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Abstract: Shale formations show obvious anisotropic characteristics in their mechanical properties
due to pronounced bedding planes and natural fractures. This anisotropic behavior generally creates
complex fracturing networks and is crucial to gas shale stimulation. Although much research has
been done to study the anisotropic compression behaviors of shale with static and quasi-static
strain rates, there are limited investigations addressing the anisotropic tensile behaviors of shale at
quasi-static strain rate. In this work, the anisotropic tensile behaviors of Longmaxi shales were studied
systematically at different strain rates from 10−5 to 10−2 s−1 by performing Brazilian splitting tests.
Testing results reveal the tensile strength anisotropy, rate dependency, and the stimulated fracture
pattern morphology. The results show that the orientation between the applied force and bedding
direction has an obvious effect on the tensile strength and fracture pattern. The rate dependency of
shale under different loading rates is different for shale samples with various orientations. It was
suggested that a complex tensile fracture pattern can be easily formed when using a high loading
rate. The result sheds light on how to stimulate a complex fracturing network during field hydraulic
fracturing treatment.
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1. Introduction

Characterization of anisotropy is critical in shale due to the grain alignments and the developed
natural fractures. Platy minerals such as clays have a tendency to be aligned in a parallel orientation,
and form geologic discontinuities. These geologic discontinuities have a major influence on the
mechanical behaviors in the oil-gas field, including hydraulic fracturing, borehole stability assessment,
evaluation of stable mud weight windows for rock drilling, as well as other rock engineering
problems [1,2]. The tensile strength of shale can be strongly affected by the bedding planes, which
often results in anisotropy. Although in fact it is a standard approximation for several applications
that the tensile strength of shale is zero [3]. However, as reported by many scholars [4–6], the role of
tensile strength on hydraulic fracturing is evident, which relates to the formation of a complex fracture
network in shale formation. Many efforts have been taken to investigate the tensile behaviors of shale
currently, but few systematic reports exist on the dynamic tensile failure characteristics for shale.

The anisotropic tensile failure characteristics of shale have been studied recently. Mokhtari et al. [5]
conducted tensile testing to study the failure behaviors of Mancos and Green River shales and grasped
the fracture growth patterns. Hou et al. [7] studied the anisotropic characteristics of the tensile strength
and failure mode of black shale from the Longmaxi Formation using Brazilian tests. The evolution

Energies 2017, 10, 1324; doi:10.3390/en10091324 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
http://dx.doi.org/10.3390/en10091324
http://www.mdpi.com/journal/energies


Energies 2017, 10, 1324 2 of 11

of absorbed energy during sample deformation was also analyzed using acoustic emission (AE)
monitoring, and the loading rate was kept at 0.01 mm/min untial failure of the sample. Fatahi [8]
used numerical simulation to study the direct tensile properties of western US shale. The numerical
tests considered two cases, the tensile loading parallel and perpendicular to the bedding plane. They
found that when the applied loading was perpendicular to the bedding plane, the sample fails from
the rich shale layer, and the sample has lower tensile strength. Chong et al. [9] used a method called
the DEM-AE model based on moment tensor analysis to study the anisotropic AE characteristics
of the shale material. The result shows that for different anisotropy angles, a linear logarithmic
relationship existed between the cumulative AE events and the seismic magnitude. For the tensile
strength testing conducted above, almost all the tests are under static loading rate (i.e., loading strain
rate is at ~10−5 magnitude). Mechanical properties of shale under dynamic tension are rarely studied.
However, shale sample behaviors under dynamic tension may be different from those under static
loading conditions, not only for peak strength, but also for the fracture propagation path, and the
formation of complex fracturing network. Discontinuities play a critical role in creating a complex
fracture network, and the influence of dynamic tension on the evolution of the fracturing network,
which should be deeply investigated. Among the published literature, the Brazilian test [10,11],
flattened Brazilian disc tests [12–16], Semicircular bending (SCB) test [17], and the split Hopkinson
pressure bar (SHPB) tests [18–21] were mainly adopted to research the mechanical properties of rock
material under dynamic tension. It was found that the strength of rock presented rate dependency;
rock strength increases with the increase of strain rate, and almost all the studies are focused on
dolerite [22], limestone [10], granite [17,19], tuff [21], sandstone [23], and basalt [21].

The Brazilian test method, due to its simple sample preparation and experimental procedures,
is a popular method used to obtain the tensile strength of rocklike and rock material [17,23]. In this
work, a series of indirect dynamic tension tests for shale samples with inclinations of 0◦, 30◦, 60◦, and
90◦ at different strain rates of 10−5–10−2 s−1 was performed to investigate the rate dependency, the
fracture network propagation, and the interactions between bedding planes and fractures. The effects
of strain rate on the strength and failure characteristics for anisotropic Longmaxi shale have been
documented first.

2. Experimental Methods

2.1. Materials and Sample Preparation

The shale was from the Longmaxi formation in the Lower Silurian located in Shizhu County
Chongqing, China. The cores, obtained from a depth of 20 m underground with alternating thin and
thick layers (Figure 1a), represent a carbonate rich, mature gas shale. The average bulk density of
the shale samples is 2.62 g/cm3. The tensile behavior was studied at four orientations on shale core
samples drilled parallel to the bedding plane, and each cylindrical sample was polished having a
diameter of 50 mm, and a thickness of 25 mm for the Brazilian test. The tolerance of planeness and
cylinder perpendicularity of the tested samples met the standards of the International Society for
Rock Mechanics (ISRM) Suggested Method [24]. The sample was loaded at different orientations,
and the intersection angle between the bedding plane and loading direction was 0◦, 30◦, 60◦, and
90◦, respectively, as shown in Figure 1b. We also measured the porosity by mercury porosimetry
testing, and it was about 2.2%–7.5%. By using scanning electronic microscopy (SEM, Zeiss Company,
Oberkochen, Germany) imaging analysis, distinct bedding organic matter with sub-parallel oriented
pyrite flakes and calcareous bands in the transverse isotropic shale samples can be observed, as shown
in Figure 1c,d.
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Figure 1. The internal structure of shale samples tested in this work. (a) Physical experimental sample;
(b) scheme of orientation between applied force and bedding plane direction; (c–f) SEM results for
shale sample with magnification of 2000, 4000, 8000, and 30,000 times.

2.2. Experimental Apparatus

The Brazilian splitting tests were performed at a servo-hydraulically controlled deformation
apparatus (GCTS RTR-2000, GCTS Company, Phoenix, AZ, USA). The maximum axial force is 4600 kN,
and the dynamic frequency of the machine is 0–10 Hz. During the tests, the axial loading was carried
out under displacement control mode with a loading rate of 0.24 mm/min, 1.2 mm/min, 6 mm/min,
and 30 mm/min, respectively. Therefore, the dynamic Brazilian test for shale sample at strain rates
ranging from 8 × 10−5 s−1, 4 × 10−4 s−1, 2 × 10−4 s−1, to 1 × 10−2 s−1, respectively. The applied force
and loading displacement can be recorded simultaneously at the same sampling frequency during the
whole deformation process. During the experiments, the disc shale sample was placed on a specially
designed splitting clamp, the clamp can ensure a point contact mode when applying loading to the
shale samples.

2.3. Anisotropic Brazilian Test

During sample deformation, to create a tensile fracture, it should overcome the tensile strength
of rock and in-situ stress. When bedding plane and natural fractures are present, the tensile strength
is typically a function of orientation. To study the anisotropy in tensile behavior, the splitting test
also known as the Brazilian test or diametrical compression test was applied. The Brazilian test is an
ISRM recommended method for measurement of the tensile strength of rocks (ISRM 1978), it is an easy
and common method for determining the tensile strength of rock. Tensile strength is calculated in
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this test by using an equation, which assumes isotropic material properties, as shown in Equation (1).
The principal tensile stress, in particular at the rock disc center where a crack initiates, should be
known when using Equation (1) to obtain the tensile strength of rock samples. The expression is
as below:

σt = 2P/πDt = P/πRt (1)

where P is the applied loading; D is the diameter of disc sample, D = 2R; t is the thickness of the sample.
Equation (1) is suitable for isotropic rock material, which was deduced based on the elasticity

theory. From the expression, it shows the tensile stress distribution at the center of the disc sample, that
is perpendicular to the loaded diameter when the sample fails [25]. Fracture initiates from the center
of the sample and propagates outward along the loading direction [26]. Due to the differential stress
distribution in anisotropic rock samples compared to the isotropic ones, it is erroneous when using
Equation (1) to calculate the tensile strength for anisotropic rock. To resolve this problem, Claesson and
Bohloli [27] proposed a new, reasonably accurate analytical solution to calculate the tensile strength
for anisotropic rocks and verified its accuracy, it is expressed as below:

σt =
2P

πDt

( 4

√
E
E′

)cos 2θ

− cos(4θ)

4
(b− 1)

 (2)

b =

√
EE′

2

(
1

G′
− 2v′

E′

)
(3)

where P is the applied force, θ is the intersection angle between axial force and bedding plane, D is the
diameter of the sample, t is sample thickness, E is the elastic modulus in the transverse isotropic plane,
E’ and G’ are the elasticity modulus and shear modulus for the plane perpendicular to the transverse
isotropic plane, v’ is the Poisson’s ratio in the transverse isotropic plane.

3. Experimental Results

3.1. Determination of Elastic Parameters

Using Equation (2) to calculate the tensile strength, we should determine the five elastic
parameters for the transverse isotropic disc shale sample. Generally, three samples with inclinations of
0◦, 45◦, and 90◦ are needed to obtain these parameters (E, E’, v, v’, G’). In order to facilitate the sample
preparation and ensure the testing precision, the Saint–Venant empirical formula was used to calculate
the shear modulus, G’, as below [28]:

1
G′ =

1
E
+

1
E′ + 2

v′
E′ (4)

As a result, we only need to conduct unconfined (uniaxial) compressive strength tests for shale
samples parallel and perpendicular to bedding planes. Typical stress-strain curves for cylinder
shaped shale sample (50 mm diameter × 100 mm height) are shown in Figure 2. During the uniaxial
compressive test, axial loading was carried out under strain control with loading rate of 0.06 mm/min
(strain rate is 1.0 × 10−5 s−1). We can further calculate the elastic parameters from the stress strain
relationships, as listed in Table 1. Chong and Boresi [29] have showed that shale has strain rate
dependence on Young’s modulus and no dependence on Poission’s ratio. However, in this work,
we assume that those two elastic parameters are constant when using Equation (2) to calculate the
tensile strength.
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Figure 2. Typical stress strain curves for shale samples (50 mm × 100 mm) with orientation of 0◦ and
90◦, respectively.

Table 1. The five elastic parameters for the black Longmaxi shale.

Group No. E (GPa) E’ (GPa) v v’ G’

S-0-90_(1) 35.9 23.12 0.35 0.32 10.12
S-0-90_(2) 34.2 22.22 0.33 0.32 9.704

Mean value 35.05 22.67 0.34 0.32 9.91

3.2. Tensile Strength of Anisotropic Shale

Under different loading rates, the relationship between axial loading and displacement are
shown in Figure 3. The peak loading for the shale samples changes with orientation and strain
rate. This indicates the anisotropy of tensile characteristics, and the tensile strength of shale exhibits
rate dependency.
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Using Equation (2), the dynamic tensile strength of the shale sample was calculated, as listed
in Table 2. At the same time, we also obtained the tensile strength using Equation (1). When using
Equation (1) to calculate the tensile strength, the structural anisotropy of shale is not considered,
and the results are different from the results from Equation (2). From Table 2, it can be seen that the
error of the results using Equations (1) and (2) is variable and not constant, the error depends on the
structural and elastic parameters of the anisotropic shale, this implies that it is reasonable when using
Equation (2) to obtain the tensile strength of shale. Figure 4 plots the result of the tensile strength
against the bedding plane orientation. The tension strength of shale with 90◦ orientation is always
the maximum. From Figure 5, we can see that rate dependency for the splitting tensile strength of
the shale samples exists. For shale samples with a certain orientation, peak strength changes with
the increase of strain rate. It can be seen that tensile strength increases monotonically with increasing
strain rate for the samples with 90◦ orientation. However, for samples with orientation of 0◦, 30◦,
and 60◦, tensile strength increases until a strain rate of 1 × 10−3 s−1, and then decreases as strain
rate continues to increase. These results indicate that the bedding plane properties have a crucial
influence on the tensile strength of shale. It implies that the bedding plane controls the peak tensile
stress and the fracture propagation path. When the strain rate is the largest, due to the weak cement
of bedding plane, it cannot resist deformation when loading force acts on the samples. Therefore,
the tensile strength decreases instead of increasing strain rate exceeds 1 × 10−3 s−1 for the tested
samples. This result is different from the relative homogenous rock or rock-like materials, such as
granite, tuff, sandstone and limestone; the tensile strength almost presents a linear increase with the
increase of measured strain rate [10,11,13]. From the test result, there may be a boundary of positive
rate dependence between 60◦ and 90◦, and we may determine the actual boundary of inclination by
performing more additional experiments.
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Table 2. Dynamic tensile strength of shale samples with different orientations using Equations (1) and (2).

Strain
Rate(s)

β = 0◦ β = 30◦ β = 60◦ β = 90◦

Equation (2) Equation (1) Error (%) Equation (2) Equation (1) Error (%) Equation (2) Equation (1) Error (%) Equation (2) Equation (1) Error (%)

8 × 10−5 4.25 4.18

1.63

3.53 2.82

19.90

7.85 6.29

17.50

9.09 10.08

11.55
4 × 10−4 7.36 7.24 7.96 6.37 10.4 8.33 10.75 11.91
2 × 10−3 10.57 10.39 10.51 8.41 13.69 12.99 14.03 15.48
1 × 10−2 4.25 9.40 9.04 7.24 12.92 10.34 25.57 28.22
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3.3. Fracture Pattern Analysis

Figure 6 plots the fracture morphology of shale samples with orientations of 0◦, 30◦, 60◦, and 90◦,
under different strain rates. In order to clearly present the fracture pattern after each test, we extract
the fractures on one side of the samples. We can see that fracture network complexity increases with
the increase of strain rate. Under a low strain rate of 8 × 10−5 s−1, a single crack can be observed;
however, under a high strain rate of 1 × 10−2 s−1, multiple cracks appear and a complex fracturing
network forms. In addition, the orientation of the bedding plane also has an obvious influence on the
fracture propagation path and fracturing network morphology. For samples under a strain rate of
8 × 10−5 s−1, sample with a 0◦ orientation, a central crack occurs along the bedding plane with the
least applied axial loading among the samples; sample with 30◦ orientation, because of the existing
natural fractures, cracks first initiate here, and there is some shearing for samples under strain rates of
2× 10−4 s−1, 1 × 10−3 s−1, and 1 × 10−2 s−1, higher degree of fracture deviation towards the bedding
plane occurs; at 60◦ orientation, fracture deviates the bedding plane to a large extend; at 90◦ orientation,
non-central fractures are created. It should be noted that due to the local heterogeneities and existence
of natural fractures, the fracture pattern observed from one side might not reflect the spatial pattern of
the fracturing network in shale samples well.

For sample with 0◦ orientation, fracture propagates along the bedding plane; this indicates that
the tensile strength is influenced by the layers instead of the shale matrix; for shale sample with this
kind of structure, pure tensile failure occurs. For the sample with 30◦ orientation, shear slippage
easily occurs along the bedding plane, and a mixture of shear and tensile failure co-exists. Therefore,
when the orientation between the loading direction and bedding plane ranges 0–30◦, the layers are
easily stimulated. It analogues to the case that the critical angle between hydraulic fracture and
natural fracture for stimulation of natural fractures. For the sample with a 90◦ orientation, the fracture
propagates across the rock matrix and bedding plane, tensile failure occurs, and the shale matrix
controls the tensile strength. Moreover, as the loading rate grows, the number and scale of fractures
increase accordingly. Although the bedding plane affects the shear sliding of fracture, the fractures
can cross those weak bedding planes at a high strain rate. This result implies that the loading rate
during deformation would change the fracture propagation path and failure mechanism. A complex
fracturing network can form under a high strain rate during sample deformation (analogously the
higher the injection rate is during hydraulic treatment, the more the complex network can be formed).
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Figure 6. Fracture pattern description of typical shale sample with different orientations at strain rate
of 8 × 10−5 s−1, 4 × 10−4 s−1, 2 × 10−4 s−1, and 1 × 10−2 s−1, respectively (the green line indicates
main fracture parallel to the loading direction; the red line indicates the secondary fractures). (a) Failure
morphology of typical shale sample after experiment; (b) sketch of fracture pattern of shale sample
after experiment.

4. Conclusions

A series of Brazilian splitting tests using cores from the Longmaxi shale formation in China
have been performed to study the tensile strength anisotropy and the consequent fracture pattern.
The shales for the experiment have a distinct layer structure which can be observed by the naked eye.
From the dynamic Brazilian splitting test, tensile strength of the shale samples with four orientations at
quasi-static strain rate was obtained. The changes of tensile strength against strain rate and orientation
have been deeply investigated. Experimental results show that the correlation between the tensile
strength and the orientation angle is different for shale samples at various strain rates, partly because
of the complexity of failure in any orientation. The dynamic loading rate has a strong effect on the
tensile strength and stimulated fracture pattern. The tensile characteristics of shale are controlled by
the internal layer structure, and the tensile strength does not always increase with the increase of
strain rate. At any strain rate, the tensile strength of the shale sample along the bedding is always
lower than the samples that have a tensile strength across the bedding. The weak cement properties
of the bedding plane alter the peak tensile strength, fracture propagation path, and stimulate the
fracture pattern. For the shale samples with different orientations, the complexity of the fracture
pattern increases with increasing strain rate. Under high loading rate, mixed shear and tensile failure
exists, and fractures are prone to crossing the bedding planes. The offset phenomenon occurs at the
locations of bedding layers, and this further results in the formation of a complex fracturing network.
Tensile strength of shale has obvious anisotropy, which is strongly affected by the weak cement of the
bedding plane. The pronounced bedding planes of shale have a great influence on its tensile behaviors.
For hydraulic fracturing treatment, determining how to stimulate the bedding plane and communicate
natural fractures are crucial to improving the gas production. This work presents the finding that a
higher loading rate is prone to forming a more complex fracture pattern.
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