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In order to study the influence of bedding structure on the mechanical properties of rock mass structure, this paper takes the
layered carbonaceous slate in the Muzhailing tunnel as the research object, and studies the mechanical properties of layered
slate under uniaxial compression and Brazilian splitting. In the numerical simulation, the discrete element software MUSEN
(bonded particle model, BPM) is used to simulate the failure behavior of layered rock mass in the process of quasi-static
compression. The main research contents of this paper are as follows: (1) the relationship between the microscopic Young’s
modulus and the macroscopic Young’s modulus. (2) Influence of tangential shear strength and normal tensile strength on
particle model. (3) The influence of different particle distributions on the simulation results. (4) The particle model with
different bedding inclinations was simulated numerically. Through the comparative analysis of simulation and experiment, the
results show that the mechanical response and failure mode have good consistency, and the splitting evolution process of
layered slate with different bedding inclination angles is reproduced.

1. Introduction

Layered rock masses with structural planes are widely distrib-
uted in geotechnical engineering, among which there are usu-
ally well-developed bedding planes in rock masses such as
shale, slate, and coal. These beddings of different scales cut
the complete rock mass into transversely isotropic rock mass,
and the resulting differences in rock mechanical properties
have an important impact on the safety and stability of engi-
neering rock mass [1, 2]. Because the layered rock mass has
obvious transverse isotropy, the strength of the rock mass is
not only related to its own strength, but the distribution and
properties of the structural plane have a certain influence on
the rock mass, and the form of damage and splitting is often
related to the occurrence of the structural plane. Therefore, it
is of great significance to carry out tests on the tensile and com-
pressive properties of layered rocks and use efficient numerical
software to improve the simulation efficiency for guiding large-
scale engineering practice.

In order to study the properties and fracture modes of lay-
ered rock mass, the finite element method and the discrete ele-
ment method (DEM) are gradually developed. In the finite
element framework, numerical simulations can be used to pre-
dict the postpeak behavior of materials through elastic-plastic
models [3-10]. The initiation, propagation, and penetration of
rock defects under compressive loading can be simulated by
near-field dynamics, conjugate bond near-dynamics, and
meshless numerical methods. On the other hand, the numer-
ical method can model and distinguish wing cracks, oblique
secondary cracks, quasi-coplanar secondary cracks, and
antiwing cracks [11-15]. However, there are not size effects
and the difficulty of the parameter calibration in many simu-
lation methods, such as nonlocal method [11-13], field-
enriched finite element methods [15], and general particle
dynamics [14]. On the other hand, the finite element numeri-
cal simulation is weak to study the multiscale and multicrack
of materials. Therefore, the discrete element method is gradu-
ally favored by scholars. In this pioneering work, Cundall et al.
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FIGURE 1: Schematic diagram of uniaxial compression samples of
carbonaceous slate with different bedding inclination angles.

treat rigid disks and spheres as discrete particles that interact
to model the mechanical behavior of components [16, 17].
With the development of discrete element method and the
gradual improvement of computer performance, computa-
tional efficiency is particularly important. The current discrete
element software PFC has high computational efficiency in
two-dimensional, but relatively low computational efficiency
for large-scale three-dimensional models. Based on the dis-
crete element software MUSEN, large-scale calculations can
be achieved with GPU acceleration. In the physical model,
particles are connected by solid bonds to simulate the failure
behavior of layered rock mass during quasi-static compres-
sion, and the solid bonds act as interparticle cohesion.

For the development of BPM, scholars have made many
contributions in theory and simulation. Based on the elastic
assumption, many models can describe the stress field in a
homogeneous spherical particle. Hertz calculated the pressure
distribution in the contact area, the contact force, and the
radius of the contact surface [18]. Huber describes the stress
distribution in the half-space particle contact area and can be
applied to calculate the contact volume of a sphere [19, 20].
Rumpf and Schonert calculate the spatial stress distribution
for the entire sphere [20]. Antonyuk et al. outline various solu-
tions for contact force-displacement behavior [21]. The
mechanical failure behavior of particles is determined by the
microscopic bonding mechanism, and the first systematic
study of particle strength has confirmed the micro-
macrocorrelation of particle bonds [22-24]. The tensile
strength of particles is described by the well-known Rumpf
[25] model, which takes into account the viscous force at the
point of contact of a single spherical particle in a stochastic
model. Bika et al. generalized the Rumpf [25] and Kendall
[24] models and generalized them to porous particle structures
[26]. The results show that the tensile strength of particles with
a highly viscous liquid binder and high saturation depends on
the capillary pressure [23]. Delenne et al. used the Mohr-
Coulomb failure criterion to model and simulate the deforma-
tion and failure behavior of coupled cylindrical rods under dif-
ferent stress or loading modes (tension, compression, and
shear)[27].

Numerically, the discrete element method is mainly used to
study particle fracture. The motion of individual particles due
to applied forces and moments in discrete time steps is calcu-
lated based on discrete element simulations. Originally, the dis-
crete element method was developed for modeling ideal
spherical particle populations. However, the method has been
extended to model agglomerates composed of nonspherical
objects or primary particles. To reproduce the shape and inter-
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nal structure of the aggregates, BPM can be used effectively [28,
29]. BPM represents a particle as a set of initial particles con-
nected by ideal elastic or viscoelastic solid bonds [28, 30-32,
32-34]. The results of the numerical simulations can provide
detailed data on the external forces acting on the particles
and the stresses inside the particles at the particle-scale, which
cannot be obtained from experimental measurements. Similar
to the BPM approach to study the mechanical properties of
elastic particle composites, the approach of treating the mate-
rial as a set of elastic springs can also be used. However, in con-
trast to BPM, this method cannot effectively describe the
fracture of materials. BPM can also be used to analyze the
effects of structural parameters that are difficult to separate
experimentally. For example, the effect of solid bridge strength
can be easily isolated in BPM, while the use of different binders
in experiments may alter the internal structure of the particles,
complicating the effect of solid bridge strength on agglomerate
strength.

In experiments, many scholars have carried out relevant
research on the tensile and compressive properties of layered
rock mass. Liu et al.[35-37] summarized the effects of bedding
and matrix on tensile and compressive strength by conducting
indirect tensile tests, finite element, and discrete element
numerical analysis of layered shale and schist. The results show
that bedding has a significant effect on tensile strength and
splitting failure. For layered slate, Liu et al.[38-41] revealed
transverse isotropic strength characteristics and failure mecha-
nism through uniaxial compression and Brazilian splitting
tests, Ma et al. established a numerical model to simulate the
failure process of shale specimens under triaxial compressive
stress. The deformation and strength characteristics of the
structure, the progressive failure process and the correspond-
ing acoustic emission response are obtained by numerical sim-
ulation, and the rock failure process is reflected in detail
[42-44]. Domestic scholars have carried out systematic exper-
imental and theoretical research on gneiss, shale, bedded sand-
stone, etc.. Tavallalt and Vervoot conducted discrete element
analysis of layered sandstone and found that the laboratory test
results are consistent with the calculation results of rock failure
patterns [45]. Youchang carried out three point bending frac-
ture toughness tests under different loading rates on shale spec-
imens with three typical bedding states, and systematically
studied the fracture toughness development law of shale under
different loading rates and bedding changes [46]. Gholami and
Rasouli conducted Brazilian splitting and uniaxial compres-
sion tests on slate with different bedding inclinations, and
obtained anisotropic characteristics of mechanical parameters
such as failure mode, tensile strength, and compressive
strength [47]. BPM has been widely used. In the discrete ele-
ment method, each pair of particles can be connected by solid
bonds. Dosta et al. define the constitutive relationship of chem-
ical bonds, which can capture different macroscopic effects
such as material hardening or softening [32, 33]. Zhao et al.
have made an in-depth study of carbonaceous slate through
tessellation polygon numerical simulation [48, 49]. The follow-
ing points can be drawn from the analysis: the construction of
different numerical models leads to obvious differences in
numerical simulations. According to the numerical analysis
of different bedded slate, the bedding structure has a great
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FIGURE 2: Schematic diagram of Brazilian splitting samples of carbonaceous slate with different bedding inclination angles.
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FIGURE 3: Uniaxial compression physical model of layered slate under different bedding inclination angles.

influence on the tensile and compressive strength of carbona-
ceous slate. In recent years, BPM has been increasingly used
for 2D and 3D simulation and numerical analysis of rock mate-
rials, but BPM is rarely applied to layered carbonaceous slate.

The general framework of this paper is as follows: Firstly,
the sample preparation, the principle of solid bonded particle
model, the construction of bedding model, and the application
of boundary conditions are described. Secondly, the relation-
ship between the microscopic and macroscopic Young’s mod-
ulus was studied, the effects of normal tensile, and tangential
shear strength on uniaxial compressive strength were investi-
gated, and the effects of different models on the mechanical
response of layered slate were analyzed. Finally, numerical sim-
ulations were carried out for samples with different bedding
inclination angles and compared with the experiments (frac-
ture mode and load-displacement response).

2. Carbonaceous Slate and Sample Preparation

The test samples were taken from the face of the construction
tunnel of the Muzhailing Tunnel, and the rock mass at the sam-
pling point had a thin-layered structure. The selected rock
blocks have obvious bedding, and the bedding has different
scales. The interlayer spacing is about 4.5-22.5 mm after rough
measurement. The density of the sample is 2.688 g/cm”, and it
is determined by X-ray diffraction that the sample is mainly
composed of quartz and clay minerals. The uniaxial compres-
sive strength of the horizontally bedded carbonaceous slate and
the vertical bedded carbonaceous slate are about 49.2 MPa and
52.5MPa. The horizontal elastic modulus and the vertical bed-
ding elastic modulus are about 7.0 GPa and 7.8 GPa. The hori-
zontal and vertical Poisson’s ratios were 0.20 and 0.23.
Figures 1 and 2 are the uniaxial compression and Brazilian
splitting samples of layered carbonaceous slate, respectively.
The uniaxial compression specimen has a bottom diameter of

50mm and a height of 100 mm. The Brazilian split specimen
is 50 mm in diameter and 25 mm in thickness. The sample pro-
cessing mainly includes drilling cores, cutting cylindrical discs,
and leveling samples. In order to reduce the influence of mois-
ture on the rock mass properties, the prepared samples were
allowed to stand for 60 d under ventilated conditions. Assum-
ing that the included angle between the bedding plane and
the horizontal is the bedding inclination angle, the layered car-
bonaceous slate samples under five inclination angles (0°, 30°,
45°,60°, and 90 °) are used for the test. More specific mechan-
ical properties and preparation process of the samples can be
found in the literature [48, 49]. The test load-displacement
response curve and the test results will be compared with the
numerical simulation in Section 4 and Section 5. The next sec-
tion mainly introduces the calculation principle of the numer-
ical simulation software.

3. BPM Calculation Principle and
Establishment of Physical Model

3.1. Particle-Particle Interaction. In the physical model, each
pair of primary particles can be connected by one or more
solid bonds. Each particle and each solid bond can possess
unique geometric and material parameters to build complex
structures of heterogeneous materials. In this study, soft
spherical discrete elements are used, and the overlap between
particles or between particles and boundaries can be explained
as local material deformation. In general, three different types
of interaction models are applied: (1) the interaction between
the initial particles. (2) Interaction between particles and
boundary geometry. (3) Solid bonds are used to describe the
forces, moments, and torques acting on a single solid bond.
Due to the nearly ideal elastic properties of carbonaceous slate,
the linear elastic contact model is used for particle-grain con-
tact, and the Hertz-Mindlin model is used for particle-
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F1GURE 4: The application of boundary conditions. Where (a) represents the particle-solid bond model, (b) represents the solid bond (green
represents the matrix solid bond, red represents the bedding solid bond), and (c) represents the particle model.

0° 30° 45° 60° 90°

F1GURE 5: Physical model of Brazilian splitting of layered slate under different bedding inclination angles.

boundary interface contact [34]. For particle-to-particle inter-
actions, the forces are resolved in the normal and tangential
parts, respectively. In the normal direction, F,, ., is calculated
as follows:

Fn,total:Fn_F

n,damping>

F,=k,-u,-r,

F”’damping =1.8257-a- |Vrel,n| “Vk,-M* -1,
In(e mm P .p
“:#)M*:# and rnz#-
w2 + In?(e) m, +m, [P, - Py]

(1)

In the formula, k,, is the normal tensile strength of the par-
ticles, e is the coeflicient of restitution between two particles, r,,

is the normalized contact vector between the centroids (P, and
P,), u,, is the overlapping volume, v, is the relative velocity
between two particles, and M* is the equivalent mass of the
two particles with mass m, and mass m,. In the tangent direc-
tion, F, ., is calculated as follows:

Frioa = F = F t,damping> (2)
Ft = Ft,prev + kt s Uy (3)
Ft’d“mping =1.8257 - a- Veelt * kt -M* (4)

In the formula, k, is the tangential shear strength of the
particle, F, .. is the tangential force of the previous iteration,
u, is the increase of the tangential overlap at the current time
step, and v, is the relative velocity of interacting particles.
Furthermore, F, is limited by the interparticle friction
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FiGure 6: Taking the homogeneous slate model as the specimen,
the schematic diagram of the relationship between micromodulus
and macromodulus.

TaBLE 1: Solid bond element parameters of matrix and bedding.

Solid bond

Normal tensile strength

Bedding (MPa) Matrix (MPa)
(5.355+0.34) GPa  (10.7+0.63) GPa
(15.3+0.34) GPa  (30.6+0.63) GPa

Tangential tensile strength

coeflicient y, which is related to sliding friction

[Eel <t~ |Fl- ()

If equation (5) is not satisfied, then equation (3) is modi-
fied according to

Fy

Ft,corzl’lsl"Fn|'m (6)
t

In addition, the resultant force between particles is the
sum of the normal force vector and the tangential force vector:

F, = Fn,total + Ft,total' (7)

3.2. Solid Bond Model. The solid bond between the initial par-
ticles is an ideal cylindrical solid with initial length and radius.
The radius cannot exceed the minimum radius of the contact
pair, and the elastic bond has additional damping forces [28,
32] in the normal and tangential directions. One of the chal-
lenges of using the elastic bond model is the almost undamped
oscillation during the simulation. To reduce this effect, artifi-
cial dampers were added. Generally speaking, the stress acting
on the bonds is the result of the interaction between the corre-
sponding particles. In order to simulate the fracture process of
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FIGURE 7: Load-displacement curves of different strength ratios
under the same particle model.

the material and the stress in the binder, a comparison is made
with the tensile/compressive strength o,,,, and the tangential
strength 7, of the material.

F,, R,
—=+ M, —>T ., 8
Ab t,b IT,h max ( )
F,, R,
S+ M o — >0 . 9
Ab n,b ]h max ( )

In the formula, F,, and F, , are the resultant normal and
tangential forces on the solid bond, namely, the axial force and
shear force at both ends of the solid bond, which can be
expressed as F, = F,, + F, ;. The sum of the particle-particle
vector resultant force and the solid bond vector resultant force
is the total force of the particle, namely, F = F, + F,. In addi-
tion, the acceleration of particles can be obtained according to
Newton’s second law of motion. M,, and M, , are the tor-
sional and bending moments acting on the bond, A, and R,
are cross-sectional area and radius, and J;, and I, are tor-
sional inertia and rotational inertia, respectively.

3.3. Construct Physical Model. The physical models at differ-
ent bedding inclinations are shown in Figure 3, and the appli-
cation of model boundary conditions is shown in Figure 4.
Figure 4(a) represents the particle-solid bond model,
Figure 4(b) represents the solid bond (green represents the
matrix solid bond, red represents the bedding solid bond),
and Figure 4(c) represents the particle model. In the model,
the particle diameter is 1 mm, the porosity is 0.38, the number
of particles is 300975, and the number of solid bond elements is
3141792. The model building method is divided into the fol-
lowing steps: (1) firstly, a geometric shape with a bottom diam-
eter of 50 mm and a height of 100 mm is formed in MUSEN.
(2) According to the diameter and porosity, corresponding
particles and solid bonds are formed inside the geometry, and
GPU acceleration can be used in the process of particle
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FIGURE 8: Schematic diagram of model splitting failure process under uniaxial compression.
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FIGURE 9: Load-displacement curves of different physical models
under the same parameters and boundary conditions.

formation. (3) Extract the formed particles and solid bonds in
text format, and select the equally spaced bedding solid bond
elements through programming, and finally form the model
shown in Figure 3.

There are two advantages to constructing the bedding
model in this way: Firstly, it is guaranteed that the same
model is used in the five bedding simulation processes, and
its internal structure is the same. Secondly, it can be seen
from Figure 4(b) that the bedding solid bonds are serrated
in the model, which is closer to the rock mass material struc-
ture. Figure 4 shows the application of boundary conditions
when the bedding is 30°. The upper and lower plates are
loading plates. In order to be consistent with the test condi-
tions, the lower plate is fixed, and the upper plate is 0.1 mm/
min. The speed moves down. In the same way, the Brazilian
splitting model with different bedding inclination angles is
constructed as shown in Figure 5. Among them, the particle
diameter is 1 mm, the number of particles is 75264, the
number of solid bond elements is 925667, and the total
number of elements is 1000931.

4. Uniaxial Compression
4.1. Parameter Calibration

4.1.1. Calibration of Micro and Macro Young’s Modulus.
Taking the homogeneous slate model as the specimen, the
relationship between the micromodulus and the macromo-
dulus is shown in Figure 6. Among them, the microscopic
Young’s modulus represents the elastic modulus of the par-
ticles during numerical simulation, and the ordinate Young’s
modulus represents the test modulus obtained by calculating
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FIGURE 10: Schematic diagram of the comparison of load-displacement curves between test and simulation under different bedding

inclination angles.

the slope according to the load-displacement curve and con-
verting, that is, the test Young’s modulus. In numerical sim-
ulation, the selection of microscopic Young’s modulus is
very important. In order to correspond the Young’s modulus
of the specimen to the microscopic Young’s modulus, we

performed 24 sets of simulations for correction. The specific
method is as follows: under the condition of the same geo-
metric size, six models are constructed with the same parti-
cle diameter and porosity, and different microscopic
Young’s moduli (2 GPa, 8 GPa, 12 GPa, and 16 GPa) are used



(a) 0° bedding

c) 45° bedding

Geofluids

) 30" bedding

(d) 60° bedding

) 90° bedding

FIGURE 11: Schematic diagram of failure process of samples and models under different bedding inclination angles.
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Figure 12: Diagram of the failure process of solid bond elements inside the 0° bedding model. The color bar represents the magnitude of the

solid bond force (kN).

for each group of models. After the model (corresponding to
the four moduli) is calculated, the macroscopic Young’s
modulus can be obtained from the stress-strain curve. The
simulated boundary conditions are the same as in Figure 4,
the lower steel plate remains unchanged, the top plate moves
downward, and the speed is 0.1 mm/min. From the curve
shown in Figure 6, it can be seen that the relationship
between the micromodulus and the macromodulus is
roughly linear. Therefore, when the Young’s modulus of
the specimen is measured, the microscopic Young’s modulus
can be obtained through interpolation calculation. For this

uniaxial compression test, the Young’s modulus is about
7.0 GPa, and through parameter correction, the microscopic
elastic modulus is 6.35 GPa.

4.1.2. Influence of Solid Bond Tensile and Shear Strength on
Mechanical Properties of Rock Mass. As shown in Table 1,
the ratio of shear strength to tensile strength is increased or
decreased proportionally to study the effect of strength ratio
on the mechanical properties of rock mass. The simulated
boundary conditions are the same as in Figure 4, the lower steel
plate remains unchanged, and the top plate moves downward
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Ficure 13: Diagram of the failure process of solid bond elements inside the 30° bedding model. The color bar represents the magnitude of

the solid bond force (kN).

ata speed of 0.1 mm/min. The final load-displacement curve is
shown in Figure 7. According to the curve, it can be seen that
with the gradual increase of the tensile shear strength of the
solid bond, the corresponding load and displacement at the
peak value increase. In addition, as the tensile shear strength
gradually increases, the cohesion between the particles
increases, resulting in an increase in the peak load. The speed
should be selected as small as possible to keep the model in
quasi-static loading to eliminate the influence of kinetic energy
on the results. When the speed is too large, the load-
displacement curve will rise intermittently in waves, and as
the speed gradually decreases, it will gradually show a smooth
curve. After testing, when the speed is 0.1 mm/min, the model
is roughly in the quasi-static loading process. The tensile shear
strength of the solid bond has a great influence on the load peak
value. Therefore, in the selection of normal tensile strength and
tangential shear strength, based on the above principles and
through the trial and error method, the agreement between
the numerical simulation and the test is enhanced.

4.2. The Effect of Particle Models. According to the principle
of randomness, five different particle distribution models are
formed to analyze the influence of different particle models
on the mechanical response of rock mass. In the numerical
simulation, the boundary conditions are consistent with
Figure 4, the lower steel plate remains unchanged, and the
top plate moves downward at a speed of 0.1 mm/min.
Figure 8 is a schematic diagram of a model failure process
under uniaxial compression. The corresponding load-
displacement curves under five different particle model condi-
tions are shown in Figure 9. It can be seen from the curves that
although the particle models are different, the final mechanical
response curves are roughly similar, but there are also certain
influences. Therefore, in the comparison between this experi-
ment and numerical simulation, in order to reduce the influ-
ence of the model, the same particle model is used for
numerical calculation and analysis.

4.3. Comparative Analysis of Uniaxial Compression Test and
Simulation. In the selection of the tangential strength and
the normal strength of the bedding model, the shear strength
of the rock material is greater than the tensile strength, so

the value of the tangential strength is greater than the nor-
mal strength. The cohesiveness of the matrix is higher than
that of the bedding, so the solid bond strength of the bed-
ding is greater than that of the matrix solid bond. In the
selection of normal and tangential strength, based on the
above principles and through the trial and error method,
the degree of agreement between the numerical simulation
and the test is enhanced. The Table 1 is the solid bond nor-
mal and tangential strength parameters of the bedding
model.

Figure 10 shows the comparison of the load-
displacement curves between the numerical calculation and
the test under different bedding inclination angles. The fol-
lowing points can be drawn: (1) In the test, the peak loads
of 0°-90° are 98.374kN, 81.457kN, 78.673kN, 80.751kN,
and 102.595kN in turn. As the inclination angle gradually
increases, it roughly presents a “U”-shaped distribution. (2)
Both the simulated curve and the test show the development
trend of linear elasticity and instantaneous splitting and fall-
ing, and the sample exhibits obvious brittle splitting failure
characteristics. (3) The simulation and test load-
displacement curves are roughly consistent.

4.4. Fracture Mode. Figure 11 shows the failure process of
samples and models under different bedding inclinations.
According to the failure evolution, the following points can
be drawn:

(1) Figure 11(a) is the 0 bedding failure process. In the
initial stage, the bedding solid bonds are broken
and the matrix solid bonds perpendicular to the bed-
ding are also broken gradually. With the accumula-
tion of roof pressure, the model occurs along the
matrix solid bonds, accompanied by a small amount
of bedding solid bonds. The model eventually suf-
tered split tensile failure

(2) Figure 11(b) is a diagram of the 30" bedding failure
process. In the initial stage, shear slip occurs on the bed-
ding structure surfaces at both ends. As the pressure of
the upper roof increases gradually, the middle struc-
tural plane is gradually damaged, and the splitting
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Ficure 15: Diagram of the failure process of solid bond elements under the 60° and 90° bedding models.

damage occurs along the normal direction of the bed-
ding structure plane. The final model shows the stag-
gered splitting failure of the matrix structure plane
and the bedding structure plane

(3) Figure 11(c) and Figure 11(d) are 45° and 60° bed-
ding failure process. In the initial stage, the crack
occurs with slip shear failure along the upper or
lower end of the bedding structure plane. With the
gradual increase of the load, the shear force gradually
increases, and the intermediate bedding structure
surface is gradually damaged. In the final model, a
through crack is formed along the bedding structure
plane, and the failure mode is shear slip failure

(4) Figure 11(e) is a diagram of the 90° bedding failure
process. In the initial stage, the matrix structure
plane and the bedding structure plane at both ends
of the rock mass fracture almost simultaneously.
With the accumulation of time, the cracks undergo
splitting and tensile failure along the bedding struc-
ture, eventually forming one or more through cracks

(5) Through numerical analysis, the simulation results
are close to the fracture mode of the numerical
model. Therefore, the numerical model can better
reproduce the splitting failure process

4.5. Effect of Solid Bond Force on Model Failure.
Figure 12(a)-12(f) is a diagram of the failure process of the
solid bond element inside the 0° bedding model, and the
color bar represents the magnitude of the solid bond force.
As can be seen that when the solid bond color changes to
red, the bond at this position will be removed from the
model according to the equation (8) and the equation (9).
From the process of Figures 12(a)-12(c), it can be found that
the bedding solid bonds are broken first. With the accumu-
lation of time, as shown in Figure 12(d)-12(f), the solid
bond force along the normal direction of the bedding grad-
ually increases, and finally a through crack is formed.

Figures 13(a)-13(f) is a diagram of the failure process of
the solid bond element inside the 30° bedding model, and
the color bar represents the magnitude of the solid bond
force. As can be seen that the model is fractured along the
edge bedding in the initial stage. With the accumulation of
time steps, slip fracture occurs in the inward bedding, and
the solid bonds are partially fractured along the normal
direction of the bedding. Finally, the model is unstable in
the slip-splitting mode.

5. Brazilian Split

5.1. Schematic Diagram of the Comparison of Load
Displacement and Fracture Mode. Under different bedding
inclinations, the test and simulation load-displacement
curves and the comparison of fracture failure modes are
shown in Figure 14. The following points can be drawn from
the result analysis: (1) in the test, the peak loads from 0°-90°
are 2603.92kN, 2242.22kN, 1767.58kN, 1562.03kN, and
1398.08kN. When the inclination angle changes from 0°-
90, with the gradual increase of the inclination angle, the
peak load decreases sequentially. After the peak, the load-
displacement curves at different bedding inclinations drop
instantaneously, and damage or softening can better explain
its physical meaning. In the numerical simulation, when the
load does not reach the peak value, the curve grows linearly
and elastically, and then drops rapidly after the peak value.
The comparison shows that the simulation is in good agree-
ment with the experiment. (2) When the inclination of the
bedding is 0°, the model undergoes tensile splitting failure
along the line connecting the two loading ends through the
matrix and the bedding. When the inclination of the bed-
ding is 30" and 45°, the failure of the specimen roughly pre-
sents a broken line type failure. When the bedding
inclination angle is 60°, the slip shear failure of the specimen
occurs almost along the bedding, the end breaks along the
matrix, and the cracks roughly show a broken line distribu-
tion. When the bedding inclination angle is 90° splitting fail-
ure occurs along the bedding, and the cracks are distributed



12

(@ (®) () (d)
(e) ) ® (h)

Geofluids

0.00239976

0.00167862

0.000957486

0.00023635

-0.000484787

F1Gure 16: Diagram of the failure process of solid bond elements inside the model at 60° bedding inclination angle. The color bar represents

the magnitude of the solid bond force (kN).

90°

FIGURE 17: Schematic diagram of sample and particle model under uniaxial compression. (a) Test specimen, (b) three-dimensional particle

model, (c) two-dimensional particle model.

in a straight line. Through the comparison of fracture
modes, it can be seen that the numerical simulation failure
form of the bonded solid model is roughly similar to the test.

5.2. The Process of Split Evolution. Figure 15(a) is a diagram
of the 60° type bedding failure process. In the initial stage,
shear slip failure occurred in the upper part along the bed-
ding plane, and then the bedding in the lower part also
began to fracture. With the increase of external force, the
fracture mode of the model is mainly slip failure and split-
ting failure is supplemented. The final fracture mode is
roughly fold-line or arc-shaped. Figure 15(b) is a diagram
of the 90° type bedding failure process. In the initial stage,
the crack gradually propagates through the center of the cir-
cle and the upper and lower ends. With the gradual increase
of the external force, a penetrating crack appears in the mid-
dle, and finally the composite splitting tensile failure occurs
and the splitting is distributed in a straight line.

In order to analyze the fracture process of the model
from the magnitude of the solid bond force, a brief analysis
of the bedding inclination angle 60° sample is carried out
here. Figures 16(a)-16(h) is a diagram of the failure process
of solid bond elements inside the 60° bedding model. It can

be seen that in the initial stage, the stress in the upper part
along the bedding plane first appeared in red. As the external
force gradually increases, the disappearance of the upper red
line means that the bedding solid bond is removed from the
model. Over time, red solid bonds also appeared at the bot-
tom layer. The fracture modes of the final model are roughly
symmetrically distributed on a broken line or arc.

5.3. Advantages of 3D Numerical Software MUSEN. Through
tension and compression test and numerical study, we can
summarize the following characteristics:

(a) Model construction. Figure 17 shows the sample and
particle model under wuniaxial compression.
Figure 17(a) represents the slate sample, Figure 17(b)
represents the three-dimensional particle model, and
Figure 17(c) represents the two-dimensional particle
model [48, 49]. Through the comparative analysis of
the above two model figures, we can draw the follow-
ing two points: (i) bedding structure. Compared with
the two-dimensional model, the bedding structure of
the three-dimensional model is more consistent with
the actual sample. (i) Through three-dimensional
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numerical analysis, the propagation state of the inter-
nal crack of the material can be reproduced, as shown
in Figure 12, which is also the most important place
and characteristic of this paper

(b) Computational efficiency. The software MUSEN is
used to study the mechanical behavior of layered
carbonaceous slate. Although the sample is a small-
scale specimen, as shown in Figure 17(b), the total
number of elements in the numerical model is
3141792 (the number of particles is 300975). In
terms of the number of particles, the size of the par-
ticle model is relatively large. When PFC3D is used
to form a model with a number of 150,000 particles,
the software will frequently exit in most cases. How-
ever, particle models can be stably and rapidly
formed by CPU or GPU in MUSEN. Therefore, the
numerical study of rock mass by software MUSEN
provides a certain reference for engineering practice

(c) Parameter correction. In this paper, a series of
numerical simulations have been done for different
particle models. On the one hand, the influence of
particle model on numerical simulation is explored.
On the other hand, the experimental Young’s modu-
lus is transformed into microscopic Young’s modu-
lus by parameter correction and interpolation
method, which lays a foundation for layered numer-
ical simulation, as show in Figure 6

6. Conclusion

The peak strength and fracture mode of slate are explored
through tensile and compression tests and systematic
numerical simulation of layered carbonaceous slate with dif-
ferent bedding inclination angles, and the following conclu-
sions can be drawn:

(1) Through parameter corrections to the macroscopic
Young’s modulus and the microscopic Young’s
modulus, a linear relationship is obtained

(2) The construction of a sawtooth particle model in line
with the actual material is of great significance to the
numerical simulation results. On the one hand, the
consistency between the numerical simulation and
the fracture mode of the specimen is enhanced. On
the other hand, the interaction between the particle
model and the simulation parameters promotes the
consistency on the load displacement between the
numerical simulation and the specimen

(3) The load-displacement curves of each group of lay-
ered slate have the development trend of linear
elasticity-instantaneous splitting and falling, and
the samples all show significant brittle splitting fail-
ure characteristics. In uniaxial compression samples,
as the inclination angle gradually increases, the com-
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pressive strength decreases first and then increases,
which roughly presents a “U”-shaped distribution.
In the Brazilian split specimen, when the bedding
inclination angle changes from 0° to 90°, the peak
load decreases gradually

(4) It can be seen from the fracture modes of the uniax-
ial compression specimens that with the change of
bedding inclination, the specimens mainly exhibit
sliding shear failure along the bedding plane and a
combined tensile-shear failure mode affected by the
matrix and bedding. For Brazilian split samples, the
splitting failure modes of layered carbonaceous slate
can be divided into split tensile failure, shear slip fail-
ure, and composite failure with the change of bed-
ding inclination angle

The mechanical response and splitting failure form of
layered slate based on BPM are in good agreement with
the experimental comparison, and the splitting evolution
process of layered slate under different bedding inclination
angles is reproduced
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