeneity (Paraskevopoulou et al., 2017). To explain such behavior, it is considered that the experiment of rock mass strain and stress changes simultaneously with increasing time, which is known as generalized relaxation (Fukui et al., 1992). Conventional creep (constant stress) and relaxation (constant strain) are typical behaviors of generalized relaxation. Until now, the generalized relaxation behavior of rocks under various stress conditions has received insufficient attention, with few investigations.
Rock creep behavior has been extensively studied under various loading conditions using laboratory tests, theories, and constitutive equations for the typical behavior of generalized relaxation (Hashiba et al., 2019; Wang et al., 2020; Zhang et al., 2016), with fewer studies on relaxation due to complex test techniques (Hashiba and Fukui, 2016). It is known that time-dependent rheological deformation of rocks is influenced by cyclic disturbance loads, but relaxation behavior after cyclic disturbance is still poorly understood (Zhu et-al.,2020), In order to study the phenomenon, Yu et al. (2021) carried out a step loading stress cyclic wear disturbance relaxation test for marble, and the results showed obviously time-dependency.
There have been minimal published results for generalized relaxation of rock (Fukui et al., 1992; Hashiba and Fukui, 2016; Okubo et al., 2014). Fukui et al. (1992) proposed the concept of generalized relaxation and explained it using two simple models specimens. Five directions of generalized relaxation, including creep and relaxation, were divided and introduced by the index α. Okubo et al. (2014) used a non-linear Maxwell model computer simulation to explain and calculate the experimental results of Fukui et al. (1992). Hashiba et al. (2017) presented generalized relaxation behavior of granite and compared it to calculated results using a viscoelastic constitutive model. Xu et al. (2021) investigated the deformation evolution on rock specimen surfaces using a digital image correlation method during generalized relaxation of sandstone. Although basic investigations of generalized relaxation of various rocks have been published, previous results primarily focused on uniaxial compression.
In this study, a new test machine realized the new control method, a constant linear combination of stress and strain. A series of generalized relaxation tests are performed under various loading conditions. The effect of stress level, confining pressure, and loading condition on generalized rock behavior is discussed. Complete generalized relaxation curves of brittle rock are also observed, as are evolution stages. It is hoped that the time-dependent behavior and long-term stability of underground rock structures will be extended and studied further.
CONTROLLING METHOD
Controlling Principle
During testing, a constant linear combination of strain and stress is chosen as the servo-control system’s feedback signal (Okubo and Nishimatsu, 1985), with the following controlling formula:
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where f(t) is a function of time (t), C is the loading rate, E is Young’s modulus of rocks, ε and σ are the strain and stress, respectively, and α is the generalized relaxation direction index. Eq. 1 can be modified as follows:
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where dε/dt and dσ/dt are the strain and stress rates, respectively. If α = 0, it indicates a constant strain rate test, whereas α = ±∞ indicates a constant stress rate test. Both stress and strain were controlled during generalized relaxation testing. Eq. 2 can then be modified as follows:
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According to Eq. 3, the location of stress and strain is controlled to follow the arrow with the slope is 1/α, as shown in Figure 1. The value of α should be preset as required before the experiment. By controlling Eq. 3a and the location of stress and strain will be started at the original point O and ended at point A under constant loading (stress/strain) rate. When the stress reaches point A, the loading rate C is set to zero, and the generalized relaxation test is performed by controlling Eq. 3. A is regarded as the generalized relaxation’s starting point (SPT). The slope of creep curves is zero (1/α) for creep test (α = ±∞). The slope of relaxation curves is infinite (1/α) for the relaxation test (α = 0). It has been discovered that creep and relaxation are special forms of generalized relaxation. When 1< α < ∞, the stress and strain increase with time, and the slope of the stress–strain curves is 1/α, as shown in region-I of Figure 1. When ∞ < α < 0, the strain increases while the stress decreases with increasing time, as shown in region-II. When 0 < α < 1, stress and strain decrease with increasing time, shown as region-III. When α = 1, the stress and strain locations coincided with complete stress–strain curves. For the values of α in three region (I, II and III), it was found that the location of stress and strain would be strike line at direction clockwise.
[image: Figure 1]FIGURE 1 | Schematic diagram of generalized relaxation.
Variable-Resistance Technology and Servo-Controlling
To achieve the control method, the authors proposed the variable-resistance technology. As shown in Figure 2, a loading-cell and a linear variable differential transformer (LVDT) were used to collect stress and strain signals in the servo-controller.
[image: Figure 2]FIGURE 2 | Schematic diagram of control system and variable-resistance technology.
During testing, VR1 and VR2 display feedback signals proportional to the stress. The LVDT output was fed to the servo amplifier, and VR1 controlled the strain value. Loading-cell output was fed into the servo amplifier, and VR2 controlled the stress value. When VR12 was rotated to VR13 and VR22 was rotated to VR21, VR1’s resistance value was zero, and VR2’s resistance value was maximum. As a result, the constant strain rate test was applied. When VR12 was rotated to VR12, and VR22 was rotated to VR23, VR1’s resistance value was maximum, and VR2’s resistance value was zero, and a constant stress rate was applied. When VR12 was rotated to the middle of VR11 and VR13, and VR22 was rotated to the middle of VR21 and VR23, the ratio of the resistance value of VR1 and VR2 was calculated as β. α is the stress feedback ratio (α = k∙β, k is constant), the stress signal value is α∙β/E, and the strain signal value is ε. A constant linear combination of stress and strain (ε-α∙β/E) in Add/Sub amplifier was used as the feedback signal in a closed-loop.
Wawersik and Fairhurst (1970) classified rocks into Class I and Class II based on the complete stress–strain curve in the post-failure region, the control lines for Class I and Class II rocks was shown in Figure 3, the parallel solid lines are the control lines by Eq. 1, in which it was realized by variable-resistance technology, it was found that there were only a intersection point between stress-strain curves for Class I or Class II rocks and control lines. Thus, the stress-feedback controlling method has very good stability for Class I and Class II rocks.
[image: Figure 3]FIGURE 3 | The control lines by stress-feedback method for Class I and Class II rocks.
MATERIALS AND METHOD
Specimen Description and Testing Apparatus
Tage tuff and Yibin granite were employed for testing. Tage tuff was obtained from Tochigi Prefecture, Japan. It mainly contains albite, feldspar, and small amounts of calcite. Yibin granite was obtained from Yibin, Sichuan, China. The main components are quartz, feldspar, and mica. All specimens were shaped into cylinders with a diameter of 25 mm and a height of 50 mm. The flatness, verticality, and parallelism of specimens satisfied the requirements of the International Society for Rock Mechanics (ISRM). The test machine was the same as that reported by Tang et al. (2019). The basic physical and mechanical properties of Tage tuff and Yinbin granite were presented in Table 1.
TABLE 1 | Physicomechanical properties of the specimens.
[image: Table 1]Testing Method
In this study, uniaxial compression, triaxial compression, and uniaxial tension tests were performed. The test methods for uniaxial and triaxial compression were the same as those reported by Tang et al. (2019). For uniaxial tension, the specimens were bonded to platens using the method and test system described by Chen et al. (2020). The test system has been used successfully to investigate the direct uniaxial tension behaviors of rock materials based on different stress paths (Okubo et al., 2006; Hashiba et al., 2017).
As shown in Figure 1, stress increased from point O to the SPT (point A) with a constant strain rate of 10–5/s during compression tests and 10–6/s during tension tests. During uniaxial compression, the stress levels (stress of SPT/peak strength) for Tage tuff were set to 50, 80, 100, and 50% in the post-failure region. For generalized relaxation tests, seven values of α (3, ∞, −3, −1, −0.3, 0, 0.3) were chosen and distributed into the five regions shown in Figure 1. To perform generalized relaxation tests under confining pressure of 3 MPa, three stress levels (50, 80, 95%) and five values of α (α = 3, ∞, −3, 0, 0.3) were chosen for triaxial compression. Both compressive tests lasted 105 s. For uniaxial tension, it is difficult to carry out generalized relaxation tests. Thus, stress levels (30, 50, 70%) are lower than in compression, and the test continued for 104 s. To obtain complete curves of generalized relaxation, Yinbin granite was tested with a high-stress level (92%) of SPT and three values of α (∞, −3, −1) and continued until rock failure.
RESULTS
Typical Generalized Relaxation Results
A typical result of generalized relaxation of Tage tuff is shown in Figure 4, which was conducted under a stress level of 50% in uniaxial (0 MPa) and triaxial (3 MPa) compression. The two solid lines were stress–strain curves, with SPT stress and strain set to zero. At various times, the open squares and circles are locations of generalized relaxation. The location of stress and strain in creep moved from SPT to the right, while it moved from SPT to bottom in relaxation. For other directions, the locations moved in a pattern similar to that shown in Figure 1. The evolution of stress and strain in different directions (values of α) reflected the rheological properties of the generalized relaxation of rocks. Therefore, it indicated that generalized relaxation, like conventional creep and relaxation, belongs to rheology categories.
[image: Figure 4]FIGURE 4 | Generalized relaxation test results for Tage tuff (A) The location of stress and strain at 50% stress level under uniaxial and triaxial compression. (B) The larger result of left diagram, SPT of stress and strain at t = 0 s set to zero.
Furthermore, the movement distance represented a variety of generalized relaxation. The distances of movement at the same time were greater in the upper-right, and lower left directions for a given confining pressure than in the lower-right direction. For a given direction, the distances of α = 3, ∞, −3 under triaxial compression were greater than those under uniaxial compression, which is consistent with the evolution of creep under various confining pressures (Maranini and Brignoli, 1999; Fabre and Pellet, 2006). The distance of α = 0.3 was smaller under triaxial compression than under uniaxial compression, corresponding to the evolution of relaxation under different confining pressures. In conjunction with Figure 1, it can be seen that increasing confining pressure promoted the evolution of generalized relaxation in regions I and II while suppressing it in region II, which is similar to the effect of confining pressure on creep and relaxation, respectively. The statistics for the test results will be presented in the following section. In practice, supporting or stability analysis should consider the time-dependency of the surrounding rock. It is critical to confirm the tendency of rock stress and strain to vary with time. Then to save support time and cost, design the support system in the direction of generalized relaxation.
Figures 5A–C shows generalized relaxation test results of Tage tuff in uniaxial compression, uniaxial tension, and triaxial compression. The solid lines were complete stress–strain curves under different conditions. The dotted points are locations of stress and strain at different values of α and stress levels after test time. The dashed lines are isochronous curves obtained by fitting the dotted points at the same time. From a global perspective, isochronous curves were coincided with and enclosed within stress–strain curves. By performing several tests, the isochronous curve described rheological behaviors and roughly estimated the rheological location of rocks under different stress levels and directions of generalized relaxation.
[image: Figure 5]FIGURE 5 | Isochronous curves of Tage tuff at (A) 50%, 80%, peak and post 50% stress levels under uniaxial compression. (B) 30, 50, 70% stress levels under uniaxial tension. (C) 50, 80, 95% stress levels under triaxial compression.
Variation of Stress and Strain in Generalized Relaxation
In creep, stress was constant while strain increased, whereas in relaxation, the strain was constant, and stress decreased. Extending to generalized relaxation, both stress and strain varied with time in different directions. Figure 6 showed the variation of strain (∆ε) and stress (∆σ) in uniaxial compression at 104 s under various stress levels. Both ∆ε and ∆σ increased as stress levels increased in the pre-peak region. The effect of stress level on ∆ε is more obvious than on ∆σ. According to Paraskevopoulou et al. (2017), the time-dependent behavior of rock is exhibited depending on the initial stress condition, which reflects crack propagation status. In other words, crack initiation and propagation are crucial in understanding time-dependent behavior processes. The investigation of progressive rock failure revealed that crack initiation stress (CI) and damage stress (CD) was about 45 and 80% of peak stress (Pepe et al., 2018). When applied stress exceeded CI, microcracks propagated stably. Stress above CD causes microcracks to grow in an unstable manner and inelastic strain to accelerate quickly. As a result, the variation of generalized relaxation in Figure 7 increased as stress levels increased.
[image: Figure 6]FIGURE 6 | The relationship between ∆σ, ∆ε, and α of Tage tuff at 104 s under uniaxial compression of different stress levels. The solid points are variations of strain, and the dotted points are variations of stress.
[image: Figure 7]FIGURE 7 | The relationship between ∆σ, ∆ε and α of Tage tuff at 104 s under uniaxial compression, tension, and triaxial compression for 50% stress level.
Figure 7 shows variations of ∆ε and ∆σ of generalized relaxation at the same stress level in uniaxial compression, triaxial compression, and uniaxial tension. For a certain α, both ∆ε and ∆σ in uniaxial tension are smaller than in compression. This was because the tension strength of rock is typically lower than the compression strength. For a given loading condition, ∆ε and ∆σ of regions I (α = 3) and III (α = 0.3, native variations of stress and strain) are greater than those of region II (α = −3−1, −0.3), as discussed in the preceding section.
Complete Generalized Relaxation Curve of Brittle Rock
The complete creep curve (strain vs. time) is well known to be divided into three stages: primary (strain rate decrease), secondary (strain rate steady), and tertiary (strain rate accelerate until rock failure) (Okubo et al., 1991). The relaxation curve is also divided into three stages: primary (stress rate decrease), secondary (strain rate steady), and tertiary (stress reaches an asymptote and stress relaxation process is effectively completed) (Paraskevopoulou et al., 2017). Based on the findings of the preceding study, the authors assumed that the complete generalized relaxation curve should be divided into three stages as well. However, it is difficult to obtain a complete curve of generalized relaxation of Tage tuff because it is a soft rock. Hashiba et al. (2020) conducted a 20-year creep test with Tage tuff, and the specimen did not fail. To verify this assumption, Yibin granite was subjected to a generalized relaxation test (α = ∞, −3, −1) at a stress level of 92% in uniaxial compression. Figure 8A shows the test results along with the stress–strain curve. As time elapsed, the generalized relaxation locations moved from the start point to the right and eventually intersected with the stress–strain curve in the post-failure region, resulting in rock burst, as shown in red circle. Failure life (tf) was regarded as the time of location movement. The failure times of α = ∞, α = −3, α = −1 were 400 s, 730 and 820 s, respectively. Figure 8B shows the complete stress and strain curves at time α = −3. From the point of origin to the point of rock failure, three stages were obtained. The first stage of generalized relaxation occurs when strain increases and stress decreases at a decreasing rate during generalized relaxation of α = −3. At the end of this stage, the strain and stress increase and decrease approach a constant rate, signaling the start of the second stage. The strain and stress then rapidly increase and decrease until rock failure, which was defined as the third stage of generalized relaxation. The boundary between the first and second stages was not obvious due to the high stress level of the test. The locations in the red circle could be regarded as the boundary of the second and third stages or the starting point of the rock burst.
[image: Figure 8]FIGURE 8 | Complete generalized relaxation curves of granite: (A) Generalized relaxation behaviors of granite, (B) ∆σ and ∆ε varied with time of α = −3.
DISCUSSION
The rheological failure models according to generalized relaxation behavior were shown in Figure 9. For Class I rocks, generalized relaxation curves intersect with the two stress–strain curves in the region I (1 < α < ∞), region II (−∞ < α < 0), and creep direction (α = ±∞), indicating rock failure near intersection points. However, the two curves do not intersect in region III (0 < α < 1) or relaxation direction (α = 0), indicating that rock failure will not occur. For Class II rocks, intersection points are observed in regions I, II, and the creep direction (α = ±∞). At higher stress levels, intersection points appear in region III (0 < α < 1) and the relaxation direction (α = 0). As a result, rock burst may occur in Class II rocks in these regions. This theory has already been validated by generalized relaxation testing of granite, implying yet another novel finding from this study. Generalized relaxation time from the starting point to the intersection points is the failure life. Class II rocks had a shorter failure life than Class I rocks. However, the rock will break to failure at the intersection, many experimental datas for different rocks are necessary to verify the phenomenon. In practical engineering, the location of stress and strain in the supporting in mine roadway simulataneously change with the lapse of time, the variation law of tunnel surrounding rock, the rockburst in deep well engineering, and landslide of rock slope are coincide with generalized relaxation behaviors. Future research should focus on the relationship between failure life and long-term strength and the prediction of failure life using constitutive equations.
[image: Figure 9]FIGURE 9 | Rheological failure of Class I and II rocks.
CONCLUSION
The generalized relaxation of rock is the simultaneous change in stress and strain during rheology. A generalized relaxation test represents an extension of the behavior observed in conventional creep and relaxation tests. This study described the generalized relaxation behavior of two types of rocks and introduced the test method. The following are the main conclusions.
1) Variable-resistance technology was used to propose a control method involving a constant linear combination of stress and strain. The proposed controlling method can be used to simulate the generalized relaxation behavior of rocks.
2) Isochronous curves were enclosed within stress–strain curves for generalized relaxation. The isochronous curves were found to potentially decline with time along all stress–strain curves, which is a novel finding of this study.
3) Generalized relaxation curves were nearly identical under uniaxial compressive, tensile, and triaxial compressive conditions. Under different loading conditions, the rocks exhibited the same time dependency. Furthermore, the effects of stress level, confining pressure, and α values were discussed.
4) Three stages of time-dependent behavior were observed in generalized relaxation tests of different directions, which are similar to creep and relaxation results.
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