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Abstract

:

This study focuses on the crucial role of the shear characteristics of the mortar–rock interface (MRI) in geotechnical engineering. These properties largely determine the effectiveness of engineering reinforcement measures such as anchoring and grouting. The mechanical and deformation properties of the MRI with different roughness characteristics will be investigated. To achieve this, an indoor direct shear test was conducted on the mortar–rock binary medium (MRBM). The interface was numerically modeled from the test data using finite difference fractional value software. Direct shear simulation of the MRI by changing the normal stress (   σ n    ) and the sawtooth angle ( α ) was carried out. The results showed that as the normal stress and sawtooth angle increased, the shear stiffness of the MRI also increased. The shear stiffness was found to have a linear relationship with both the normal stress and the sawtooth angle. The peak shear displacement was identified as an indirect indicator of the shear failure mode of the binary medium interface (BMI). Quantitative relationships between the shear strength (τ), cohesion (c), angle of internal friction (ϕ), residual shear strength (   τ r   ), residual angle of internal friction (   ϕ r   ), and degradation rate of the shear strength of the BMI were established based on the two influencing factors. Additionally, the study investigates how the sawtooth angle and the normal stress affect the variation in the normal displacement during direct shear testing of the MRBM. The findings revealed a correlation between the peak dilation angle of the BMI and the normal stress and sawtooth angle.
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1. Introduction


In nature and geotechnical engineering, it is a common phenomenon that discontinuous medium becomes continuous medium due to cementation between the mediums. This phenomenon is widely found in construction engineering [1,2,3], public safety [4,5,6], mine safety mining [7,8,9,10], and other aspects. This bonding surface makes the discontinuous medium stable by bonding and is also a weak surface of the structure, which is prone to dislocation or fracture failure [11,12], such as grouting and anchoring are important means in reinforcing the surrounding rock in deep roadways [13]. The research on the interface formation of the same material tends to be perfect [14,15,16,17,18,19]. The shear strength and the interface failure area of different materials are very different from those of the same medium on either side [20,21]. The stability of this type of reinforcement system is mainly determined by the stability of the two interfaces of bolt and mortar and mortar and surrounding rock [22,23,24,25,26,27,28,29,30,31]. Therefore, the strength of the BMI affects the strength of the surrounding slope or rock mass [32]. It is found that when the  α  in the BMI is small, the specimen failure mode is first brittle and then plastic. At a large sawtooth angle, the specimen shows brittle failure [33]. On this basis, the shear failure mechanism of the BMI under different influencing factors of interface roughness and different loading conditions has been investigated [34]. In terms of numerical simulation, most scholars used discrete element and finite element methods [35,36,37]. The particle flow method has also been used to study the τ of specimens at the BMI under various    σ n    [38]. The empirical formula for calculating the τ of the BMI was suggested by simulating the direct shear test of the BMI with various values of the joint roughness coefficient (JRC) using the discrete element numerical simulation method [20]. In terms of theoretical research, most scholars’ research directions mainly focus on the constitutive model of the binary medium interface [39,40,41]. The triaxial compression test was conducted on the semi-interpenetrated articulated mudstone samples, and the corresponding mechanical behavior and failure mechanism were explained. The constitutive model of the binary medium interface of the semi-interpenetrated jointed mudstone specimens has been proposed [42]. The shear stress at the BMI was found to be smaller than that at the bolt–mortar interface [43]. An energy fracture criterion is proposed for crack initiation at the MRI under consideration of viscoelastic properties [44].



The inner pores and chemical composition of mortar and rock are uncertain, and the human factors when pouring and curing the mortar–rock binary medium specimens are also uncertain. It is also difficult to carry out repeat tests due to the influence of the test apparatus, test environment, and other factors. Therefore, experimental studies on the binary medium are greatly limited. By means of the numerical simulation software FLAC3D 3.0 for geotechnical engineering, the numerical simulation of the shear test of the BMI with more various sawtooth angles and the corresponding force of the method is carried out to extend the experimental study of the MRI.




2. Materials and Methods


FLAC3D numerical simulation software is excellent for simulating stresses and strains in geotechnical materials under complex loads, but its modeling approach is complex. In this paper, a CAD-ANSYS combined modeling approach is used to establish the geometric model of the MRI. This means the 2D geometric surface domain of the model is created in CAD. The surface domain is then transferred to ANSYS to stretch and create a 3D geometric model. The model is meshed with tetrahedral cells. Finally, the node and cell data are converted into a numerical model that can be imported into FLAC3D by means of a self-programmed conversion program. Considering the complexity of the stresses and strains at the interface, the tetrahedral cells on both sides of the interface are set with small edge lengths to form a larger number of cells when meshing in ANSYS, which enable a more detailed analysis of the stresses and strains at the interface. However, if the whole model is meshed with small edge-length cells, it will lead to too many cells in the model and low computational efficiency. Therefore, on the premise that the number of cells at the interface is guaranteed, the number of cells is reduced by increasing the cell edge lengths near the edges of the model to improve computational efficiency. The mortar–rock binary media model used in this paper has a bonding effect between the two media. Therefore, an interlayer with a thickness of 0.001 m is placed between the two media. The interlayer parameters are the same as the mortar parameters. The contact between each set of units uses the contact force automatically generated by the software.



We modeled the interface as an isosceles triangular sawtooth shape with different angles based on Tang’s experimental study [34]. The α is the base angle of the isosceles triangle. In this paper, we set the sawtooth angles to 8°, 16°, 23°, 30°, 36°, and 45°, as shown in Figure 1. The model diagrams of the samples of the BMI with various angles of the interface sawtooth are shown in the figure. We used a cube-shaped sample with a length, width, and height of 70 mm. The orange and blue units in the diagram represent the mortar and rock materials in the BMI, respectively. The numbers of the model units in Figure 1a–f are 14,354, 28,144, 29,042, 27,190, 26,863, and 26,143, respectively. We used the Mohr–Coulomb strain-softening model to analyze the stress–strain behavior of the rock mass, and in FLAC3D, the strain-softening model in the elastic stage is consistent with the Mohr–Coulomb model. They differ in their plasticity, and the material parameters decrease as deformation increases. For rocks, these parameters mainly include cohesion, internal friction angle, dilatancy angle, etc. In the Mohr–Coulomb model, these parameters are constant, and in the strain-softening model, the piecewise function can be customized, and the above parameter values will change with the change of strain value. Table 1 and Table 2 show how these parameters relate to each other. The mechanical parameters of the rock and mortar are presented in Table 3, where E is the elastic modulus, μ is Poisson’s ratio, c is the cohesive force, ϕ is the internal friction angle,    σ t    is the tensile strength, and    d n    is the dilatancy angle.



To explore the influence of a larger range of    σ n    on the BMI, we set the normal stress to 11 levels: 0.1, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 MPa. During the simulation process, the    σ n    was distributed equally over the top surface of the model, and the normal load remained constant throughout. After the unbalanced force of the specimen converged, the tangential load was provided by the uniform movement of the upper mortar, with a shear loading rate of 5 × 10−4 mm/step. The boundary conditions were as follows: the lower rock in the X-axis direction was constrained by the chain bar, and the upper mortar was a free interface; chain rod constraints were applied in the Y-axis direction; and in the Z-axis direction, the lower rock was constrained by a chain rod, and the upper mortar was a free surface.



To test the reliability of the model, we compared the direct shear test results [32], and the numerical simulation test data of the binary media interface of 30°  α  at 3 MPa    σ n    in Reference Figure 2 shows the correlation between the shear stress and the shear displacement of the specimen. The blue line in the figure shows the indoor test value and the red curve shows the simulated value obtained by the numerical simulation. You can see that the two forms are basically the same. The peak and residual shear strength are also similar, as is the shear displacement corresponding to the peak strength.



Figure 3 and Figure 4 show the evolution of the major strain cloud diagram of the specimen during the indoor test and the numerical simulation test, respectively. The principal strain cloud diagram of the indoor test was obtained using the consistent method of digital speckle analysis, while the main strain cloud diagram of the numerical simulation test was recorded and saved by the program.



As shown in Figure 3, the main strain before the shear peak value of the serrated binary medium interface was distributed on the intermediate shear zone, mainly on the side of the mortar, and regularly along the serrated angle. The development process gradually extended from one side to the other side until it penetrated. Figure 4 shows that the main strain of the numerical simulation was mainly distributed on the side of the mortar, along the serrated interface. There was almost no strain on the side of the rock, consistent with the indoor test results. These results show that the simulation reliability of the shear strain change of the binary media interface by FLAC3D is high and can reasonably reflect the real situation of the test.



Figure 5a,b show the failure diagrams of the specimens after the destruction of the test in the laboratory [32] and the numerical simulation test, respectively. In Figure 5b, the yellow unit shows the shear failure unit, the red unit shows the tensile failure unit, and the blue unit shows the undamaged unit. It can be observed from the figures that the mortar and rock parts were damaged when the specimen was finally destroyed, indicating that some sawtooth gnawing failure had occurred.



By comparing Figure 5a with Figure 5b, it was found that the failure mode of the numerical simulation specimen was consistent with the indoor test. Therefore, it is considered that the numerical simulation parameters are reliable, and the model can simulate effectively the shear strain characteristics and mechanical properties of the MRI.




3. Results


To analyze the shear stress variation (τ) across the interface between the mortar–rock binary medium during the shear process, we recorded the unbalanced force in the shear direction on the shear band during the shear process and calculated the shear stress. Figure 6 indicates the connection between the shear stress and the shear displacement (δ-s) of the BMI with a sawtooth angle of 30° under 3 MPa    σ n   . The δ-s diagram of the BMI can be divided into four stages.



To further analyze the action of    σ n    and the interface  α  at each stage of the   τ −  δ s    curve, we drew the connection between shear stress and shear displacement of the MRI with six types of sawtooth angles in shear tests under different    σ n    in Figure 7a–f.



In the elastic phase, the shear stress across the binary interface grew linearly with the increase in shear displacement. The greater the    σ n   , the later the elastic stage of the specimen ended, indicating that the sample was in the elastic strain stage prior to failure. The greater the    σ n   , the larger the shear displacement of the specimen in the shear direction of the mortar and rock medium. Comparing the shear stress–shear displacement curve in Figure 7a–f, we found that the greater the sawtooth angle, the greater the slope of the δ-s curve, indicating that the larger the shear stiffness of the BMI specimen. This is because the number of serrations of the test piece is the same. The greater the  α  and the more rock and mortar elements involved in providing shear resistance on the shear surface, the greater the shear rigidity of the BMI.



At the failure stage, with the increasing shear displacement, the shear stress increased, but the velocity decreased compared to the elastic stage and declined rapidly after achieving the shear peak. The higher the normal stress, the higher the peak shear stress. By comparing the δ-s curves of different sawtooth angles in Figure 7, we found that for a small sawtooth angle, the peak shear stress curve at the failure stage would fluctuate near the peak value, and the higher the normal stress, the more focused the curve fluctuation was at the failure stage. This shows that when the binary medium interface was unstable and damaged, the larger the normal stress, the larger the  α , the smaller the range of shear stress fluctuation, and the smaller the degree of irregular change of shear stress.



Softening, the δ-s curve shows a downward trend, indicating that the strain energy accumulated in the elastic and fracture phases is released after the specimen fractures. The shear failure process of the BMI is divided into two parts, namely, interface separation failure and sawtooth gnawing slip. When shear failure happens at the binary media interface, the two failure modes occur simultaneously. Therefore, the δ-s curve of the BMI shows a steep decline after failure and fluctuates to the residual stage after the decline. Comparing the δ-s curves of the individual serration angles in Figure 7, it is found that the shear stress fluctuates greatly during the transition period when the    σ n    is small and the serration angle is small. When the    σ n    is great and the serration angle is large, the curve has almost no fluctuation or the fluctuation is very small during the transition period. This shows that the strain energy release rate after specimen failure is unstable under the circumstance of small normal stress and small sawtooth angle.



In the residual phase, shear stress remains essentially unchanged as shear displacement increases, but the more normal stress, the more residual shear stress. By comparing the δ-s curves of various  α  in Figure 7, it is found that the larger the sawtooth angle, the larger the range of residual shear stress with    σ n   , indicating that the action of    σ n    on the    τ r    of the binary interface is related to the  α , and the influence of    τ r    increases as the  α  increases.



For specimens with a small deformation size, the change in shear strain is consistent with the change in shear displacement. Therefore, the slope k (unit: MPa/mm) of the δ-s curve could be used to reflect the shear stiffness of the binary medium interface in the elastic stage to a certain extent. According to the experimental analysis, the shear stiffness of the BMI is related to the    σ n   . However, because of the inconsistency of the internal structure of the natural rock and the mortar material, the experimental data results are highly discrete, and the regularity is weak when the number of test samples is not large enough. To further analyze the influence of  α  and    σ n    on the shear elastic phase of the BMI, the slope of the curve of the shear elastic stage of the BMI of each sawtooth angle in Figure 7 is summarized in Table 4 and Figure 8. Table 4 shows that the slope k value is affected by the change in    σ n    and  α . When    σ n    increases 0.1 MPa to 5 MPa, the slope k value of the curve increases by about 1.5–4 MPa/mm. When the sawtooth angle changes from 8° to 45°, the slope k value of the curve increases by 15–20 MPa/mm, indicating that increasing the    σ n    and increasing the  α  can increase the shear stiffness of the BMI in the elastic stage, which has a more obvious effect on shear stiffness from the change in  α . Figure 8 shows the relationship correlation between the shear k value of the BMI and the    σ n    and the interface  α . Note that the shear k value of the BMI is low when the  α  is low and the    σ n    is low. On the contrary, the k value is higher. The three-dimensional scatter diagram in the observation diagram has a good linear relationship between the k-value, the    σ n   , and the interface  α . The linear Expression (1) is used to fit the correlation between the k value and the    σ n    and the α.


  k =  k 0  +  b 1   σ n  +  c 1  α  



(1)




where    σ n      is the normal stress,  α  is the sawtooth angle, and the constant    k 0    = 2.709,    b 1    = 0.7164, and    c 1    = 0.4765.




4. Discussion


In Table 5 and Figure 9, the shear displacement corresponding to the peak shear stress of the BMI under different  α  and different    σ n    is calculated, and the unit of the peak shear displacement is mm. Table 5 shows that with increasing    σ n    and  α , the shear stress peak displacement at the binary interface increases. The distribution range of peak shear displacement is related to    σ n    and  α  as shown in Figure 9.



When    σ n    and  α  are small (such as the light green background in the top left corner of Table 5 and the scattered dots in the green wireframe in Figure 9), the peak shear displacement is less than 0.5 mm, indicating that in this case, the sawtooth binary medium interface has a very small shear displacement when the two medium interfaces are separated and destroyed. However, due to the relatively smooth interface and the low degree of sawtooth adhesion, the binary medium interface, in this case, does not have sawtooth gnawing damage, as shown in Figure 10a. In the diagram, the BMI with a serrated angle of 8° is destroyed under the    σ n    of 0.5 MPa. The failure position of the interface unit is concentrated on the bonding surface of the rock and mortar, while the two sides of the medium are not damaged. That is, the failure mode of the BMI with a flat interface is interface separation failure under the condition of small normal stress.



As shown in the purple background area in Table 5 and the data points in the purple wireframe in Figure 8, the peak displacement is mostly concentrated near 1 mm. In both cases, the interface shear of the BMI mostly occurs in the mixed failure mode of interface separation and sawtooth partial gnawing, as shown in Figure 10b,c. Figure 10b is the element failure diagram of the BMI with a  α  of 36° under the    σ n    of 0.5 MPa. Figure 10c is the unit failure diagram of the BMI with a serrated angle of 16° under the    σ n    of 4.5 MPa. The yellow unit is the shear failure unit, the red unit is the tensile failure unit, and the blue is the undamaged unit. The failure elements in the figure are mainly distributed in the part of the mortar on the upper side of the serration and are mainly shear failure. When the binary medium interface with a serration angle of 36° is destroyed, the rock part receives a small amount of damage, while when the binary medium interface with a serration angle of 16° is destroyed, the rock part was not destroyed, indicating that the increase in serration angle can fully exploit the shearing capacity of the rock material, thereby enhancing the ability of the two mediums to work together.



For a large sawtooth angle and a large normal stress (such as the light red background in the lower right corner of Table 5 and the scatters in the light red wireframe in Figure 9), the peak shear displacement is over 2 mm, indicating that the sawtooth BMI is under the action of high normal stress in this case. There is no obvious interface separation failure, and due to the large sawtooth angle of the interface, the binary interface failure mode becomes the gnawing failure mode along the tooth root under shear stress, as shown in Figure 10d. In the figure, the binary medium interface with a  α  of 45° is destroyed under the    σ n    of 4.5 MPa. After the failure, the failure position of the interface unit is focused on the middle of the specimen and almost the entire shear band. The mortar and rock near the interface have a lot of damage, indicating that the binary medium interface with rough interface is under the action of large    σ n   . The shear failure mode is gnawing failure.



Figure 11 shows the correlation of the shear strength and the normal stress of the BMI at various sawtooth angles. As shown, the shear strength of the BMIs increases with increasing    σ n    and interfacial  α . This is because the higher    σ n    brings the two media closer together, enhancing the shear strength of the BMI. Different from most rock joints, the shear strength of the BMI with a  α  of 8° does not change under the    σ n    of 0.1 MPa, 0.5 MPa, and 1 MPa. This is because when the interface is relatively flat and the    σ n    is low, the shear strength of the BMI is dependent on the bonding effect between the two media. Therefore, in this case of geotechnical engineering, increasing the strength of the BMI material and the roughness of the interface as much as possible can effectively improve the shear performance of the BMI. Taking the BMI material as an example, in this case, it is recommended to increase the roughness of the interface of the BMI and improve the bonding performance of the cement, for example by adding glass fiber, steel fiber, and using ultrafine cement.



Based on the standard Mohr–Coulomb rock shear strength measurement, the shear strength parameters of the BMI at different  α  are calculated: c and ϕ. The concrete findings are presented in Figure 12 and Table 6. From Table 6, the shear strength of the BMI at each sawtooth angle satisfies the Mohr–Coulomb criterion, and the fit coefficient is greater than 0.95, indicating the reliability of using the Mohr–Coulomb rock shear criterion to describe the correlation between the τ of the BMI and the  α . The mathematical relationship is shown in Formula (2). In the table, as the  α  increases, the c and ϕ of the mortar–rock BMI show an increasing trend. Figure 12a,b show the correlation between the interfacial adhesion angle and the ϕ of the BMI and the sawtooth angle, respectively. Figure 12a indicates that the increase rate of the interfacial adhesion of the binary medium gradually increases as the sawtooth angle increases. Formula (3) is used to quantify the connection of the interface strength of the MRBM with the sawtooth angle. In the formula, c is the interface bonding force of the MRBM and the sawtooth angle. The correlation coefficient R2 is 0.98, more than 0.95, indicating that the fitting result is good and the fitting formula is reliable. From Figure 12b, as the  α  becomes larger, the rate of increase in the ϕ of the BMI first becomes larger and then smaller. To quantitatively express the relationship between the ϕ of the binary interface and the  α , the piecewise function is used to fit the data in Figure 12b. The result of the fitting is shown in Formula (4), and the fitting correlation coefficient, R2 = 0.9866, indicates that the fitting effect is favorable and the fitting formula is reliable.


   τ  max   = c +  σ n  tan ( ϕ ) .  



(2)




where τmax is the interface shear strength of MRBM,    σ n    is normal stress,  c  is binary medium interface cohesion, and ϕ is the internal friction angle of BMI.


  c = a + b   [ tan ( α ) ]  d   



(3)




where  α  is the sawtooth angle and a, b, d are constants, a = 1.199, b = 4.848, d = 1.43.


  ϕ =     k + l α , α ≤  α i       ϕ i  + n ( α −  α i  ) , α >  α i  .      



(4)




where    α i    is the critical sawtooth angle,    α i    = 24.1752, and k, l, n are constants, k = 18.12, l = 0.7237, n = 0.1671.



To further study the effect of  α  on    τ r   , Figure 13 shows the correlation between the    τ r    and the    σ n    of the BMI at various sawtooth angles. It is seen that as    σ n    and interface  α  increase, the    τ r    of the binary interface increases linearly. This is because the larger the    σ n    and  α , the rougher the interface morphology of the two media after failure, and the closer the bonding, thus improving the    τ r    of the BMI.



Based on the Mohr–Coulomb criterion, the    τ r   -   σ n    relationship in Figure 13 is fitted by Formula (5), and the    τ r    parameters of the BMI are obtained: residual cohesion (   c r  )   and    ϕ r   , as shown in Table 7 and Figure 14. Table 7 shows that the correlation between the    τ r    and the    σ n    of the BMI for various interface sawtooth angles is consistent with the Mohr–Coulomb rock shear criterion, indicating that the Mohr–Coulomb rock shear criterion is described for the BMI and the reliability of the connection between    τ r    and    σ n   . In the table, as the  α  increases, the    c r    and the    ϕ r    of the BMI increase.



Figure 14a shows the correlation between the  α  of the BMI and the residual bonding force. The figure shows that the residual bond strength is 0 MPa when the  α  is small (8–16°), indicating that the binary medium interface with a flat interface has almost no bonding effect after shear failure, and the interface separation slip friction effect is obvious after failure. As the interface  α  increases, the bond strength of the BMI continuously increases, and the increase in the interface roughness and the occlusion of the interface sawtooth make the interface still have a shear performance at small    σ n   . The relationship between the residual cohesive force of the BMI and the tangent value of the sawtooth angle is fitted by the piecewise Function (6). It is found that the relationship between the residual cohesive force and the tangent value of the  α  conforms to the piecewise function, and the fitting correlation coefficient is 0.9782, indicating that the correlation between the two is high. Figure 14b shows the correlation between the  α  and the    ϕ r    of the BMI. The diagram shows that as the  α  increases, the    ϕ r    of the BMI increases. The relationship between the    ϕ r    and the  α  of the BMI is fitted by Equation (7). The fitting correlation coefficient is 0.9984, indicating that Equation (7) is used to describe the reliability of the    ϕ r    of the BMI at the sawtooth interface.


   τ r  =  c r  +  σ n  tan (  ϕ r  ) .  



(5)




where    τ r    is the residual shear strength,    c r    is the residual cohesion, and    ϕ r    is the residual angle of internal friction.


   c r  =     0 , α ≤  α m      m [ tan ( α ) − tan (  α m  ) ] , α >  α m  .      



(6)




where    α m    is the critical sawtooth angle,    α m    = 16°, and m is a constant related to the material.


   ϕ r  =  P 1  α / (  P 2  + α )  



(7)




where    P 1   ,    P 2    are constants,    P 1    = 35.00,    P 2    = 13.68.


  η =    τ  max   −  τ r     τ  max     × 100 %  



(8)




where  η  is the strength degradation rate,    τ  m a x     is the interface shear strength of the binary medium, and    τ r      is the residual shear strength of the binary medium interface.


  η = 100 +  a 1   σ n  +  b 1  tan ( α ) +  c 1    (  σ n  )  2  +  d 1    tan  2  ( α )  



(9)




where  η  is the strength degradation rate,    σ n    is the normal stress,  α  is the sawtooth angle, and a1, b1, c1, d1 are constants, a1 = −8.821, b1 = −42.32, c1 = 0.7996, d1 = 30.63.



To further investigate the shear behavior of the BMI after shear failure, the shear strength deterioration rate (η) is calculated by Formula (8) to characterize the deterioration of the shear performance of the BMI after failure compared with that before failure. Figure 15 shows the correlation between the shear strength deterioration rate (η) of the BMI and the    σ n    and the interface  α . It can be seen in the figure that η is the largest when the    σ n    is 0.1 MPa and the  α  is 8°, and    η  m a x       is 97.56%. The η is smallest at 5 MPa    σ n    and 30°  α , and the    η  m i n     is 60.01%. By observing the relationship between η and    σ n    and  α  in Figure 15, it is shown that as the    σ n    increases, the shear strength degradation rate of the BMI gradually decreases (as shown by the red dotted arrow in Figure 15), with a decrease of about 15%, which is the strength reduction after the shear failure decreases, indicating that the increase in    σ n    reduces the strength deterioration effect of the BMI after failure. When the  α  is less than 30°, η gradually decreases as the  α  increases, and the decrease is about 12%. When the  α  is 30°, η reaches the minimum value. For  α  greater than 30°, η gradually increases with the increase in the  α , with an increase of about 3% (as shown by the green dotted arrow in Figure 15). The relationship between η and    σ n    and  α  in Figure 15 is fitted by Equation (8). The fitting correlation coefficient R2 = 0.967 indicates that the fitting result is reliable. The correlation between the shear strength degradation rate of the BMI and    σ n    and  α  can be predicted by Equation (8). In engineering, the shear strength of the BMI before failure is inverted by the residual shear strength after failure.




5. Conclusions


In this paper, the shear characteristics of the interface between the MRBM with different roughness were studied by using the research method combining laboratory tests and numerical simulation. The main conclusions are as follows:




	
Through the indoor direct shear test, the shear stress–displacement relationship and the failure mode of the mortar–rock interface are obtained. A series of direct shear numerical simulation tests will be carried out based on the numerical model of the mortar–rock interface.



	
There are three shear failure modes of the mortar–rock interface, which are interface separation failure, separation shear failure, and serrated shear failure. For the interface with low roughness, under the state of low normal stress, the interface is generally separated and destroyed, while for the interface with low roughness, under the environment of high normal stress and high roughness interface under the shear stress of the first normal stress, the interface is generally separated and broken. For the interface with high roughness, under high normal stress, most of them are jagged shear failures. The shear displacement corresponds to the peak stress and can be used to judge the failure mode of the interface.



	
From the change in the shear stress–displacement curve shape, it is found that the larger the interface roughness and the normal stress are, the larger the shear stiffness of the binary medium is, and then the linear correlation between the interface shear stiffness of the binary medium and the two is established.



	
Based on the Mohr–Coulomb criterion and the shear strength of the interface, the quantitative correlation between the interfacial adhesion, the internal friction angle, the residual internal friction angle, the sawtooth angle, and the normal stress of the MRBM is obtained. The correlation between the shear strength degradation rate of the MRBM and the normal stress and sawtooth angle is analyzed.








In the indoor test, the specimen is made for a long time, and the strength of the specimen is easily influenced by the environment. Numerical simulation can solve the discrete problem of the specimen and improve the research efficiency. However, this study only simulates the shear test of the same mortar–rock material and can further expand the shear test of binary media with different strengths.
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Figure 1. Numerical models. (a) 8°. (b) 16°. (c) 23°. (d) 30°. (e) 36°. (f) 45°. 
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Figure 2. Relationship between shear stress and shear displacement. 
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Figure 3. The evolution process of the main strain under direct shear testing. (a) 0 mm. (b) 0.6 mm. (c) 0.8 mm. (d) 0.9 mm. (e) 0.95 mm. (f) 1.0 mm. 
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Figure 4. Numerical simulation of the shear strain evolution process. (a) 0 mm. (b) 0.2 mm. (c) 0.4 mm. (d) 0.6 mm. (e) 0.8 mm. (f) 1.0 mm. 
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Figure 5. Sample failure diagram. (a) Laboratory test. (b) Numerical simulation. 
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Figure 6. Shearing stage diagram. 
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Figure 7. Relationship between shear stress and shear displacement. (a) Sawtooth angle 8°. (b) Sawtooth angle 16°. (c) Sawtooth angle 23°. (d) Sawtooth angle 30°. (e) Sawtooth angle 36°. (f) Sawtooth angle 45°. 
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Figure 8. Relationship between the k value and normal stress and sawtooth angle. 
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Figure 9. Relationship between the peak shear displacement and normal stress and sawtooth angle. 
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Figure 10. Binary medium interface failure mode diagram. (a)  α  = 8°,    σ n    = 0.5 MPa. (b)  α  = 30°,    σ n    = 0.5 MPa. (c)  α  = 16°,    σ n    = 3 MPa. (d)  α  = 45°,    σ n    = 4.5 MPa. 
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Figure 11. Relationship between the shear strength and normal stress of the binary medium interface. 
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Figure 12. Relationship between the shear strength parameters and sawtooth angle. (a) The relationship between cohesion and sawtooth angle. (b) Relationship between internal friction angle and sawtooth angle. 
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Figure 13. Relationship between the residual shear strength and normal stress of the binary medium interface. 
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Figure 14. Relationship between the residual shear strength parameters and sawtooth angle. (a) Relationship between the residual adhesion and sawtooth angle. (b) Relationship between the residual internal friction angle and sawtooth angle. 
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Figure 15. The relationship between the strength degradation rate and sawtooth angle and normal stress. 
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Table 1. Mortar strain softening parameters.
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	Plastic Strain
	0
	0.005
	0.01
	1





	C/MPa
	3.12
	0.64
	0.48
	0



	 ϕ  /°
	40
	32
	26
	12
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Table 2. Strain softening parameters of rock.
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	Plastic Strain
	0
	0.005
	0.01
	1





	C/MPa
	9
	7.2
	2.7
	1.8



	 ϕ /°
	61
	48.8
	39.7
	18.3
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Table 3. Material parameters.
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	Material
	E/GPa
	μ
	C/MPa
	         ϕ   /°
	      d n    /°
	    σ t    /MPa
	  γ  /kN·m−3





	mortar
	1.67
	0.3
	3.12
	40
	15
	1.76
	19



	rock
	16
	0.21
	9
	61
	28
	6.2
	27
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Table 4. The k values of the interface of the binary medium with different sawtooth angles under different normal stresses.
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	Normal Stress/MPa
	Sawtooth Angle 8°
	Sawtooth Angle 16°
	Sawtooth Angle 23°
	Sawtooth Angle 30°
	Sawtooth Angle 36°
	Sawtooth Angle 45°





	0.1
	7.10
	10.82
	13.41
	16.93
	19.00
	23.47



	0.5
	7.10
	11.27
	13.64
	17.60
	19.60
	23.93



	1.0
	7.06
	11.82
	13.93
	17.87
	20.13
	24.47



	1.5
	7.21
	12.32
	14.67
	18.40
	20.67
	25.00



	2.0
	7.67
	12.61
	15.00
	18.87
	21.20
	25.40



	2.5
	7.79
	13.01
	15.80
	19.2
	21.47
	25.87



	3.0
	7.99
	13.31
	16.47
	19.87
	22.00
	26.20



	3.5
	8.12
	13.57
	17.00
	20.27
	22.40
	26.87



	4.0
	8.20
	13.65
	17.13
	20.60
	22.80
	27.20



	4.5
	8.33
	13.73
	17.07
	20.60
	23.40
	27.33



	5.0
	8.60
	13.67
	16.73
	20.27
	23.33
	27.60
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Table 5. Relationship between the peak displacement of shear stress and sawtooth angle and normal stress.
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	Normal Stress

/MPa
	Sawtooth

Angle 8°
	Sawtooth

Angle 16°
	Sawtooth

Angle 23°
	Sawtooth

Angle 30°
	Sawtooth

Angle 36°
	Sawtooth

Angle 45°





	0.1
	0.20
	0.27
	0.37
	0.85
	0.95
	0.92



	0.5
	0.20
	0.81
	0.80
	0.84
	1.04
	0.91



	1.0
	0.20
	0.85
	0.82
	0.86
	0.95
	0.93



	1.5
	0.64
	0.89
	0.85
	0.93
	1.04
	0.94



	2.0
	0.9
	0.87
	0.88
	0.94
	1.07
	0.95



	2.5
	0.91
	0.9
	0.95
	0.97
	1.09
	2.11



	3.0
	1.02
	0.94
	0.95
	0.97
	1.09
	2.17



	3.5
	0.98
	0.96
	0.95
	1.01
	1.11
	2.22



	4.0
	1.35
	0.97
	1.01
	1.11
	2.05
	2.42



	4.5
	1.38
	0.97
	1.04
	1.50
	2.20
	2.45



	5.0
	1.41
	1.46
	1.05
	1.55
	2.30
	2.31










[image: Table] 





Table 6. Shear strength parameters of mortar–rock interface.
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	Sawtooth Angle (°)
	Cohesion (MPa)
	Internal Frictional Angle (°)
	Correlation Coefficient R2





	8
	1.602
	24.480
	0.9894



	16
	1.981
	28.484
	0.994



	23
	2.413
	35.417
	0.9998



	30
	3.262
	36.664
	0.9979



	36
	4.679
	37.474
	0.9987



	45
	5.915
	39.147
	0.9986
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Table 7. Residual shear strength parameters of mortar–rock interface index.
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	Sawtooth Angle (°)
	Residual Cohesion (MPa)
	Residual Angle of Internal Friction (°)
	Correlation Coefficient R2





	8
	1.602
	24.48
	0.9894



	16
	1.981
	28.48
	0.994



	23
	2.413
	35.42
	0.9998



	30
	3.262
	36.66
	0.9979



	36
	4.679
	37.47
	0.9987



	45
	5.915
	39.15
	0.9986
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