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Abstract

:

The study of the time-dependent properties of engineering rock masses is a frontier topic in rock mechanics. In this study, creep tests and stress relaxation tests were conducted on mud-calcareous conglomerates from the Three Gorges Reservoir Area, and the long-term strength values of the conglomerate specimens were determined via different methods based on the test curves. By comparing these mainstream long-term strength determination methods, it was found that each of these methods have their own drawbacks. For example, the transition creep method requires a high accuracy of the test curve and only obtains an approximate strength interval rather than an accurate value. The long-term strength values determined by the isochronous stress–strain curve method are strongly influenced by subjective factors, among other things. Therefore, this paper proposes a new method for determining long-term strength, called the steady-state creep rate method, based on stress intervals. By comparison, the long-term strength values determined via this method are in good agreement with the transition creep method, the volume expansion method, and the stress relaxation method.
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1. Introduction


The study of the time-dependent properties of engineering rock masses is a frontier topic in rock mechanics. With the construction of large hydropower projects, south–north water transfer projects, transportation projects, mining projects, and other major projects, increasing attention has been paid to the influence of the time-dependent properties of engineering rock masses on actual engineering. It is very important and necessary to consider the time-dependent phenomena and to conduct related studies in rock engineering [1,2,3,4]. The strength of rocks under long-term loading is an important mechanical parameter for engineering design and long-term operational stability analysis. The rapid and accurate determination of the long-term strength of rocks has important theoretical value and practical engineering significance.



At present, methods of estimating or determining long-term strength can be divided into the indirect method and the direct method [5]. The direct determination method is to carry out compression creep tests under various conditions of constant stress levels for rock samples until they are damaged and to, subsequently, select the maximum stress value of the sample that has been subjected to a constant load for a long enough time without failure as the long-term strength [6]. In the past, the direct method was rarely used to determine long-term strength as, in theory, this method was the most accurate and reasonable [7]; however, problems such as the significant time cost, expensive experimental cost, and the difficulty of the operational process make this method disadvantageous. The indirect method is a method used to identify the change law of the strength parameters and the critical threshold value of rocks under constant long-term loads, and it is based on the physical and mechanical properties of rocks throughout the whole process—from stress deformation to fracture. At present, the conventional indirect methods of long-term strength determination include the transition creep method, volume expansion method, the stress–strain isochronal curve method, the stress relaxation method, etc. [8]. In 1967, Bieniawski [9] found that when a rock sample approached fracture, the volume of the rock sample would expand and dilate, and an unstable crack expansion would occur inside the sample. The stress corresponding to the unstable expansion of the fracture is the critical point of the volumetric strain curve transition from negative (compression) to positive (expansion), and it can be considered the long-term strength [10,11]. Above is the basic outline of the volume expansion method, which was also the primary method used to determine the long-term strength of rocks in early phases of this field of research [12]. Since then, a large number of scholars have conducted series of studies on the determination of the long-term strength of rocks. Fuji et al. [13] obtained the axial, circumferential, and volumetric strain curves via creep tests on sandstone and granite; furthermore, they advised that the circumferential strain should be used as the criterion to judge rock damage and long-term strength. Sangha and Dhir [14] suggested that a stress value corresponding to Poisson’s ratio of 0.5 in the stress–strain curve should be taken as the long-term strength of rocks. In 1982, Chen [15] proposed the method of the isochronous stress–strain curve, the inflection point of which could be used to determine the long-term strength of rocks. This method has gradually developed into one of the most commonly used methods to determine the long-term strength of rocks. Ding et al. [16] comparatively analyzed and discussed the isochronous stress–strain curve method and the volume expansion method. Hou et al. [17] determined the long-term strength of rock samples with differing initial damage by using four methods: the isochronous stress–strain curve, the steady-state creep method, the volume expansion method, and the steady-state creep rate intersection point method. Damjanac and Fairhurst [18] verified that the long-term strength of hard brittle rock was no less than 40% of the instantaneous strength, and they determined the long-term strength of rock through the relationship between the instantaneous strength and long-term strength. Aubertin et al. [19] deduced the relationship expression between failure time and long-term strength based on the Charles rule and suggested estimating the long-term strength by using the failure time of rocks. However, the creep failure time is affected by the loading stress intensity, damage threshold, and loading stress history—uncertain factors that make this method flawed. Schmidtke and Lajtai [20] defined the minimum loading stress of the fatigue failure of rocks as the long-term strength. This test method shows great differences in the stress state of rocks; thus, it remains a great controversy.



Overall, many scholars have studied the long-term strength of various rocks using the conventional long-term strength determination methods described above. However, there are few studies on the advantages and disadvantages of these methods and their scope of application. In view of this, this paper systematically summarizes various conventional long-term strength determination methods and adopts different methods to determine the long-term strength of mud-calcareous conglomerates in the Three Gorges Reservoir Area; in addition, the characteristics and scope of application of each method is analyzed in detail and a new method is proposed (which is based on the steady-state creep rate of the stress range [21,22]). This novel method has simple steps and requires a low accuracy of the test curve and instrumentation. The long-term strength values determined using this method are in good agreement with the results obtained by the transition creep method, the volume expansion method, and the stress relaxation method.




2. Conventional Long-Term Strength Determination Method


The conventional long-term strength determination methods mainly include the transition creep method, the isochronous stress–strain curve method, the volume expansion method, and the stress relaxation method, the most widely used of which are the transition creep method and the isochronous curve method [23,24]. Of course, apart from the conventional methods mentioned above, there are also some rarely used methods, such as the steady-state rate method, the remnant strain method and the strength and failure time relationship method [25,26,27,28,29,30,31]. The theoretical systems of these methods are not yet mature, and their rationality and applicability need to be further explored. Therefore, this paper only includes the abovementioned conventional methods for discussion and analyzes, in detail, their respective principles, scope of use, as well as their advantages and disadvantages.



2.1. Transitional Creep Method


The transition creep method considers the maximum load that the rock can withstand without steady-state creep as the long-term strength of the rock [32]. It assumes that there is a stress threshold inside the rock, and when the applied external load is lower than this stress threshold, the rock is not damaged under long-term loads [33]—that is, the rock will only enter the decay creep phase during loading [34]. When the applied external load is higher than this stress threshold, the crack inside the rock will be unstable over time and will expand, causing rock damage, i.e., the rock will enter the steady-state creep phase or accelerated creep phase [35]. Therefore, the transition creep method identifies the stress threshold as the long-term strength of the rock via the change in creep rate.



The detailed process of the transition creep method for determining the long-term strength is shown in Figure 1. (1) The creep test under a graded loading is used to obtain the strain–time curve at each level of stress; (2) a multi-level loading curve obtained by unifying the loading time points under different stress levels and then superposing them is determined via Boltzmann’s superposition principle; and (3) according to the principle of the transition creep method, the slope K of the creep curve under low stress will eventually converge to 0, but when the stress is low, the rate of strain growth of the specimen will be very slow [36], resulting in a longer time required for the creep curve to converge to the horizontal line. Furthermore, after the stress level becomes high, the creep curve will converge to the horizontal line at an earlier time. Therefore, within a certain time frame, the situation will arise when the curve at high stress is horizontal (K = 0), while the curve at low stress is still rising (K > 0). Therefore, it is only necessary to find the stress interval in which the creep rate tends to 0 in a certain time range, i.e.,      σ k  ,  σ  k + 1      , as shown in Figure 1.



The transitional creep method has strict requirements on the creep test curve and can only estimate the interval of the long-term strength value instead of the specific long-term strength value [37]. The size of the interval is related to the stress range of the creep test. The smaller the stress range is, the smaller the interval of the long-term strength value is.




2.2. Isochronous Stress–Strain Curve Method


The isochronous curve is the curve of creep deformation versus stress, corresponding to the same creep time points in the creep curves of different stress levels. The isochronous curve method considers the stress value that corresponds to the horizontal asymptote and is formed by the yield stress of a rock sample as its long-term strength [38,39]. The inflection point of the isochron curve at each time point symbolizes the transition of the sample from the viscoelastic to the viscoplastic deformation stage. The internal structure of the rock sample changes accordingly, and internal cracks begin to expand unsteadily. The stress–strain isokinetic curve method is a common method for obtaining the long-term strength of samples, and it has been introduced into the relevant specifications for rock mechanics tests.



The initial steps of the isochronous stress–strain curve method for determining the long-term strength are basically consistent with the transition creep method. However, after obtaining the multi-stage loading curve, the isochronous stress–strain curve method requires different times as the parameter in order to obtain the isochronous curve cluster of the stress–strain relationship [40]. Through the inflection point curve of the isochronous curve cluster, a horizontal asymptotic line with the strain tending to infinity is found. The stress level corresponding to this horizontal asymptotic line is the long-term strength of the rock (Figure 2) [41].



This method has strict requirements for the regularity of the creep test curve. Only when the creep characteristics of rock samples are significant and the long-term deformation is large does the isochronous stress–strain curve have a relatively obvious inflection point [42]; moreover, there are certain subjective factors in determining the inflection point. The theoretical rationality and practical operability of this method need further research.




2.3. Volume Expansion Method


The basic principle of the volumetric expansion method is that when the rock is at a low stress level, the initial defects, such as internal fractures, pores, and joints, gradually tend to close and the stress–strain curve shows a nonlinear compaction phase. With the increase in stress, the deformation of the rock follows a linear elastic growth law. With the further increase in stress, the deformation characteristics of the rock sample change from elastic deformation to inelastic deformation [43], and the internal cracks or defects of the rock sample start to expand. The internal cracks of the rock are stable and expand at first, but with the gradual increase in the load, the internal cracks gradually develop into an unstable expansion stage. The changing of the cracks from stable to unstable extension corresponds exactly to the inflection point of the volume strain curve from negative to positive growth [44,45]. This inflection point is considered the long-term strength of the rock.



The specific process of the volume expansion method used to determine the long-term strength is as follows: (1) the stress–axial strain curve and the stress–circular strain curve are obtained according to the creep test; (2) the stress–volume strain curve is obtained by superimposing the two curves from Step 1; and (3) the reverse inflection point of the volumetric strain, which is the long-term strength value, is then determined (Figure 3).



The volume expansion method is simple and easy to implement, but the premise of this method is to accurately measure the axial and lateral strains of the rock throughout the whole process of the stress, deformation, and failure of the rock sample, so as to obtain the whole process curve of the volumetric strain. The accuracy of determining the long-term strength largely depends on the accuracy of the measurement of the specific values of the axial and lateral strain during the test [46]; therefore, the accuracy of the strain measuring instrument is higher and the cost is higher.




2.4. Stress Relaxation Method


There is a close correlation between rock creep and stress relaxation. During creep, the viscous deformation contributes to the stress relaxation effect. At the same time, the stress relaxation reduces the stress value required for creep development. From an energy point of view, the development of deformation during the creep test has a relaxation effect on the stress, leading to a decrease in stress. In order to ensure constant stress on the rock sample, the stress needs to be continuously applied to compensate for the stress loss caused by the relaxation effect, which will generate an accumulation of additional energy; in the stress relaxation test, a portion of the elastic deformation is released to compensate for the creep deformation in order to keep the strain of the rock sample constant [47,48]. There is no incremental energy gain in this process, and part of the elastic energy of the rock is released. This is why creep develops failure during the tests, while stress relaxation tends to stabilize. The rapid relaxation phase of stress relaxation better reflects the instantaneous mechanical properties, and the stress concentration accumulated during loading is rapidly released through crack expansion and extension. After that, the stress relaxation of the rock sample enters the decay relaxation stage. In this stage, the stress relaxation mode of the rock sample gradually changes from crack extension-based to the viscous deformation of the rock sample [49]. In order to keep the deformation unchanged, the stress will inevitably relax to the stress level that corresponds to a creep rate of 0, which is induced by the viscous deformation and is the long-term strength.



The process of the stress relaxation method for determining long-term strength is relatively simple (Figure 4). The stress relaxation test curve is obtained through a single-stage load stress relaxation test. As the stress level increases, the relaxation residual stress will eventually approach a constant value [50]. This value is the long-term strength value.



The mechanical significance of the stress relaxation method is clear, but the test procedure is relatively complex, the test period is long, and the test is less effective for rocks with insignificant stress relaxation characteristics. This method is suitable for rocks with obvious relaxation characteristics.




2.5. Comparison of Different Long-Term Strength Determination Methods


Table 1 summarizes the characteristics and applicable scope of the various long-term strength determination methods discussed above.





3. Creep and Stress Relaxation Characteristics Test


In order to compare the characteristics and applicable scope of various long-term strength determination methods more directly, creep tests and stress relaxation tests were carried out on the mud-calcareous conglomerate rock samples in the Three Gorges Reservoir Area. This type of conglomerate rock is cemented by mud and calcium, and it has a very significant steady creep stage during long-term deformation. The particle size of the gravel in the rock samples was between 2–20 mm.



3.1. Test Scheme


The design of the test plan is strictly based on the “Rock rheological test procedures”, prepared by the Yangtze River Academy of Sciences of the Yangtze River Water Resources Commission [51]. The test instrument used was a TLW-2000 servo-controlled rock tester (Figure 5). The axial strain and lateral strain were measured by measuring needles. The measurement range was 5 mm, and the full range accuracy was 0.1%.



The steps of creep test are as follows: (1) creating rock samples sized 50 mm (diameter) by 100 mm (height), and smoothing the faces of the rock samples; (2) applying a 5 mPa confining pressure to the rock samples and keeping the confining pressure constant; and (3) when the first axial stress stage is applied to the rock sample, the loading rate is controlled at 0.05 mPa/s and the strain is monitored. When the creep rate of the rock sample under the first stage is generally constant, the next stage stress is applied. Table 2 shows the loading stage in detail.



The stress relaxation test steps are as follows: (1) creating rock samples sized 50 mm (diameter) by 100 mm (height) and smoothing the faces of the rock samples; (2) applying a 5 mPa confining pressure to the rock samples and keeping the confining pressure constant; and (3) applying deviatoric stress to the rock samples, and the loading rate is controlled at 0.05 mPa/s. When the deviatoric stress reaches the designed value, the corresponding strain value is kept constant, and the variation of deviatoric stress with time is recorded. Table 3 shows the loading stage in detail.




3.2. Test Results


3.2.1. Creep Test Results


The triaxial creep test curve of the rock specimen is shown in Figure 6. When the load is small, the rock sample is in the compaction stage, the internal cracks are in a closed state, and the deformation characteristic is the attenuation creep. With the increase in stress, the creep deformation of the specimen is gradually significant, and the deformation characteristics are attenuation and steady-state creep; the creep rate value in the steady-state stage over time gradually tends toward being constant. By continuing to increase the axial stress, the steady-state creep deformation characteristics of the rock sample become increasingly obvious and the steady-state creep rate increases step by step. When the stress level is loaded to the last level of 55 mPa, the rock sample shows the three-stage typical characteristic of creep deformation and, eventually, failure due to the nonlinear accelerated creep.




3.2.2. Stress Relaxation Test Results


Figure 7 shows the stress relaxation test curves for the rock samples. The relaxation of the conglomerate can be seen in the curves of the different levels of stress over time. In contrast to the stress characteristics of brittle rocks with high strength, the stress in the conglomerate specimen decreases significantly during the first stage of relaxation, with no obvious onset of relaxation. The circumferential strain of the rock specimen increases slowly with time while keeping the axial strain value of the rock specimen constant, which is manifested in two main stages: decay creep and steady creep. The decaying stress relaxation phenomenon occurs at the initial stage when relaxation first occurs, and the stress relaxation rate of the rock specimen decreases rapidly with time. The stable stress relaxation stage occurs after the attenuated relaxation and, after entering this stage, the stress relaxation rate of the rock sample tends toward a relatively constant value. Due to the presence of external energy recharge during the relaxation process, the stable relaxation rate will gradually tend toward 0. In addition, the magnitude of the relaxation stress of the rock is closely related to the initial stress level of relaxation. When the initial strain level of stress relaxation is low, the specimen is mainly in the viscoelastic relaxation stage, and the stress relaxation is mainly manifested as attenuated relaxation, which gradually becomes stable over time. When the stress value corresponding to the initial strain level of stress relaxation is close to the ultimate strength of the rock sample, the magnitude of the relaxation stress increases significantly, and the phenomenon of a stable stress relaxation with a longer duration appears. In the final stage of the test, some of the stresses in the rock samples decrease rapidly. After a short decaying relaxation phase, the partial stress remained at about 32 mPa. This stress can be considered as the residual strength of the rock sample after damage. The conglomerate specimen did not fail during the stress relaxation process of maintaining a constant strain but was destroyed at the last stage of loading to 48.3 mPa.





3.3. Long-Term Strength Determination Based on Conventional Methods


The interval for determining the long-term strength of the conglomerate based on the transition creep method is around 35 to 40 mPa, as shown in Figure 8.



The long-term strength of the conglomerate was determined using the isochronous stress–strain curve method, as shown in Figure 9. This method has certain subjective factors when determining the inflection point of the isochronous curve, and the specific steps are different. The method for determining the inflection point in this paper is as follows. According to the isochronous stress–strain curve of the rock samples, the slope mutation point of each curve or the interval with the maximum slope change in the same strain can be obtained with the slope method. When the mutation point is present, this point is the inflection point. When the mutation point is absent, the successive dichotomy is used to narrow the maximum slope change interval for a sufficient number of hours, and the midpoint of the interval is taken as the inflection point. The long-term strength of the conglomerate was determined to be about 47.1 mPa, according to the inflection point curve.



The long-term strength of the rock sample was determined to be approximately 39.2 mPa with the volume expansion method, as shown in Figure 10.



As shown in Figure 11, according to the stress relaxation method, the long-term strength of the rock sample was determined to be 39.6 mPa.





4. Steady-State Creep Rate Method Based on Stress Interval


4.1. Principle of Steady-State Creep Rate Method Based on Stress Interval


All of the above long-term strength determination methods have their own limitations. In view of this, this paper proposes a simple and fast method for the long-term strength estimation of such soft rocks, and it is characterized by significant steady-state creep phases.



Rocks undergo three typical deformation stages from the onset of creep to fracture: decay creep, steady creep, and accelerated creep. When the rock exhibits only initial decay creep, it can be assumed that the deformation of the rock converges with time. When the specimen is in the stable creep stage, the creep deformation rate is constant at a certain value that is greater than 0. As the creep time increases, the specimen will eventually transition to a nonlinear accelerated creep phase and ultimately fail. Therefore, the characteristics of the steady-state phase in the creep process of the rock sample can determine whether the sample will eventually rupture, and the basic characteristic of the rock sample in the steady-state creep phase is that its creep deformation rate will maintain a certain value; when the value tends to 0, the corresponding stress value can be regarded as the long-term strength value of the rock sample, and the stress interval of the long-term strength of the rock sample can be estimated by analyzing the creep test curve. Based on the above idea, a method for the long-term strength determination of rocks based on the stable creep rate of the stress interval is proposed.




4.2. Analysis of the Test Results of the Steady-State Creep Rate Method Based on the Stress Interval


The specific steps of the steady creep rate method for the stress interval are as follows:



The stress–strain curve of the specimen by loading can usually be divided into four stages: the crack closure stage, linear elastic deformation stage, crack stable growth stage, and unstable crack growth stage. As shown in Figure 10, the point σa on the curve represents the end of the compression stage of crack closure and the beginning of the line elastic deformation stage; σb represents the initial crack extension stress, which marks the start of the stress–strain curve’s divergence from the linear elastic trajectory (this illustrates the steady progression of internal fissures in the rock); and σc represents the start of unstable crack growth, and the volume strain appears inverted at this point, indicating the onset of rock volume expansion. The stress value corresponding to the point σb is taken as the lower limit of the interval where the long-term strength value is located, and the stress level of the creep failure of the rock is taken as the upper limit of the interval where the long-term strength value is located, so that the stress interval range of the long-term strength value of the rock can be initially estimated. In accordance with the above method, the stress interval range of the long-term strength value of the rock was initially determined to be 30~55 mPa from the stress–strain curve of the creep test.



The correlation between the creep rate of the steady-state creep and the stress increment beyond the long-term strength was investigated in the stress interval. It is assumed that there is an exponential nonlinear relationship between the steady-state creep rate and the stress increment in terms of long-term strength. The steady-state creep rate tends to be 0 as the stress level is gradually reduced and approaches the long-term strength value. By fitting the steady-state creep rate as it corresponds to different stress levels, the long-term strength of the rock can be obtained.



The correlation law between the assumed steady creep rate and the stress increment in terms of long-term strength can be calculated using the following equation:


   ε ˙  = q (  e  p ( σ −  σ ∞   ) k    − 1 )  



(1)







In the above formula,   ε ˙   is the steady-state creep rate;  σ  is the stress level;    σ ∞    is the long-term strength of the rock; and q, p, and k are the related parameters of the rock material. The determination of parameters in Equation (1) depends on the fineness of the test loading grading: the finer the grading, the more accurate the parameters obtained.



The range of values of the long-term strength parameters    σ ∞    of the rock was set to 30~55 mPa, and the steady creep stage of the test curve was more obvious when the axial partial stress levels in this range were 40, 45, 50, and 55 mPa, as shown in Figure 12. The corresponding parameters were obtained using Equation (1) for fitting and identification (as shown in Table 4), and are based on the steady creep rate of the rock under these four stress levels. The obtained value    σ ∞    was 38.6 mPa, and the correlation coefficient R2 was 0.962.



Compared with the conventional long-term strength determination methods, the steady-state creep rate method based on stress intervals has the following advantages: (1) The method only needs the following: to initially estimate the interval where the long-term strength is located based on the creep test curve, to calculate the steady-state creep rate for different stress levels within the interval, and to, finally, estimate the long-term strength value by fitting the steady-state creep rate corresponding to different stress levels into the equation (which is a simple determination procedure). (2) Since this method calculates the long-term strength by fitting the steady-state creep rates corresponding to different stress levels, compared with the transition creep method and the isochronous stress–strain curve method, this method requires a lower degree of accuracy for the creep experimental curve and can obtain specific long-term strength values rather than ranges. (3) The long-term strength value obtained via this method is an approximation estimated reached through fitting the curve, which requires a lower degree of instrument accuracy than the volumetric expansion method, and the scattering of data due to individual differences in measuring instruments and rock samples has less influence on this method than other methods.



The long-term strength of the conglomerate is determined based on the transition creep method in the interval of 35–40 mPa. The long-term strength of the specimen was determined to be 39.2 mPa by the volume expansion method. The long-term strength of the sample was determined to be 39.6 mPa by the stress relaxation method. The long-term strength of the specimen was determined to be 38.6 mPa by the steady-state creep rate method based on the stress interval. It can be seen that the results obtained through the steady-state creep rate method based on the stress interval are within the range of the transition creep method and are basically consistent with the results obtained using the volume expansion method and the stress relaxation method, indicating that the steady creep rate method in the stress interval is feasible for the conglomerate in this test.





5. Conclusions


	(1)

	
The creep and stress relaxation tests were conducted on a slightly weathered mud-calcareous conglomerate in the Three Gorges Reservoir Area. The creep test results show that the creep characteristics of the rock samples over time are very obvious and show the typical characteristics of the three stages of rocks changing over time. The relaxation test results show that the stress relaxation effect of the mud-calcareous conglomerate was significant, which was manifested in the two stages of decay relaxation and stable relaxation, and the relaxation rate gradually tended toward 0 after entering the stable relaxation stage. Under the conditions of constant strain levels in the latter three stages, the residual stress level after relaxation basically remained close to the same value;




	(2)

	
Different methods were used to determine the long-term strength values of the conglomerate specimens. Through comparative analysis, the transition creep method requires a more stringent accuracy of the creep test curve, it is suitable for rocks with distinct characteristics in the decaying creep phase and stable creep phase, and it can only estimate the interval of long-term strength; in addition, the process of determining the inflection point using the isokinetic stress–strain curve method contains a certain number of subjective factors. The volumetric expansion method is simple and easy to implement, but its accuracy depends on the accuracy of the specific values of axial and transverse strains measured during the test. The stress relaxation method is able to directly obtain the residual stress value after stabilization, but the test procedure is relatively complicated, the test period is long, and the rock effect is poor. It is suitable for determining the long-term strength of rocks with obvious relaxation characteristics;




	(3)

	
A method is proposed here to rapidly determine the long-term strength of rocks based on the steady-state creep rate in the stress interval. The method first estimates the range of stress levels for the long-term strength of rocks based on the characteristics of stress–strain curves during the deformation and fracture of rocks, and it assumes an exponential nonlinear relationship between the steady-state creep rate and the increase in stress in terms of the long-term strength. As the steady-state creep rate gradually approaches 0, the stress gradually decreases and approaches the long-term strength value.
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Figure 1. Determination process of the transition creep method. 
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Figure 2. Determination process of the isochronous stress–strain curve method. 
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Figure 3. Determination process of the volume expansion method. 
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Figure 4. Stress relaxation method to determine the process. 
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Figure 5. TLW-2000 servo-controlled rock tester and load path. 
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Figure 6. Triaxial creep test curves of the rock specimen. 
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Figure 7. Stress relaxation test curves of the rock specimens. 
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Figure 8. Single-stage creep test curves under different stress levels. 
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Figure 9. Isochronal stress–strain curves of the rock specimen. 
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Figure 10. Complete stress–strain curve and volume expansion point of the rock specimen. 
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Figure 11. Residual stress curve after relaxation and stabilization. 
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Figure 12. The curve of the steady creep rate with stress level. 
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Table 1. Characteristics and applicable conditions of different long-term strength determination methods.
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Name

	
The Physical Meaning of the Long-Term Intensity Value

	
Required Test

	
Features

	
Scope of Application






	
Transition creep method

	
The point where the steady-state creep rate tends to 0

	
Creep characteristic test

	
Only long-term intensity intervals can be estimated, and it is difficult to determine specific values

	
Rocks with prominent characteristics in the decay creep stage and steady-state creep stage




	
Isochronous stress–strain curve method

	
The critical point of stable expansion and unstable expansion

	
The accuracy of the test curve is very demanding, and the determination of the inflection point is influenced by subjective factors

	
Rocks with significant creep characteristics and large long-term deformations




	
Volume expansion method

	
The inflection point where the volumetric strain changes from a negative increase to a positive increase

	
High requirements for instrument accuracy and high cost

	
Rocks with significant changes in volumetric strain




	
Stress relaxation method

	
Stress relaxation under viscous deformation is induced to the point corresponding to a creep rate of 0.

	
Stress relaxation test

	
The test procedure is relatively cumbersome, the test period is long, and the effect on rocks with insignificant stress relaxation characteristics is poor

	
Rocks with remarkable relaxation characteristics
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Table 2. Triaxial creep test scheme.
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	Level
	   (  σ 1  −  σ 3  )   /mPa
	    σ 3    /mPa
	Loading Rate/(mPa/s)





	1
	10
	5
	0.05



	2
	15
	5
	0.05



	3
	20
	5
	0.05



	…
	…
	5
	0.05



	10
	55 (failure)
	5
	0.05
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Table 3. Stress relaxation test scheme.
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	Level
	    ε 1    /% (Corresponding force/mPa)
	    σ 3    /mPa
	Loading Rate/(mPa/s)





	1
	0.517 (25)
	5
	0.05



	2
	0.601 (30)
	5
	0.05



	3
	0.699 (35)
	5
	0.05



	…
	…
	5
	0.05



	10
	1.23 (52.5)
	5
	0.05
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Table 4. Parameters of the steady creep rate method based on stress intervals.
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	    σ ∞    /mPa
	q/10−4
	P/10−2
	K
	R2





	38.6
	1.67
	8.85
	1.33
	0.962
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