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Abstract

:

The shear mechanical properties of rock joints are crucial in assessing the stability and safety of rock structures, including slopes, rock dams, and tunnels. The yield stress serves as a pivotal point that distinguishes the linear and non-linear mechanical characteristics of rock joints. Due to its significance in risk monitoring and safety evaluation, this paper first provides an overview of the commonly employed methods for identifying the yield stress. Then, a novel displacement reduction method based on the displacement reduction coefficient is proposed and systemically examined. The comparison between the proposed method and existing methods based on shear experimental data suggests that the former is more adept at accurately determining the yield stress without subjective interference. Finally, this innovative method is employed to estimate the effects of external environmental factors on the yield stress of rock joints.
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1. Introduction


Fractured rock masses are often characterized by extensive and intricate rock joints, which exert a significant influence on their mechanical behavior [1,2,3,4,5,6]. Multitudinous geotechnical engineering applications, including, but not limited to, rock foundations, mining operations, bridge piers, and tunnelling projects, have demonstrated that the shear slip along these joints will lead to serious structural instability [7,8,9,10,11]. Numerous extensively- recorded geological calamities, such as landslides, fault-slip rock bursts, and tunnel collapses, are induced by the shear failure of rock joints [12,13,14]. Therefore, extensive and intensive studies on the shear strength characteristics of rock joints perform crucial theoretical and practical significance for ensuring the engineering safety and preventing geological disasters [15,16,17,18,19,20].



Numerous scholars have studied the shear deformation process of rock joints through various approaches and obtained abundant results [21,22,23,24,25,26,27,28,29,30,31]. Currently, there are three main categories of research methods for analyzing the shear mechanical properties of rock joints: physical model experiments (laboratory and field tests), numerical simulations, and theoretical analyses [32,33,34,35,36,37,38,39,40,41,42]. The non-uniform fluctuation of joint surface, uneven contact between two walls, elastic deformation of rough bodies, and progressive deterioration frequently result in the shear mechanical behavior of rock joints exhibiting alternatingly linear and nonlinear characteristics [43,44]. Yield stress, peak strength, and residual strength are the key stress thresholds to classify these characteristics. In terms of peak strength, dozens of models have been introduced successively since Patton incorporated the shear dilatancy effect into the Mohr–Coulomb criterion to establish the bilinear strength model [45,46,47]. The joint roughness coefficient—joint compressive strength (JRC—JCS) model, proposed by Barton and Choubey [48], has gained widespread acceptance among researchers and engineers in the field of rock engineering. Furthermore, it has been explicitly adopted by the International Society for Rock Mechanics (ISRM) Commission [49]. The residual strength, also referred to as the ultimate strength, is an ideal concept that defines the shear stress at an adequate shear displacement. However, shear displacement is finite in laboratory tests, making it difficult to obtain the true residual strength as defined. Therefore, the ISRM commission suggests that once the shear displacement reaches 10% of the joint length, the corresponding shear stress can be regarded as the residual strength. Nevertheless, concerning the yield stress, despite its widely accepted definition, its estimation method is still in its infancy stage since existing prediction methods cannot precisely identify the yield stress. In fact, the safe and optimal design of rock structures (such as slopes and drifts) relies not only on peak strength but also on yield stress [50]. As stress reaches the yield level, interior damage gradually accumulates and considerable plastic deformation occurs along rock joints, resulting in notable non-linear mechanical characteristics, such as the nonlinear shear constitutive curve and smaller-asperity breaking on joint surfaces [51]. A comprehensive examination of the shear stress-shear displacement behavior of rock joints in the past half-century has revealed that relying solely on peak strength is inadequate for assessing the strength properties of such joints [52,53,54,55,56,57]. Instead, greater emphasis should be placed on determining the yield stress, as this can serve as an effective early warning indicator for potential engineering hazards. Therefore, it is imperative to develop a reliable prediction method for estimating yield stress [58].



Notwithstanding the extant research endeavors, the yield stress has not been comprehensively studied. If a correlation between stress levels and yield stress can be identified in either laboratory or field settings, it would enable precise assessment and evaluation of joint stability and damage degree of rock masses. This study aims to propose a novel method to accurately identify the shear yield stress. The paper is structured as follows: Section 2 provides an overview of existing methods for determining yield stress, and critically evaluates their strengths and limitations. In Section 3, a novel method is proposed in a simple and objective manner by introducing a displacement reduction coefficient to process shear stress-shear displacement data, eliminating the dependence on elastic parameters. To validate the efficacy of the proposed method, the results of the new method are compared with those of existing methods. Section 4 investigates the effect of external environmental factors on the determined yield stress. Finally, Section 5 summarizes the findings and outlines future research directions.




2. Literature Review


In direct shear tests, a certain normal stress is applied to the specimen prior to the application of shear stress parallel to the joint plane. Figure 1 illustrates a typical shear stress-shear displacement curve, which comprises two distinct stages: pre-peak and post-peak (stage III). The pre-peak stage can be further divided into two sub-stages: sub-stage I, characterized by linear elasticity, and sub-stage II, marked by yield, with the demarcation point at the yield point [59]. During the stage of linear elasticity, the shear stress exhibits a linear increase in proportion to the shear displacement, and the shear stiffness can be determined by calculating the slope of this line. The asperities between the joint surface perform prominent elasticity during this stage. Subsequently, the shear constitutive curve enters the yield stage, wherein the plastic shear displacement starts to occur, the asperities gradually wear and break, the shear stiffness is noticeably reduced, and the hanging side and heading side slip along the joint. Upon reaching the maximum peak shear stress, the contact plane experiences significant collapse, which in turn results in greater slipping along the joint. The roughness and undulation of the rock joints give rise to normal displacement, ultimately leading to the occurrence of dilation. Once the shear stress surpasses the bearing capacity of the asperities, the cumulative damage will cause a marked drop in shear stress, as displayed in Figure 1. Herein, the present study is centered on the identification of the yield point, which performs a crucial role in determining the shear mechanical behavior variation of rock joints. Over the past few decades, numerous investigations have been conducted to ascertain the yield point of the shear constitutive curve, which can be categorized as follows:



	(1)

	
Empirical methods







According to extensive direct shear experimental results conducted on rock joints by Goodman [60], it is typically observed that the yield point occurs within the range of 70% to 90% of the peak shear stress. Using this method, Xiao et al. [61] took a yield point equivalent to 70% of the peak shear stress to analytically derive a shear constitutive model. Similarly, Sun et al. [62] reported that the ratio between yield shear stress and peak shear stress is approximately 0.85. From the perspective of shear displacement, one-third of the peak shear displacement is regarded as the yield displacement by many researchers [52,53,63,64]. Although empirical methods may be convenient for engineering projects, they are highly subjective and do not account for important factors, such as lithology and pre-existing defects.



	(2)

	
Shear stiffness method







The pre-peak stage of shear stress–shear displacement curves of rock joints are usually fitted using a hyperbolic function [65]. The following equation was adopted by Kulhawy [66] to replicate the pre-peak curve:


  τ =    u i    m + n  u i     



(1)




where ui is the shear displacement at a certain shear stress, m represents the reciprocal of the initial shear stiffness (Kst), and n is the reciprocal of the horizontal asymptote to the hyperbolic curve. By using Equation (1) to fit the experimental data, it is possible to readily derive the initial shear stiffness. Subsequently, a line originating from the origin O, with a slope of Kst, intersects with the shear stress-shear displacement curve at point F, which represents the yield point [67], as shown in Figure 2. This method is on the basis of shear test results. However, it is worth noting that determining the initial shear stiffness may be imprecise in situations where the shear stress–shear displacement curve does not exhibit a hyperbolic shape.



	(3)

	
Inflection point method







The linear fitting method was used by Xie et al. [68] to fit the experimental data in the pre-peak stage, and the resultant slope is the initial shear stiffness (Kst), as shown in Figure 3a. The shear stress difference (△τ) can then be obtained, and its relation versus shear displacement is illustrated in Figure 3b. The inflection point clearly corresponds to the yield point. Nonetheless, accurately pinpointing the inflection point remains a challenging task, as it is susceptible to subjective errors.




3. A New Displacement Reduction Method


Up to now, neither the ISRM nor the American Society for Testing and Materials have put forth any prescribed methods for accurately discerning the yield point [69]. Given the limitations of experience and subjective judgment, more academic approaches that enable a rapid and precise identification of the shear yield point are imperative to be established. To enhance the precision of determination and streamline the mathematical representation, a new method (i.e., displacement reduction method) is proposed herein to identify the yield stress of the shear constitutive curve. Additionally, the superiority of this method is validated by comparing it with existing methods.



3.1. Modeling Process


The displacement reduction method is used to determine the yield point by comparing the normalized shear displacement response (ui/up). The specific steps are as follows:



(1) A direct shear test is first carried out on rock joints to obtain the shear stress−shear displacement curve. Then, a new variable w is defined, which represents the displacement reduction coefficient:


wi = 1 − ui/up



(2)




where ui is the displacement data in the pre-peak stage of the shear stress–shear displacement curve, and up is the peak shear displacement. It is evident that w is a scalar quantity.



(2) The relationship between shear stress τ and displacement reduction coefficient w can be acquired, as shown in Figure 4. By applying Equation (2), points A (0, τp) and B (1, 0) can be identified, which correspond to the origin (0,0) and the peak point (up, τp) on the shear–stress displacement curve, respectively. It is obvious that points A (0, τp) and B (1, 0) always lie on the shear stress-w curve. Connecting these two points results in a reference line denoted as AB in Figure 4.



(3) Consequently, the difference Δw between the experimental shear–stress displacement curve and the reference line AB can be calculated, as plotted in Figure 5. During the linearly elastic stage (stage I), Δw increases proportionally with the increase in shear stress τ. In contrast, during the yield stage (stage II), the shear displacement exhibits non-linear characteristics. Hence, the yield point is the cut-off point between the linearly elastic stage (stage I) and the yield stage (stage II), where Δw reaches the maximum value. Consequently, this method enables easy identification of the yield point while ensuring accuracy and objectivity and eliminating human interference. This method provides a scientific and efficient means of determining the shear yield stress of rock joints.




3.2. Verification and Applications


The experimental data were collected through direct shear tests conducted on cement mortar specimens containing a saw-tooth triangular joint, as displayed in Figure 6. The specimens were composed of a mixture of water, high-strength cement, and fine quartz sand with a mass ratio of 1:2:4 [70]. The dimensional size and the undulating angle of the specimen were 100 × 100 × 100 mm3 and 45°, respectively. The uniaxial compressive strength, indirect tensile strength, Young’s modulus, Poisson′s ratio, cohesion, and internal friction angle of the cement mortar material are 18.97 MPa, 1.637 MPa, 2.202 GPa, 0.2, 1.84 MPa, and 58.47°, respectively. During the test, prior to the application of shear stress, the specimen was subjected to a normal stress of 0.4 MPa. The test was completed once the shear displacement reached or exceeded 10 mm.



A typical shear stress–shear displacement curve is plotted in Figure 7. It can be observed that the shear stress first rose in a linear way with the increase in shear displacement, and a minor yield stage was present before reaching the peak stress. Subsequently, the shear stress dropped rapidly after its apex and generally leveled off. According to the definitions in Section 2, the peak shear stress τp and the peak shear displacement up were 2.93 MPa and 1.39 mm, respectively. Then, wi can be obtained based on Equation (2), and its relation versus shear stress τ, and the reference line are shown in Figure 8. The w variation between the experimental curve and the reference line exhibited a significant alteration with the increase in w, which is further illustrated in Figure 9. The yield shear stress corresponds to the maximum value of Δw, as shown in Figure 9, where it is determined as 2.42 MPa, accounting for 82.6% of the maximum shear stress.



Based on the above analysis, the proposed method can better identify the yield shear stress and thus provides a viable approach to characterize the demarcation point between linear elasticity and pre-peak nonelasticity.




3.3. Comparative Analysis


	(1)

	
Empirical methods







From the description in Section 2, the ratio of yield stress to peak stress is regarded as 70%–90% [60], 70% [61], and 85% [62], respectively. As the shear displacement occupies one-third of the peak shear displacement, the corresponding stress only accounts for 38.2% of the peak stress. Obviously, the result of the empirical displacement method is far from the true yield point, indicating that this method could produce fairly large errors. The result obtained using our method is close to the approximation ratio (85%) [62].



	(2)

	
Shear stiffness method







Figure 10 illustrates the pre-peak stage of the shear stress–shear displacement curve fitted using Equation (1). As described in Section 2, the yield stress can be acquired by the intersection point in Figure 11. However, it can be seen that the two curves only intersect at the original point, indicating that this method cannot identify the yield point of the shear stress–shear displacement curve.



	(3)

	
Inflection point method







Figure 12 displays the linear fitting curve of the partial pre-peak stage of the shear–stress displacement curve. As described in Section 2, the yield stress can be determined by the inflection point of the Δτ−u curve in Figure 12b. The yield stress is identified as 2.29 MPa, 78.16% of the peak stress.



Based on experimental data from previous publications, Table 1 lists the ratio between the yield stress identified by various methods and the peak stress. It can be noticed that with the implementation of the new method, several ratios of yield stress to peak stress are less than 70%, implying that the empirical stress method may occasionally overestimate the yield stress. With regard to the empirical displacement method, in most cases, the result contradicts the in situ condition. For the shear stiffness method, it is inadequate for predicting the yield stress because the majority of pre-peak stages of experimental shear stress–shear displacement curves do not comply with the hyperbolic distribution. The results determined by the inflection point method exhibit the smallest error (~10%) in comparison to those by the newly proposed method, but it poses a challenge to ascertain the inflection point in an objective manner devoid of any human subjectivity.





4. Discussion


The shear characteristics of rock joints are highly susceptible to external environmental factors, such as the temperature, normal stress, shear velocity, joint roughness coefficient (JRC), etc., which could significantly amplify the non-linear mechanical properties of rocks and thereby lead to the change of the shear yield point. Hence, this section aims to examine the effects of various external environmental factors.



4.1. Effect of the Temperature


The cubic Beishan granite specimens, collected from Gansu Province, China, were axially split to generate an artificial discontinuity. Then, they underwent thermally treatment at temperatures of 100 °C, 200 °C, 300 °C, and 400 °C, respectively [77]. Table 2 and Figure 13 show the detailed stress values and their variation tendency with temperatures, respectively. The yield stress and peak stress overall decrease as the temperature increases from room temperature to 400 ℃, but the proportion of yield stress in peak stress approximately remains relatively constant, as displayed in Figure 13. This manifests that the effect of high temperature (≤400 ℃) on the ratio of yield stress to peak stress of Beishan granite is insignificant. It can also be inferred that very limited micro defects exist in the Beishan granite, thus, this type of rock materials is dense. When subjected to external loads, it is more likely to exhibit elastic−brittle characteristics, which is the reason why τy/τp is larger than 90%.




4.2. Effect of the Normal Stress


Zhou et al. [78] adopted marble to investigate the effects of undulation and normal stress on shear characteristics. Here, we selected the experimental data at a given dentate height of 3 mm to examine the effect of normal stress on shear mechanical properties, as shown in Table 3 and Figure 14. Both the yield stress and peak stress exhibit an overall increasing variation tendency as the normal stress increases from 10 MPa to 60 MPa, but the proportion of yield stress in peak stress remains relatively constant, with the exception of the condition under a normal stress of 50 MPa, as illustrated in Figure 14. Similarly, the effect of normal stress on the yield point is limited.




4.3. Effect of the Shear Velocity


Marble was chosen by Wang et al. [79] to study the shear behavior subjected to high-velocity impacts. Table 4 and Figure 15 show that both the yield stress and peak stress exhibit an increasing trend with the increasing shear velocity, but the yield point first increases, then decreases within the same shear velocity range. More laboratory tests under high-velocity impacts need to be carried out to systemically examine the relationship between yield stress and shear velocity.




4.4. Effect of the JRC


Cement mortar was adopted to study the effect of JRC on the shear characteristics of hard−soft interfacial discontinuities [80]. Figure 16 indicates that the yield stress, peak stress, and the ratio of yield stress to peak stress all increase with the increasing JRC, and the corresponding values are listed in Table 5. As the joint surface becomes rougher, the upper and lower parts are more likely to be incorporated together, leading to the enhancement of shear mechanical properties. Hence, the yield point is also increased to resist the external shear stress as the JRC increases.




4.5. Effect of the Shear Direction


In rock engineering, rock joints are subjected to shear stress along different directions, which can eventually give rise to the anisotropic instability of rock masses. Bao et al. [81] used 3D laser scanning technology to obtain digital information of joint morphology of a tunnel engineering (Figure 17), and a number of rock joints were made by 3D printing. On this basis, the anisotropic shear behavior of rock joints is studied by direct shear tests under a constant normal load. Hence, the resultant data were selected herein to analyze the shear stress variation, as listed in Table 6. The relation between the feature points of shear stress and the shear direction is displayed in Figure 18. It can be observed that both the yield stress and peak stress maximize at the shear direction of 90°, while the percentage of yield stress in peak stress reaches the minimum value at the same direction, indicating that the increasing rate of the yield stress is lower than that of peak stress. When the shear direction exceeds the critical value (90°), the yield stress and peak stress increase first, then decrease, but the percentage of yield stress in peak stress performs an inverse tendency.





5. Conclusions


Based on the displacement reduction coefficient, a new method is proposed in this paper to accurately identify the yield point of stress–shear displacement curves. In this method, a reference line connected by points A (0, τp) and B (1, 0) is introduced. The yield stress can then be determined as the displacement reduction coefficient difference between the experimental shear–stress displacement curve and the reference line maximizes. The effectiveness and precision are validated by many experimental data from published papers. Compared with previous methods, this method can enhance objectivity and effectively reduce human interference. Furthermore, the effects of external environmental factors except JRC on the yield stress are limited, which demonstrates that the yield stress of rock materials is dependent on in situ lithology to a large extent, and can be significantly affected by the joint surface roughness.
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Figure 1. Schematic diagram of the shear stress–shear displacement curve (uy and up are yield displacement and peak shear displacement, respectively; τy and τp are yield stress and peak shear stress, respectively). 
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Figure 2. Schematic diagram of the shear stiffness method. 
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Figure 3. Schematic diagram of the inflection point method, (a) τ-u curve (b) Δτ-u curve. 
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Figure 4. Schematic diagrams of theoretical and experimental shear stress-w curves. 
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Figure 5. Δw-τ curve under direct shear tests. 
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Figure 6. Schematic diagrams of saw-tooth triangular joint cement mortar specimens (Modified after Xie et al. [70]). 
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Figure 7. Shear stress–shear displacement curve from the direct shear test [70]. 
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Figure 8. τ-wi based on the experimental data and the reference line. 
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Figure 9. Determination of the yield point. 
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Figure 10. Pre-peak τ-u curve. 
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Figure 11. Determination by the shear stiffness method. 
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Figure 12. Determination by the inflection point method, (a) τ-u curve (b) Δτ-u curve. 
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Figure 13. Yield stresses after thermal treatment (Note: τp data are from Zhao et al. [77]). 






Figure 13. Yield stresses after thermal treatment (Note: τp data are from Zhao et al. [77]).



[image: Minerals 13 00500 g013]







[image: Minerals 13 00500 g014 550] 





Figure 14. Yield stresses under different normal stresses (Note: τp data are from Zhou et al. [78]). 
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Figure 15. Yield stresses under high velocity impact (Note: τp data are from Wang et al. [79]). 
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Figure 16. Yield stresses under the high velocity impact (Note: τp data are from Fan et al. [80]). 
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Figure 17. Schematic diagram of the selected rock joints [81]. 
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Figure 18. Yield stresses under different shear directions (Note: τp data are from Bao et al. [81]). 
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Table 1. Yield point identified by various methods.






Table 1. Yield point identified by various methods.





	
References

	
τy/τp/%




	
New Proposed Method

	
Empirical Methods

	
Shear Stiffness Method [65]

	
Inflection Point Method [68]




	
Goodman [60]

	
Xiao et al. [61]

	
Sun et al. [62]

	
Oh, Cording and Moon [53]






	
Bandis et al. [67]

	
83.70

	
70–90

	
70

	
85

	
76.83

	
2.48

	
90.96




	
Papaliangas et al. [71]

	
77.98

	
70–90

	
70

	
85

	
58.72

	
6.80

	
70.12




	
Grasselli [72]

	
92.80

	
70–90

	
70

	
85

	
39.11

	
9.88

	
97.20




	
Nasir and Fall [73]

	
62.69

	
70–90

	
70

	
85

	
17.27

	
−

	
57.57




	
68.42

	
70–90

	
70

	
85

	
72.93

	
−

	
61.50




	
Bahaaddini [74]

	
90.67

	
70–90

	
70

	
85

	
68.00

	
−

	
82.67




	
80.00

	
70–90

	
70

	
85

	
63.43

	
−

	
69.14




	
Ge et al. [75]

	
82.23

	
70–90

	
70

	
85

	
49.31

	
−

	
68.21




	
77.11

	
70–90

	
70

	
85

	
49.37

	
−

	
82.10




	
53.84

	
70–90

	
70

	
85

	
40.82

	
−

	
45.19




	
71.95

	
70–90

	
70

	
85

	
43.88

	
−

	
54.82




	
Ong and Choo [76]

	
78.77

	
70–90

	
70

	
85

	
74.82

	
−

	
65.63




	
74.71

	
70–90

	
70

	
85

	
71.73

	
−

	
66.73




	
Xie et al. [70]

	
82.6

	
70–90

	
70

	
85

	
38.2

	
−

	
78.16
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Table 2. Yield stress under various temperatures.
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	Temperature/°C
	τy/MPa
	τp/MPa
	τy/τp/%





	20
	10.49
	10.69
	98.13



	100
	9.00
	9.50
	94.74



	200
	9.00
	9.61
	93.65



	300
	8.94
	9.03
	99.00



	400
	7.78
	8.36
	93.06
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Table 3. Yield stress under various normal stresses.
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	Normal Stress/MPa
	τy/MPa
	τp/MPa
	τy/τp/%





	10
	14.96
	15.40
	97.20



	20
	24.90
	25.19
	98.86



	30
	35.02
	35.89
	97.60



	40
	40.64
	42.37
	95.92



	50
	34.69
	48.34
	71.76



	60
	51.43
	55.14
	93.26
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Table 4. Yield stress under high velocity impact.
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	Shear Velocity/m/s
	τy/MPa
	τp/MPa
	τy/τp/%





	4.15
	5.80
	7.50
	77.40



	5.29
	6.39
	9.34
	68.34



	7.07
	10.79
	13.30
	81.13
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Table 5. Yield stress under various JRC.
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	JRC
	τy/MPa
	τp/MPa
	τy/τp/%





	0.4
	0.27
	0.51
	52.93



	5.8
	0.51
	0.68
	75.36



	12.8
	0.92
	1.11
	82.15



	16.7
	1.02
	1.22
	83.77
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Table 6. Yield stress under different shear directions.






Table 6. Yield stress under different shear directions.





	Shear Direction/°
	τy/MPa
	τp/MPa
	τy/τp/%





	0
	0.36
	0.45
	81.81



	45
	0.39
	0.49
	80.39



	90
	0.40
	0.61
	65.50



	135
	0.36
	0.47
	76.14



	180
	0.42
	0.56
	74.78
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