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The dynamic response of rock mass is largely restricted by its joint surface. Previous studies have shown that the degradation of joint surface can not be ignored when calculating the shear strength of structural plane under cyclic load. Although several studies have attempted to calculate the cyclic shear strength of a rock mass joint surface, an established and reliable method for calculating the cyclic shear strength of rock mass discontinuities is still lacking, thus necessitating further research. In this study, the deterioration effect of the shear strength of the joint surface under cyclic shearing was first analysed using cyclic shearing tests. The influence of vibration degradation in rock mass on the structural surface, undulant angle equation of the joint surface, and calculation method for the basic friction angle under a cyclic shearing load are proposed. Furthermore, the calculation method for the shear strength of the structural surface under the action of cyclic shearing is established. The proposed method is further validated through case analysis. The influence of the cutting and filling (produced during the shearing process) on the shear strength of the joint surface cannot be disregarded. The improved model proposed in this study is in good agreement with the experimental results; however, when the improved proposed method is used to estimate the cyclic shear strength of the joint surface where the normal stress is too large, calculation results may contain certain errors.
Keywords: degradation effect, undulant angle, basic friction angle, shear strength, joint surface
1 INTRODUCTION
The rock mass joint surface is a two-dimensional geological interface with a particular direction, large extension, and small thickness of various structural relics (including faults, joints, bedding, and fractured zones) produced in the rock mass under the action of tectonic stress. The dynamic response of a rock mass is largely restricted by its joint surface (Wang and Zhang, 1982; Fox et al., 1998; Siad 2003; Liu 2017; Hu et al., 2020; Cui et al., 2021; Fw et al., 2021; Zhang et al., 2021). Therefore, the study of the dynamic characteristics of the joint surface, especially the dynamic shear characteristics, is an important prerequisite for the analysis of the dynamic response of a rock mass. Generally, seismic load is both dynamic and cyclic, and when a rock slope is under dynamic cyclic shearing action, the strength of its joint surface is reduced (Jafari et al., 2003; Barla et al., 2010; Woo et al., 2010; Atapour and Moosavi, 2014; Barton 2020; Zhou et al., 2021; Han et al., 2022), thereby easing the dislocation and slip of the slope along the joint surface (particularly the bedding rock slope), and resulting in geological disasters (Bhasin et al., 2004; Huang and Li, 2009; Moriya et al., 2010; Cui et al., 2013; Chen et al., 2020; Li et al., 2021a, 2021b, Li 2022a; Li 2022b). Therefore, the strength degradation and deformation mechanism of the rock mass joint surface under dynamic cyclic shear load is an essential scientific issue that needs to be addressed for the prevention and control of engineering earthquakes.
Experimental research on the mechanical behaviour of a rock mass forms the basis for the development of its constitutive model. Several studies have used physical tests to investigate the mechanical properties of structural surfaces under cyclic shear loads. For example, Jafari et al. (2003) used cement mortar to produce regular zigzag and natural joint surfaces in batches. Moreover, they analysed the shear characteristics of rock mass structural surfaces that exhibited changes in normal load, cyclic shear number, and shear rate. Fathi et al. (2016) fabricated natural unweathered granite structural surfaces with varying degrees of undulation using cement mortar and carried out cyclic shear tests. They found that the roughness and shear parameters of the joint surface decreased following an increase in the number of shear cycles. Xia et al. (2012) conducted cyclic shear tests on joint surfaces under different normal stresses and found that as the normal stress increased, the peak shear strength of the same route in the same cycle increased. In addition, the shear strength of the rock joint surface decreased as the cyclic shearing times increased. Premadasa et al. (2012) conducted cyclic shear tests on rock mass joint surfaces and showed that joint surfaces gradually transitioned from slip failure to shear failure following an increase in normal stress. Furthermore, they observed that the shear strength of the rock mass joint surface decreased as the number of cyclic shearing cycles increased and the shear failure of the joint surface mainly occurred in the initial shearing stage. Mirzaghorbanali et al. (2014) conducted cyclic shear tests with different normal stresses and shear rates on artificially fabricated joint surfaces and discussed the failure characteristics of joint surfaces in detail. Qu (2018) used cement mortar to replicate shear joint surfaces and split joint surfaces in batches, and studied the evolution characteristics of shear stress and normal displacement of different joint surfaces through cyclic shear tests. The cyclic shear testing of the various rock mass joint surfaces showed that their degradation under cyclic loads is complex, and that the performance degradation is mainly reflected as follows: 1) under the cyclic shear of the seismic load, the undulant angle decreases, and 2) under a dynamic load, the friction coefficient of the structural surface is reduced.
The accurate evaluation of the shear strength of rough rock joints has been a constant pursuit among rock mechanics research workers (Xie et al., 2022). Researchers have proposed various shear constitutive models for cyclic and dynamic load conditions based on test results and the elastoplastic theory. Plesha (1987) proposed that the joint surface undulant angle gradually degenerates under cyclic shear loading. Huang et al. (1993) performed cycle tests on sawtooth samples and verified the degradation law proposed by Plesha (1987). Qiu et al. (1993) regarded structural surface wear as plastic deformation and proposed a function of tangential plastic work as an index for expressing wear. Furthermore, they established an elastoplastic constitutive model considering the dilatancy angle and wear parameters. Divoux et al. (1997) proposed a cyclic shear mechanics constitutive model for joint surfaces based on the results of numerous cyclic shear tests. Homand et al. (2001) studied the dilatation and wear characteristics of the joint surface during the cyclic shearing process of an artificial granite joint surface using cyclic shear tests. The empirical formula for the cyclic shear strength of the rock mass joint surface was proposed by fitting. Lee et al. (2001) performed in-depth analysis of the evolution characteristics of shear stress and normal displacement through the cyclic shear test of the rough joint surface of the rock mass, and proposed a cyclic shear elastic-plastic constitutive model. Liu et al. (2013) comprehensively analysed the deformation failure characteristics and peak shear strength degradation effect of joint surfaces during the cyclic shearing process through experiments, and proposed a formula for calculating the cyclic shear strength of joint surfaces based on the test data. Mroz and Giambanco. (2015) described microscopic effects such as debonding, slippage, and dilatancy of the micro convex body through the interaction of spherical structural surfaces and proposed a constitutive model that can effectively simulate the softening phenomenon after the first cycle. While these studies have contributed significantly to the calculation of the cyclic shear strength of rock mass discontinuities, the methods used have neither been verified nor established as reliable, and should be studied further.
In this study, the deterioration of the shear strength of a joint surface under cyclic shearing was analysed using cyclic shearing tests. The influence of vibration degradation in rock mass on the structural surface, undulant angle equation of the joint surface, and calculation method for the basic friction angle under a cyclic shearing load are proposed. A calculation method for the shear strength of the joint surface under the action of cyclic shearing is established. The results of this study are expected to provide a theoretical basis for the stability analysis of rock slopes under seismic loads.
2 CYCLIC SHEAR TESTING OF THE JOINT SURFACE
2.1 Experimental method
Numerous studies have shown that the artificial sawtooth structure in the cyclic shear test can reflect the deformation and failure characteristics of the structure during the shearing process to a certain extent. However, this structure cannot accurately reflect the change in the joint roughness coefficient (JRC) of the joint surface. In this study, cyclic shear tests of sandstone split joint surfaces (Figures 1, 2) carried out by Qu (2018) were used to illustrate the deterioration in the shear strength of the joint surfaces during cyclic shearing. The split joint surfaces of the sandstone were replicated using plain concrete with a cement:sand:water mass ratio of 3:2:1. Table 1 lists the basic mechanical parameters of plain concrete and sandstone, showing that the selected materials have mechanical properties that are similar to those of sandstone (Qu 2018; Dong et al., 2020).
[image: Figure 1]FIGURE 1 | Upper and lower parts of the splitting structural plane (Qu 2018).
[image: Figure 2]FIGURE 2 | Anastomotic splitting structural plane (Qu 2018).
TABLE 1 | Mechanical parameters of sandstone and similar materials (Qu, 2018).
[image: Table 1]Based on the direct shear test of 136 joint surfaces, Barton and Choubey (1977) found that when the shear strength decreased to its residual strength, the shear displacement was approximately 10% of the length of the structural surface. Furthermore, considering the maximum shear displacement limit of the test device, the target shear displacement was set to 10% of the length of the joint surface. The total length of the joint surface sample was 100 mm; therefore, the shear target displacement was ±10 mm. Cyclic shear tests on split joint surfaces with normal stresses of 3, 6, and 9 MPa were performed using a coal rock shear-flow coupling test device that was independently developed at Chongqing University (Xu et al., 2015). During the test, the upper shear box was fixed and the route division was based on the shear displacement of the lower shear box. Subsequently, the lower shear box was fixed and the route division was based on the shear displacement of the upper shear box. A complete cyclic shear process consists of four routes, which is shown in Figure 3.
[image: Figure 3]FIGURE 3 | Route divisions of a single shear cycle (Qu 2018; Dong et al., 2020).
2.2 Deterioration in shear strength
2.2.1 Analyses of shear stress-displacement curves
As shown in Figure 4, in route 1 of cycle 1, the shear stress-displacement curve of the joint surface is mainly a peak curve, which indicates that the joint surface primarily undergoes shear failure. In the subsequent shear process, the shear stress-displacement curve of the joint surface is a slip curve, and the shear stress remains unchanged. This is because the slip and wear damage between the contact surface, cutting filling, and cuttings is the major cause of the subsequent shearing process. The deterioration in the shear strength of the joint surface under cyclic shear was mostly reflected in the first cyclic shear. Furthermore, as the normal stress increased, the slope of the elastic deformation stage increased before the shear stress reached its peak value (when the shear modulus increased). After the peak value, the rate of decrease in shear stress also increased, thus indicating that the shear failure characteristics of the joint surface become increasingly evident as the normal stress increases.
[image: Figure 4]FIGURE 4 | Shear stress-displacement curve of the structural plane under different normal stresses (Qu 2018; Dong et al., 2020).
2.2.2 Analyses of normal displacement-shear displacement curves
The normal displacement-shear displacement curves are shown in Figure 5, where the normal stress increases, maximum normal dilatancy displacement decreases, and shear shrinkage displacement increases. This is because as normal stress increases, the initial shear failure (especially in route 1) in the shear process of the joint surface becomes increasingly evident, and the degree of wear gradually intensifies in the subsequent shearing process, resulting in smaller particles, reduced volume, and lower filling height of the rock debris. In addition, following an increase in shear time, the lower the normal stress, the higher the overlap of the normal-shear displacement curves. This is because as the number of cyclic shear cycles increases, the degree of wear of the joint surface in each shearing process decreases. After multiple cyclic shears, the joint surface wear is gradually stabilised. Therefore, the lower the normal stress, the sooner the joint surface wear stabilises.
[image: Figure 5]FIGURE 5 | Normal displacement-shear displacement curve of the structural plane under different normal stresses (Qu 2018; Dong et al., 2020).
2.2.3 Deterioration of shear strength with an increase in cyclic shear times
Liu et al. (2011); Liu et al. (2013) defined the shear strength ratio of the joint surface. The joint surface shear strength ratio (Dn, ranging between 0.0 and 1.0) refers to the ratio of the peak shear strength of the n-th shear cycle ([image: image]) to the peak shear strength of the first shear cycle ([image: image]).
[image: image]
The closer [image: image] is to 1, the lower the strength deterioration caused by the cyclic shear of the joint surface. The smaller the value of [image: image], the greater the strength deterioration caused by the cyclic shear of the joint surface. Figure 6 shows the changes in the shear strength ratios of the joint surfaces under different normal stresses with cyclic shear times. The results show that as normal stress increases, the rate of decrease in the shear stress rate increases. However, generally, the test results show that under the action of different normal stresses, the variation trend of the joint surface shear strength ratio ([image: image]) is essentially the same. Moreover, as the cyclic shear time increases, the shear stress ratio decreases gradually and tends to stabilise. This also proves that the shear failure of the joint surface is mainly generated in the first two shearing processes, and the subsequent shearing processes are mainly caused by slip and wear damages among the contact surface, cutting filling, and cuttings.
[image: Figure 6]FIGURE 6 | Change in shear strength ratio of the structural plane with cyclic shear times under different normal stress levels.
3 SHEAR STRENGTH OF THE ROCK MASS JOINT SURFACE UNDER CYCLIC SHEAR
The mechanism of the joint surface in the shearing process is relatively complex, and several factors contribute to its shear strength. For ordinary joint surface shear tests (without considering cyclic shear), the relationship curve between the shear stress and the normal stress of the joint surface is shown in Figure 7. In the initial stage of shearing, the joint surface mainly exhibits dilation, and as normal and shear stresses increase, part of the protrusions on the joint surface is sheared off until the plane reaches the peak strength. For the shear strength of the joint surface, Newland and Allely (1957) developed the following equation:
[image: image]
where [image: image] is the effective normal stress, i is the average angle of deviation of particle displacements from the direction of the applied shear stress, and [image: image] is the angle of frictional sliding resistance between the particles. Patton (1966a); Patton (1966b) and Goldstein et al. (1966) used Eq. 2 to represent the shear strength of irregular rock surfaces and broken rock when tested at low normal stresses. At high normal stresses, the Coulomb relationship is assumed to be as follows
[image: image]
where [image: image] is the shear stress, c is the cohesion force, [image: image] is the normal stress, and φ is the friction angle.
[image: Figure 7]FIGURE 7 | Relationship curve between the shear stress and normal stress of the structural plane (without considering cyclic shear).
According to the test results, the shear failure of the joint surface occurs primarily in route 1 of cycle 1, and the cohesion force (c) should only be considered prior to the first shear process. Dong et al. (2020) proposed that in the analysis of slope stability under seismic loads, when the upward component of the horizontal seismic force ([image: image]) exceeds the combined force of the shear strength of the interlayer joint surface and the weight component of the sliding body ([image: image]), the slipping body enters a cyclic shear mode (Figure 8). Therefore, the cohesion term should only be considered prior to the first sliding event, and the contribution of cohesion is commonly disregarded in practical calculations. Therefore, under cyclic loading, the shear strength of the rock mass joint surface can be expressed as follows
[image: image]
where [image: image] is the normal stress and [image: image] is the internal friction angle. While the rough undulations of most joint surfaces in natural rock masses are irregular, when a rock mass shears along the joint surface, the shear resistance of the joint surface comprises two parts: one caused by the undulation of the joint surface and the other caused by the friction of the contact parts. Therefore,
[image: image]
where [image: image] is the undulant angle for a flat joint surface, and [image: image] ([image: image] is the basic friction angle).
[image: Figure 8]FIGURE 8 | Stress diagram of a bedding rock sliding mass under a horizontal earthquake.
Furthermore, Eq. 3 can be expressed as follows.
[image: image]
where [image: image] and [image: image] are the basic friction angle and undulant angle of the joint surface for the n-th cyclic shear, respectively.
According to Eq. 5, when the normal stress and shear rate are constant, the shear stress is mainly affected by the undulant and basic friction angles. Therefore, clarifying the changes in the undulant angle and basic friction angle in the cyclic shear process is essential to determining the shear strength of the joint surface in the process of cyclic shear.
4 DETERIORATION OF INTERNAL FRICTION ANGLE
4.1 Undulant angle of the joint surface
The surface morphology of the joint surface is a crucial factor affecting the shear failure mode, which can be explained by a study of the relationship between the undulant joint surfaces and strength. For a rock mass joint surface under a particular normal stress, the increase in the tangential displacement directly leads to a degradation of the undulant angle of the joint surface. When considering the degradation law of strength for rock mass joint surfaces under cyclic shear, the degradation phenomenon of its undulant angle during cyclic loading is typically considered. Pioneering research pertaining to the study of the degradation in the joint surface undulant angle was conducted by Plesha (1987), who proposed that the joint surface undulant angle [image: image] gradually degenerates under cyclic shear loading, and is expressed as follows
[image: image]
where [image: image] is the initial undulant angle, c is the joint surface damage coefficient, [image: image] is the plastic work, and [image: image] is the shear stress.
4.1.1 Damage coefficient of the joint surface
Hutson and Dowding (1990) and Jing et al. (1993) verified the accuracy of the model proposed by Plesha (1987). By fitting a large amount of experimental data, they further proposed the following empirical calculation formula for the damage coefficient c of the joint surface:
[image: image]
where [image: image] is the uniaxial compressive strength of the rock wall, [image: image] is the normal stress, and [image: image] is the roughness coefficient of the joint surface.
In Eq. 8, the JRC is the most difficult parameter to determine. Several methods, such as the roughness parameter, non-automatic continuous measurement, fractal dimension measurement, and empirical estimation methods, have been utilised to determine the JRC of rock masses. Although the roughness parameter method exhibits high measurement accuracy, measuring a joint surface contour curve is burdensome, which is not conducive to the rapid application of the model. Moreover, non-automatic continuous measurement may lead to large errors, thereby significantly reducing accuracy. The results of practical applications indicate that the steps for estimating JRC using fractal dimension measurement methods are cumbersome and slow. Barton and Choubey (1977) presented a set of ten increasing rough joint profiles measured on 10 cm long specimens based on a large number of tests, which can be physically compared with profiles measured on other joints (Figure 9). The method proposed by Barton and Choubey (1977) has been accepted by ISRM as a standard; however, its evaluation accuracy depends on the user’s experience and numerous subjective factors. A more reliable method for determining the JRC is conducting a tilt test on a jointed core. Based on the back-analysis and estimation of the results of several shear tests, Barton (1982) proposed the following equation:
[image: image]
[image: Figure 9]FIGURE 9 | Rough joint Profliles (Barton and Choubey,1977).
According to Eq. 3, for the cyclic shear,
[image: image]
Then, Eq. 10 can be expressed as follows
[image: image]
where [image: image] and [image: image] are the shear strength and friction angle of the joint surface after the n-th cyclic shear, respectively. [image: image] is the residual friction angle of the joint surface, and [image: image] is the rock wall compressive strength.
4.1.2 Plastic work
In cyclic loading, the tangential displacement increment produced by cyclic loading can be expressed as [image: image]. Therefore, the plastic work can be expressed as follows
[image: image]
Furthermore, the cumulative tangential plastic work produced by the joint surface after n cyclic loadings is as follows:
[image: image]
Where [image: image] is the Plastic work, [image: image] is the tangential displacement increment produced by cyclic loading, and [image: image] and [image: image] is the upper and lower limit shear stresses of cyclic loading are respectively.
4.2 Basic friction angle of the joint surface
After n cycles, if the undulation angle of the joint surface is relatively close to its initial value, the deterioration degree of the joint surface is relatively low, indicating that the basic friction angle is also relatively close to its initial value. If the difference between the undulation angle after the n-th cyclic shear and the initial undulation angle is relatively close to the residual undulation angle (final undulation angle of the joint surface after the cyclic shear test), the degree of deterioration of the structural surface is relatively high, which implies that the basic friction angle is relatively close to the residual value. The change in the basic friction angle of the n-th cyclic shear [image: image] in the interval [[image: image]] during cyclic shear was inferred to be similar to that of the dilatancy angle ([image: image] in the interval [[image: image]] (Dong et al., 2020). The following equation was proposed:
[image: image]
where [image: image] is the average dilatancy angle of the n-th cyclic shear, [image: image] is the initial undulant angle, [image: image] is the residual undulant angle, [image: image] is the initial basic friction angle of the joint surface, [image: image] is the residual basic friction angle, and [image: image] is the basic friction angle of the n-th cyclic shear.
Therefore, the basic friction angle [image: image] of the joint surface is expressed as follows
[image: image]
The [image: image] can be determined based on the inclination-angle test of the smooth test block. Based on Eq. 3, the relationship between the residual friction angle ([image: image]) can be expressed as follows
[image: image]
where [image: image] is the normal stress applied during the shear process, and [image: image] is the residual shear stress.
Based on Eq. 4, the residual basic friction angle is expressed as follows
[image: image]
Furthermore, based on Eqs 21, 23, the basic friction angle can be determined as follows
[image: image]
5 CASE STUDY
5.1 Verification and improvement of the proposed method
The feasibility of the proposed method was verified using the cyclic shear test results obtained by Qu (2018) (details are presented in Section 2). The cyclic shear tests and calculation results are presented in Figure 10 and Table 2. The calculation results of the proposed method are generally lower than the experimental values. This is because the calculation method is proposed considering the ideal state, that is, without considering the effect of cuttings on the shear strength of the joint surface during the cyclic shearing process. In fact, during the shearing process, the sheared cuttings are stuffed between the joint surfaces as fillers, causing the friction in the joint surface in the subsequent shear process, mainly generated in three parts: between two joint surfaces, between the joint surface and cuttings, and between the two sets of cuttings. The calculation results show that when calculating the cyclic shear strength of the joint surface, the influence of rock debris filling on the shear strength (especially the basic friction angle) of the joint surface must be considered.
[image: Figure 10]FIGURE 10 | Shear stresses obtained by tests, proposed method, and improved method under different normal stress of 3, 6 and 9 Mpa.
TABLE 2 | Calculation parameters and obtained shear strengths.
[image: Table 2]Therefore, it is necessary to improve the calculation method for the basic friction angle. A correction coefficient (β) was introduced to improve the accuracy of the basic friction angle. The correction coefficient is defined as the ratio of the basic friction angle obtained from the test to the calculated value:
[image: image]
where [image: image] and [image: image] are the calculated and test basic friction angles, respectively. The basic friction angle obtained from test data and the calculated basic friction angle obtained after each shearing cycle are presented in Table 2. According to multiple fittings, the ratio of the number of shear cycles to the normal stress exhibits a suitable linear relationship with the [image: image] value (Figure 11), and the expression is as follows:
[image: image]
[image: Figure 11]FIGURE 11 | Fitting results of [image: image] and [image: image] under different normal stress of 3, 6 and 9 Mpa.
The values of A and B of the joint surface samples with the same intact rock strength have a linear relationship with the normal stress; therefore, the calculation formulas of parameters A and B are assumed to be as follows
[image: image]
where a, b, c, and d are constants. Finally, according to the fitting (Figure 12), A and B are obtained as follows:
[image: image]
[image: Figure 12]FIGURE 12 | Fitting results of parameters A and B.
Therefore, [image: image] can be expressed as follows.
[image: image]
The basic friction angle under the cyclic angle can be calculated as follows.
[image: image]
where [image: image] denotes the basic friction angle of the n-th cyclic shear, considering the filling effect of the rock cuttings in the shear process.
5.2 Comparative analysis
Comparison between the shear stress obtained using the proposed method, improved method, and tests is shown in Figure 10. The results show that regardless of the method, the shear strength of the joint surface decreases gradually as the number of cycles increases, and that the decreasing trend gradually slows down. Compared with the proposed method, the shear stress obtained using the improved method is in good agreement with the experimental results; however, when the normal stress was 9 MPa, the shear strength in cycle 1 was considerably different from the experimental value. The failure mode of the joint surface in cycle 1 under high normal stress conditions differed from that under low normal stress conditions. Under high normal stress, the failure mode of the protrusion was tensile rather than shear, and the tensile strength of the material was the controlling factor, which is inconsistent with the assumption that the matrix material reaches shear strength and fails made in the calculation equation. Therefore, when using the calculation equation to estimate the shear strength of the joint surface in cycle 1, the normal stress should not be too large.
6 CONCLUSION
This study investigated the shear strength of a rock mass joint surface under cyclic loading by first examining the effect of cyclic shear deterioration, the influence of vibration degradation in rock mass on the structural surface, undulant angle equation of the joint surface, and calculation method for the basic friction angle under a cyclic shearing load are proposed firstly. And then proposing an equation for calculating the shear strength, with the following conclusions:
1) Under the action of different normal stresses, as the number of cyclic shear cycles increases, the degree of wear of the joint surface in each shearing process decreases. After multiple cyclic shears, the joint surface gradually stabilises. The lower the normal stress, the sooner the joint surface wear stabilises.
2) During the shearing process, the sheared cuttings are stuffed between the joint surfaces, and the influence of the cutting and filling (produced in the shearing process) on the shear strength of the joint surface cannot be disregarded.
3) The improved model proposed in this study is in good agreement with the experimental results; however, when the improved proposed method is used to estimate the cyclic shear strength of the joint surface where the normal stress is too large, there may be errors in the calculation results.
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