

  applsci-10-04095




applsci-10-04095







Appl. Sci. 2020, 10(12), 4095; doi:10.3390/app10124095




Article



An Advanced Shear Strength Criterion for Rock Discontinuities Considering Size and Low Shear Rate



Bowen Zheng 1,2,3,*, Shengwen Qi 1,2,3,*[image: Orcid], Xiaolin Huang 1,2,3, Songfeng Guo 1,2,3, Chonglang Wang 4, Zhifa Zhan 5 and Guangming Luo 1,2,3





1



Key Laboratory of Shale Gas and Geoengineering, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China






2



Innovation Academy for Earth Science, Chinese Academy of Sciences, Beijing 100029, China






3



College of Earth Science, University of Chinese Academy of Sciences, Beijing 100049, China






4



Department of Civil & Mineral Engineering, University of Toronto, Toronto M5S 1A4, Canada






5



China Highway Engineering Consulting Corporation, Beijing 100089, China









*



Correspondence: zhengbowen@mail.iggcas.ac.cn (B.Z.); qishengwen@mail.iggcas.ac.cn (S.Q.); Tel.: +86-010-8299-8660 (B.Z.); +86-010-8299-8055 (S.Q.)







Received: 8 May 2020 / Accepted: 10 June 2020 / Published: 14 June 2020



Abstract

:

The shear strength of the rock discontinuities under different shear rates is of great importance to evaluate the stability of rock mass engineering, which is remarkably influenced by the size effects induced by both the length and the undulated amplitude of discontinuities. An advanced shear strength criterion taking into account the size and the shear rate simultaneously was proposed. There is an advantage of the dimension unity in terms of the new shear strength criterion in comparison to previous related empirical equations. Additionally, it can be degraded into the International Society for Rock Mechanics (ISRM)-suggested Barton shear strength empirical equation on the peak shear strength of the rock discontinuities. Then, based on a new dynamic direct shear testing device on rock joints, the granite discontinuities with various lengths (200 mm to 1000 mm) and undulated amplitudes (3 mm to 23 mm) were designed to conduct direct shear tests under different low shear rates (0 mm/s to 1 mm/s) to verify the involved empirical equations. It was found that the results predicted by the new shear strength criterion agreed well with the experimental results. It was proved that the new shear strength criterion had a better applicability to characterize the shear strength of the rock discontinuities.
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1. Introduction


Discontinuities commonly exist in the natural rock mass, occurring at different scales, such as the fault and the joint [1,2,3,4]. They are weak and discontinuous interfaces along which the failure and mobilization of the rock mass initiate under both gravity and earthquakes. Namely, the mechanical behavior of the rock mass is prominently influenced by the discontinuity [5,6,7,8,9]. In the past few decades, strong earthquakes have taken place all over the world, triggering thousands of co-seismic landslides. According to post disaster investigations, it was found that these co-seismic landslides were mainly controlled by discontinuities in the slope rock mass [10,11,12]. As a matter of fact, the instability of the rock mass under the earthquake mainly resulted from the dynamic response of the rock discontinuity, which interacted with the stress wave and further produced dynamic deformation and failure [13,14,15]. The key to evaluate the stability of the rock mass under an earthquake is to quantitatively describe the dynamic characteristics of the rock discontinuity, among which the dynamic shear strength is the most important property [16,17].



Many researchers experimentally explored the shear characteristics of the rock discontinuities mainly taking into account the roughness and friction angle of the discontinuity, the compression strength of the rock as well as the normal stress [18,19,20,21,22,23,24,25,26,27,28,29]. It was found that the peak shear strength of the rock discontinuities increased with the values of these factors increasing. Due to the irregularity of the geometrical morphology of the rock discontinuities, it was often very difficult to theoretically characterize their roughness [30,31,32,33,34,35,36]. As a result, the shear strength of the rock discontinuities was usually characterized by empirical equations [18,19,20,21,22,24,25,26,27,28,29], among which the Barton shear strength empirical equation is now the ISRM-suggested equation and has been widely used to evaluate the stability of the rock mass under the gravity [37,38].



Furthermore, Barton and Bandis [39,40] found that the peak shear strength of the rock discontinuities had an obvious size effect, i.e., the shear strength decreased with the increase of the discontinuity length along the shear direction (discontinuity length for short in the following). On this basis, they put forward the empirical equations of influence factors for shear strength considering the effect of discontinuity length. Nevertheless, it showed that the size effects of shear strength for the rock discontinuities were induced by not only the discontinuity length but also the discontinuity undulated amplitude of the shear contact surfaces (undulated amplitude for short in the following) [41,42,43,44,45,46]. An important finding was that the shear strength increased with the increase of the undulated amplitude.



However, in the above studies, the shear characteristics of the rock discontinuities were researched without taking into account the shear rate, while many experimental studies showed that it significantly influenced the shear strength of the rock discontinuities [47,48,49,50,51,52,53,54,55,56,57]. They indicated that the shear strength of the rock discontinuities, such as syenite and concrete discontinuities, increased with the shear rate, rising in the range of 0 mm/s to 1 mm/s. Meanwhile, for the rock discontinuities such as sandstone and cement, the shear strength decreased with the shear rate’s increase. Additionally, many researchers established an empirical equation (Table 1) to characterize the shear strength of the rock discontinuities under different shear rates [48,51,53,54,55].



Among the empirical equations in Table 1, Equations (c) and (d) were improved based on the Barton shear strength empirical equation [53,54]. Nevertheless, there still existed some defects for these equations. First of all, the dimension unity could not be fulfilled in Equations (a), (b), (c) and (e) proposed by [48,51,53,55]. Thus, the physical meaning behind these equations was not clear. In addition, the size effects of both the discontinuity length and the undulated amplitude were not taken into account in Equations (a), (b), (c) and (e). Although the dimension unity and the size effect induced by the discontinuity length were considered in Equation (d) proposed by [54], the influence of the discontinuity undulated amplitude was ignored. Hence, these empirical equations have some limitations in the practical applications.



The purpose of this study is to establish a more feasible and reasonable criterion on peak shear strength of the rock discontinuities taking both the size and shear rate effects into account simultaneously. This paper is structured as follows. Section 1 reviews previous studies on the shear strength of the rock discontinuities and analyzes the limitations of these studies. Section 2 introduces the methods to establish the shear strength criterion and to design the verification laboratory tests. Section 3 shows the results in detail. Discussion and conclusions are given in Section 4 and Section 5.




2. Method


2.1. Establishment of the New Shear Strength Equation


As mentioned in Section 1, compared with Equations (a), (b), (c) and (e) [48,51,53,55], Equation (d) proposed in [54] has an advantage of dimension unity, which can be used as the basis for establishing the new shear strength criterion of peak shear strength for the rock discontinuities considering both the size and shear rate effects.



Both the discontinuity roughness coefficient (JRC) and the discontinuity wall compressive strength (JCS) are the fatal parameters in predicting the shear strength of the rock discontinuities [21,37]. Therefore, it is crucial to acquire the values of JRC and JCS accurately. In order to establish the new shear strength criterion taking into account the size and shear rate effects, first of all, it is indispensable to study the effects of the discontinuity length and the undulated amplitude on the values of JRC and JCS.



In previous studies, Barton and Bandis (1982) proposed the empirical equation of JRCn considering the effect of the discontinuity length on the shear strength [40]:


  J R  C n  = J R  C 0     (     L n     L 0     )    − 0.02 J R  C 0    ,  



(1)




where JRCn is the roughness coefficient of the shear contact surfaces for the discontinuity with the length of Ln; JRC0 is the roughness coefficient of the shear contact surfaces for the discontinuity of which length is L0; In general, L0 equates 100 mm.



In Equation (1), the JRC0 is calculated by the mathematical relation between JRC0 and average value of entire secant angles, i.e., β100% for the shear contact surfaces of the irregular undulated discontinuity studied by [35], as shown in Equation (2):


  J R  C 0  = 2.9206  β  100 %   0.7592   − 3.1 .  



(2)







For discontinuity samples with regular sawtooth shapes, the β100% in Equation (2) can be degraded into the undulated angle of the shear contact surfaces for the discontinuity.



As mentioned in Section 1, the JRC value increased with increasing the undulated amplitude under the same discontinuity length condition [43,45,46]. However, the effect of the undulated amplitude was not taken into account in Equation (1), which needs to be improved. Hence, the maximal undulated amplitude was introduced as a correction parameter into Equation (1). The modified equation is assumed as follows:


  J R  C n  = J R  C 0     (     L n  /  h n     L 0  /  h 0     )    − 0.02 J R  C 0    ,  



(3)




where hn is the maximal undulated amplitude of the shear contact surfaces for the discontinuity when it has the length of Ln; h0 is the maximal undulated amplitude of the shear contact surfaces for the discontinuity with the length of L0; In general, L0 is equal to 100 mm.



Besides Equation (1), Barton and Bandis (1982) also put forward the empirical equation of JCSn considering the discontinuity length [40]:


  J C  S n  = J C  S 0     (     L n     L 0     )    − 0.03 J R  C 0    ,  



(4)




where JCSn is the wall compressive strength for the discontinuity as its length is Ln; JCS0 is the wall compressive strength for the discontinuity with the length of L0; In general, L0 equates 100 mm.



Substituting Equations (3) and (4) into Equation (d), we can obtain Equation (5) in which the new criterion of peak shear strength for discontinuities taking into account the size effects induced by the discontinuity length and the undulated amplitude as well as the shear rate effect was hypothesized:


   τ = σ tan  {    log   10    [     (    J C  S n   σ   )    J R  C n    ·    (     V 0   V   )   M   ]  +  φ b   }     J C  S n  = J C  S 0     (     L n     L 0     )    − 0.03 J R  C 0       J R  C n  = J R  C 0     (     L n  /  h n     L 0  /  h 0     )    − 0.02 J R  C 0       J R  C 0  = 2.9206  β  100 %   0.7592   − 3.1 .   



(5)








2.2. Design of the Direct Shear Test


As mentioned in Section 2.1, in order to verify the feasibility of the new shear strength criterion and explore the applicability of the previous empirical equations (Table 1), the granite discontinuity used to establish the first empirical equation in Table 1 was selected as the counterpart and to conduct direct shear tests in this section [47]. A series of indoor direct shear tests on granite discontinuity samples with various sizes and regular sawtooth shapes under different shear rates were designed, and the experiments were conducted by making full use of a new dynamic direct shear testing device on rock joints named as TFD-500/1000-JS in the Key Laboratory of Shale Gas and Geoengineering, Institute of Geology and Geophysics, Chinese Academy of Sciences, as shown in Figure 1 [58,59]. The internal dimension (i.e., length) of the shear box for the test platform ranges from 100 mm to 1000 mm. The maximal shear rate can reach 1000 mm/s. All the index parameters of the new test platform are able to fulfill the requirement of dynamic direct shear tests [37,60,61].



Considering the size effects related to the discontinuity length and the undulated amplitude, the granite was cut and manufactured to artificial discontinuity samples with different dimensions and various regular sawtooth shapes by utilizing the digital control machine, as shown in Figure 2. The sawtooth profile was regarded as the first-order irregularities on the discontinuities of which the surfaces were randomly rough due to the processing uncertainty [19]. There were line-shape asperities spreading along the direction of the sample width, which belonged to the second-order irregularities [19]. The uniaxial compressive strength and the basic friction angle of granite discontinuity samples were obtained respectively via the uniaxial compression test and the tilt test on flat granite discontinuity samples [21,37]. The geometric and strength parameters of granite discontinuity samples such as the sample length, undulated angle and amplitude, uniaxial compressive strength and basic friction angle were listed in Table 2.



Taking the shear rate ranges in the previous empirical equations (Table 1) into account, the indoor direct shear tests on granite discontinuity samples with various sizes (i.e., lengths from 200 mm to 1000 mm and undulated amplitudes from 3 mm to 23 mm, as listed in Table 2) and regular sawtooth shapes under different low shear rates (0 mm/s to 1 mm/s) were conducted. For granite discontinuity samples 1# to 3#, firstly, the normal stress was applied in the load control mode until to the pre-set value with 100 kPa or 200 kPa with the loading rate of 2.5 kPa/s, and then it remained constant. After that, the shear load was applied in the displacement control mode with a constant shear rate of 0.05 mm/s until to the displacement value with 9 mm, which was set in the test platform before the test. After the shear test, the next shear test was conducted on the identical sample under the same loading condition as mentioned above except that the shear rate was 0.1 mm/s. Then, the shear tests were conducted successively with the constant shear rate ranging from 0.2 mm/s to 1 mm/s once again. For the sample 4#, according to the above loading procedures, the normal stress was 200 kPa; the shear rates were 0.1 mm/s, 0.5 mm/s and 1 mm/s; the pre-set displacement value was 18 mm. For the granite discontinuity sample 5#, according to the above loading procedures, the normal stress was 100 kPa; the shear rate was ranging from 0.033 mm/s to 0.25 mm/s; the pre-set displacement value was 30 mm. During the direct shear tests, the shear load values were recorded in a real-time mode by the test platform.




2.3. Verification of the New Strength Equation


To verify the feasibility of the new shear strength criterion, the experimental results were fitted by Equation (5) according to the method proposed by [54]. Let V0 = 1 mm/s, Equation (5) can be transformed into Equation (6):


  arctan  (   τ σ   )  − J R  C n    log   10    (    J C  S n   σ   )  = M   log   10    (   1 V   )  +  φ b  .  



(6)







Note, that the left-hand side in Equation (6) can be regarded as the rate-dependent friction angle which was defined by [54].



We can obtain


   φ v  = M   log   10    (  1 / V  )  +  φ b  ,  



(7)




where φv is the rate-dependent friction angle [54].



In the current study, the values of φv were first calculated by making use of the experimental results according to the left-hand side of Equation (6). Then, we directly used these values to fit Equation (7) by the least square method. In order to achieve the fitting process, the values of JRCn and JCSn for granite discontinuity samples should be calculated initially.



As mentioned in Section 2.1 and Section 2.2, during the calculation processes of JRCn and JCSn, the β100% in Equation (2) was taken as the value of the undulated angle of the granite discontinuity sample. Moreover, it is worth noting that Equation (2) was established on the basis of the Barton standard roughness profiles [35]. Hence, in Equation (5), L0 and h0 were assumed respectively to be 100 mm and the maximal undulated amplitude (6.148 mm) of all the Barton profiles [35]. Furthermore, JCS0 was presumed to be the uniaxial compressive strength of granite [31,37].



According to the geometric and strength parameters for granite discontinuity samples in Table 2, the values of JRCn and JCSn for granite discontinuity samples were calculated respectively via Equations (2) to (4), as listed in Table 3.





3. Results


3.1. Experimental Results


After the shear tests, the peak shear strength of granite discontinuity samples under different shear conditions were illustrated in Table A1 and Figure 3. Figure 4 shows the surfaces of granite discontinuity samples after the tests.



As mentioned in Section 2.2, for the samples 1#, 2#, 3# and 4#, the discontinuity with the larger undulated amplitude has the higher JRCn value under the same discontinuity length condition (Table 3). Figure 3 shows that the peak shear strength of granite discontinuity samples increases with the shear rate’s increase. For the samples 2#, 3# and 4#, there is higher shear strength for the discontinuity with a larger undulated amplitude under the same normal stress condition. The shear rate effect of the sample 1# is more prominent than those of samples 2# and 3# under the condition that the normal stress is relatively larger. For each sample, the shear rate effect gradually fades away when the shear rate is larger than ca. 0.2 mm/s. As shown in Figure 4, it is noted that the upper and lower discontinuity surfaces represent respectively the overlying and underlying granite discontinuity samples 2# and 4#. The red arrow indicates the direction of shear movement of the underlying discontinuity. The blue boxes in Figure 4b,d show the same parts as the red ones in Figure 4a,c. It can be clearly observed that the asperities of granite discontinuity samples 2# and 4# were worn. Because both the sample 2# and 4# were applied to a relatively small normal stress, asperities of granite discontinuity samples were grinded into tiny fragments. Nevertheless, it is difficult to observe an obvious change on the first-order irregularities after shear tests, but prone to recognize scratches on contact surfaces of the first-order irregularities, of which the direction is consistent with the shear direction. According to the above experimental results, we can verify the feasibility of both the new shear strength criterion and previous empirical equations listed in Table 1.




3.2. Comparison Experimental Data with Predicted Results


3.2.1. Rate-Dependent Friction Angle φv


In this section, we verified the feasibility of the new shear strength criterion. As mentioned in Section 2.3, the values of arctan (τ/σ) and JRCn∙log10 (JCSn/σ) for the granite discontinuity samples were calculated based on Equation (6) and Table 3, as listed in Table A2. On the basis of Equations (6) and (7), values of the rate-dependent friction angle φv for granite discontinuity samples were calculated and the average values were listed in Table A3. According to Equation (7), the mathematical fitting between the rate-dependent friction angle φv for granite discontinuity samples and the shear rate V was conducted. The relationship between log10 (1/V) and the rate-dependent friction angle φv was shown in Figure 5.



The linear regression analysis was performed on the test data in Figure 5:


   φ v  = − 6.2538   log   10    (  1 / V  )  + 24.188 ,  



(8)




where the squared value of the correlation coefficient R2 = 0.834.



According to Equation (8) and Figure 5, a strong linear relationship between the rate-dependent friction angle φv and log10 (1/V) is presented, with a high value of R2 (0.834). There is an absolute difference between theoretically predicted results and experimental data, wherein exists a ratio within 11.7% in comparison with the theoretically predicted results. Moreover, the intercept value of the fitting Equation (8) is 24.188°. It is very close to the average value of the basic friction angle (25°) for granite discontinuity samples. Therefore, the relationship between the rate-dependent friction angle φv of granite discontinuity samples and log10 (1/V) can be fitted by Equation (7) in a good manner.



To check the generality of the new equation, we introduced the indoor direct shear test data of cement discontinuities under the different shear rates and constant normal load condition [51]. The geometric and strength parameters, such as the sample morphology, length, maximal undulated amplitude, uniaxial compressive strength and basic friction angle of cement discontinuities with regular sawtooth shapes were listed in Table 4. By utilizing Equations (2) to (4), the values of JRCn and JCSn for cement discontinuity samples were calculated respectively, as listed in Table 4.



Based on Equation (6) and Table 4, the values of arctan (τ/σ) and JRCn∙log10 (JCSn/σ) for cement discontinuity samples were calculated, as listed in Table A4 (after [51]). On the basis of Equations (6) and (7), values of the rate-dependent friction angle φv for cement discontinuity samples were calculated and the average values were listed in Table A5. According to Equation (7), the mathematical fitting between the rate-dependent friction angle φv for cement discontinuity samples and the shear rate V was performed. Figure 6 shows the relationship between log10 (1/V) and rate-dependent friction angle φv.



According to Figure 6, there is a solid linear relationship between the rate-dependent friction angle φv and log10 (1/V):


   φ v  = 1.4288   log   10    (  1 / V  )  + 36.259 ,  



(9)




where the squared value of the correlation coefficient R2 = 0.9976.



The intercept value of Equation (9) is 36.259°, which is very close to the average value of the basic friction angle (36.22°) for cement discontinuity samples [51]. Furthermore, the value of R2 can reach 0.9976. Hence, the relationship between the rate-dependent friction angle φv of cement discontinuities and log10 (1/V) can be fitted by Equation (7) well.



Based on the analysis above, it is proved that the hypothetical new shear strength criterion (Equation (5)) is feasible.




3.2.2. Peak Shear Strength


In this section, we predicted the peak shear strength of granite discontinuity samples by the new criterion and previous empirical equations (Table 1). Then, they were compared with experimental results to explore the applicability of previous empirical equations (Table 1). According to Section 2, the new shear strength criterion can be uniformly written as:


  τ = σ tan  {    log   10    [     (   (    J C  S 0   σ   )     (     L n     L 0     )    − 0.03 J R  C 0     )    J R  C 0     (     L n    16.27  h n     )    − 0.02 J R  C 0      ·    (     V 0   V   )   M   ]  +  φ b   }  ,  



(10)




where L0 is the discontinuity characteristic length, which is taken as 100 mm in the current study; V0 is the characteristic rate, which is taken as 1 mm/s in this study.



Considering the uncertainty coefficients in Equations (d) and (e), Equations (a) to (c) as well as the Barton shear strength empirical equation [21,37,40] were adopted to calculate the theoretically predicted results. On the basis of the Table 2 and Table 3 and Equations (a), (b), (c), (8) and (10), a series of theoretically predicted results of peak shear strength for granite discontinuity samples were calculated, as shown in Figure 7. The error values of theoretically predicted results by the new shear strength criterion were also acquired (Table A6).






4. Discussion


As shown in Figure 7, it can be seen that the theoretically predicted results calculated by the Barton shear strength empirical equation keep invariant with the shear rate increasing. For small samples (1# to 4#), the theoretically predicted shear strength results overestimate the experimental results while they underestimate the test data for the large sample (5#). It has no capability of prediction on the rate-dependent increasing tendency of granite discontinuity samples. It also displays that previous empirical Equations (a) to (c) cannot predict the peak shear strength of granite discontinuity samples accurately. For one thing, the theoretically predicted results calculated via previous empirical equations are obliviously different from the experimental results. For another, the variation trends of the theoretically predicted results are opposite to those of the experimental results. In detail, the theoretically predicted shear strength results calculated by Equation (a) are almost invariable and basically independent on the shear rate; while the theoretically predicted results calculated via Equations (b) and (c) decrease with the shear rate increasing. Nevertheless, the results predicted by the new shear strength criterion agree well with the experimental results in terms of both the value and the variation tendency.



As mentioned above, it indicates that Equations (a) to (c) are not applicable from two aspects, i.e., the value and the variation trend to predict the shear strength of granite discontinuity samples taking into account the shear rate. The reason for this may be attributed to the difference of the material property. It is reported in Section 1 that there exists two types of rock materials. One has the shear rate-strengthening effect for the shear strength of the rock discontinuities such as concrete, the other has the shear rate-weakening effect for the shear strength of the rock discontinuities such as cement [49,52,54]. Equations (b) and (c) were established respectively based on the shear tests of cement and cement mortar discontinuities [51,53]. Thus, the theoretically predicted results from Equations (b) and (c) are not applicable to predict the experimental results of granite discontinuity samples, which increase with the shear rate increasing. Compared with previous equations (Equations (a) to (c)), the new shear strength criterion is applicable to predict the shear strength of both the rock discontinuities with the shear rate-strengthening effect such as granite and discontinuities with the shear rate-weakening effect such as cement under various shear rates, by setting different values of coefficient M.



According to Equation (9), the intercept value is much closer to the basic friction angle than that (36.432°) obtained by [54], which indicates that the new shear strength criterion has a better prediction accuracy than the previous equation, such as Equation (d) proposed by [54]. This equation did not take both the discontinuity length and the undulated amplitude into account simultaneously. According to Figure 7, the error values indicate that the larger the scale of the rock discontinuities, the higher the accuracy of the new shear strength criterion. In practical applications, the length of the rock discontinuity ranges from meters to kilometers. Hence, the new shear strength criterion is applicable and feasible for the evaluation of the stability of the rock mass.



By normalization, the factors of the discontinuity size and the shear rate are incorporated into the total friction angle [21,37], thus the dimension unity of the new shear strength criterion can be fulfilled with definite physical meaning. Therefore, the new shear strength criterion can take into account the normal stress, undulated angle and basic friction angle, discontinuity length, undulated amplitude and the shear rate simultaneously comparing with previous equations (Table 1). Additionally, the new shear strength criterion can be degraded into ISRM-suggested Barton shear strength empirical equation on condition that the shear rate is equal to the characteristic rate and the undulated amplitude equates the maximal undulated amplitude of all the Barton profiles.



The characteristic rate in the new shear strength criterion (i.e., Equation (10)) may vary with different lithology. As well as the characteristic rate, the coefficient M in the new shear strength criterion can be obtained by numerous direct shear tests on the discontinuities with various physical properties and microgeometric morphology. In further study, a large number of dynamic direct shear tests should be conducted on the natural discontinuities and artificial discontinuities of different lithology, and material properties considering more scales, larger normal stresses and shear rates by making full use of the new dynamic direct shear testing device on rock joints.




5. Conclusions


In this paper, we established a new criterion on the peak shear strength of the rock discontinuities taking into account both the size effects induced by the discontinuity length as well as the undulated amplitude and the shear rate effect simultaneously. Then, a series of direct shear tests on granite discontinuities with various sizes (i.e., lengths from 200 mm to 1000 mm and undulated amplitudes from 3 mm to 23 mm) and regular sawtooth shapes under different low shear rates (0 mm/s to 1 mm/s) were conducted on the basis of a new dynamic direct shear testing device on rock joints. It was proved that the new shear strength criterion could accurately predict the experimental results. The absolute value for the ratio of error value to experimental result was mostly within 0.2, while previous empirical equations lose this capability. The new shear strength criterion has the advantage of dimension unity. Additionally, it can be degraded into the Barton shear strength empirical equation on the peak shear strength of the rock discontinuities, which is more general and applicable in the stability evaluation of the rock mass.
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Table A1. Peak shear strength of granite discontinuity samples under different normal stresses and shear rates.






Table A1. Peak shear strength of granite discontinuity samples under different normal stresses and shear rates.





	
Sample Number

	
Normal Stress (kPa)

	
Shear Rate (mm/s)

	
Peak Shear Strength (kPa)






	
Sample 1#

	
100

	
0.05

	
123.85




	
0.1

	
135.4




	
0.15

	
195.7




	
0.2

	
205.55




	
0.3

	
202.25




	
0.4

	
199.5




	
0.5

	
200.6




	
0.6

	
211.6




	
0.7

	
243.9




	
0.8

	
215.4




	
0.9

	
250.5




	
1.0

	
232.4




	
Sample 2#

	
200

	
0.05

	
283.7




	
0.1

	
282.6




	
0.15

	
282.6




	
0.2

	
285.9




	
0.3

	
289.75




	
0.4

	
289.75




	
0.5

	
291.9




	
0.6

	
294.1




	
0.7

	
282.05




	
0.8

	
286.95




	
0.9

	
282.6




	
1.0

	
296.85




	
Sample 3#

	
200

	
0.05

	
229.5




	
0.1

	
236.05




	
0.15

	
249.2




	
0.2

	
249.2




	
0.3

	
253.05




	
0.4

	
252.5




	
0.5

	
254.15




	
0.6

	
256.35




	
0.7

	
259.05




	
0.8

	
270.55




	
0.9

	
266.2




	
1.0

	
266.2




	
Sample 4#

	
200

	
0.1

	
351.35




	
0.5

	
368.35




	
1.0

	
376.05




	
Sample 5#

	
100

	
0.033

	
116.788




	
0.05

	
116.664




	
0.083

	
114.876




	
0.1

	
123.496




	
0.13

	
126.148




	
0.2

	
133.58




	
0.25

	
139.364
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Table A2. Test data of different granite discontinuity samples with the shear rate varying from 0.03 mm/s to 1 mm/s.






Table A2. Test data of different granite discontinuity samples with the shear rate varying from 0.03 mm/s to 1 mm/s.





	
Sample Type

	
Shear Rate

V (mm/s)

	
Peak Shear Strength

τ (MPa)

	
Normal Stress

σ (MPa)

	
Arctan (τ/σ)

(°)

	
JRCn∙log10 (JCSn/σ)

(°)






	
Granite discontinuity (17°)

	
0.05

	
0.124

	
0.1

	
51.082

	
36.994




	
0.05

	
0.284

	
0.2

	
54.817

	
33.404




	
0.05

	
0.230

	
0.2

	
48.929

	
33.404




	
0.1

	
0.135

	
0.1

	
53.552

	
36.994




	
0.1

	
0.283

	
0.2

	
54.712

	
33.404




	
0.1

	
0.236

	
0.2

	
49.726

	
33.404




	
0.15

	
0.196

	
0.1

	
62.934

	
36.994




	
0.15

	
0.283

	
0.2

	
54.712

	
33.404




	
0.15

	
0.249

	
0.2

	
51.251

	
33.404




	
0.2

	
0.206

	
0.1

	
64.057

	
36.994




	
0.2

	
0.286

	
0.2

	
55.025

	
33.404




	
0.2

	
0.249

	
0.2

	
51.251

	
33.404




	
0.3

	
0.202

	
0.1

	
63.690

	
36.994




	
0.3

	
0.290

	
0.2

	
55.385

	
33.404




	
0.3

	
0.253

	
0.2

	
51.679

	
33.404




	
0.4

	
0.200

	
0.1

	
63.378

	
36.994




	
0.4

	
0.290

	
0.2

	
55.385

	
33.404




	
0.4

	
0.253

	
0.2

	
51.618

	
33.404




	
0.5

	
0.201

	
0.1

	
63.504

	
36.994




	
0.5

	
0.292

	
0.2

	
55.582

	
33.404




	
0.5

	
0.254

	
0.2

	
51.799

	
33.404




	
0.6

	
0.212

	
0.1

	
64.705

	
36.994




	
0.6

	
0.294

	
0.2

	
55.783

	
33.404




	
0.6

	
0.256

	
0.2

	
52.039

	
33.404




	
0.7

	
0.244

	
0.1

	
67.706

	
36.994




	
0.7

	
0.282

	
0.2

	
54.660

	
33.404




	
0.7

	
0.259

	
0.2

	
52.330

	
33.404




	
0.8

	
0.215

	
0.1

	
65.097

	
36.994




	
0.8

	
0.287

	
0.2

	
55.124

	
33.404




	
0.8

	
0.271

	
0.2

	
53.527

	
33.404




	
0.9

	
0.251

	
0.1

	
68.238

	
36.994




	
0.9

	
0.283

	
0.2

	
54.712

	
33.404




	
0.9

	
0.266

	
0.2

	
53.082

	
33.404




	
1

	
0.232

	
0.1

	
66.718

	
36.994




	
1

	
0.297

	
0.2

	
56.030

	
33.404




	
1

	
0.266

	
0.2

	
53.082

	
33.404




	
Granite discontinuity (16°)

	
0.1

	
0.351

	
0.2

	
60.350

	
42.677




	
0.5

	
0.368

	
0.2

	
61.500

	
42.677




	
1

	
0.376

	
0.2

	
61.994

	
42.677




	
Granite discontinuity (13°)

	
0.033

	
0.117

	
0.1

	
49.428

	
34.363




	
0.05

	
0.117

	
0.1

	
49.398

	
34.363




	
0.083

	
0.115

	
0.1

	
48.960

	
34.363




	
0.1

	
0.123

	
0.1

	
51.001

	
34.363




	
0.13

	
0.126

	
0.1

	
51.595

	
34.363




	
0.2

	
0.134

	
0.1

	
53.181

	
34.363




	
0.25

	
0.139

	
0.1

	
54.339

	
34.363
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Table A3. Average values of rate-dependent friction angle φv for different granite discontinuity samples with the shear rate varying from 0.03 mm/s to 1 mm/s.
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Sample Type

	
Shear Rate

V (mm/s)

	
Average Value φv (°)






	
Granite discontinuity

	
0.033

	
15.065




	
0.05

	
16.515




	
0.083

	
14.597




	
0.1

	
17.700




	
0.13

	
17.232




	
0.15

	
21.698




	
0.2

	
21.337




	
0.25

	
19.976




	
0.3

	
22.317




	
0.4

	
22.193




	
0.5

	
21.477




	
0.6

	
22.908




	
0.7

	
23.631




	
0.8

	
23.315




	
0.9

	
24.077




	
1

	
22.836
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Table A4. Test data of different cement discontinuity samples with the shear rate varying from 0.02 mm/s to 1 mm/s (after [51]).






Table A4. Test data of different cement discontinuity samples with the shear rate varying from 0.02 mm/s to 1 mm/s (after [51]).





	
Sample Type

	
Shear Rate

V (mm/s)

	
Peak Shear Strength

τ (MPa)

	
Normal Stress

σ (MPa)

	
Arctan (τ/σ)

(°)

	
JRCn∙log10 (JCSn/σ)

(°)






	
Cement discontinuity

	
0.02

	
1.695

	
1

	
14.213

	
17.737




	
0.02

	
2.39

	
1

	
20.762

	
25.911




	
0.02

	
2.71

	
1

	
40.309

	
50.306




	
0.02

	
3.11

	
2

	
14.213

	
13.459




	
0.02

	
4.208

	
2

	
20.762

	
19.661




	
0.02

	
4.58

	
2

	
40.309

	
38.171




	
0.02

	
4.45

	
3

	
14.213

	
10.956




	
0.02

	
6.289

	
3

	
20.762

	
16.005




	
0.02

	
6.69

	
3

	
40.309

	
31.073




	
0.1

	
1.675

	
1

	
14.213

	
17.737




	
0.1

	
2.33

	
1

	
20.762

	
25.911




	
0.1

	
2.63

	
1

	
40.309

	
50.306




	
0.1

	
3.02

	
2

	
14.213

	
13.459




	
0.1

	
4.02

	
2

	
20.762

	
19.661




	
0.1

	
4.31

	
2

	
40.309

	
38.171




	
0.1

	
4.3

	
3

	
14.213

	
10.956




	
0.1

	
5.96

	
3

	
20.762

	
16.005




	
0.1

	
6.27

	
3

	
40.309

	
31.073




	
0.4

	
1.64

	
1

	
14.213

	
17.737




	
0.4

	
2.29

	
1

	
20.762

	
25.911




	
0.4

	
2.57

	
1

	
40.309

	
50.306




	
0.4

	
2.83

	
2

	
14.213

	
13.459




	
0.4

	
3.81

	
2

	
20.762

	
19.661




	
0.4

	
4.14

	
2

	
40.309

	
38.171




	
0.4

	
4.09

	
3

	
14.213

	
10.956




	
0.4

	
5.79

	
3

	
20.762

	
16.005




	
0.4

	
5.99

	
3

	
40.309

	
31.073




	
0.8

	
1.63

	
1

	
14.213

	
17.737




	
0.8

	
2.28

	
1

	
20.762

	
25.911




	
0.8

	
2.55

	
1

	
40.309

	
50.306




	
0.8

	
2.75

	
2

	
14.213

	
13.459




	
0.8

	
3.75

	
2

	
20.762

	
19.661




	
0.8

	
4.03

	
2

	
40.309

	
38.171




	
0.8

	
3.95

	
3

	
14.213

	
10.956




	
0.8

	
5.61

	
3

	
20.762

	
16.005




	
0.8

	
5.89

	
3

	
40.309

	
31.073
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Table A5. Average values of rate-dependent friction angle φv for different cement discontinuity samples with the shear rate varying from 0.02 mm/s to 1 mm/s.
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Sample Type

	
Shear Rate

V (mm/s)

	
Average Value φv (°)






	
Cement discontinuity

	
0.02

	
38.647




	
0.1

	
37.754




	
0.4

	
36.835




	
0.8

	
36.362
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Table A6. Theoretically predicted results of peak shear strength for granite discontinuity samples calculated via the new empirical equation and the corresponding error values.
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Sample

Number

	
Normal

Stress

(kPa)

	
Shear

Rate

(mm/s)

	
Experimental

Result

(kPa)

	
Predicted

Result

(kPa)

	
Error

Value

(kPa)

	
Ratio of Error

Value to Experimental Result (%)






	
Sample 1#

	
100

	
0.05

	
123.85

	
136.91

	
13.06

	
10.55




	
0.1

	
135.4

	
146.81

	
11.41

	
8.43




	
0.15

	
195.7

	
153.05

	
−42.65

	
−21.79




	
0.2

	
205.55

	
157.71

	
−47.84

	
−23.28




	
0.3

	
202.25

	
164.62

	
−37.63

	
−18.61




	
0.4

	
199.5

	
169.79

	
−29.71

	
−14.89




	
0.5

	
200.6

	
173.98

	
−26.62

	
−13.27




	
0.6

	
211.6

	
177.51

	
−34.09

	
−16.11




	
0.7

	
243.9

	
180.58

	
−63.32

	
−25.96




	
0.8

	
215.4

	
183.31

	
−32.09

	
−14.90




	
0.9

	
250.5

	
185.77

	
−64.73

	
−25.84




	
1.0

	
232.4

	
188.01

	
−44.39

	
−19.10




	
Sample 2#

	
200

	
0.05

	
283.7

	
240.62

	
−43.08

	
−15.19




	
0.1

	
282.6

	
257.37

	
−25.23

	
−8.93




	
0.15

	
282.6

	
267.84

	
−14.76

	
−5.22




	
0.2

	
285.9

	
275.60

	
−10.30

	
−3.60




	
0.3

	
289.75

	
287.05

	
−2.70

	
−0.93




	
0.4

	
289.75

	
295.56

	
5.81

	
2.01




	
0.5

	
291.9

	
302.40

	
10.50

	
3.60




	
0.6

	
294.1

	
308.16

	
14.06

	
4.78




	
0.7

	
282.05

	
313.15

	
31.10

	
11.03




	
0.8

	
286.95

	
317.56

	
30.61

	
10.67




	
0.9

	
282.6

	
321.53

	
38.93

	
13.77




	
1.0

	
296.85

	
325.14

	
28.29

	
9.53




	
Sample 3#

	
200

	
0.05

	
229.5

	
240.62

	
11.12

	
4.84




	
0.1

	
236.05

	
257.37

	
21.32

	
9.03




	
0.15

	
249.2

	
267.84

	
18.64

	
7.48




	
0.2

	
249.2

	
275.60

	
26.40

	
10.59




	
0.3

	
253.05

	
287.05

	
34.00

	
13.44




	
0.4

	
252.5

	
295.56

	
43.06

	
17.05




	
0.5

	
254.15

	
302.40

	
48.25

	
18.99




	
0.6

	
256.35

	
308.16

	
51.81

	
20.21




	
0.7

	
259.05

	
313.15

	
54.10

	
20.88




	
0.8

	
270.55

	
317.56

	
47.01

	
17.38




	
0.9

	
266.2

	
321.53

	
55.33

	
20.78




	
1.0

	
266.2

	
325.14

	
58.94

	
22.14




	
Sample 4#

	
200

	
0.1

	
351.35

	
367.17

	
15.82

	
4.50




	
0.5

	
368.35

	
444.89

	
76.54

	
20.78




	
1.0

	
376.05

	
487.08

	
111.03

	
29.52




	
Sample 5#

	
100

	
0.033

	
116.788

	
119.60

	
2.81

	
2.40




	
0.05

	
116.664

	
124.50

	
7.84

	
6.72




	
0.083

	
114.876

	
130.82

	
15.94

	
13.88




	
0.1

	
123.496

	
133.24

	
9.74

	
7.89




	
0.13

	
126.148

	
136.75

	
10.60

	
8.40




	
0.2

	
133.58

	
142.78

	
9.20

	
6.89




	
0.25

	
139.364

	
146.04

	
6.68

	
4.79
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Figure 1. Hardware schematic of the test platform [58,59]. 
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Figure 2. Schematic for granite discontinuity samples (unit: mm) (a) The positive and top views of small samples numbered from 1# to 3#; (b) The positive and top view of the small sample numbered 4#; (c) The positive and side view of the large sample numbered 5#. 
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Figure 3. Peak shear strength of granite discontinuity samples under different normal stresses and shear rates. 
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Figure 4. Morphology comparison for granite discontinuity samples 2# and 4# before and after tested (a) The top view of sample 2# before tested; (b) The top view of sample 2# after tested; (c) The top view of sample 4# before tested; (d) The top view of sample 4# after tested. 
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Figure 5. Relationship between average value of the rate-dependent friction angle φv and log10 (1/V) of granite discontinuity samples. 
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Figure 6. Relationship between average value of the rate-dependent friction angle φv and log10 (1/V) of cement discontinuity samples. 
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Figure 7. Comparison on the peak shear strength between the experimental data and the predicted results for granite discontinuity samples (a) Case of sample 1#; (b) Case of sample 2#; (c) Case of sample 3#; (d) Case of sample 4#; (e) Case of sample 5#. Note that in case of sample 1#, the predicted results calculated via Equation (c) are negative which were not drawn. 
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Table 1. Empirical equations of shear strength considering the shear rate.
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	Sample Type
	Shear Rate (mm/s)
	Empirical Equations
	References





	Granite, Diamond-rock
	0~0.1
	  μ =  μ 0  + A log  (    B  d c   V  + 1  )   …(a)
	[48]



	Cement
	0.02~0.8
	  τ = 0.883 σ tan  (   φ r  + 7.526  α 0  0.37    )   V  − 0.032    …(b)
	[51]



	Cement mortar
	0.01~0.4
	  τ = 0.982 σ tan  [   φ b  + 4.970    (  J R  C 0   )    0.475   lg  (    J C S  σ   )   ]  ·  V  − 0.06    …(c)
	[53]



	Syenite, Sandstone, Cement, Gypsum, Concrete
	0.005~0.8
	  τ = σ tan  {    log   10    [     (    J C S  σ   )    J R C   ·    (     V 0   V   )   M   ]  +  φ b   }   …(d)
	[54]



	Hot metamorphic limestone, Chemically deposited limestone
	0.0017~0.83
	  μ =  μ 0 ’  + a ln  ( V )  − b ln  (   σ n   )   …(e)
	[55]







Symbols in Table 1: μ is the coefficient of sliding friction; μ0 is the constant coefficient of sliding friction; μ0′ is the friction coefficient when the normal stress is 1 MPa and the shear rate is 1 m/s; A, B are constants related to the static friction strength; a, b are material constants; M is related to physical properties and the microgeometric morphology of the discontinuity; dc is the critical displacement, which is positively correlated with the discontinuity roughness; V is the shear rate; V0 is the constant shear rate; τ is the peak shear strength; σ is the normal stress; φb is the basic friction angle of the discontinuity; φr is the residual friction angle; α0 is the undulated angle; JRC is the discontinuity roughness coefficient; JRC0 is the initial roughness coefficient of the discontinuity; JCS is the discontinuity wall compressive strength. Note: In Equation (a), μ0 approximately equates 0.71, dc is equal to 0.005 mm, A equates 0.02, B is equal to 1 [48]. In Equation (d), the units of V0 and V are mm/s, V0 equates 1 mm/s [54].
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Table 2. Geometric and strength parameters of different discontinuity samples.






Table 2. Geometric and strength parameters of different discontinuity samples.





	
Sample Type and Number

	
Sample Length, Height, Width

(mm)

	
Regular Sawtooth Number

	
Sawtooth Angle

(°)

	
Sawtooth Length, Height

(mm)

	
Average Value of Uniaxial Compressive Strength

(MPa)

	
Average Value of Basic Friction Angle

(°)






	
Small sample

1#, 2#, 3#, 4#

	
200, 150, 100

	
10

	
17

	
20, 3.057

	
200

	
25




	
200, 150, 100

	
5

	
16

	
40, 5.735




	
Large sample

5#

	
1000, 300, 250

	
5

	
13

	
200, 23.087
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Table 3. Values of JRCn and JCSn for different granite discontinuity samples.
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Sample Type

	
Undulated Angle (°)

	
Sample Length (mm)

	
JRCn

	
JCSn (MPa)






	
Granite discontinuity

	
17

	
200

	
11.924

	
126.582




	
16

	
200

	
15.179

	
129.589




	
13

	
1000

	
12.362

	
60.234
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Table 4. Geometric and strength parameters of different cement discontinuity samples (after [51]).
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Sample Type

	
Undulated Angle (°)

	
Ln (mm)

	
hn (mm)

	
JCS0 (MPa)

	
φb (°)

	
JRCn

	
JCSn (MPa)






	
Cement discontinuities with regular sawtooth shape

	
15

	
150

	
4.019

	
22.5

	
36.22

	
14.213

	
17.701




	
30

	
4.33

	
20.762




	
45

	
7.5

	
40.309
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