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A layered rock usually exhibits strong anisotropy due to its layered structure. In order to study the anisotropic effect on its static
and dynamic tensile properties, a medium strength anisotropy slate is chosen and tested in five groups of bedding plane dip angles.
,e dynamic tests were carried out by a split Hopkinson pressure bar (SHPB), and the failure process of rock samples is recorded
by a high-speed camera. ,e failure mode and strength characteristic of the slate are analyzed. ,e static test results show that
layered structure significantly affects the failure mode, and the influence of the bedding plane depends on the degree of anisotropy.
,e static and dynamic “tensile strength” exhibit the “U” type strength anisotropy. For samples in the same dip angle group, the
“tensile strength” shows clear dynamic strengthening effect, and the growth rate is most significant at θ� 45°.

1. Introduction

Due to the sedimentation and tectonic loading, many rocks like
slate, phyllite, schist, and gneiss, naturally exhibit regular layered
structures.,ese structures usuallymake the rockmaterials have
one dominant direction of planar anisotropy. In contrast to a
homogeneous rock mass, which has the same mechanical
properties in all directions, themechanical properties of a layered
rock mass change with the change in bedding direction [1].

Meanwhile, tensile strength is one of the most important
parameters of rock materials. Failure of brittle rock normally
initiates from tensile fracture due to its extraordinary lower
resistance to tension rather than to compression [2]. In
many engineering applications, parameters such as the
stability of the chamber excavation and hydraulic fracturing
largely depend on the tensile strength of the rock [3, 4].
,erefore, it is necessary to accurately determine the tensile
properties of the layered rock mass.

Various methods have been proposed for measuring the
tensile strength of rocks. Due to the difficulties associated
with experimentation in direct tensile tests, indirect methods
are widely used as the convenient alternatives to measure the
tensile strength of rocks, such as the Brazilian disc test, the
ring test, and the bending test [5, 6]. Among these indirect
test methods, Brazilian test, maybe the most popular one due
to its features of convenient specimen preparation and
experimental implementation. It has been recommended for
testing tensile strength of rock materials by the International
Society for Rock Mechanics (ISRM) in 1978 [7] and the
American Society for Testing and Materials (ASTM) [8].
,erefore, Brazilian test is chosen in this study. Brazilian
tests have been chosen by some researchers to investigate the
tensile properties of layered rock [9], such as Tavallali A,
André Vervoort on sandstone [10], Khanlari et al. on
sandstone [11], and Lee and Pietruszczak on slate and schist
[12].
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Researchers also have extended the Brazilian test to the
regime of dynamic testing [13]. ,e split Hopkinson pres-
sure bar (SHPB) is widely adopted to conduct the dynamic
Brazilian test to attain higher loading rates [14, 15]. Dai and
Xia conducted SHPB tests on Brazilian discs of Barre granite
to measure the anisotropy dynamic tensile properties [5].
Qiu et al. measured the dynamic tensile properties of phyllite
with the Brazilian test [16]. However, the dynamic tensile
property of layered rock mass still received limited attention.
It is thus necessary to investigate the static and dynamic
anisotropy tensile properties considering the bedding
directivity.

In this study, the static and dynamic tensile Brazilian
tests were conducted by a material testing machine and split
Hopkinson pressure bar (SHPB), respectively. Five groups of
medium strength anisotropy slate samples are tested with
different bedding dip angles (θ� 0°, 30°, 45°, 60°, and 90°).
,e crack process in SHPB is recorded with a high-speed
camera. ,en, the static and dynamic tensile properties and
failure modes are compared to investigate the effect of
anisotropy on the tensile properties.

2. Experimental Methods

2.1. Static and Dynamic Testing Facilities. A SANS material
testing machine is used to conduct the quasistatic tests, as
shown in Figure 1. ,e machine’s maximum static load is
±100 kN, and the loading measurement accuracy is ±0.5%.
,e test used a 0.05mm/min constant loading rate for all
samples. ,e “tensile strength” in the Brazilian test means
the maximum tensile stress at the center of the disc sample
when the sample lost its total bearing capacity. ,e term
“tensile strength” is set into quotation marks, because pure
tensile fracturing is observed only for special configurations
depending on the foliation-loading angle.Within this article,
independent on the observed fracture pattern, all evaluations
are performed according to the classical equation for Bra-
zilian tests, which assumes isotropic homogeneous material
[17]:

σt �
2Pc

πDL
, (1)

where Pc is the maximum loading value,D is the diameter of
the sample, and L is the thickness of the sample.

As shown in Figure 2, the dynamic test is conducted by
using a 50mm SHPB system comprising a 200mm striker
bar, a 1500mm incident bar, and a 1200mm transmission
bar. All the bars are made of 40 Cr alloy steel, with a Young’s
modulus of 240GPa, a P-wave velocity of 5400m/s, and a
density of 7810 kg/m3. A cone-shaped striker is used to
generate a half-sine incident wave and provide constant
strain rate loading until sample failure [18–21]. A Photron
Fastcam SA1.1 high-speed camera is utilized to monitor the
whole failure process of the samples. When the stress wave
generated by the punch reaches the strain gauge of the
incident rod, the high-speed camera linked with the oscil-
loscope is triggered and starts to record. ,e frequency band
range of the ultradynamic strain tester is 0∼1MHz. ,e

locations of the strain gauges mounted on the incident and
transmitter bars are both 1m away from the sample.

In the dynamic test, a rock sample is firstly placed be-
tween the incident bar and the transmission rod. ,en, the
gas pressure in the gas gun is set to 0.5MPa. ,e valve is
opened after the air pressure is stabilized; the gas pressure
pushed the bullet to impact the incident bar.,e uniform air
pressure can make the punch produce constant impact
velocity and obtain constant incident stress wave.

,e stress pulse information, including the incident
strain pulse εI, the reflected strain pulse εR, and the
trsansmitted strain pulse εT, is collected by the strain
gauges on the bars. Previously, studies show that two ends
of the disc sample can reach the stress equilibrium state
during the dynamic Brazilian test [22, 23]. ,erefore, the
equilibrium hypothesis can be introduced into the analysis
of the dynamic Brazilian splitting test result

εI(t) + εR(t) � εT(t). (2)

,us,

P(t) � EAεT(t), (3)

where A is the cross-sectional area of the incident rod and
the transmission rod (the diameter of the incident rod and
the transmission rod is d), and E is the elastic modulus of the
incident rod and the transmission rod.

,us, the dynamic tensile strength can be calculated
using

σt �
2P(t)max

π DL
, (4)

where P(t)max is the maximum load on the samples during
the dynamic Brazilian test.

,e energy of the incident strain pulse is as follows:

WI � AeCeE(   εI(t)
2dt, (5)

where Ae, Ce, and Ee are the cross-sectional area, the sonic
velocity, and Young’s modulus of the incident bar.

Figure 1: Static Brazilian test with the SANS material testing
machine.
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,e energy of the reflected strain pulse is as follows:

WR � AeCeE(   εR(t)
2dt. (6)

,e energy of the transmitted strain pulse is as follows:

WT � AeCeE(   εT(t)
2dt. (7)

,e energy absorbed by the rock sample [24] is as
follows:

WS � WI − WR − WT. (8)

2.2. Brazilian Disc Preparation. A layered slate is selected to
conduct the static and dynamic Brazilian test. In this test,
five groups of samples which contain different dip angles θ
(including 0°, 30°, 45°, 60°, and 90°) are prepared with a
diameter of 50mm and a thickness of 25mm, where the dip
angle θ is the angle between the orientation of layers and the
horizontal plane, as shown in Figure 3. In order to ensure the
reliability of the test results, the nonmetal ultrasonic detector
is used to test the wave velocity vp of the samples. ,e
samples with large difference in vp have been eliminated
before the tests. ,ree samples are prepared for each specific
dip angle.

3. Geological andMechanical Characteristics of
the Slate

,e studied slate was collected from Jiangxi Province,
China. A chemical composition analysis of the slate
yielded the following composition: 59.05%SiO2, 18.56%
Al2O3, 6.87%Fe2O3, 0.24% CaO, 1.84%MgO, 3.47% K2O,
and 2.03% Na2O. ,e slate is mainly composed of quartz,
chlorite, mica, feldspar, and dark minerals. ,is slate is
banded in appearance, and the bands have a width of
0.3∼0.7 mm.

Before the dynamic test, the uniaxial compressive
strength (UCS) (Table 1) of the slate was measured in a
uniaxial compression test with an Instron 1346. ,e samples
are prepared with a diameter of 50mm and a height of
100mm. ,e loading rate of the uniaxial compression test is
0.5MPa/s.

Referring to the definitions of Ramamurthy, the anisotropy
ratio (Rc) equation for transversely isotropic materials is as
follows [25]:

Rc �
σci(0)

σci(min)

, (9)

where σci(min) is the minimum compressive strength obtained
at different angles and σci(0) is the minimum compressive
strength of 0°.

According to the calculation results of formula (9), the
rock anisotropy can be determined by Table 2.

When the strength parameters in Table 1 are substituted
into equation (2), the resulting value is Rc � 2.42. ,erefore,
the slate can be classified as a rock with medium anisotropy.

4. Testing Results of Static Tensile Properties

Figure 4 shows the failure modes of slate samples with
different bedding dip angles under the Brazilian test.
However, the failure modes present in Figure 4 show that
samples under the bedding angle have not failed along the
loading direction, except for the specimen with bedding
angle of θ � 90°. Due to the influence of bedding plane, there
are three failure modes of slate samples: (1) along bedding
failure (θ� 45° and θ� 90°); (2) nonbedding failure (θ� 0°
and θ� 30°); and (3) mixed failure along bedding plane and
nonbedding plane (θ� 60°).

Figure 5 shows the distribution curve of “tensile
strength” of slate with different bedding dip angles. Figure 5
shows that the “tensile strength” decreases first and then
increases with the increase of bedding angle. It indicates that
the bedding plane has a significant influence on the “tensile
strength.” ,e variation trend of “tensile strength” with
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Figure 2: Dynamic Brazilian test with the SHPB system.
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bedding dip angle is like that of static uniaxial compressive
strength, which also belongs to a “U” type anisotropic curve.
,e difference between them is that the characteristic value
of “tensile strength” is more significant, which is
σt(0)/σt(90) � 2.07 and σt(0)/σt(min) � 3.52. Additionally, the
minimum value of “tensile strength” σt(min) is located at
θ � 45°, while the minimum value of uniaxial “tensile
strength” is located at θ � 60°.

5. Dynamic Tensile Properties of the Slate

Figure 6 shows the typical stress wave curves collected on the
incident bar and transmission bar in the dynamic Brazilian
test of the layered slate. According to the ISRM recom-
mended method, the stress balance between the two ends of
the sample is required to ensure the reliability of the test.

Figure 7(a)-7(e) shows the stress impulses at both ends of
the samples with different dip angles. ,e (In +Re) curve
plots the incident stress impulse plus the reflected stress
impulse and is approximately equal to the transmitted stress

impulse curve, indicating that a stress equilibrium is
achieved during the loading process, further verifying the
validity of the test results. Also, it means the bedding planes
have little effect on the stress balance of the samples in the
dynamic Brazilian test.

5.1. Dynamic Failure Mode of the Slate. Figure 8 shows the
failure process of specimens in the dynamic Brazilian test
under different dip angles. According to the relationship
between crack development and bedding planes, the failure
modes of specimens can be divided into four types: (1)
tensile splitting failure along bedding; (2) sliding failure
along bedding; (3) tensile splitting failure across bedding;
and (4) composite failure mode along and through bedding
simultaneously. At the same time, it can be seen from the
figure that the failure modes of samples under different dip
angles are different.,erefore, the failure mode and cracking
process are summarized as follows:

,e whole cracking process of all samples can be
concluded as follows: the impact load just reaches the left
end of the sample; the sample begins to crack; the main
crack develops, and the sample finally fails.

When the sample is θ � 0°, the loading direction is
perpendicular to the bedding plane. At this time, the
specimen is destroyed through the bedding plane at both
ends of the loading. Both ends of the loading crack almost at
the same time are spread through the edge of the specimen.
,ere is no through crack between the two ends of the
specimen, only the local failure near the loading end.

When the sample is θ� 30°, the crack mainly develops
along the bedding plane to the edge of the specimen at the
loading end. At the other end, the crack develops perpendicular
to the bedding plane at first, and then, it turns to develop along
the bedding direction. Finally, the crack develops downward
perpendicular to the bedding plane, the crack is S-shaped and it
connects both ends of the sample.

Layered
slate

z

x

y

(a)

50mm

Pc

θ

(b)

Figure 3: Brazilian test sample preparation.

Table 1: Uniaxial compressive strength.

θ 0° 30° 45° 60° 90°

UCS (MPa) 167.29 79.29 73.31 69.01 147.25

Table 2: Classification of transversely isotropic materials based on
the strength anisotropy parameters.

Range Class
1.0<Rc ≤ 1.1 Semi-isotropic
1.1<Rc ≤ 2.0 Low anisotropy
2.0<Rc ≤ 4.0 Medium anisotropy
4.0<Rc ≤ 6.0 High anisotropy
6.0<Rc Extremely high anisotropy
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When the specimen is θ� 45° and θ � 60°, the sample is
mainly failed along the bedding plane. In the process of
dynamic loading, cracks along the bedding plane appear at
the loading end of the sample, and the sample is destroyed
rapidly. ,ere is only one main crack along the bedding
plane under the dip angle.

When the specimen is θ� 90°, the loading direction is
parallel to the bedding plane of the specimen. ,e failure

process of the specimen is cracking along the bedding plane,
and the failure mode is typical tensile splitting failure along
the bedding plane. Under this bedding angle, all cracks are
along the bedding plane. During the loading process, the
main crack firstly appears at the center of the sample and
then develops at the both ends.

Figure 9 shows the ratio of crack length along bedding to
total crack length under each dip angle. ,e ratio increases
rapidly with the increase of the bedding angle and only slightly
decreases when it is 60° to 90°.With the increase of the bedding
angle, the influence of the bedding surface on the impact
splitting failure of the specimen is prominent, especially when it
rises to 60°, and the specimen is mainly sliding along the
bedding plane, which is generally a single crack. However,
during the crack development process of 90°, some inclined
cracks appear at both ends of the specimen, which leads to a
decrease in the ratio.

5.2. Dynamic “Tensile Strength” Characteristic. Table 3 lists
the measured dynamic “tensile strength” of the layered slate
under each dip angle, including the loading rate [26] and
energy absorption. ,e average “tensile strength” varies with
dip angles, while the energy absorption is also varying with dip
angles. ,e energy absorption value represents the new surface
area of cracks generated during the dynamic test [27]. ,e
energy absorption of slate is highest when θ� 30° and the
lowest at θ � 45° under conventional impact Brazilian splitting.
,e average value of dynamic “tensile strength” at each bedding
dip angle is presented in Figure 10. ,e results show that the
dynamic average “tensile strength” decreases first and then
increases with the increase of the dip angle. It is also a typical
U-type anisotropic curve.,emaximum andminimum values
of average dynamic “tensile strength” appear at θ� 0° and
θ� 60°, respectively.

6. Discussion

6.1. Static Brazilian Test. ,e fracture toughness anisotropy
coefficient is adopted to evaluate the effect of rock anisotropy
on the failure mode of the Brazilian disc sample [28]. ,e
anisotropy degree of splitting strength αt is defined as the
ratio of the maximum “tensile strength” to the minimum
“tensile strength”,

σt �
σtmax

σtmin
, (10)

where σtmax is the maximum “tensile strength” and σtmin is
the minimum “tensile strength”.

(a) (b) (c) (d) (e)

Figure 4: Failure mode of slate in the Brazilian test.
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Figure 5: “Tensile strength” curve of the layered slate with different
dip angles.
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Figure 7: Stress equilibrium check for each dip angle. (a) θ� 0°, (b) θ� 30°, (c) θ� 45°, (d) θ� 60°, and (e) θ� 90°.
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Figure 8: Typical failure modes of samples with different dip angles. (a) θ� 0°, (b) θ� 30°, (c) θ� 45°, (d) θ� 60°, and (e) θ� 90°.
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,e “tensile strength” anisotropy measured of this slate is
αt� 3.52. As shown in Figure 11, Tan et al. studied the failure
mode of sandstone under different dip angles by the Brazilian
test [17]. It can be seen from the figure that the sandstone
bedding plane has little influence on its failure mode, and the
main crack cracking along the loading direction appears in the
samples, which is mainly due to the quasi-isotropic rock
(αt� 1.03). ,erefore, the failure mode of the transversely iso-
tropic rock under the Brazilian test depends not only on the
influence of the bedding plane but also on the anisotropy of the
sample. Table 4 statistics some test results of several layered rocks
measured by the Brazilian test. It can be concluded that with the
increase of anisotropy of splitting “tensile strength”, the influ-
ence of bedding plane on its failure mode also increases.

6.2. Comparative Analysis of Dynamic and Static Test Results.
Figure 12 shows the average value of static/dynamic “tensile
strength” under different dip angles. ,e “tensile strength”
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Table 3: Dynamic Brazilian test results of the slate.

θ No. vp (km/s) σt,d (MPa) Loading rate (GPa/s) Energy absorption

0°
0–1 5.43 31.15 955 11.49
0–2 5.52 31.01 890 11.91
0–3 5.76 27.48 936 11.79

30°
30–1 5.78 25.53 1117 14.64
30–2 5.55 22.74 1034 13.18
30–3 5.39 20.34 1030 13.20

45°
45–1 5.55 20.61 1050 5.96
45–2 5.50 11.3 927 5.64
45–3 5.33 10.81 986 7.18

60°
60–1 5.79 14.59 979 8.05
60–2 5.39 8.20 1012 10.61
60–3 5.48 12.52 998 8.92

90°
90–1 5.39 15.96 986 13.29
90–2 5.62 14.25 1000 11.99
90–3 5.43 14.70 1004 12.10
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Figure 10: Dynamic “tensile strength” curve of the layered slate
under different dip angles.
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curve of these two types of tests first decrease and then
increase with the increase of the dip angle. Figure 12 also
shows that significant strain rate strengthening effect can be
observed in Brazilian tests at each dip angle. Although static
and dynamic “tensile strength” distribution are both typi-
cally “U” type, there are still some differences between the
dynamic and static anisotropy curves. ,e main difference is
the minimum “tensile strength” obtained by the static tests is
located at θ � 45°, while the dynamic tests is located at θ � 60°.

In order to further study the difference between the static
and dynamic “tensile strength” of the slate, DIF (dynamic
increase factor) values [29] of the test results are calculated.
In this study, the factor is the ratio of dynamic and static
“tensile strength”:

DIF �
σt,d

σt

, (11)

where σt,d is the dynamic “tensile strength” and σt is the
static “tensile strength.”

,e calculated DIF values are listed in table 5. It can be
seen from the figure that the strength growth rate of the two
tests increases with the increase of bedding dip angle from
θ� 0° to θ� 45° and then decreases rapidly at θ� 60°. ,e
growth rate of the conventional Brazilian test with θ� 90°
was the same as that of θ� 60° and θ � 0°. Considering the
growth rate of “tensile strength” of the two tests, the dip
angle of bedding plane has a significant effect on the growth
rate. Under the same loading level, the strength growth of
the Brazilian splitting test is the most significant when θ� 45°
and the slowest at θ� 60°. ,erefore, according to the above
conclusions, choosing reasonable impact loading angle in
the process of rock drilling and blasting is conducive to
improve energy utilization rate and rock breaking efficiency,
which is of great significance in underground engineering
construction.

7. Conclusion

In this study, the static and dynamic tensile properties of the
layered slate are studied by Brazilian tests. A medium
strength anisotropy slate is cored and tested in five groups of
samples with different bedding dip angles. ,e static and
dynamic mechanical properties and failure modes of the
slate under different dip angles are obtained.

(1) ,e failure mode of the static Brazilian test is
generally sliding failure along the bedding plane at
θ� 45° and θ� 60°. ,e anisotropy of the slate
(αt � 3.52) has clear influence on the failure mode.
,e failure mode of the layered rock is affected by
two factors, the bedding structure and the an-
isotropy ratio.

(a) (b) (c)

Figure 11: Failure mode of sandstone with dip angles of 15°, 45°, and 90° [10].

Table 4: Different rock anisotropy and failure modes.

Types αt σtmax/θ σtmin/θ
Effect of bedding

plane
Sandstone [17] 1.22 4.14/30° 3.39/0° Relatively low
Marble [17] 2.04 17.66/0° 8.67/90° Low
Sandstone [17] 2.88 16.75/0° 5.80/90° Medium
Slate 3.52 17.24/0° 4.90/45° High
Slate [17] 4.09 15.56/0° 3.80/75° High

Dynamic Brazilian test
Static Brazilian test
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Figure 12: Comparison of dynamic and static “tensile strength”
under different dip angles.

Table 5: Dynamic “tensile strength” DIF value of the slate.

θ DIF
0° 1.79
30° 2.42
45° 3.01
60° 1.83
90° 1.86
Average 2.18
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(2) ,e slate shows significant “tensile strength” an-
isotropy under the static and dynamic Brazilian tests.
,e “tensile strength” first decreases and then in-
creases with the increase of the bedding dip angle,
which is typically “U” type strength anisotropy. ,e
main difference between the two is that the mini-
mum value appears at the position of the bedding dip
angle. ,e minimum value under static condition is
located at θ� 45° while in dynamic condition, it is
located at θ� 60°.

(3) ,e dynamic strengthening effect is significant for
samples in the same dip angle. Under the similar
loading rate, the orientation of the bedding plane has
a significant effect on the “tensile strength” growth,
which is most significant when θ� 45°.
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