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Abstract: Multi-scale assessment of shear behavior in the tunnel carbonaceous slate is critical for
evaluating the stability of the surrounding rock. In this study, direct shear tests were conducted
on carbonaceous slates from the Muzhailing Tunnel, considering five bedding dip angles () and
four normal stresses (o). The micro-mechanism was also examined by combining acoustic emission
(AE) and energy rate with PFC2D Version 5.0 (particle flow code 2D Version 5.0 software) numer-
ical simulations. The results showed a linear relationship between peak shear stress and normal
stress, with the rate of increase inversely related to . Cohesion increased linearly with §, while
internal friction angle and AE activity decreased; the energy release rate is 3.92 x 108 aJ/s at 0° and
1.93 x 108 aJ /s at 90°. Shearing along the preset fracture plane was the main failure mode. Increased
normal stress led to lateral cracks perpendicular to or intersecting the shear plane. Cracks along
the bedding plane formed a broad shear band with concentrated compressive force, and inclined
bedding was accompanied by a dense tension chain along the bedding plane.

Keywords: carbonaceous slate; direct shear; bedding effect; acoustic emission; micro-mechanism

1. Introduction

Bedding planes are a crucial factor contributing to rock anisotropy and significantly
influencing the corresponding mechanical behavior, which may result in variations in
the mechanical properties of rocks depending on their orientation. Therefore, a thorough
analysis of the bedding plane in anisotropic rocks and its impact is imperative in rock
mechanics and engineering. Previous studies on the anisotropic characteristics of rocks
have mainly focused on the influence of the bedding dip angle () on fracture strength
under uniaxial and triaxial conditions [1] for various lithologies such as sandstone, slate,
shale, and schist [2,3]. However, investigating the influence of § on the shear failure
behavior of rocks under shear stress conditions is also equally critical [4-7].

Most research studies on shear failure behavior have been conducted at a laboratory
scale, involving the analysis of mechanical parameters and failure modes of bedding. Vari-
ous theoretical models are established to estimate the strength. Pan et al. performed direct
shear, uniaxial, and triaxial tests on rocks with different bedding angles and thicknesses to
illustrate anisotropy [8]. Alsuwaidi et al. and Heng et al. [9,10] evaluated the anisotropic
shear strength characteristics of shale by direct shear tests and theoretical analyses. Ikari
et al. [11] examined the impact of different angles between shale bedding planes and shear
forces on macroscopic crack evolution under biaxial shear, proposing a simplified model
for predicting shear strength in anisotropic rocks with varying B through direct shear tests.
Fan et al. [12] conducted direct shear tests on shale samples, analyzing the anisotropy of
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acoustic emission (AE) parameter characteristics and strain field evolution during crack
formation and propagation.

It is pertinent to note that investigating the microscopic mechanisms of layered rocks
should not be underestimated. In addition to laboratory tests, numerical simulations based
on rock mechanical test results can enhance the comprehension of test conclusions [13].
Recently, AE has become prevalent for monitoring the microcracking process and under-
standing the failure mechanism of rocks [14-16]. Several researchers have explored its
applicability in monitoring the degradation process of joint asperities under shear load-
ing [17-20]. Therefore, studying layered rock shear failure behavior from the perspective of
AE characteristics and numerical simulation is imperative for a better and more thorough
understanding [21]. Similarly, Liu et al. [22] studied the anisotropic shear mechanism of
slate by experimental and numerical analyses, revealing that the shear strength and failure
mechanism of layered rocks is significantly influenced by . Noori et al. [23] experimentally
investigated the fracture behavior and micro-fracture process of anisotropic sandstone and
analyzed it using particle flow code. The influence of bedding plane inclination angle on
strength was found to be more significant than that of bedding plane spacing.

Although extensive studies have been conducted earlier to reveal the mechanical
anisotropies of layered rocks [24-29], including their strength, deformation, and failure
modes, the findings on the influence of different normal stresses () and bedding dip an-
gles on the failure behavior of layered rocks, especially under shear, are sparse. Since under
different engineering loads or natural conditions, rocks are subjected to varying stresses
in various environments, such as the static or pseudo-static loadings in rainfall-induced
rockslides and the dynamic loadings in earthquake-triggered rockslides, systematically
studying the shear failure behavior of layered slate under different normal stresses and
bedding dip angles is critical. Therefore, this research work is carried out in which the
direct shear tests were conducted on rock specimens with varying B values (0°, 30°, 45°, 60°,
90°) under different o, levels (5 MPa, 10 MPa, 15 MPa, 20 MPa). AE was used to monitor
microcrack evolution during shear failure in real time. Subsequently, numerical simulation
tests under identical conditions were performed, and a systematic analysis of shear strength
parameters, failure modes, and microcrack evolution characteristics was conducted to offer
a theoretical reference for addressing anisotropy issues in rock engineering.

2. Materials and Methodology
2.1. Materials

Slate samples were collected from the Muzhailing Tunnel in Gansu province, China.
The tunnel, extending in the N71°E direction, is 1813 m long, with a maximum burial depth
of 591 m. The in situ stress direction is N34°E, and the maximum horizontal principal stress
is 24.95 MPa. The predominant surrounding rock also consists of moderately weathered
slate (grade V surrounding rock). The engineering geology profile of the Muzhailing Tunnel
is shown in Figure 1a. The sampling area was located at the tunneling face, specifically at
excavation footage 530 m. The rock element exhibits varying dip angles in different regions
of the tunnel (AA’ section in Figure 1b). The bedding plane of the rock element is vertical at
the left shoulder of the tunnel (8 = 90°), while the left shoulder of the tunnel has undergone
significant deformation in the field (Figure 1c). The evident bending and shear failure was
observed under the support of the steel arch.

The slate was molded into cylindrical specimens of 50 mm diameter and height, as
shown in Figure 2a. Twenty-five samples were categorized into five groups based on 8
(0°, 30°, 45°, 60°, and 90°), representing the angle between the bedding plane and the
horizontal plane. Four samples from each group were tested under different ¢y, values
(5 MPa, 10 MPa, 15 MPa, 20 MPa). The remaining sample was spare and remained untested.
Before conducting the tests, X-ray diffraction (XRD) analysis was performed on the slate
samples. The major minerals identified in the slate were quartz (43.8%), potassium feldspar
(1.0%), plagioclase (2.2%), and clay minerals (53.0%, predominantly illite) (Figure 2b). Also,
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scanning electron microscopy (SEM) imaging revealed a distinct layered structure within
the slate (Figure 2c).

Moderately weathered slate
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0Om 300 m 600 m 900 m 1200 m 1500 m 1800 m

AA' section

Figure 1. (a) Engineering geology profile of Muzhailing Tunnel, (b) diagram of bedding dip angle (8)
of rock element at different locations of tunnel section, and (c) severe deformation in the left shoulder
of tunnel [30].
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Figure 2. (a) Slate samples for direct shear test, (b) mineral composition, and (c) microscopic structure
of the slate.
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2.2. Experimental Method

Direct shear tests were performed on a true triaxial electrohydraulic servo-controlled
loading system (Figure 3a). The schematic representation of the direct shear test is shown
in Figure 3b. Anti-friction rollers were strategically placed between the loading plate and
pressure head to minimize friction. A Teflon anti-friction shim was also inserted between
the upper and lower shear boxes to reduce friction. Initially, the normal stress o, was
applied to the specimen at a loading rate of 0.5 kN /s, maintaining the load for 100 s to
ensure an even stress distribution. Subsequently, shear stress was applied at a rate of
0.004 mm /s until the final failure.

1. Pressure plate 2. Antifriction roller
3. Pressure head 4. Sample 5. Shear box
6. Teflon antifriction shim 7. AE sensor

Figure 3. (a) Ture triaxial loading system and shear box and (b) schematic of principal of the shear
box [31].

An American Physical Acoustics Corporation (PAC) Micro-II system was used for AE
monitoring throughout the test. This system incorporates 18-bit A /D switching technology,
enabling instantaneous time waveform recording. In this study, the AE signals were
amplified 100 times (with a 40 dB amplifier). The threshold, sampling frequency, and
sampling length were set at 40 dB, 2 MHz, and 4096 data points, respectively. Two Nano-30
sensors with a 100-400 kHz response frequency were affixed to the upper and lower parts
of the shear box using glue (Figure 3b) to acquire the AE signals.

3. Test Results
3.1. Shear Strength Parameters

The shear stress—displacement curve of slate under different g and ¢y, is shown in
Figure 4. The overall variation in shear stress—shear displacement curves for all samples is
similar before reaching 7. Initially, the curve exhibits a slight slope during loading, with
the shear displacement rapidly increasing and the shear stress increasing slowly. This is
attributed to a specific gap between the shear box and the sample; the initial shear stress
has decreased these gaps. After reaching a certain shear displacement value, the slope
of the curve increases significantly, and shear displacement rises at a slower. Notably,
when § = 30°, higher ¢y, values correspond to a longer linear deformation stage [32]. After
reaching the 7p, the slope of the curve shifts from positive to negative, and the stress decline
phenomenon appears multiple times. As shear stress decreases to a specific level, the slope
suddenly becomes smooth. With increasing shear displacement, the shear stress gradually
enters the residual strength phase.
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Figure 4. Curves of shear stress—displacement for slate with different 8 (0°, 30°, 45°, 60°, 90°) under
(a) on =5MPa, (b) o = 10 MPa, () o = 15 MPa, and (d) 0, = 20 MPa, respectively.

In general, when B = 45°, 1}, is the largest, and it is the smallest at 0°. The T} of
different B values correspond to distinct tangential displacements. Specifically, for p values
of 0° and 90°, the tangential displacement at peak load is relatively minor, ranging from
0.7 mm to 1.0 mm and 0.8 mm to 1.8 mm, respectively. For B values of 45° and 60°, the
spans of tangential displacement (1.3-2.9 mm and 1.2-2.8 mm, respectively) are similar.
Brittle shear failure occurs only at 5 MPa for = 0° and 90°. The brittle shear failure is
more pronounced for § = 45° and o, < 20 MPa. At § = 60°, there are more shear-slip
phenomena, particularly evident when o, = 15 MPa and the displacement corresponding to
Tp is the smallest at 0nmax. With the increase in 0y, samples with different B values exhibit
a shear-slip phenomenon.

All samples exhibit residual stress. Table 1 presents the mean and standard deviation
(SD) ratio of residual stress to peak stress ratio (7;/7p). The variation in shear strength
concerning 8 and ¢y, is shown in Figure 5, while the correlation between the ratio (7, /7p)
and S is depicted in Figure 6. As B increases, the ratio initially decreases and then increases.
The highest corresponding value (0.7) is observed when f is 90°, while the lowest (0.5)
occurs at B = 45°. The stress drop associated with a vertical bedding plane is the most
significant, indicating brittle failure, followed by horizontal bedding, with smaller stress
drops corresponding to oblique bedding (0.5-0.6). Based on the Mohr—Coulomb shear
strength criterion [33], the shear strength parameters of slate with different g values were
calculated using Equation (1) and given in Table 1. The variations in cohesion (c) and
internal friction angle (¢) are illustrated in Figure 7.

T = optang +c 1

where c and ¢ represent the cohesion and internal friction angle, respectively, while T and
o denote the shear and normal stresses.
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Table 1. Mechanical properties of slate for direct shear tests.

Tp (MPa)
B©) ¢ (MPa) * p()* (tr/Tp) * Standard Deviation (%)
5 MPa 10 MPa 15 MPa 20 MPa
0 11.11 17.71 23.70 30.05 4.87 51.6 0.65 0.16
30 17.50 20.50 29.37 30.85 15.54 36.0 0.58 0.16
45 20.00 27.80 30.30 33.50 17.85 38.8 0.52 0.15
60 18.75 20.60 22.66 31.75 14.82 34.6 0.59 0.15
90 21.66 25.76 28.30 29.73 19.88 27.4 0.67 0.08

* Note: Average of parameters of different 0, under the same f.
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Figure 5. Variation of shear strength with ¢, under different B.
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Figure 6. Variation of (tTr/tp)* with B.

As B increases, cohesion exhibits a linear increase, whereas the internal friction angle
undergoes an opposite change. The cohesion reaches its maximum value (19.9) at 90° and
its minimum (4.9) at 0°, while the internal friction angle follows the opposite pattern.

Factors such as test instruments, sample dimensions, and temperature can all influence
the outcomes. These errors are unavoidable during the experiment, but they are within
acceptable ranges. Therefore, in the analysis of results, averaging methods are used
to study the shear mechanical behavior of slate under different bedding dip angles to
minimize errors.
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3.2. Failure Pattern of Slate

The failure patterns of slate specimens under varying ¢, during shear failure are
shown in Figure 8. For slate with  of 0°, integral shear failure along the bedding plane
is dominant. At o, = 5 MPa, local protrusions emerge on the shear section. The cracks on
the section due to friction become more pronounced with increasing ¢y,. For slate with
B ranging from 30 to 60°, varying degrees of bedding plane cracking and matrix shear
composite failure are observed. Notably, at = 30° and o, = 15 MPa, stepped tensile
cracks are evident, and a concave crack forms along the bedding plane at g = 45° and
on = 10 MPa. Cracks along the bedding plane become particularly prominent when f = 60°
and o, = 15 MPa, displaying distinct scratches and fragmented characteristics. At  =90°,
a crack forms due to the shear failure of the matrix and bedding plane. Also, local cracking
of the vertical bedding plane is observed; with the increase in o, the scratches on the crack
surface become more prominent.

15
20
90°

Figure 8. Fractured slate specimens after direct shear tests.

In both intact and cracked rocks, the shear strength in a specific area near the crack tip
is weakened by sliding as the shear crack extends. Different anisotropic rock masses exhibit
distinct signs of slip weakening (SW) [10]. At B = 0°, shear weakening along the bedding
plane is more pronounced when oy, > 5 MPa. When = 90°, the overall SW phenomenon
is weak. The shear SW is also associated with the spacing of bedding planes. At 45°, the
bedding plane width (the gray band shown in Figure 2a) in the shear core area is larger,
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and the brittleness is more evident at failure. This results in a less evident slip-weakening
phenomenon, leading to higher shear strength. For slate with 8 = 30° and 60°, shear
action induces tensile cracks developing along the bedding plane, leading to local failure.
Subsequently, these tensile cracks propagate along the bedding plane during shearing
and sliding, creating an overall rupture zone where shear and tensile cracks interconnect.
Cracks along the bedding plane contribute to increased roughness on the shear rupture
plane, which explains why the shear strengths of slate with 8 values of 30° and 60° closely
resemble those of vertically bedded slate.

3.3. AE Characteristics

AE activity and energy release can be used to assess the microcrack development and
propagation during direct shear tests. AE count is a commonly used metric to characterize
AE activity. AE energy represents the energy released during the rock failure process.
When B = 0° and o, = 20 MPa, the curve showing the variation in AE count rate and
cumulative AE counts with shear stress and time is presented in Figure 9a. 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. These signals in Stage I are because of the internal pores of the slate and
the closure of the gap between the shear box and the specimen. During the continuous
stable deformation stage (Stage II), AE signals become noticeably denser, yet the overall
count rate remains relatively small. Also, the cumulative count curve approximately
parallels the loading curve, signifying a stable rate of microcrack evolution with the fastest
growth rate throughout the loading process. Toward the end of Stage II, a slight stress
decline in shear stress corresponding to a larger count rate is observed. Moving into the
unstable deformation stage (Stage III), the AE signals decrease, and the cumulative count
increases at a lower rate. Stage III reflects the influence of the stress release of the preceding
stage, entering a relatively quiet period. In addition, energy accumulates gradually and is
suddenly released during peak stress, generating more AE signals and a sudden increase
in cumulative counts. Stage IV represents the post-peak deformation stage, in which AE
signals intermittently intensify until the end of the test while the cumulative AE count
also increases.

The variation in AE energy release rate and cumulative released energy with the shear
stress—time curve is depicted in Figure 9b for 8 = 0° and oy, = 20 MPa. This curve can be
divided into four stages. During Stage I and Stage II, the AE signals primarily consist of
low-energy signals, resulting in a slow increase in the cumulative released energy curve.
However, a small stress drop in Stage II significantly increases the cumulative energy
release, signifying more energy release. Only a small amount of energy is released in Stage
III, and the cumulative released energy curve remains almost horizontal, while a sudden
increase in AE energy is observed at the peak stress point, with the largest increment.
The post-peak energy release characteristic aligns with AE activity, indicating intermittent
energy release with a smaller contribution to cumulative energy. The AE activity and energy
release characteristics of the remaining samples are similar to those of the aforementioned
slate samples, though the specific values differ. Mean values of the maximum AE count
rate and maximum energy release rate for slate with different g values are presented in
Figures 9c and 9d. Overall, as § increases, the AE count and energy release rates decrease
linearly. The energy released with vertical bedding is the least, indicating tensile microcrack
generation along the bedding plane, weakening the energy release to some extent.
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Figure 9. (a) AE count rate and (b) energy release rate of slate (8 = 0°, o, = 20 MPa) with time elapse;
relationship between mean value of maximum (c¢) AE count rate and (d) AE energy release rate and .

4. Numerical Simulations
4.1. Numerical Model and Calibration

In numerical simulations, uncertainties primarily stem from model parameter selec-
tion, boundary condition simplifications, rock heterogeneity, and numerical errors. Model
parameters (such as particle diameter, contact stiffness, and bond strength) are typically set
based on experimental or empirical data, but these parameters may exhibit significant vari-
ability in actual rocks, affecting the accuracy of the simulation results. The simplification of
boundary conditions and the neglect of the complex internal structure of rocks (such as
heterogeneity and anisotropy) can also lead to discrepancies between the simulation results
and real-world conditions.

The numerical simulation based on the discrete element method provides a robust
supplement to indoor testing. A two-dimensional numerical model (50 mm x 50 mm)
was used to simulate the shear test. The minimum particle size was set at 0.20 mm, and
the maximum to minimum particle radius ratio was 1.5, ensuring a uniform distribution.
Through a trial-and-error method, the numerical simulation and experimental results are
generally consistent. It cannot be entirely consistent due to numerical simulations typically
assume that rock materials are homogeneous and isotropic, whereas actual rocks exhibit
heterogeneity and anisotropy. In the simulations, particle shapes are idealized, while the
geometrical structure of real rock particles is more complex. Bonding models assume that
the bonding strength and fracture behavior between particles are relatively simple, but
the microstructure of real rocks is more complex, especially during crack propagation and
failure. Simplified bonding models cannot fully capture the mechanical responses observed
in experiments (Figure 10). The determined micro-parameters are outlined in Table 2. With
these micro-parameters, direct shear tests under various bedding dip angles were designed
(Figure 11), where the bedding plane is marked in green. Eight rigid walls were used to
simulate the upper and lower shear boxes.
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Figure 10. Stress-strain curves of uniaxial compression and the corresponding numerical tests of slate.

Table 2. Mesoscopic parameters of numerical model.

Description Parameters Value
Tmin (MM) 0.25
min/ "max 1.5
Porosity ratio 0.15
Ball E (GPa) 1
o (g/cm3) 2661
Damp 0.7
kn/ks 1.5
Pb_ten (MPa) 46
Pb_coh (MPa) 49
Parallel bond E (GPa) 2
kn/ks 1.3
Fric 0.8

(a) 0°

(b) 30° (c) 45° (d) 60° (e) 90°
Figure 11. Numerical models of direct shear test for slate with different .

The numerical model is somewhat idealized in the modeling process and can only
analyze layered rocks through laboratory experiments, which presents certain limitations. A
comparison of experimental results and numerical simulation results shows that, although
there are some differences, the overall mechanical features, such as strength, stress drop
rate, failure characteristics, and failure modes of the numerical model, are similar to those
of the experimental results. According to [34-36], these results are considered to have a
certain degree of validity.
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4.2. Failure Behavior of Slate
4.2.1. Shear Strength Properties

The shear stress—displacement curve obtained by the direct shear test for slate at f = 0°
and 0y, = 10 MPa is shown in Figure 12. Both 7, and peak shear displacement increase
with oy, increases, with 7, being higher at 0y, values of 15 MPa and 20 MPa. T}, exhibits an
increasing—decreasing—increasing pattern with increasing . Peak shear displacement is
relatively small at § = 0° and 90°, measuring 0.60 mm and 0.77 mm, respectively, whereas
it is more substantial at § values of 30°, 45°, and 60°. For 8 = 0° and 90°, the curve segment
after T}, exhibits a multiple shear stress drop phenomenon. As the shear stress decreases
to a certain extent, the slope of the curve becomes gentler, and the stick-slip phenomenon
emerges. Unlike the curve for f = 90° and B = 0°, when the stress after the peak decreases
to a certain extent, there is a more pronounced fluctuation. At g = 30°, the number of
post-peak stress declines is lower, yet each decrease is more substantial. At f =45° and 60°,
the shear stress changes slowly, shear displacement increases rapidly, and the shear-slip
phenomenon becomes more pronounced. In general, the elastic modulus of slate remains
unchanged with the increase in  and 0.

(a)20

Stress (MPa)
=)
1

18
—— S5MPa ﬁzoo (b)
10MPa
—— I5MPa
20MPa
=
a
g
e
T T T 0 / T T T
0.0 0.4 0.8 1.2 1.6 0.0 0.4 0.8 1.2 1.6
Displacement (mm) Displacement (mm)

Figure 12. Shear stress—displacement curves of numerical simulation for slate with (a) different o
when = 0° and (b) different  when o, = 10 MPa.

At 0y, = 10 MPa (Figures 4b and 12b), due to the simplified assumptions in the numeri-
cal model, it cannot fully reflect the heterogeneity and anisotropy of real rock materials.
Therefore, there are some discrepancies between the experimental and simulation results.
However, overall, there is a certain similarity in the strength response under different .

4.2.2. Crack Evolution

The specimen cracking and damage are macroscopically exhibited as the initiation,
propagation, and penetration of microcracks. Quantitative analysis of the damage process
can be carried out through the variation in the number of microcracks. The crack evolution
with displacement under different conditions is similar. Taking the sample with 8 = 0° and
on =5 MPa as an example, the relationship between shear stress, displacement, and the
crack number is presented in Figure 13a. The crack evolution process can be divided into
four stages with the progression of displacement:
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Figure 13. Variation in number of cracks during shearing for slate: (a) for the tensile, shear, and total
crack (B = 0°, on = 5 MPa); the total crack under different (b) o, (8 = 0°); and (c) B (0n = 5 MPa).

Stage I—elastic stage: The shear stress—displacement curve is approximately linear,
and there are almost no cracks during this stage.

Stage Il—crack stable propagation: As the interaction force between particles exceeds
its bond strength, particle bonds break, generating tensile and shear cracks. At this stage,
cracks are generated locally without connecting and penetrating. Therefore, the number of
cracks increases slowly and remains relatively stable.

Stage Ill—unstable expansion stage: With increasing load, particle bond failure contin-
ues to rise, rapidly increasing the number of cracks. The shear stress-displacement curve
exhibits prominent nonlinear growth, primarily due to the mutual expansion, intersection,
and penetration of cracks.
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Stage [V—post-peak stage: After reaching the 7, of the specimen, the shear stress
decreases rapidly. The growth rate of the crack number slows down and gradually stabilizes.
Inside the specimen, prominent macroscopic and secondary cracks are forming [37].

The variation in crack number with the displacement of specimens at different oy,
with B = 0° is shown in Figure 13b, where the red points indicate the shear displacement at
the peak shear stress. Crack evolution for specimens under different o, follows a similar
trend. For the same f, an increase in oy, leads to a higher crack number. Notably, at higher
normal stress levels, the increase rate of crack number is lower when it reaches the same
displacement in the stable propagation stage. This observation suggests that normal stress
effectively inhibits microcrack generation. The crack evolution under varying § values is
presented in Figure 13c (0, =5 MPa). The number of cracks and the corresponding increase
rate at the peak shear stress moment for specimens with vertical bedding are higher than
those with horizontal bedding. However, the crack growth rate at the peak shear stress
moment for other 8 values is similar. The growth rate of the number of cracks gradually
slows down with increasing displacement and ultimately stabilizes. The total number of
cracks initially increases, then decreases, and subsequently increases with the increase in B.

In conjunction with the crack evolution depicted in Figure 14, when § is within 30-60°,
shear cracks initially initiate along the bedding plane of the sample during the early loading
stage. As displacement increases, internal stress redistributes, and the slip effect along the
bedding plane is constrained by normal stress. Subsequently, cracks start appearing in
the matrix and steadily increasing in number; nevertheless, the crack generation rate is
slower than that in the bedding plane, culminating in shear failure either along or through
the bedding plane. However, lateral deformation in samples with 8 values of 0° and 90°
is inhibited under normal stress. The shear and tensile effects on the bedding plane are
minimal, resulting in no rapid crack increase in the early loading stage. Precisely, at g = 0°,
larger oy, values correspond to a more pronounced lateral crack development. These lateral
branch cracks in the middle part of the inclined bedding prominently develop along the
bedding plane. In horizontal bedding, most cracks are concentrated on the shear band,
whereas the distribution range of the shear bed in inclined bedding is wider, being widest
at § =45°.

4.2.3. The Features of the Force Chain

In order to investigate the micro-mechanism of layered slate under direct shear, the
distribution of the particle force chain (FC) in the specimen was monitored and recorded.
FC evolution under varying 8 and oy, values is shown in Figure 15. Using the examples
of B =0° and 0, = 5 MPa, the impact of 0, and B on the FC evolution is analyzed. In the
FC diagram, blue and red lines represent compression and tensile forces, respectively. The
thickness of the FC line corresponds to the magnitude of the contact force: A thicker FC
indicates a greater contact force.

At the same B, the FC density increases with increasing oy,. In the initial loading stage,
the contact force distribution of the samples is relatively uniform. Near 7}, FC becomes
more concentrated, and the damaged area expands. With the progression of displacement,
FC is more concentrated in the shear slip direction (the density of FC in this direction is
more considerable). As cracks initiate, propagate, and penetrate, internal FC gradually
breaks and diminishes. Macroscopic fractures initiate with the increased contact force in the
loading direction. Corresponding to the shear stress—displacement curve, as 0y, increases
from low to high, FC continues to break at shear displacements of 0.40 mm, 0.60 mm,
0.72 mm, and 0.85 mm, respectively. This phenomenon aligns with the crack evolution
discussed above, which shows the fastest increase in the number of cracks.
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Figure 14. Cracks evolution of slate under different g and 0.
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Figure 15. Force chain evolution of slate under different g and .

For samples with different  values at 5 MPa, a noticeable distribution of the FC along
the bedding direction is noticed. In the initial loading stage, the contact force distribution in
horizontal bedding is more uniform, with a higher FC density and more prominent contact
force. As stress increases, FC gradually diffuses toward both ends. At a load of 0.87p, the
contact force becomes concentrated at the upper left and lower right ends of the model.
At this point, tensile force is more pronounced with B = 45° and 60° along the bedding
plane, particularly evident at 7. FC concentrates further in the direction of shear slip as
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displacement increases, where the contact force is larger, and the FC density is higher. After
the T}, except for B = 90°, FC at other B values gradually weakens and disappears with
crack penetration.

The locally enlarged image of FC for a sample with g = 45° and 60° at 7, is shown
in Figure 16. The tensile FC of the sample at 45° is mainly distributed along the chains
between the particles and primarily found in the matrix layer. However, the tensile FC is
predominantly distributed in the bedding plane for the specimen with = 60°, forming
a chain distribution along the bedding direction. The distribution characteristics of the
tensile force provide a better explanation for 7p = 45° > 7, = 60°: when the tensile force
along the non-layered surface distribution is more prominent, failure is more complex,
which is attributed to the bedding plane (with lower tensile strength) of the rock being
weaker than the matrix.

33 X
SRy
TR
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VNI eEs

Sl

Oh
DO =0

Figure 16. Local magnification of force chain at peak stress; (a) § = 45° and (b) = 60°.

5. Discussion

In order to assess the shear strength of slate using the anisotropic shear failure criterion
initially proposed for shale [32], it is imperative to ascertain the anisotropic state param-
eter A to capture both the inherent bedding-induced anisotropy and the stress-induced
anisotropy observed in the tests. When 7 = 0 MPa, A can be further simplified as expressed
in Equation (2).

A3 1
A= iy =~y g (05204 g) @
0=p8— %arctan(?) (3)
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where f. represents the uniaxial compressive strength, and f, .1, and f» are unknown
material parameters. The Mohr—Coulomb criterion, widely used to describe the shear
strength of geotechnical materials, is expressed as Equation (5).

T=c+ foy (5)

For transversely isotropic geomaterials, the internal friction angle and cohesion are
related to the bedding orientation or, more directly, the anisotropic state. From Equation (4),
it is reasonably assumed that the M-C strength parameters of a given anisotropic geoma-
terial follow the same variation trend as A. Therefore, the internal friction coefficient and
cohesion are considered as given in Equations (6) and (7).

f(A) = fo[1+ f-A+ for(A)] ©)

c(A) = ¢ [1 oA+ cz~(A)2} @)

where fy, f1, f2, co, c1, and ¢, are material parameters that can be determined through a
numerical approximation method using direct shear tests on slate samples with different
orientations. Substituting Equations (6) and (7) into the M-C criterion in Equation (5) yields
a new anisotropic shear failure criterion.

The uniaxial compressive strength of slate samples in different bedding directions can
be used to calibrate 6. The compressive strength values of slate with bedding directions
of 0°, 45°, and 90° are 70 MPa, 30 MPa, and 90 MPa, respectively. Then, the unknown
parameters are determined using the least square method as A =2.952, f o =31.71, f 1 = 3.56,
and A can be calculated. Finally, six material parameters can be obtained, i.e., ¢y = 10.798,
c1 =1.118, c; = 0.508, fo = 0.808, f1 = —0.693, and f, = 0.256.

The theoretical estimates of the shear strength for specimens with different bedding
orientations are shown in Figure 17. This criterion can capture the slate shear strength
sensitivity to f and . However, the estimated values exhibit significant disparities from
experimental and simulation results. A macroscopic analysis suggests that the literature
uses shale, a sedimentary rock, whereas it is a metamorphic rock derived from an original
sedimentary rock composed of clay or volcanic ash. Sedimentary rocks are usually formed
by the deposition of sediments such as clasts, minerals, and organic material in natural
processes. Organic matter such as asphalt and carbon are also sometimes present. The
mineralogical characteristics of metamorphic rocks are related to the composition of the
original rocks, but some minerals may change during metamorphism. For example, under
high temperatures and high pressure, feldspar may become amphibole, and quartz may
change to form new minerals such as mica. In addition, the bedding distribution of
shale samples is more uneven than that of slate, affecting the accuracy of the estimation
results [38-42].

From a microscopic mechanism perspective, samples at 45° and 60° exhibit T}, = 45° >
Tp = 60° due to the distribution characteristics of tensile force. The crack evolution reveals
that, for the 90° sample, cracks mostly appear along the loading and the non-layered planes,
with almost no cracks along the bedding direction, resulting in higher strength. The number
of cracks for the 30° bedding angle is comparable to that at 90°, though cracks at 30° are
more likely to appear along the bedding plane, making the model more prone to failure. At
B = 60°, the specimen develops cracks on both the bedding plane and the matrix, which
are more divergent, can expand faster, and result in lower strength. In the case of the 0°
specimen, only a small number of cracks are generated on the loading surface, leading to
the lowest strength; thus, T = 90° > 1, = 30° > T = 60° > 7p = 0°.
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Figure 17. The comparison of shear strength between theoretical calculation [32] and (a) simulation
and (b) experimental results.

Different values of B significantly influence the mechanical properties and failure
modes of rocks, which can be explained from the stress state perspective. In a direct
shear test, the  of the rock sample affects the transmission mode of the shear force, the
shear fracture, and the failure mode. Rock shear failure is controlled by T and ¢,,. An
even distribution of shear and normal stresses along the shear fracture is assumed in this
study. For an element at any point on the fracture, as shown in Figure 18, and ignoring the
normal stress on the left and right sides, the in-plane stress state during shear loading is
represented by a combination of o, and T. When the bedding planes of the slate are parallel
to the loading direction, shear load transfer is relatively simple because the bedding plane
facilitates shear crack formation, resulting in weak shear strength. However, for inclined §,
shear load transfer becomes more complicated.
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Figure 18. Stress state of the slate element from the shear fracture [32].

Whether from numerical simulations or experimental results, the strength of the slate is
consistently lowest when the bedding angle is 0°. At a 0° bedding angle, the bedding plane
is parallel to the shear direction, allowing shear loads to be transmitted more easily along
the bedding plane and making it easier for cracks to form, resulting in lower shear strength.
This conclusion aligns with the findings in the literature [43], which conducted direct
shear tests on slates in the northwest of the Iberian Peninsula (Spain). This study found
that rock failure was mainly due to sliding along weak planes. When the shear direction
is parallel to the bedding plane, the sample is more likely to experience shear failure
along the bedding plane, demonstrating lower shear strength. The experiments in the
literature further validate the impact of bedding plane orientation on rock shear behavior,
highlighting the weakness when the bedding plane is parallel to the shear direction.



Appl. Sci. 2024, 14, 9104

19 of 22

Liu et al. [22] conducted direct shear tests on Kangding slate with bedding angles
of 0°, 30°, 45°, 60°, and 90°, analyzing the effects of bedding angle on failure modes,
AE characteristics, and shear strength parameters. They found that the shear strength
of the samples was positively correlated with normal stress under different conditions,
but the rate of increase in shear strength was negatively correlated with bedding angle.
Cohesion was positively correlated with bedding angle, meaning that higher bedding
angles corresponded to greater cohesion. However, at a bedding angle of 90°, the acoustic
emission count rate and energy release rate were lower. These results align with the
conclusions of this study, validating the accuracy and effectiveness of the findings.

Tan et al. [44] conducted in situ direct shear tests on the thick mudstone interlayers
in the Guizhou Expressway slate. Their research showed a positive correlation between
shear stress and normal stress, which is consistent with the conclusions of this study. This
finding highlights the significant impact of normal stress on the shear behavior of mudstone
interlayers and provides crucial insights into understanding the effect of bedding on rock
shear mechanics.

6. Conclusions and Prospects
6.1. Conclusions

In this study, indoor and simulated direct shear tests were carried out on layered slate
specimens under varying normal stresses and bedding dip angles. The strength parameters,
shear failure mode, AE characteristics, and micro-mechanism were thoroughly analyzed.
The main conclusions drawn from the obtained results are as follows:

The T}, increases linearly with o, but the rate of increase is inversely related to . Slate
cohesion positively correlates with , while ¢ and AE activity negatively correlate. The
energy release rate is 3.92 x 10% aJ /s at 0° and 1.93 x 108 aJ/s at 90°, with the least energy
released by microcracks with vertical bedding.

As 0y, increases, lateral cracks become more pronounced, and compression force chain
(FC) distribution becomes more uniform and denser. Cracks along the inclined bedding
plane form a wide shear band (mainly compression FC) and often a dense tensile chain
along the bedding plane.

The shear strength variation of layered slate under numerical and experimental condi-
tions differs significantly from shale due to macro and micro factors. Existing theoretical
formulas should be used cautiously to predict slate strength.

6.2. Prospects

In rocks with bedding planes, the number of planes affects mechanical properties. This
study examines the effects of bedding dip angles and normal stress on shear behavior but
does not address the impact of varying numbers of bedding planes. Future research should
explore how different quantities of bedding planes influence shear failure and consider
additional factors to enhance tunnel stability.

In experimental research, the precision limitations of experimental instruments can
significantly impact the reliability and accuracy of the results. In future research, we will
use higher precision and more advanced instrumentation for experimental analysis, seeking
different analytical methods to comprehensively evaluate the shear mechanical behavior of
layered rocks.

This study focuses solely on carbonaceous slate from a specific tunnel, and the gen-
eralizability of the results to other types of slate or different geological contexts requires
further validation. Future research will combine with other numerical simulation software,
advanced methods, and field data to be applied to different types of rocks or geological
contexts, further enhancing and refining the understanding of shear failure behavior in
layered rocks.
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Nomenclature
B The bedding dip angle of slate: the angle between the bedding plane and the horizontal plane
AE Acoustic emission

Tp, Tr  Peak and residual shear stresses
T,0n Shear and normal stresses

Onmax Maximum normal stress

C, ¢ Cohesion and internal friction angle
T:/Tp  the ratio of residual stress to peak stress
XRD X-ray diffraction

PAC Physical Acoustics Corporation

FC Force chain

SD Standard deviation

SW Slip weakening

M-C Mohr—-Coulomb
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