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Abstract: In this study, the carbonaceous slate of Muzhailing tunnel was selected to explore the deformation and failure 

mechanism of tunnel layered slate under direct shear conditions. Five sets of direct shear tests were carried out on slate with 

different bedding dip angles (β: 0°, 30°, 45°, 60°, and 90°). The strength parameters, failure mode, fracture topography, 

dissipated energy, and acoustic emission (AE) characteristics were analyzed in detail to study the bedding effect of slate 

failure. The results show that the cohesion and internal friction angle of slate increases and decreases linearly with β from 0° 

to 90°, respectively, and the shear strength of bedding plane is lower than that of matrix. Additionally, the relative roughness 

(δ) of gray-scale image was defined, and the linear relationship between δ and root-mean-square height (Sq) was established 

to improve the efficiency of evolution of fracture topography. Furthermore, the shear energy consumption per unit area (us) 

was calculated, less sensitive to the variation of β. Moreover, a larger AE count and energy release rate were observed when 

the shear stress decreased, and a relative quiet period was observed before the peak loading. Additionally, both the count and 

energy release rate linearly decreased with the increase in β, and the proportion of tensile microcracks for vertical bedding is 

slightly higher than that for horizontal bedding. The main frequency of vertical bedding slate is smaller than that of horizontal 

bedding, i.e., the size of microcracks of slate with β of 90° is relatively larger. Generally, the frequency bandwidth of slate 

became narrower when β was varied from 30° to 60°, and the main frequency increased, indicating that the degree of shear 

failure of matrix is weakened. In contrast, the degree of cracking along the bedding plane increased. 
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Nomenclature  

β Bedding dip angle of slate: the angle between the bedding plane and the horizontal plane 

us Shear energy consumption per unit area 
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Ue, Ur, Ud Elastic, residual, and dissipated strain energy, respectively 

W, Wn, Ws The work done by the external, normal and tangential loads 

U1, U2 Positive and negative work done by the normal load 

Ae Effective shear area 

Sq Root-mean-square height 

A Scanning area 

x, y, z  Coordinates of the fracture topography 

δ Relative roughness 

SDgray matrix Standard deviation of gray matrix 

Mgray matrix Mean value of gray matrix 

τp, τr Peak and residual shear stresses 

τ, σn Shear and normal stresses 

c, φ Cohesion and internal friction angle 

RA Rise time divide by amplitude 

 

1. Introduction 

Bedding-plane orientation is one of the important factors affecting the mechanical behavior of engineering rock masses (Ning 

et al, 2011; He et al., 2012; Liu et al., 2018). The study of effect of bedding dip angle (β) on the mechanical behavior of 

different lithological rock masses has guiding significance for engineering issues such as shale gas (Sun et al., 2016; Xie et al., 

2020; Suo et al., 2020) and metal and coal mining (Pomeroy et al., 1971; Maruvanchery 2020, Zhu et al., 2020), and 

underground tunnel excavation (Lisjak et al., 2015). For example, during hydraulic fracturing, the bedding-plane cracking of 

shale often precedes the cracking of matrix, thereby inhibiting the formation of fracture networks and reducing the efficiency 

of hydraulic fracturing (Stanek and Eisner, 2017; James et al., 2016). Additionally, when a tunnel passes through the strata 

containing horizontal or inclined rock stratum, the tunnel surrounding rock tends to fail first at the arch shoulder or vault (Tao 



et al., 2020). Therefore, it is essential to better understand the strength, failure mode, and failure mechanism of surrounding 

rock under the influence of β for the safety and efficient exploration of underground resources or space. 

Anisotropy characteristic is a typical property of layered rock mass; many studies have been conducted on rock anisotropy 

(Taliercio and Landriani, 1988; Ramamurthy, 1993). Jaeger et al. (1960) studied the anisotropy of elastic parameters of 

layered rock in detail using theoretical and experimental methods. A triaxial compression test of rock-like materials was 

carried out (Tian and Kuo, 2001). The relationship between their mechanical parameters and bedding orientation was 

analyzed, and the failure criterion for transversely isotropic rock was established. Behrestaghi et al. (1996) studied the 

anisotropic characteristics of Schist’s elastic modulus, Poisson’s ratio, and other mechanical parameters under unidirectional 

compressive stress and established a transversely isotropic constitutive model of Schist. Additionally, Claession et al. (2002) 

established theoretical formulas for the elastic constant and tensile strength of anisotropic rock considering the bedding 

orientation. Aliabadian et al. (2019) studied the tensile strength, crack length, and energy dissipation characteristics of layered 

sandstone under indirect tensile load. Heng et al. (2014) conducted an experimental study on the strength anisotropy 

characteristics of shale under direct shear conditions. Ikari et al. (2015) studied the effect of difference angle between shale 

bedding plane and shear force on macroscopic fracture evolution under biaxial shear tests. Hence, previous studies about the 

anisotropic characteristics of rock involve multiple load forms (uniaxial and triaxial compression, indirect and direct tension, 

direct shear, etc.) and lithologies (sandstone, slate, shale, schist, rock-like materials, etc.)  

The internal mechanism of shear fracture of rock under shear stress is complex. Therefore, a better understanding of the 

mechanism of bedding orientation on the propagation and evolution of shear fractures has an important guiding role in 

explaining macroscopic fracture (Virgo et al., 2013). Amann et al. (2011) reported that under low confining pressure 

conditions, the axial splitting failure is dominated when the angle between bedding plane and loading direction is vertical. 

Additionally, as the confining pressure increases, the fracture angle gradually decreases, and the fracture mechanism 

gradually becomes shearing. The shear failure of bedding plane and through-bedding is the main factor, i.e., the effect of 

bedding orientation on fracture mechanism is reduced under a high confining pressure. Compared with the triaxial 

compression test method, a direct shear test can overcome the uncertainty of shear fracture surface and randomness of crack 



initiation in the study of shear crack evolution mechanism. Carey et al. (2015) used X-ray tomography to analyze the crack 

propagation of shale during direct shear, explaining the formation mechanism of shear fracture zone. Tatone and Grasselli 

(2014) also used X-ray micro-CT technology to study the effect of magnitude of normal stress on the topography of 

discontinuous surface during direct shear. Cheng et al. (2019) explored the whole process of initiation, propagation, and 

penetration of mesoscopic cracks in the shearing of coal and reported that tension and shear fracture coexist during shearing. 

However, the mechanical behavior of layered rock formations of different lithologies is also quite different. At present, the 

quantitative relationship between the shear strength parameters of slate and β should be further studied, and few studies 

focused on the bedding effect of failure behavior and involve the energy dissipation characteristics. Therefore, this study aims 

to systematically evaluate the bedding effect of shear failure of carbonaceous slate through direct shear tests and discuss the 

energy dissipation characteristics during shearing and the formation mechanism of macroscopic shear fracture. Specifically,  

five sets of direct shear tests were carried out on slates with different β, and an acoustic emission (AE) system was used to 

monitor the microcracks evolution in shear failure. Furthermore, the shear strength parameters, failure modes, energy 

consumption, AE activities, energy release, and time-frequency characteristics of typical waveforms were systematically 

analyzed to evaluate the effect of β on the mechanical behavior of slate failure. 

2. Materials and methods 

2.1 Materials 

Slate samples were collected from Muzhailing tunnel, Gansu province in Northwest China. The length of tunnel (direction is 

N71°E) is 1813 m, and the maximum buried depth is 591 m. Additionally, the in-situ stress direction is N34°E, and the 

maximum horizontal principal stress is 24.95 MPa. Moreover, the major surrounding rock is a moderately weathered slate 

(grade V surrounding rock). Fig. 1a shows the engineering geology profile of Muzhailing tunnel. The sampling area is located 

at tunneling face (excavation footage 530 m). From the view of AA′ section (Fig. 1b), the dip angle of slate is 45°, and the 

typical rock element in different positions of tunnel has different dip angles. For example, at the left shoulder of tunnel, the 

bedding plane of rock element is vertical (β is 90°). Actually, in field, the left shoulder of tunnel has severe deformation (Fig. 

1c); the bending and shear failure were obvious under the support of steel arch. 



 

The slate was processed into cylinders with diameters and heights of 50 mm and 50 mm, respectively, as shown in Fig. 2a. 

The 25 samples were divided into five groups according to the bedding dip angle (β = 0°, 30°, 45°, 60°, and 90°), the angle 

between bedding plane and horizontal plane. Additionally, four samples of each group were tested with different normal 

stresses (5 MPa, 10 MPa, 15 MPa, 20 MPa), and the remaining one was used as a spare sample. Before the tests, X-ray 

diffraction (XRD) analysis of slate samples was performed. The major minerals present in the slate are quartz (43.8%), 

potassium feldspar (1.0%), plagioclase (2.2%), and clay minerals (53.0%, illite dominant). Additionally, as shown in Fig. 2b, 

the scanning electron microscopy image shows the obvious lamellar structure inside the slate. 

2.2 Experimental method 

Direct shear tests were conducted using a true triaxial electrohydraulic servo-controlled loading system (Fig. 3a). Fig. 3a also 

shows the photograph of direct shear device. Fig. 3b shows the corresponding schematic of direct shear test. Antifriction 

rollers were set between pressure plate and pressure head to reduce the friction; additionally, a Teflon antifriction shim was 

set between the upper and lower shear box to reduce friction. The normal stress was first loaded on specimen with a loading 

rate of 0.5 kN/s, keeping 100 s to make the stress distributed uniformly. Additionally, the shear stress was loaded at a speed of 

0.004 mm/s until specimen failure.  

 

During the test, a Micro-II system produced by the American Physical Acoustics Corporation (PAC) was used for AE 

monitoring. This system uses an 18-bit A/D switching technology that allows instantaneous time-waveform recording. In this 

study, the AE signals were amplified to 100 times (the amplifier was set as 40 dB). The threshold, sampling frequency, and 

sampling length were set as 40 dB, 2 MHz, and 4096 datapoints, respectively. Two Nano-30 sensors with a response 

frequency of 100-400 kHz were used to acquire the AE signals. The AE sensors were fixed on the surface of upper and lower 

parts of shear box using glue (Fig. 3b). 

2.3 Dissipation energy calculation 

It is important to quantitatively evaluate the bedding effect of carbonaceous slate from the perspective of energy dissipation to 



better understand the effect of bedding structure on shear mechanical properties. However, considering the anisotropy of slate, 

it is necessary to standardize the dissipation energy. Additionally, in this study, the shear energy consumption per unit area (us, 

Eq. 1) was taken as the evaluation index. 
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where us is the dissipation energy per unit area in direct shear test, Ud is the total dissipation energy, and Ae is the effective 

shear area. According to the law of conservation of energy, as expressed in Eq. 2, the work done (W) by the external loads on 

the specimen during the direct shear test was transformed into elastic strain energy (Ue), dissipated strain energy (Ud), and 

residual strain energy (Ur). Additionally, the work done by external force mainly includes two parts: normal (Wn) and 

tangential (Ws) work loads, as shown in Eq. 3. Fig. 4 shows a typical load-displacement curve of direct shear test. The peak 

and residual shear stresses are τp and τr, respectively. The work done by tangential shear load is the area enclosed by 

tangential load displacement curve; Ue and Ud are the area of triangles corresponding to the peak and residual stress point, 

respectively. Moreover, the slope of oblique side of right triangle is the slope of straight line section of tangent load 

displacement curve. However, the work done by normal load consists of the positive work (U1) done during the application of 

normal load to the design value and the negative work (U2) done when the normal load remains unchanged. Hence, the total 

dissipation energy can be calculated using Eq. 4. 

 

The effective shear area can be estimated using the binarization digital image of shear fracture after failure, i.e., the effective 

shear area (Babanouri and Nasab, 2015) is occupied by the white area. Notably, the binarization image is significantly 

affected by the shooting environment and thresholds. Therefore, the external environment during shooting should be as 

consistent as possible. Additionally, each shear test consists of two fractures, and the effective shear area is the average of two 



sides. 

2.4 Fracture topography 

The topography of shear fracture can be used to evaluate the shear failure mechanism. As shown in Figs. 5a-c, the 

three-dimensional (3D) noncontact surface profiler can be used to measure the 3D topography of shear fracture. When the 

specimen was fixed on the working platform, the position of optical measuring probe was adjusted to maintain the probe and 

cross-section at 30 mm. Additionally, the scanning area (A) was set as 50*50 mm2, and the scanning accuracy was set as 20 

μm. Each point in the image has the corresponding x, y, and z coordinate values, and the root-mean-square height (Sq, Eq. 5, 

quantitative description of dispersion degree of fracture surface height distribution) was selected to quantify the fracture 

topography characteristics (Ju et al., 2019; Zhao et al., 2017).  
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However, the scanning process of each fracture needs a long time. To improve the experimental efficiency without losing 

accuracy, the idea of using relative roughness (δ) instead of Sq was proposed based on the gray histogram of digital fracture 

image. Additionally, δ can be defined as follows: 
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M

gray matrix

gray matrix

            (6) 

where SDgray matrix and Mgray matrix are the standard deviation and mean value of gray matrix, respectively. By testing, Sq has a 

linear relationship with δ, and the fitting curve (Sq = 2985.14 × δ-1334.64) is shown in Fig. 5d. Therefore, the analysis of 

subsequent test results can first use the easily obtained δ to convert the Sq of shear fracture and then analyze the shear failure 

mechanism of slate with different bedding dip angles. 

3. Results and discussion 

3.1 Strength parameters and failure pattern 

The shear stress-displacement curve of slate under different bedding dip angles and normal stresses is shown in Fig. 6. 

Generally, the overall change trend of shear stress-shear displacement curves of all samples before reaching the peak stress is 

the same. At the beginning of loading, the slope of curve is small, the shear displacement increases faster, and the shear stress 



increases slowly. Because a certain gap exists between the shear box and sample and the initial shear stress has decreased 

these gaps, when the shear displacement reaches a certain value, the slope of curve increases significantly, and the increase in 

shear displacement becomes slow. The shear stress increases rapidly, and the shear stress-displacement curve shows a clear 

yield point. After reaching the peak strength, the slope of curve changes from positive to negative, and the shear stress drop 

phenomenon may have appeared multiple times. When the shear stress decreases to a certain level, the slope of curve 

suddenly becomes smooth. As shear displacement continues to increase, the shear stress gradually enters the residual strength 

stage. At this stage, the shear stress shows the common feature of rock shear failure and sliding (stick-slip, Cloos 1992). 

 

Additionally, the peak shear stress (τp) of slate with different β values increases with the increase in normal load, but the 

tangential displacement of sample at the peak stress is different. Specifically, when β is 0° and 90°, the tangential 

displacements corresponding to the peak loads are relatively small, about 0.7-1.0 mm and 0.8-1.8 mm, respectively, while β 

of 30° corresponds to the largest tangential displacement (1.3-3.2 mm). If the β is 45° and 60°, the tangential displacement 

spans (1.3-2.9 mm and 1.2-2.8 mm, respectively) are similar. Additionally, when the β is 0° and 90°, brittle shear failure 

occurs only when the normal load is 5 MPa. With the increase in normal load, the stick-slip phenomenon appears, especially 

when the normal load is 20 MPa. The stress after the peak stress clearly fluctuates with the increase in displacement. When β 

is 30°, almost no stick-slip phenomenon is observed; when β is 45°, the brittle shear failure characteristics are obvious when 

the normal stress is less than 20 MPa. When β is 60°, the shear sliding is the most obvious when the normal stress is 15 MPa, 

and the maximum normal stress corresponds to the minimal shear displacement. 

 

Table 1 shows the peak shear stresses corresponding to different normal stresses of different β slate samples. Additionally, all 

samples have residual stress after shear failure, and the mean and standard deviation of ratio (τr/τp) of residual stress to peak 

stress is also shown in Table 1. The relationship between the ratio (τr/τp) and β is shown in Fig. 7. As β increases, the ratio first 

decreases and then increases. When β is 90°, the corresponding value is the largest (0.76), and when β is 45°, the 

corresponding value is the smallest (0.53). In other words, the stress drop corresponding to vertical bedding is the largest, i.e., 



the brittle failure characteristic is the most obvious, followed by horizontal bedding, and the stress drops corresponding to 

oblique bedding are smaller (0.53-0.60). According to the Mohr-Coulomb shear strength criterion (Eq. 7, Shen et al., 2018), 

the corresponding shear strength parameters of slate with different β values were calculated (as shown in Table 1), and the 

change of cohesion (c) and internal friction angle (φ) of slate with β is shown in Fig. 8. 

n
= tan c             (7) 

where c and φ are the cohesion and internal friction angle; τ and σn are the shear and normal stress. In general, the cohesion 

and internal friction angle are approximately linear with increasing β. Specifically, the cohesion increases linearly with the 

increase in β, while the change process of internal friction angle is just the opposite, decreasing linearly with the increase in β. 

However, the shear strengths of slate with different β from high to low are 45° > 30° > 90°> 60° > 0°, and the shear strengths 

of slate (30°, 90°, and 60°) are closed. 

 

Fig. 9a shows the failure pattern of shear failure of slate under different normal stresses. For the slate with β of 0°, the integral 

shear failure along the bedding plane is dominated. When the normal stress is 5 MPa, local protrusions appeared on the shear 

section. As the normal stress increased, the scratches due to friction on the section became more obvious. When β is 90°, a 

fracture is formed by the shear failure of matrix and bedding plane. Additionally, the local cracking of vertical bedding plane 

is also presented, and with the increase in normal stress, the scratches of fracture surface are more obvious. Especially when 

the normal stress is 20 MPa, fragments are presented in the local area of shear fracture. For slate with β of 30-60°, varying 

degrees of composite failure of bedding plane cracking and matrix shear failure were observed. For example, when β is 30° 

and the normal stress is 15 MPa, the stepped tensile fracture is obvious; when β is 45° and the normal stress is 10 MPa, a 

concave fracture is formed along the bedding plane. When β is 60° and the normal stress is 15 MPa, the cracks along the 

bedding plane are particularly obvious, and the scratches and fragmented characteristics of fracture are also more obvious.  

 

According to the digital images of typical shear fractures with different β values, a gray histogram was obtained, as shown in 

Fig. 9b. The fracture topography characteristics of different β values are quite different. According to the calculation method 



of δ described in Section 2.4 and the corresponding relationship between δ and the Sq of fracture topography, the Sq of direct 

shear failure fracture of slate with different β values can be obtained, as shown in Fig. 9c. With the increase in β, the mean 

value first increases and then decreases and then increases again. When β is 60° and 30°, the minimum and maximum values 

were obtained. In other words, when β is 60°, the fracture is flatter; when β is 30°, the height fluctuation degree of fracture is 

the largest. When β is 90°, the elevation dispersion degree of fracture is slightly larger than that of horizontal bedding (0°), 

and when β is 45°, the shear fracture is relatively flatter compared to vertical and horizontal bedding. Because the protrusions 

and depressions of shear fracture at 45° only appear as local areas, the protrusions and depressions of slate with vertical and 

horizontal beddings appear at intervals. 

 

For intact or fractured rock, when shear fracture or shear cracks propagate, the shear strength in a certain area near the crack 

tip will be weakened by sliding as the shear crack extends (He 1995). For different directions of anisotropic rock masses, the 

specific signs of slip weakening (SW) are different. When β is 0°, the weakening of shear along the bedding plane becomes 

more obvious when the normal stress is greater than 5 MPa. When β is 90°, the overall SW phenomenon is weak. 

Additionally, the shear SW is related to the number and spacing of bedding planes. It is difficult to reflect the SW when the 

bedding plane spacing is small and the number is large. However, the shear strength of matrix is greater than that of bedding 

plane. For the slate samples with β of 45°, the bedding plane width (the gray band shown in Fig. 2a) in the shear core area is 

larger, and the brittleness is more obvious at failures. No obvious SW phenomenon was observed, one of the reasons for the 

higher shear strength. For the slate with β of 30° and 60°, under the action of shearing, the tensile cracks along the bedding 

plane caused the local failure of sample. Subsequently during shearing and sliding, the tensile cracks penetrated along the 

bedding plane, and the connection of shear cracks and tension cracks formed the overall rupture zone. Moreover, the cracks 

along the bedding plane increased the roughness of shear rupture plane, probably one of the reasons that the shear strengths of 

slate with β of 30° and 60° are close to vertical bedding. 

3.2 Energy consumption 

According to the calculation principle of shear dissipated energy as described in Section 2.3, the stress-displacement curves 



of 20 slate direct shear tests are processed, and the corresponding dissipated energy of different samples are obtained, as 

shown in Table 2. However, for a small number of samples, the dissipated energy with a lower normal stress is larger than 

that with a higher normal stress. This is mainly because the dissipated energy is affected by the number and spacing of 

bedding planes, which is not the focus of this study. For the direct shear test, the failure of sample is mainly sheared, and most 

of its dissipated energy is used to generate shear microcracks, causing crack propagation and forming the final shear fracture. 

Eq. 1 shows that the dissipated energy per unit area can be calculated from the effective shear area. For the shear fracture, the 

scratch area generated by sliding friction can be approximately equivalent to the effective shear area, and it can provide 

quantitative estimation of binary image of shear fracture.  

 

The digital images of some typical shear fractures and the corresponding binary images are shown in Fig. 10a. According to 

the relationship between image pixels and physical size, the area corresponding to the effective shear area (i.e., white area) 

can be calculated, and the specific values are also shown in Table 2. In general, the corresponding effective shear areas of 

horizontal (0°) and vertical (90°) bedding plane slate are larger than that of slate with oblique bedding plane; as the normal 

stress increases, the effective shear area also increases. Table 2 also shows the average value of us, and the change of us with β 

is shown in Fig. 10b. As β increases, the us first increases, then decreases, and finally increases. However, the variation range 

of us is small (16.17-17.62 mJ/mm2), indicating that us is not sensitive to the variation in β. According to the theory of fracture 

mechanics, the fracture toughness of a material represents its ability to resist brittle fracture and is an inherent property of the 

material itself. Therefore, for the direct shear failure of slate with different β values, the shear energy consumption per unit 

area is less affected by β. Additionally, the main reason for the slight fluctuation is probably the difference in the ability of 

matrix and bedding plane to resist cracks. 

 

3.3 AE characteristics 

AE activity, energy release, and time-frequency characteristics of waveform (Ohtsu, 2008; Ren et al., 2020) can be used to 

evaluate the development characteristics of microcracks during the slate direct shear test. AE count is one of the commonly 



used indicators to characterize AE activity. When β is 0° and the normal stress is 20 MPa, Fig. 11a shows the curve of AE 

count rate and cumulative AE counts changing with shear stress-time. Fig. 11a shows that the entire loading process can be 

divided into four stages. In the initial loading stage (Stage I), relatively strong intermittent AE signals are generated, and the 

cumulative AE count increases slowly. The AE signals from stage I are mainly caused by the internal pores of slate, and the 

gap between shear box and specimen is closed. The AE signals in the continuous stable deformation stage (Stage II) are 

obviously much denser, but the overall count rate is relatively small. Additionally, the cumulative count curve is 

approximately parallel to the loading curve. This indicates that the rate of occurrence of microcracks is relatively stable, and 

the growth rate is the fastest during the entire loading. At the end of stage II, the shear stress has a small stress drop, 

corresponding to a larger count rate. In the unstable deformation stage (Stage III), the number of AE signals is small, and the 

cumulative count increases slowly at a lower rate. Hence, stage III experienced the effect of previous stage of stress release 

and entered a relatively quiet period. In addition, the energy is gradually accumulated and released suddenly during the peak 

stress, producing more AE signals, and the cumulative counts increase suddenly. Stage IV is the post-peak deformation stage. 

In this stage, the AE signal is intermittently enhanced until the end of the test, and the cumulative AE count increases 

approximately in steps. 

 

Fig. 11b shows the change in AE energy release rate and cumulative released energy with the shear stress-time curve when β 

is 0° and the normal stress is 20 MPa. The curve can also be divided into four stages. The AE signals that occurred during 

stages I and II are mainly the low-energy signals, and the cumulative released energy curve increases slowly. However, when 

a small stress drop occurs in stage II, more energy is released, shown as a sudden increase in cumulative release. In stage III, 

only a slight energy released, and the cumulative released energy curve is almost horizontal. Also, a sudden increase in AE 

energy was observed at the peak stress point, and the increment is the largest. The energy release characteristic after the peak 

is similar to the AE activity, intermittent energy release, and smaller contribution to the general cumulative released energy. 

The AE activity and energy release characteristics of remaining samples are similar to those of the abovementioned slate 

samples, but the specific values are different. Figs. 11c and 11d show the mean values of maximum AE count rate and 



maximum energy release rate of slate with different β values. On the whole, with the increase in β, the AE count rate and 

energy release rate show a linear decrease, i.e., the energy released by microcracks of slate with vertical bedding is the least, 

indicating that the generation of tension microcracks along the bedding plane weakens the energy release of microcracks to a 

certain extent. 

 

Additionally, the relationship of average frequency (AF) and the ratio of rise time to amplitude (RA) are commonly used to 

distinguish the characteristics (tensile or shear) of microcracks (Zhang and Deng, 2020). In the Cartesian coordinate system 

of AF-RA, a straight line was observed with a slope of k across the origin, dividing the coordinate system into two parts: The 

tension and shear microcracks are located above and below the straight line, respectively. However, there is no specific 

criterion to determine the critical slope (k). If the maximum values of RA and AF are denoted as RAmax and AFmax, 

respectively, the slope of diagonal line can be represented by the ratio RAmax/AFmax (Yue et al., 2020), which depends on the 

type of material, geometry of specimens, and type of load. In this study, the critical slope is 0.042. Fig. 12a shows the 

corresponding AF-RA relationship diagram of slate with different β values when the normal stress is 20 MPa. The variation in 

the ratio of tensile to total microcracks with β is shown in Fig. 12b. As β increases, the ratio first increases, then decreases, 

and finally increases, and the ratios are all smaller than 50%. When β is 30° and 60°, the ratios are the maximum and 

minimum, respectively. Additionally, the ratio of slate with vertical bedding is slightly higher than that of horizontal bedding, 

i.e., the action of shear microcracks of slate sample with β = 0° is more obvious than that for sample with β = 90°.  

 

During direct shear tests, a high degree of stress concentration will occur at both ends of shear fracture. Additionally, the 

tension induced by shear stress before the nucleation of shear cracks will first produce echelon-shaped cracks (at an angle 

with shear fracture) at both ends of shear fracture. Therefore, the tensile microcracks account for a certain proportion (less 

than 50%) for the direct shear tests. For the layered slate, the bedding plane is easier to crack than the matrix, and the 

cracking of echelon-shaped cracks produced during direct shear is closely related to β. When β is 30° and 60°, tensile cracks 

along the bedding plane were generated. However, the tensile cracks are more obvious at 30°. Therefore, the proportion of 



tensile cracks is relatively high. 

 

When the normal stress is 20 MPa, the AE waveforms corresponding to the peak load of slate with different β values were 

selected for short-time Fourier transform (Ito and Enoki, 2007) to obtain the two-dimensional frequency spectrum and 

time-frequency spectrum, as shown in Fig. 13. When β is 0° and 60°, the AE waveform is a long-duration and continuous 

signal. When β is 30° and 90°, the AE waveform is a short-duration pulse-shaped signal. When β is 0°, the bandwidth of 

time-frequency spectrum is 220-300 kHz; the duration is about 1 ms; the main frequency is 262 kHz. For β of 90°, the 

bandwidth is120-190 kHz; the duration is about 0.3 ms; the main frequency is154 kHz. Additionally, the change of main 

frequency of slate with different β values is shown in Fig. 14. As β increases, the main frequency first decreases, then 

increases, and finally decreases. A lower frequency indicates the size of microcracks is relatively larger, i.e., the size of 

microcracks corresponding to vertical bedding is larger than that of horizontal bedding slate. 

 

Moreover, the frequency bandwidth becomes wider and then narrower with the increase in β. When β is 30°, the 

corresponding bandwidth is the widest, indicating that the span of microcrack size is larger. For horizontally bedding slate, 

the shear failure along the bedding plane is dominant, and the cohesion of bedding plane is the lowest. The microcracks 

generated during direct shear include the shearing at the local area and the friction of sheared part. However, for vertical 

bedding, the shear failure of matrix and bedding plane is the main failure pattern, requiring more energy. Therefore, the 

frequency of microcracks is lower, i.e., the size of microcracks is relatively larger. Additionally, for oblique bedding, the 

degree of cracking along the bedding plane results in a difference in microcrack size. From 30° to 60°, the narrowing of 

bandwidth indicates that the degree of shear failure of matrix is weakened, and the increase in the main frequency indicates 

that the degree of cracking of bedding plane is enhanced. 

4. Conclusion 

To explore the deformation and failure mechanism of tunnel layered slate under compression and shear conditions, in this 

study, the carbonaceous slate of Muzhailing tunnel was selected as the research object, and five sets of direct shear tests were 



carried out on the slate with different β values. The strength parameters, shear failure mode, shear fracture topography, energy 

dissipation, and AE characteristics were analyzed in detail to study the bedding effect of slate failure behavior. The main 

conclusions are as follows: 

(1) As β increases from 0° to 90°, the cohesive angle and internal friction angle of slate increase and decrease linearly, 

respectively, and the shear strength of bedding plane is lower than that of matrix. Generally, when β is 45°, the corresponding 

shear strength is the largest. This is mainly because the spacing between bedding planes is large, and the shear body matrix 

accounts for more. When shear failure occurs, almost no shear-SW phenomenon occurs, and brittle failure is dominant. 

(2) The δ of gray-scale image was defined, and the linear corresponding relationship between δ and Sq was established, 

improving the efficiency of characterizing the fracture topography. Additionally, us was estimated, and the dissipated energy 

is less sensitive to the variation in β. Moreover, us is an inherent property of the material itself, and it is less affected by the 

external load and bedding orientation. 

(3) During slate direct shear, the rate of AE counts and energy release rate are closely related to the change in shear stress. 

When the stress drop occurs, there is a larger count rate, and more energy is released. Additionally, there is a relative quiet 

period when the peak load is reached. Intermittent AE signals are still observed during the shear sliding in post-peak. The 

counts rate and energy release rate both linearly decrease with the increase in β. The proportion of tensile microcracks is 

about 33-45%, and the proportion of tensile microcracks corresponding to vertical bedding is slightly higher than that of 

horizontal bedding. 

(4) The time-frequency characteristics of typical AE waveforms at the peak shear stress show that with the increase in β, the 

bandwidth of frequency first widens and then narrows. The main frequency values first decrease, then increase, and finally 

decrease again. The main frequency of vertical bedding is smaller than that of horizontal bedding, i.e., the size of microcracks 

is relatively larger. Additionally, the frequency bandwidth of slate with β from 30° to 60° becomes narrower, and the increase 

in main frequency indicates that the degree of shear failure of matrix is weakened. In contrast, the degree of cracking along 

the bedding plane is enhanced. 
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Figures

Figure 1

(a) Engineering geology pro�le of Muzhailing tunnel, (b) diagram of bedding plane angle (β) of rock
element at different locations of tunnel section, and (c) severe deformation in the left shoulder of tunnel



Figure 2

(a) Slate samples for direct shear test, and (b) microscopic structure of the slate

Figure 3

(a) Ture triaxial loading system and shear box, and (b) schematic of principal of the shear box



Figure 4

Schematic of strain energy calculation for the direct shear test



Figure 5

(a) Three-dimensional noncontact surface pro�ler, (b) photograph and (c) three-dimensional topography
of shear fracture, and (d) relationship between Sq and δ

Figure 6



The curves of shear stress-displacement for slate with β under four normal stresses; (a~e) 0°, 30°, 45°,
60° and 90°, respectively.

Figure 7

Variation of ratios of residual to peak shear strength with β



Figure 8

Relationship between shear strength parameters and β



Figure 9

(a) Failure photographs of slate after direct shear tests, (b) gray histogram of typical failure fracture, and
(c) the relationship between Sq and β



Figure 10

(a) Photographs and grayscale images of shear fractures, and (b) the relationship between us and β



Figure 11

Evaluation of (a) AE count rate and (b) energy release rate of slate (β = 0°, σn = 20 MPa) with time elapse;
relationship between mean value of maximum (c) AE count rate, and (d) AE energy release rate and β



Figure 12

(a) Scatter diagram of AF and RA, and (d) variation of the ratios of tensile microcracks with β

Figure 13

Typical waveform, spectrum and corresponding time-spectrum of AE signals appearing at peak loads
(a~e) respectively for 0°, 30°, 45°, 60° and 90°



Figure 14

Variation of frequency band of typical AE waveforms with β


