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Knowledge regarding the time-dependent behavior of rocks is essential to estimate the long-term deformation and stability of underground structures. The rock strength increases with the increasing loading rate. However, the loading rate dependence in postfailure regions under confining pressure remains unclear. In this study, triaxial compression tests were conducted on four types of rocks to examine the loading rate dependence in both peak and postfailure regions. Results demonstrate that an increase in residual strength with a tenfold increase in the strain rate was approximately proportional to 4% of the residual strength. Furthermore, the increase in peak strength with a tenfold increase in the strain rate increased at a rate of approximately 4% of peak strength. The obtained results were applicable to all the sample rocks and can be easily employed for improving the constitutive equations. Finally, the effect mechanism of the confining pressure on the loading rate dependence of rock strength is discussed.
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INTRODUCTION
The loading rate dependency of rock is one of the fundamental mechanical properties, which is essential in understanding the mechanism of earthquake and geological tectonic movements (Wasantha et al., 2015) and estimating the long-term stability of underground structures, e.g., mining roadway and underground storage (Mahanta et al., 2017; Tang et al., 2018; Wang et al., 2020). In the past few years, loading rate dependency of rock strength has been studied by many researchers, and Hashiba and Fukui (2015) provided a literature review regarding the loading rate dependence of rock strength.
The effect of the loading rate on the peak strength in uniaxial compression has been studied extensively over the years. For instance, Okubo et al. (1990) observed that the uniaxial compression strength (UCS) increased with the loading rate and that their relation could be obtained using a parameter n, which was also referred to as the stress corrosion index (Sano et al., 1981). In triaxial compression, the loading rate dependence is as important as that in uniaxial compression because underground rock is subjected to triaxial compression. However, only a few studies related to this topic have been published until now because of the difficulty associated with the entailed experimental procedures. Okubo et al. (1990) observed that the triaxial compressive strength (TCS) increased proportionally with respect to the logarithm of the loading rate and that the loading rate dependence of TCS was similar to that of UCS. Hokka et al. (2016) presented a systematic study on the mechanical properties of granite and calibrated the parameters of the Hoek–Brown model. Okubo et al. (2013) observed that the increment of TCS (△σ) when considering a tenfold increase in loading rate was almost independent of the confining pressure.
Many of the problems associated with rock mechanics in engineering, with respect to tunnel excavation and the storage of natural gas (Wang et al., 2021a; Wang et al., 2021b), are strongly related to the mechanical properties of rocks in the postfailure region (Gao and Kang, 2017). Therefore, studying the loading rate dependence of rocks in these regions has practical significance, as does that in the prefailure region up to peak strength. However, few studies have addressed the loading rate dependence in postfailure regions under uniaxial and triaxial conditions. Hashiba et al. (2006) and Hashiba et al. (2009) observed that the shape of the stress-strain curves in triaxial compression did not fundamentally change with the loading rate and indicated that the percentage of change of stress with a tenfold loading rate increase in the postfailure region did not greatly differ from that of the peak strength.
Although some studies have investigated the loading rate dependence of rocks in the postfailure region, there are no clear conclusions regarding the loading rate dependence of residual strength under triaxial conditions. In this study, a new experimental method proposed by Hashiba et al. (2006) was used to conduct a series of triaxial compression tests for four types of rocks. Special attention was devoted to the loading rate dependence of peak and residual strengths, which was rarely investigated until now.
MATERIAL AND METHODS
Specimen Description
Four types of rocks were obtained for testing, namely, Tage tuff, which has well seismic behavior and only distributes in the Tochigi Prefecture of Japan, Ogino tuff and Emochi andesite, which are the main building materials from the Fukushima Prefecture of Japan, and Jingkou sandstone from the landslide area around the Three-Gorges Reservoir in Chongqing, China. The mechanical properties of these rocks are presented in Table 1. The specimens were cored from a block of rock and cut into cylindrical shapes with a diameter of 25 mm and a height of 50 mm. The end surfaces of the specimens were polished smooth and straight to meet the International Society for Rock Mechanics (ISRM) standard. Tests were conducted after the specimens were air-dried for approximately 2 weeks. Typical specimens were shown in Figure 1A.
TABLE 1 | Mechanical properties of the rocks used in this study.
[image: Table 1][image: Figure 1]FIGURE 1 | Pictures of (A) specimens and (B) test system.
Test System
The triaxial compression test was conducted using a servo-controlling test system (Tang et al., 2019), as shown in Figure 1B. This testing system had a loading capacity of 500 kN and a displacement capacity of 10 mm. The maximum confining pressure was limited to 10 MPa. A strain gauge-type loading cell was used to measure the loading, and a linear variable differential transformer was used to measure the displacement. A high-accuracy data recording system was used to continuously and simultaneously record the axial load and displacement.
Test Description
Axial-strain-rate control was employed in this study, and the alternative strain rate experimental method proposed by Hashiba et al. (2006) was utilized to conduct all the tests. Figure 2 presents a schematic of this method. The strain rate was alternated between high and low (CH and CL, respectively) based on a predetermined strain interval (Δε). The complete stress-strain curves for high and low strain rates could be estimated based on a specimen (Hashiba et al., 2006).
[image: Figure 2]FIGURE 2 | Increase in strain with time through an alternative strain rate (ASR) test. The strain rate is alternated between CL and CH at the predetermined strain interval △ε. CH/CL was set to 10 in all the tests.
In this study, the confining pressures were 0, 3, 6, and 9 MPa. The strain rate was alternated between 10−4/s (CH) and 10−5/s (CL), and the strain intervals were set to 5 × 10−4 (Δε) in uniaxial compression and 8 × 10−4 in triaxial compression, as per the suggestions of Hashiba et al. (2006). Data were recorded with a time step of 1 s. More than three specimens of each type of rock were employed for each testing condition.
PEAK STRENGTH
Figure 3 shows the typical stress-strain curves of Tage tuff and Jingkou sandstone recorded during the alternative strain rate tests (Hashiba et al., 2006; Lei et al., 2008). The results of the Ogino tuff and Emochi andesite were similar to those of the Tage tuff and Jingkou sandstone, respectively. The solid line represents an experimental stress-strain curve modulated with the alternating strain rate. The dashed lines are considered to be the stress-strain curves under low (CL) and high (CH) strain rates, which are obtained via spline interpolation (Hashiba et al., 2006). The peak strengths under CL and CH can be obtained from these stress-strain curves.
[image: Figure 3]FIGURE 3 | Stress-strain curves under different confining pressures in the ASR test. The dashed lines are obtained via spline interpolation. CH/CL = 10. (A) Tage tuff and (B) Jingkou sandstone.
For the Tage tuff presented in Figure 3A, stress fluctuation with alternating strain rates was not obvious at a low stress level. Subsequently, the stress fluctuation became increasingly obvious with the increasing strain. After achieving the peak stress, stress decreases with an increase in strain. The higher the confining pressure, the smaller the stress degradation. The stress continues to fluctuate with the alternating strain rate in the postfailure region, indicating the loading rate dependence of the region.
For the Jingkou sandstone presented in Figure 3B, stress fluctuation with alternating strain rates was not obvious at low stress levels. Then, a stress drop occurred after achieving peak strength. The stress drop under confining pressure is larger than that of the Tage tuff. Further, stress continues to fluctuate with the alternating strain rate in the postfailure region.
Figure 4 shows the peak strengths (differential stresses) of the four rocks under CL (open symbol) and CH (solid symbol). Each peak strength indicates the average value of the three specimens. The effects of the confining pressure on Jingkou sandstone and Emochi andesite were larger than those on the Tage tuff and Ogino tuff, respectively.
[image: Figure 4]FIGURE 4 | Relation between the peak strength (deviator stress) and confining pressure of four rocks under high and low strain rates (solid and open symbols, respectively). CH/CL = 10.
Figure 5A shows the relation between Δσ and the peak strength (differential stress). Δσ indicates the stress increment of the peak strength with a tenfold increase in the strain rate. Both the vertical and horizontal axes of the figure are normalized by the UCS. A straight line in the figure was obtained via a linear regression analysis. Data regarding the Ogino tuff and Jingkou sandstone were obtained from slightly above the line. In contrast, data regarding the Tage tuff and Emochi andesite were obtained from slightly below the line.
[image: Figure 5]FIGURE 5 | Increment of the peak strength with a tenfold increase in the strain rate, △σ. The vertical and horizontal axes are normalized based on the uniaxial compressive strength (UCS). The straight line indicates the fitting results of all data: (A) this study and (B) previous studies.
Figure 5B presents the results obtained by Okubo et al. (2013) and Hashiba and Fukui (2015). Previously, Δσ was calculated using the following equation (Hashiba and Fukui, 2015) based on the values of n:
[image: image]
where σf is the peak strength and n is the index of the loading rate dependence of peak strength (Okubo et al., 1990). A straight line was also obtained via a linear regression analysis.
In this study and previous studies, Δσ increases with the peak strength or confining pressure. Herein, the slope of the regression line is 0.0393, which is larger than that in a previous study, i.e., 0.0150. Data on the four types of rocks in Figure 5A show a similarly increasing rate or slope with the peak strength. In Figure 5B, the slope of the data varies with the type of rock. This potentially indicates the increased reliability of this study.
RESIDUAL STRENGTH
The stress-strain curve differs significantly from specimen to specimen in the postfailure region. Therefore, it is almost impossible to obtain the loading rate dependence using the conventional testing method, wherein a specimen is tested using a predetermined loading rate and the results of many specimens are compared. To overcome the effects of scattering, Okubo et al. (1990) proposed a testing method in which the loading rate is increased once in a test. If the loading rate is increased just before the peak strength was achieved, the increase in stress with the increase in the loading rate can be interpreted as the loading rate dependence of peak strength. This testing method was successfully applied to obtain the loading rate dependence of peak strength. However, the successful application of this method requires considerable experience. Hashiba et al. (2006) proposed a new testing method in which the strain rate was alternately changed between low and high. This method has been extensively used, and its results have been reported (Okubo et al., 2006; Hashiba and Fukui, 2016). However, the loading rate dependence in postfailure regions remains unclear.
In postfailure regions, it is difficult to conduct tests when the strain rate is alternately varied. In particular, it is very difficult to conduct this test just after achieving peak strength, where the stress level tends to rapidly decrease. Therefore, we opted to obtain the loading rate dependence when the stress decreased gently and subsequently termed this as the residual stress region. As displayed in Figure 3, stress changes gently after the strain (critical strain) became 200 × 10−4 for Tage tuff. Therefore, this region is regarded as a residual stress region. After carefully examining the stress-strain curves, the critical strains were determined to be 200 × 10−4 for the Ogino tuff and 150 × 10−4 for the Jingkou sandstone and Emochi andesite.
The stress increment of the residual strength when considering a tenfold increase in the strain rate in the residual stress region (Δσr= σH− σL) was calculated using the method proposed by Hashiba et al. (2009). The σH and σL values were set equal to the stresses at the intersections of the straight line with the slope, which was equal to the unloading modulus and stress-strain curves at high and low strain rates, respectively.
Figure 6 shows the relation between the Δσr and residual strength (deviator stress) of the four types of rock samples. The vertical and horizontal axes of the figure were normalized by UCS. A straight line in the figure was obtained via a linear regression analysis with a slope of 0.0432. The slope of Δσ (0.0393) in Figure 5A is close to that of Δσr (0.0432) in Figure 6. This suggests the possibility that the mechanism of the loading rate dependence of residual strength is closely related to that of the peak strength.
[image: Figure 6]FIGURE 6 | Increment of the residual strength with a tenfold increase in the strain rate, △σr. The vertical and horizontal axes are normalized based on the UCS. The straight line indicates the fitting results of all data.
DISCUSSION
In this study, Δσ and Δσr increase with the confining pressure because the peak and residual strengths increase with the increasing confining pressure, indicating that the increment of peak strength under CH is larger than that under CL (or when Δσ is held constant). This phenomenon could be explained from the point of view of the evolution of microscopic cracks. At lower loading rates, there is sufficient time for cracks to propagate and connect to each other, resulting in decreasing peak strength. When considering a high strain rate, cracks propagate with the limit time, resulting in high strength. The higher the confining pressure, the greater the difficulty associated with crack propagation, and higher restrictions related to the confining pressure can be observed. However, the restriction is the difference for rocks CH and CL, resulting in a difference in strength increment under CH and CL with the increasing confining pressure. Therefore, Δσ increases in conjunction with the confining pressure. The effect of the confining pressure on Δσr can be explained in a similar manner as that of Δσ.
Figure 4 shows that the peak strength increases with the confining pressure; Figure 4A shows that Δσ increases with confining pressure. Eq. 1 can be approximated as follows (Hashiba and Fukui, 2015):
[image: image]
where [image: image]. By assuming that the strength σf changes to σfʹ with the increasing confining pressure, the relation between the strength increase △σ and △σʹ can be obtained as follows from Eq. 1:
[image: image]
Okubo et al. (2013) and Hashiba (2015) show that n is directly proportional to the peak strength. Therefore, σfʹ/σf is almost equal to nʹ/n and △σʹ is almost equal to △σ, indicating that the confining pressure has little effect on the increase in strength with the increasing loading rate. Hashiba and Fukui (2015) also reported these results. However, the above discussion only pertains to rocks with low strength.
CONCLUSION
The loading rate dependence is closely related to the time-dependent behavior of rocks. However, the loading rate dependence in postfailure regions under confining pressure remains unclear. In this study, we experimentally investigated four rock types to clarify the loading rate dependence in both the peak and postfailure regions, where stress is observed to only decrease slowly.
Results indicate that the increase in residual strength when considering a tenfold increase in the strain rate (Δσr) is approximately proportional to 4% of the residual strength.
[image: image]
Furthermore, we established that the increase in peak strength when considering a tenfold increase in the strain rate (Δσ) increases approximately at the rate of 4% of the peak strength.
[image: image]
Eqs 2, 3 show that the percentage of stress change in the postfailure region was almost equal to that of the peak strength, and these equations were applicable to all the types of rocks investigated in this study. This is interesting, and future studies are necessary to determine whether these equations can be applied to a wider range of rock types. Regardless, the two aforementioned equations are very simple and easy to use for improving constitutive equations.
Future studies will also be necessary for dealing with the loading rate dependence at low stress levels in prefailure regions and just beyond the peak strength in postfailure regions. The former is related to the long-term stability of underground structures, whereas the latter is related to their collapse. In both cases, more accurate measurements and higher stability of the servo-control system are necessary.
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