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In this study, the continuum-discontinuum element method (CDEM) was used to investigate the tensile fracture mechanism of
rock materials. An isotropic rock disk model and models considering different foliation inclinations were established, and three
schemes were used to simulate the rock fracturing in Brazilian test. Then, the influences of the rock matrix and foliation strengths
on anisotropy rock fracturing were investigated. Furtherly, simulation results were verified, and the rock fracture mechanisms
were discussed. The results show that the rock fracturing in Brazilian test can be accurately simulated by CDEM, which is in
accordance with the experimental results. For isotropic and horizontal foliation rock, the stress concentration in loading positions
causes a local fracture of rock sample, and application of a local strengthening scheme can simulate the integral tension fracture of
sample middle. As the foliation angle varies from 15° to 45°, the rock fracturing is affected by the stress concentration and foliation
distribution. In splitting simulation, a strengthening scheme should be adopted to overcome this influence. As a result, the rock
sample generates the sliding and compression-shear fracture. As the foliation angle changes from 45° to 75°, the foliation, rather
than the matrix, dominates the fracture behavior of rock sample. For vertical foliations’ rock, as the middle foliation thickness is
appropriately broadened, the simulation results are reasonable. In general, the tensile strength of anisotropic rock entirely
decreases with an increase of foliation angle, and the effect of foliation strength on the tensile strength rock sample is larger than
that of the rock matrix.

1. Introduction

Because the fracture resistance of rock material is weaker
under tension than under compression, so the investigation
of rock tensile fracturing is important. The Brazilian disk
testing method is usually used to obtain the tensile strength
of rock material [1-3]. Meanwhile, rock anisotropy such as
fissuring, jointing, and foliation are the important factors in
studying the situ stress measurements, displacement control
in rock, and excavation damage development. Currently,
investigating the fracture mechanism of anisotropy rock
materials by Brazilian testing has caused more and more
attention.

In experimental research of rock with weak structures,
the plastic deformation and failure mechanisms of shale are
highly dependent on the orientation of the bedding planes
[4-7]. By observing the crack initiation and propagation in
the rock, the effect of anisotropy on the failure mechanism
was studied, and the failure modes were classified into
sliding and nonsliding failure [8-10]. In uniaxial and tri-
axial compressive strength tests, the shear sliding along the
weak planes could reduce the strength of anisotropic rock
[11, 12]. Due to the complexity of rock failure, the com-
prehensive observation and data acquisition of rock frac-
ture process are easily achieved by simulation. The
fracturing of the rock sample with a hole was simulated by
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the boundary element code DIGS, and the influence of a
tensile stress gradient on the rock fracture initiation and
crack growth was discussed [13]. The dynamic fracturing
characteristics of rock and concrete materials were in-
vestigated by the finite element method (FEM) [14, 15]. The
extended finite element method (XFEM) was used to
evaluate the effect of the specimen flat end in dynamic
Brazilian tests [16]. In anisotropic rock mass, due to the
interaction of intact rock fracture and joint face sliding, the
failure mechanism of rock mass has been discussed by
certain studies using the discrete element method (DEM)
[17, 18]. Based on the nanoscale structure of shale, a model
simulating nanoscale rock anisotropy was proposed
[19, 20]. The failure characteristics of phyllite specimens
under Brazilian tests are investigated by the particle dis-
crete element method, and the influence of rock foliation
strength and matrix microstructure was also studied nu-
merically [21]. A modified smooth joint model was pro-
posed to simulate the failure behavior of jointed rock mass,
and the roughness effect of the joint face under different
normal stresses was discussed [22-25]. The mechanics
behavior of foliated rock samples in the Brazilian tests was
simulated using Universal Distinct Element Code (UDEC)
[26]. In general, the continuum mechanics method is
suitable for analyzing the small deformation and damage
behavior of materials, and the discrete element method can
easily analyze the rock fracturing and motion. A contin-
uum-discontinuum element method (CDEM) combines
the advantages of the finite element method and the dis-
crete element method, which has gradually become an
effective simulation method to study the failure mecha-
nisms of rock materials [27-33].

In this context, based on CDEM, the force and defor-
mation of a loading plate in the Brazilian test were analyzed
by the continuum element method, and the discontinuum
element method was used to study the fracturing of rock
samples. An isotropic rock disk model and models con-
sidering different foliation angles were sequentially estab-
lished. The splitting simulations of rock samples were
conducted by three simulation schemes. Furthermore, the
effects of matrix and foliation strengths on rock fracturing
were investigated. Finally, simulation results were verified,
and the fracturing mechanisms of rock materials were
discussed.

2. Simulation Program

2.1. Simulation Method. In this paper, a coupling method of
particle-block element based on the continuum-dis-
continuum element method (CDEM) is used to investigate
the tensile fracture mechanism of rock materials. The
simulation method is indicated in Figure 1. CDEM adopts a
time-stepping, explicit scheme, and the equilibrium equa-
tions are as follows:

(M1} + [ClHui} ={F}eys

(1)
{F}ext ={F}p +{F}t [Fk]’
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Ficure 1: Continuum-discontinuum element model.

where [M] denotes the nodal mass matrix, [C] is the
damping matrix, {u} denotes the displacement vector, and
{F}x denotes the vector of external forces, which includes
the node internal force matrix [F;], the particle contact force
{F},, and external loading force {F},.

For the block elements of the continuum element
method, the internal force of the element node in the
continuum element method is calculated by

N
[F] =[Ep]+Y [Bf] DI [B]- [Au]-w;- ], (2)
i=1

where [FZ] is the node internal force matrix at the previous
step, i is the element Gaussian point, N is the number of
Gaussian points, [B;] is the strain matrix, [Au] is the node
incremental displacement vector, [D] is the element elastic
matrix, w; is the integral coefficient, and J; is the Jacobian
determinant value.

For the particle elements of the discontinuum element
method, the linked bar model combined with the
Mohr-Coulomb criterion and maximum tensile stress cri-
terion is used to simulate the rock breaking and moving
[30-32].

The contact forces between two contact particles are
calculated by

Fi(t+At) =F,(t) - KAu,, i=1,2,
A, =min(2R,), i=1,2, (3)
K;=EA. (R +Ry), i=12,

where F; (t + At) and F, (t) are the contact forces at the time
of t + At and t , F, and F, are the normal and tangential
contact forces, Au; and Au, are the normal and tangential
increments of contact displacement, R; and R, represent the
radius of contact particles, K; and K, represent the normal
and tangential stiffness, E; and E, represent elastic and shear
modulus, and A, is the contact area of particles.
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The contact forces of equations (3) are modified by
if F, ~TA,>0, thenF, =F, =0,T = C =0,
if F, - F, tan(¢) —CA, >0, thenF, = F, tan(¢),T =C = 0.
(4)

In a 2D numerical model, the contact state between block
element and particle element is determined by the relative
position between particle center and block element
boundary. The contact pair will be created when the distance
between particle center and block edge is less than or equal
to the radius of the particle, that is,

d=|Vy -n|<R,, (5)

where d is the distance between particle center and block
edge, k is the node of block element, V is the relative
position vector for particle center o to node k, # is the unit
normal vector of continuum element domain boundary, and
R, is the radius of the particle close to target block element.

2.2. Numerical Models and Parameters. The schematic dia-
gram of Brazilian disk test and isotropic and anisotropic
rock models are shown in Figure 2. The rock sample consists
of 14154 particles, each with a radius of 0.2 mm. The bearing
plate consists of 320 finite element elements. The loading
velocity of the top bearing plate is 1 nm/step, and the bottom
nodes of the lower bearing plate are fixed. For the aniso-
tropic rock sample, the spacing between foliation planes is
5mm.

Based on CDEM, the equivalent macrostrain energy of
particles with macroscale mechanical parameters coincides
well with the strain energy computed by FEM, when the
number of contact particles reaches a certain value [32]. The
fracturing and moving process of rock is well simulated with
macroscale mechanical parameters [31, 32]. The numerical
parameters in this study are shown in Table 1 [21].

2.3. Simulation Scheme. To investigate the fracture mecha-
nism of rock materials in Brazilian test, the failure of iso-
tropic rock sample was firstly simulated. Then, the fracturing
simulations of rock samples with 0°, 15°, 30, 45°, 60°, 75°, and
90" foliations were conducted. Finally, the splitting simu-
lations of rock samples with different matrices and foliation
strengths were conducted, which were used to investigate the
effect of strength parameters on the anisotropic rock failure.

3. Results and Analysis

3.1. Simulation Results of Isotropic Rock and Horizontal Fo-
liation Rock. Adopting different simulation schemes in the
Brazilian test, the failure results of isotropic and horizontal
foliation rock samples are shown in Figure 3. During the stiff
wire loading, the stress concentration near the loading
positions causes a local failure of rock sample as shown in
model I, and the tensile strength obtained by Brazilian test is
smaller than the actual tension strength of rock materials. To
solve this problem, a scheme strengthening the local zone of
numerical sample is adopted to simulate the splitting of

isotropic and horizontal foliation rock. In this scheme, the
strengthening zone size is 2mmx4mm, and the local
strength parameters are 8 times the strength parameters of
Table 1. As shown in model IT and III of Figure 3, the integral
tensile fracture through the specimen middle can be well
simulated. As indicated in the strength histogram, a proper
tensile strength of the rock sample in the Brazilian test can be
obtained by the splitting simulation, and the tensile strength
of isotropic rock sample is slightly larger than that of
horizontal foliation rock sample.

3.2. Simulation Results of Rock with Oblique Foliations.
For the anisotropic rock with 15°, 30°, 45°, 60°, and 75° fo-
liations, the fracturing processes of rock samples in the
Brazilian test were simulated, as shown in Figure 4. To
comprehensively analyze the fracture mechanism of an-
isotropic rock, the strengthening scheme of Section 3.1 was
adopted, and simulations without a strengthening scheme
were also conducted.

In simulations without a strengthening scheme, as the
foliation angle is 15°, the vertical fracture penetrates the
entire rock sample, and there only exists a shorter crack
propagating along the foliation near the lower loading lo-
cation of the sample. As the foliation angles are 30” and 45°,
two symmetrical cracks generate in two foliations near the
upper and lower loading locations. As the foliation angles
continue to increase, the orientation of main crack will be
closer to the vertical central axis. In simulations with a
strengthening scheme, the 15° foliation rock sample frac-
tures along the foliations near the strengthening zone. As the
foliation angle is 30°, the strengthening zone covers the
foliation near the loading positions, so the cracks propagate
along the foliation below the strengthening zone. Mean-
while, the rock sample is crushed in the area between two
foliations. As the foliation angles continuously increase from
45° to 75°, the fracture forms of strengthened samples are
similar to the fracture forms without a strengthening
scheme.

To analyze the effect of foliation angles on the rock
tensile strength, the failure strengths of anisotropic rock
under two simulation schemes were compared, as shown in
Figure 5. For the rock samples with different foliation angles,
the failure strengths with a strengthening scheme are entirely
larger than those without a strengthening scheme. With a
strengthening scheme, the failure strength of rock obviously
decreases when the foliation angle changes from 15° to 45°,
and then, the failure strength slightly decreases as the fo-
liation angle changes from 45° to 60°. However, the failure
strength slightly increases as the foliation angle changes
from 60° to 75°. Without a strengthening scheme, the failure
strength continuously decreases as the foliation angles in-
crease from 15° to 75°% moreover, the decrease rate of the
failure strength of rock with 15° to 30" foliations is obviously
larger than that of rock with 30” to 75° foliations.

As indicated in the trend line of Figure 5, studies indicate
that the failure strengths of rock with different foliation
angles decrease as the foliation angle increases [25, 26].
From Figure 5, as the foliation angle changes from 0° to 45°,
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FIGURE 2: Test diagram and numerical models.

TaBLE 1: Numerical parameters in the simulation of Brazilian test.

Density (kg/m3) Elastic modulus (GPa)

Poisson’s ratio

Tensile strength (MPa) Cohesion (MPa)

Bearing plate 7850 200
Rock matrix 2800 30
Foliation 2519 24
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FiGure 3: Splitting simulation of isotropic and horizontal foliation
rock.

simulation results with a strengthening scheme relatively
follow the trend line. However, because the failure strength
will continue to decrease as the foliation angle increases
from 45° to 75°, simulation results without a strengthening
scheme more closely follow the trend line.

3.3. Simulation Results of Rock with Vertical Foliations.
Figure 5 of Section 3.2 shows that, as the foliation angle is
higher than 75, the failure strength of the rock sample under

a strengthening scheme is obviously higher than the trend
line. Therefore, for the splitting of vertical foliation rock, the
simulations without a strengthening scheme were con-
ducted, and the effect of foliation thickness in sample middle
were also considered, as shown in Figure 6. As the foliation
thickness is 0.4 mm, the sample with 90° foliations is crushed
near the loading positions, and the main cracks propagate
along two foliations near the vertical middle axis of sample.
However, as the foliation thickness is 0.8 mm or 1.2 mm, the
rock sample is directly split along the middle foliation, and
there is only one main crack in the sample. Moreover, the
crushing degree near the sample loading positions also
decreases. As the foliation thickness increases, the failure
strengths of 90° foliation rock obviously decrease, which is
consistent with the trend line of Figure 5.

In summary, the effects of different rock foliation angles
on the fracture forms and failure strengths of rock samples
are significant. For the fracturing simulation of anisotropic
rock in the Brazilian test, the splitting process of horizontal
foliation rock can be well simulated by a strengthening
scheme. The strengthening scheme is also suitable for in-
vestigating the fracturing of rock samples with the smaller
foliation angle; however, simulations without a strength-
ening scheme are more suitable for investigating the frac-
turing of rock samples with the larger foliation angle.
Furtherly, the fracturing of the rock sample with vertical
foliations can be well simulated by adjusting the foliation
thickness of sample middle.

3.4. Simulation Results with Different Rock Matrices and
Foliation Strengths. From Figure 5, the failure strength of 45°
foliation rock with a strengthening scheme is close to the
failure strength without a strengthening scheme. To inves-
tigate the effect of foliation and matrix strengths on the rock
fracturing, the splitting of 45° foliation rock sample in the
Brazilian test was simulated. The tensile and cohesive
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strengths of rock foliation were taken as 1 MPa, 1.5 MPa,
2MPa, 2.5 MPa, and 3 MPa, respectively. The tensile and
cohesive strengths of the rock matrix were taken as 4 MPa,
6 MPa, 8 MPa, 10 MPa, and 12 MPa, respectively.

Under different strength parameters, the tensile failure
strengths of the rock sample in the splitting simulation
produce significant differences, as shown in Figure 7. As the
foliation strengths increase, the failure strengths of the rock
sample increase. Specifically, as the foliation tensile strength
varies from 1 MPa to 3 MPa, the tensile failure strength of
rock sample changes from 2.28 MPa to 2.44 MPa. As the
foliation cohesive strength varies from 1 MPa to 3 MPa, the
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FiGuRrk 6: Splitting simulation of vertical foliation rock.

tensile failure strength of the rock sample changes from
2.2 MPa to 2.43 MPa. Moreover, the tensile failure strength of
the rock sample also increases with an increase of rock matrix
strength. As the matrix tensile strength varies from 4 MPa to
12 MPa, the tensile failure strength of the rock sample in-
creases from 2.1 MPa to 2.9 MPa. As the matrix cohesive
strength varies from 4 MPa to 12 MPa, the tensile failure
strength of rock sample changes from 2.2 MPa to 2.7 MPa.
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FIGURE 7: Failure strengths of rock samples with different foliation and matrix strengths.

In general, for the splitting simulations of 45° foliation
rock sample, the variation range of rock matrix strengths is
4 MPa to 12 MPa; however, the foliation strengths vary from
1 MPato 3 MPa. As the results of the splitting simulation, the
tensile failure strengths of rock samples only change from
21MPa to 2.9MPa. This indicates the effect of matrix
strength variation on the tensile strength of the rock sample
is not obvious; however, the foliation strength variation
significantly affects the tensile strength of the rock sample.

4. Verification and Discussion

4.1. Verification. To verify the simulation results, the current
works are compared with [25, 26], as shown in Figure 8. In
general, the fracture patterns of foliation rock in current
simulation are consistent with those of laboratory tests. As
the foliation angle is 0°, the rock sample fractures along the
vertical middle axis. As the foliation angle increases, the
cracks of rock samples mainly propagate along rock folia-
tions. Specifically, as the foliation angle is 0°, the loading
positions of the rock sample are crushed in current work,
and a corner breakage also occurs near the loading positions
of 0° foliation rock in [25]. Meanwhile, there is a short
horizontal crack in the lower part of the rock sample in
current work, and there is also a crack along the foliation of
rock sample in [26].

4.2. Discussion. In this study, the fracturing processes of
isotropic and anisotropic rock samples in the Brazilian test
were simulated, and simulation results are consistent with
the experiment results. The fracture mechanism of the rock
sample in the Brazilian test can be well depicted by the
continuum-discontinuum element method.

In Brazilian splitting test, the vertical load firstly applies
to the rock matrix near the sample loading positions, and
then, the vertical load gradually translates into the sample
middle. For the isotropic and horizontal foliation rock in the
splitting simulation of Brazilian test, the failure tensile

strengths of rock samples are larger than those of the in-
clined and vertical foliation rock, so the isotropic and
horizontal foliation rock samples relatively easily generate
the compression-shear fracture and the integral tensile
fracture. During the stiff wire loading, the stress concen-
tration near the loading positions easily causes the local
failure of the rock sample, and the tensile strength obtained
by splitting simulation is smaller than the actual tension
strength of rock materials. Therefore, for the isotropic and
horizontal foliation rock, a local strengthening scheme
should be adopted to simulate the splitting of rock samples,
which can simulate the integral tensile fracture and obtain
the proper tension strength of the rock sample in the
Brazilian test. As rock foliation angles vary from 15° to 45°,
the tensile strength variation of numerical samples with a
strengthening scheme is consistent with the trend of Fig-
ure 5, and the rock samples generate the compression-shear
fracture and the sliding fracturing along the foliations. This
indicates as the foliation angle is smaller, the stress concen-
tration and rock foliation both affect the splitting results of the
rock sample. As rock foliation angles varies from 45" to 75, the
rock samples only generate the fracturing along the foliations;
moreover, the tensile strength variation in simulation with a
strengthening scheme is obviously different from the trend of
Figure 5. This indicates the effect of larger angle foliations on
sample splitting is larger than the rock matrix. The fracturing of
vertical foliation rock can be well simulated by adjusting the
foliation thickness of sample middle, which can be because, in
the complex geological processes, the geometric widthess of
rock foliation appears to be very small; however, the influence
area of the weak layer structure on the rock sample may be
much larger than that of its geometric size.

With the strength parameter variation of the rock fo-
liation and matrix, the weak layer structures have a sig-
nificant influence on the fracture form and failure strength
of anisotropic rock, although rock matrix strengths are
much higher than foliation strengths. Therefore, the ad-
justment of rock matrix strength cannot obviously change
the tensile failure strength of the numerical sample, while the
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variation in the foliation strength can significantly affect the
tensile failure strength of the rock sample.

5. Conclusions

(1) The fracturing of rock samples in the Brazilian test
can be well simulated by the continuum-dis-
continuum element method (CDEM), and simu-
lation results are consistent with the literatures.
For isotropic and horizontal foliation rock sam-
ples, the stress concentration easily causes the local
failure of the sample, and the effect of the rock
matrix on splitting of numerical samples is larger
than rock foliation. The splitting of the rock
sample can be simulated by a strengthening
scheme. Isotropic and horizontal foliation rock
easily generates the compression-shear fracture
near loading positions and integral tensile fracture
in sample middle.

(2) As foliation angle varies from 15° to 45°, the fo-
liations and the stress concentration near loading
positions both affect the splitting results of the
rock sample. Rock samples easily generate the
sliding fracturing along foliations and the com-
pression-shear fracturing near loading positions.
As foliation angles varies from 45° to 75° the
tensile strength variation of the rock sample
without a strengthening scheme is consistent with
experiment results, the effect of rock foliation on
sample splitting is larger than the rock matrix, and
the rock samples mainly generate the fracturing
along foliations. The fracturing of vertical foliation
rock can be well simulated by adjusting the foli-
ation thickness of sample middle, and the

influence area of the foliation on the rock sample
may be larger than that of its geometric size.

(3) For the fracturing of the rock sample with 45" fo-
liations, as the tensile strength of foliation varies
from 1 MPa to 3 MPa, the rock failure strength in-
creases from 2.28 MPa to 2.44 MPa. The rock failure
strength changes from 2.2 MPa to 2.43 MPa as the
cohesive strength of foliation varies from 1 MPa to
3 MPa. However, as the tensile strength of the rock
matrix varies from 4 MPa to 12 MPa, the rock failure
strength changes from 2.1 MPa to 2.9 MPa. The rock
failure strength changes from 2.2 MPa to 2.7 MPa as
the cohesive strength of rock matrix changes from
4MPa to 12 MPa. This indicates the rock foliation
rather than the rock matrix dominates the failure
strength of the rock sample.
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