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The layered rock showed the characteristics in Mountain tunnel, Yunnan. A series of uniaxial compression tests and variable angle
shear tests were carried out, and the aim was to investigate the effect of the bedding on its mechanical parameters and failure
modes. The test results show that the uniaxial compressive strength, elastic modulus, and Poisson’s ratio of layered rock present a
U-shaped distribution with the increase in bedding orientation from 0° to 90°. All of them have a maximum when the bedding
orientation is 0" and a minimum when the bedding orientation is 45°. The failure modes of layered rock can be summarized into
three types: the fracture tensile failure parallel to the weak plane of bedding; the shear slip failure along bedding weak plane; and
tension-shear composite failure between bedding weak plane and matrix. Based on the testing data and analysis results, it can be
concluded that the layered rock specimen with different bedding orientations is an important reason for the anisotropy of

mechanical parameters and failure modes.

1. Introduction

The layered rock is usually interbedded with soft and hard
rock. The main structural plane is bedding plane, and there
are weak structural planes such as interlayer dislocation and
argillaceous intercalation. The deformation and failure are
mainly controlled by geology and rock combination. The
heterogeneity of the rock with bedding plane is enhanced,
and the minerals on the internal plane are easy to form weak
structural plane. When there is bedding plane in the rock
mass, it makes the axial strain larger. In the construction of
tunnels in layered rock, the anisotropy of surrounding rock
is very important to the safety and stability [1, 2]. When
drilling in layered rock formation, the permeability of
fractures between bedding is much higher than that of rock
matrix. Fluid is easy to immerse into the formation along the
microfractures between bedding, which changes the effective
stress state around the well, reducing the strength of layered
rock and affecting the stability of wellbore during drilling
[3]. Therefore, it is of great engineering application value to

study that bedding orientation effects on mechanical pa-
rameters and failure mode of layered rock.

At present, many scholars have obtained lots of
achievements in the study of the effect of bedding orien-
tation on layered rock. Wang et al. [4] conducted Brazilian
splitting tests on slates with different bedding orientations
and clarified the failure mechanism by analyzing the changes
of tensile strength and failure behavior. Yang et al. [5]
carried out the direct shear test on layered rock specimens,
and the results show that the bedding orientation has a
significant effect on the cohesion and internal friction angle
of rock. Xia et al. [6] carried out the direct shear test of
layered rock, and the results show that with the increase in
the bedding orientation, the shear strength index of rock
mass first increases, then decreases, and finally increases. Fan
et al. [7] used theoretical analysis and numerical simulation
to study the macroscopic mechanical behavior of layered
rock and discussed transversely the isotropy strength cri-
terion of layered rock. Li et al. [8] without considering the
influence of c and ¢, when the bedding orientation of layered
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rock is 45°, the crack initiation and propagation are most
likely to occur; when f3 is known, the corresponding fracture
toughness value can be obtained. Liu et al. [9] conducted
uniaxial compression tests to show that there are two forms
of compression failure of layered rock: compression shear
failure occurs from the interior of layered rock and the shear
plane is rough; the surface of layered rock is smooth, and
sliding failure occurs along the bedding plane. Gao et al. [10]
conducted compressive and tensile strength tests of shale
and analyzed the transversely isotropy characteristics of
shale specimens. The results show that the tensile strength
perpendicular to the bedding plane is about 300-360 times
that parallel to the bedding plane, and the velocity anisot-
ropy ratio of compression wave is about 1.3-1.4. Liu et al.
[11] obtained three failure mechanisms of layered rock:
tensile failure along bedding plane, shear failure along
bedding plane, and tensile failure of matrix in the direct
tensile test. Through numerical simulation, Tan et al. [12, 13]
analyzed the stability of layered rock with different bedding
directions, the range of surrounding rock loose area, and the
key parts of instability, which has important theoretical
significance for further understanding the instability
mechanism of tunnel in layered rock. Xia et al. [14] carried
out numerical simulation of rock with different bedding
orientations under the uniaxial compression test and ob-
tained that when the bedding bond strength is very different
from the bedrock, the effect of bedding can be ignored, while
when the two are close, bedding has a great influence. Fu
etal. [15] conducted the uniaxial compression test on layered
rock and obtained that there are three failure forms of rock
mass with the change of bedding orientation. Yuan et al. [16]
studied the influence of loading rate on the mechanical
properties of layered rock and obtained that the total energy,
elastic strain energy, and dissipated energy of rock mass after
exceeding the critical value of loading rate have S-shaped
curve variation law similar to the strength.

In this paper, the transverse isotropy and anisotropy of
layered rocks in Mountain tunnel, Yunnan, were studied.
Through the uniaxial compression test and variable angle
shear test, the variation law of peak strength and mechanical
parameters of layered rocks with different bedding orien-
tations was explored, and the failure modes were classified
and analyzed. When layered rocks were treated as trans-
versely isotropic bodies, five independent material param-
eters were determined. The relationship among bedding
orientation, cohesion, and internal friction angle was
established.

2. Calculation Principle of Transversely
Isotropic Constitutive Model Parameters

The physical parameters, mechanical parameters, and hy-
draulic parameters of rock mass usually show anisotropy,
and these parameters will change with the change of di-
rection. Although layered rock shows different mechanical
properties at different bedding orientations, it is usually
regarded as transversely isotropic in practical engineering
applications. As shown in Figure 1, the coordinate system X,
Y, and Z is set, where the Z axis is the longitudinal axis
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FIGURE 1: Schematic diagram of transversely isotropic material in
the global coordinate system.

direction of the specimen. In the general coordinate system,
the stress-strain relationship is as follows [17]:

€= So, (1)

where ¢ is the strain tensor, S is the flexibility matrix, and o is
the stress tensor. The matrix is expressed as follows:
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In equation (2), there are five independent elastic pa-
rameters, namely, E,, E,, v;, v,, and G,, which together
represent the deformation performance. E; and E, are the
elastic modulus in the transversely isotropic plane and the
direction perpendicular to the plane, respectively; Poisson’s
ratios v, and v, describe the reflection of the transverse
strain in the transversely isotropic plane and the stress
parallel or perpendicular to the isotropic plane, respectively;
G, is the shear modulus perpendicular to the transversely
isotropic plane.

In this experiment, v, and v, are Poisson’s ratio when the
bedding orientation is 90° and 0°, respectively. In order to
determine these five independent material parameters, at
least one specimen with any bedding orientation is needed in
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addition to the specimens with 0° and 90° bedding orien-
tation. Therefore, the sample with 30° bedding orientation is
selected. The formula of the elastic modulus with 3 between
loading direction and bedding plane is as follows [17]:

1 _sin4ﬂ+< 1 2y s'B

2 2, €O
—= — - sin” fcos” B+ ——
Ey E; Gn E ) E,

)

where Eg is the elastic modulus when the angle between
loading direction and bedding plane is f3.

3. Experimental Tests

3.1. Specimen Preparation. The rock core used in the test is
taken from the tunnel of Xiangli Expressway Tunnel in
Yunnan Province. The structural characteristics of the rock
mass are plate-shaped or flaky-shaped. There is a small amount
of clay and silty filler in the rock fracture (as shown in Fig-
ure 2). The specimens were taken from the whole large rock
mass and cut into the whole cube. In order to study the an-
isotropic characteristics of rock mass under different bedding
orientations, core drilling sampling was carried out from five
directions of 0°, 30°, 45°, 60°, and 90", respectively. The sche-
matic diagram of core drilling sampling is shown in Figure 3.

According to the specific requirements, the specimens
used in the test were processed into test blocks of different
sizes and shapes by drilling and grinding machines. The
number of test blocks in each group should not be less than
3. The standard specimens were made as follows:
@25 x 50 mm cylinder specimens were used for the uniaxial
compression test (as shown in Figure 4), and cube specimens
with 30 mm side length were used for the variable angle
shear test (as shown in Figure 5).

3.2. Test Equipment and Scheme. The uniaxial compression
test and variable angle shear test were carried out on cylinder
specimens and cube specimens, respectively. GAW-2000
electrohydraulic servocontrolled uniaxial test machine and
hydraulic screen display universal testing machine (a set of
20° 30°, and 40° variable angle shear fixture) are used, and
these equipments have stable performance and high test
accuracy. In the uniaxial compression test, the displacement
control mode was adopted, and the axial load was applied to
the specimens at the loading speed of 0.015 mm/min, and the
stress-strain curve was collected at the same time. In the
variable angle shear test, the stress control method was used
to apply the load at the loading rate of 100 N/s until the
specimens failed, and the failure load P was recorded, as
shown in Figure 6.

4. Analysis of Test Results

4.1. Influence of Bedding Structure on Rock Mechanical
Parameters. The results of uniaxial compression tests of
layered rock with different bedding orientations are shown
in Figure 7.

It can be seen from Figure 7(a) that when the bedding
orientation changes from 0° to 90°, the peak strength of
layered rock first decreases and then increases. The peak

F1GURrE 2: Bedding structure of surrounding rock of Xiangli Ex-
pressway Tunnel in Yunnan Province.

strength decreases between 0° and 45° and increases between
45° and 90°. On the whole, there is a “U-shaped” change
trend of high on both sides and low in the middle. The peak
strength is the highest at 0° and the lowest at 45°. The results
are consistent with the previous layered rock test results
[18-20]. The maximum peak strength is more than three
times of the minimum peak strength. Therefore, the peak
strength of layered rock is affected by bedding orientation,
showing obvious anisotropy characteristics.

According to the concept of “anisotropy ratio” proposed
by J. Singh et al. [21] in 1989, the anisotropy ratio of peak
strength of layered rock is defined as follows:

(4
Rc _ cmax’ (4)

O¢ min

where R, is the anisotropy ratio of peak strength; o .y is the
maximum peak strength; and o, is the minimum peak
strength. According to Figure 3, when the bedding orientation
is 0°, the peak strength is the maximum (94.90 MPa), and when
the bedding angle is 45°, the peak strength is the minimum
(27.26 MPa); that is, R, is 3.48, so the anisotropy ratio of the
peak strength of layered rock is medium anisotropy.

According to the test results and equation (3), five in-
dependent parameters of layered rock can be obtained, as
shown in Table 1.

After the transverse isotropy material parameters of
layered rock are determined, more accurate engineering
analysis can be carried out for the rock engineering with
layered rock as the main lithologic characteristics, such as
the change of rock stress state and the deformation of rock
mass caused by tunnel excavation in layered rock stratum.

4.2. Influence of Bedding Structure on Rock Fracture
Characteristics. The anisotropy of mechanical parameters of
layered rock is closely related to its fracture mode. With the
change of bedding orientation, the fracture of specimens
shows different failure modes. In the uniaxial compression
test, the specimen is subjected to load and goes through
compaction stage, elastic stage, expansion stage, and failure
stage. When the axial stress reaches the specimen peak
strength, the accumulated energy inside the specimen is
released suddenly and the failure occurs. Obvious macro-
cracks appear on the surface and run through the whole
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FIGURE 3: Schematic diagram of core sampling: (a) bedding orientations of the cylinder specimen; (b) bedding orientations of the cube

specimen.

FiGure 4: Cylinder specimens.

FIGURE 5: Cube specimens.

FIGURE 6: Diagram of test procedure: (a) uniaxial compression test process; (b) variable angle shear test process.
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FIGURE 7: Mechanical parameters of layered rock with different bedding orientations: (a) peak strength of layered rock; (b) elastic modulus
of layered rock; (c) Poisson’s ratio of layered rock.

TaBLE 1: Independent parameters of layered rock.

E, (GPa) E, (GPa) 2 v, Gy, (GPa)
9.33 14.53 0.081 0.100 4.019
specimen, forming multiple tensile and shear failure sur- In general, the failure phenomena of all rock specimens

faces. The failure mode has obvious anisotropy. The failure = have the characteristics of tension failure and shear failure,
modes of specimens with different bedding orientations are ~ but the failure modes of rock specimens with different
shown in Figure 8. bedding orientations are different:
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(c) (d) (e)

FIGURE 8: Uniaxial compression failure diagram of rock specimen: (a) $=0% (b) =30 (c) f=45" (d) f=60% (e) f=90".

(1) B=0". Shear slip failure is the main failure form. For

the specimens with 0° bedding orientation, the
crack direction is almost horizontal, only a few
splitting cracks appear at the end of the specimen.
The reason is that the loading direction is or-
thogonal to the bedding orientation, and the two
ends of the specimen are subject to friction resis-
tance, which limits its lateral deformation. The
tensile failure through the weak plane of the bed-
ding is formed in the middle of the specimen under
the action of large lateral tension, which leads to the
obvious shear slip phenomenon of the upper and
lower parts of the specimen along the direction
approximately parallel to the weak plane of the
bedding, and causes the local surface fracture of the
specimen. Under the action of large lateral tension
in the middle of the specimen, the tensile failure
through the weak plane of the bedding is formed,
which leads to the obvious shear slip phenomenon
of the upper and lower parts of the specimen.

(2) B=30° Tension and shear failure coexist. Under

the action of external load, cracks develop along
the weak plane of bedding until the specimen is
destroyed. Under the action of load, the crack
develops along the weak plane of bedding,
forming a shear failure plane through the weak
plane of bedding. At the same time, a tensile
failure plane is formed along the weak plane of
bedding on the surface of specimen, leading to
local fracture. The crack develops along the axial
direction, which is similar to the weak plane of
bedding.

(3) p=45". Tension-shear composite failure between

bedding weak plane and matrix: Under the action of
load, two large angle shear cracks are formed on both
sides of the specimen surface, which are different
from the bedding orientation. During the loading
process, the cracks gradually expand and finally form
a tensile-shear composite failure plane along the

bedding weak plane and through the weak plane of
bedding and matrix. The failure plane runs through
the two weak planes of bedding and intersects in the
middle of the specimen. It shows multiple shear
failure surfaces similar to Y shape.

(4) B=60°. Shear failure is significant, and cracks al-
most all develop along the bedding orientation.
Under the action of load, obvious shear failure is
formed along the bedding weak plane at the upper
and lower ends of the specimen, and many flat
failure planes are formed at the upper and lower
ends of the specimen, and the shear slip phe-
nomenon parallel to the bedding weak plane occurs.
This is because the shear stress on the bedding weak
plane is greater than the shear strength of the
specimen itself.

(5) B=90". Tension and shear failure coexist, but ten-
sion failure is the main failure form. The crack has a
small vertical inclination and through the entire
rock specimen. Under the action of load, the
specimen gradually appears tensile cracks parallel
to the bedding plane and finally forms the splitting
tension failure along the bedding plane. The spec-
imen has a tensile fracture plane which is obviously
parallel to the bedding weak plane and runs through
the matrix and through the ends of the entire rock
specimen. Since the entire specimen is divided into
two parts, one large and one small, their bearing
capacity is reduced, respectively. The smaller part of
the thin slab-shaped rock bears greater load than its
own compressive strength. It leads to buckling
instability and secondary rupture along the bedding
weak plane.

From the above analysis, the main controlling factors of
layered rock fracture with different bedding orientations can
be obtained. It can be seen from the analysis that for any rock
specimen failure mechanism with different bedding orien-
tations, the bedding weak plane plays a leading role.
Therefore, the bedding weak plane has become a key factor
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TaBLE 2: Test results of variable angle shear of layered rock.

Bedding orientation () Failure load (kN)

Shear stress 7 (MPa)

Normal stress o (MPa)

Fixture angle (*)

65.87 25.03 68.78 20
0 25.42 14.12 24.46 30
15.36 10.97 13.07 40
45.67 17.36 47.68 20
30 21.22 11.79 20.42 30
13.68 9.77 11.64 40
32.69 12.42 34.13 20
60 14.12 7.84 13.59 30
12.24 8.74 10.42 40
79.37 30.16 83.24 20
90 27.91 15.51 7.84 30
19.82 14.16 16.87 40

affecting the anisotropy of the failure mechanism of layered
rock specimens.

The elastic modulus is an important performance
parameter of engineering materials. From the macro-
scopic point of view, the elastic modulus is a measure of
the ability of an object to resist elastic deformation. The
elastic modulus of the material can be affected by all the
factors that affect the bonding strength. When there is
bedding plane in the rock, the bedding plane belongs to
the weak plane of the rock, so compared with the matrix
material, the stiffness of the weak plane of bedding is small
and the deformation is large. Compared with the rock
mass without bedding plane, this kind of rock is prone to
failure under uniaxial compression.

The variation of elastic modulus and Poisson’s ratio with
bedding orientation is shown in Figures 7(b) and 7(c). It can
be seen from Figure 7(b) that under the uniaxial com-
pression test of layered rock, the elastic modulus first de-
creases and then increases with the increase in the angle
between bedding orientation and horizontal plane. On the
whole, it is similar to the change trend of compressive
strength and also presents a U-shaped change trend of high
on both sides and low in the middle. When the bedding
orientation is 0° (parallel to the bedding), the elastic modulus
of layered rock is the largest; when the bedding orientation is
45°, the elastic modulus of layered rock is the smallest. The
vertical bedding is easy to be tensioned and split along the
bedding plane under the action of axial stress; in parallel
bedding, because the axial stress is perpendicular to the
bedding plane, the stacking reaction occurs on the bedding
plane during loading, resulting in the compression of the
bedding plane, and the axial strain changes relatively large.
The deformation modulus is used to define the anisotropy
ratio of layered rock:

E
R, = —max
ETE (5)
where Ry is the anisotropy ratio of the elastic modulus; Ey,ax
is the maximum elastic modulus of layered rock between 0°
and 90° bedding orientation; and E;, is the minimum
elastic modulus of layered rock between 0° and 90° bedding
orientation. The ratio of the maximum to the minimum is

2.8, which is the anisotropy ratio of the deformation
modulus of layered rock.

Poisson’s ratio of layered rock specimens, as shown in
Figure 7(c), is similar to the compressive strength and
elastic modulus of layered rock. It shows a U-shaped
change trend of high on both sides and low in the middle.
On the whole, Poisson’s ratio decreases or increases but the
amplitude is small at the low bedding orientation (from 0°
to 30°) and the high bedding orientation (from 60° to 90°),
which indicates that the bedding anisotropy is weak at this
time; at the slightly higher bedding orientation (from 30° to
60°), Poisson’s ratio changes greatly with the bedding
orientation, which indicates that the bedding anisotropy is
strong at this time.

4.3. Effect of Bedding Plane on Rock Shear Properties. The
results of the variable angle shear test of layered rock are
shown in Table 2.

According to the measured data of normal stress and
shear stress in Table 2, the fitting results are shown in
Figure 9.

It can be seen from Figure 9 that the overall fitting degree
of the Mohr-Coulomb fitting curve is very high. According
to Figure 9, the cohesion and internal friction angles with
different bedding orientations can be obtained, and the
results are shown in Table 3.

According to the above, the cohesion and internal friction
angle with different bedding orientations are obtained, and
the relationship among bedding orientation, cohesion, and
internal friction angle is established, as shown in Figure 10.

It can be seen from Figure 10 that with the increase in the
angle between bedding plane and horizontal plane, the
cohesion and internal friction angle of layered rock speci-
mens first decrease and then increase, showing a U-shaped
variation trend of high at both sides and low in the middle
similar to the compressive strength curve. When the bedding
orientation is 0° and 90°, the cohesion and internal friction
angle are relatively large, and when the bedding orientation
is 60°, they are relatively small.

The failure modes are shown in Figure 11. When the
bedding orientation is 0°, there is the composite failure of
tension through weak bedding plane and shear slip along
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FIGURE 9: Mohr-Coulomb curves of shear strength of layered rocks under different loading modes.

TaBLE 3: Cohesion and internal friction angle with different bedding orientations.

Bedding orientation () Fitting curve Cohesion (MPa) Internal friction angle (°)
0 7=0.250+7.82 7.82 14.07
30 7=0.200+7.42 7.42 11.80
60 7=0.180 +6.19 6.19 10.18
90 7=0.250+9.43 9.43 13.98

10 - r 15

Cohesion: MPa
[ ]
Internal friction angle °©

5 T T 0
0 30 60 90
Bedding angle: °

—e— Cohesion
—=— Internal friction angle

FIGURE 10: Variation of cohesion and internal friction angle with bedding orientation.

bedding plane; when the bedding orientation is 30°, the shear ~ and the ends present the phenomenon of crossing the
failure along the weak bedding plane and through the  matrix; when the bedding orientation is 90°, the splitting
bedding plane occurs; when the bedding orientation is 60°,  tensile failure along the weak bedding plane occurs, and the
the shear slip failure along the weak bedding plane occurs,  failure surface is relatively regular.
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(c)

FIGURE 11: Variable angle shear failure diagram with different bedding orientations: (a) $=0°% (b) f=30° (c) =60 (d) 5=90".

5. Conclusions

In this paper, uniaxial compression and variable angle shear
tests are carried out on rocks with different bedding ori-
entations. By analyzing the evolution trend of mechanical
parameters and failure modes of with different bedding
orientations, the following conclusions are drawn:

(1) The compressive strength of layered rock has obvious
anisotropy. With the increase in the angle between
bedding orientation and horizontal plane, the uni-
axial compressive strength first decreases and then
increases and generally presents a U-shaped varia-
tion trend of high on both sides and low in the
middle. Rc=4.8, indicating that the specimen is
moderately transverse isotropic.

(2) The elastic modulus and Poisson’s ratio of layered
rock first decrease and then increase with the in-
crease in the bedding orientation. On the whole, the
variation trend of both is similar to the compressive
strength of layered rock.

(3) In the uniaxial compression test of layered rock, the
anisotropy of failure mechanism of layered rock is
closely related to the bedding orientations, which is
mainly reflected in different failure modes with
different bedding orientations. On the whole, the
failure modes of Figure 1specimens can be divided
into three types: the fracture tensile failure parallel
to the weak plane of bedding; the shear slip failure
along bedding weak plane; and tension-shear
composite failure between bedding weak plane and
matrix.

(4) The cohesion and internal friction angle of layered
rock specimens show a U-shaped change trend of
high at both sides and low in the middle similar to
the compressive strength curve. For the variable
angle shear test, the 0” specimen shows the composite
failure of tension through the bedding weak plane
and shear slip along the bedding plane. Shear failure
along bedding plane and through bedding plane
occurs in the 30° specimen. The shear slip failure

along the bedding plane occurs in the 60° specimen,
and the end of the specimen runs through the matrix.
The 90° specimen shows splitting tensile failure along
the bedding weak plane.
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