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-e anisotropy of tight sandstone (a type of unconventional gas reservoirs) is a significant factor influencing the characteristics of
cracks network under hydrofracturing; thus, it also has a large influence on the final production capacity of the gas reservoirs. To
improve the understanding of anisotropy degree and mechanical properties of the tight sandstone of Xujiahe Formation and thus
to provide reliable reference for the establishment of hydrofracture model and parameter designing in fracture field, a series of
experiments including ultrasonic wave velocity and uniaxial and triaxial compression tests of the tight sandstone samples obtained
from Xujiahe Formation with different inclination angles (the angle between sample drilling direction and bedding plane) have
been conducted. With the increase of inclination angle, the velocity of the longitudinal wave and elastic modulus both show the
tendency of decreasing, whereas the compressive strength shows a “U” shape varying pattern, which is high on sides and low in the
middle region. -e values of uniaxial compression strength (UCS) are the lowest of sandstone with the inclination angles of 30°
and 45°. -e fracture patterns are dominant by splitting fracture under uniaxial compression tests. However, shear fracture and
dilatancy morphology is the main pattern under triaxial compression test. But the local morphology of the failure surfaces behaves
different if the inclination angle is changed. Combining the mechanic theory of transversely isotropic material, the anisotropy
parameters of the tight sandstone are analyzed, as well as the influence on the hydrofracturing technology for tight sandstone in
the field.

1. Introduction

In China, under the situation of increasing natural gas
supply, tight sandstone gas has become one focus of
developing nonconventional/unconventional natural gas
due to its wide distribution and rich reserves [1–5].
However, as a type of reservoirs with low porosity and low
permeability, technological measures of increasing pro-
duciton must be taken to achieve an ideal capacity for the
tight sandstone gas well [6–8]. Tight sandstone is a typical
sedimentary rock mass. Usually, bedding planes are
widely distributed in tight sandstone formations [9]. So,
the influences of anisotropy on the physical and me-
chanical properties of tight sandstone are significant. In
general, when the reservoir stratum contains bedding

structure under hydrofracturing, cracks are prone to
initiate along the bedding surface and then propagate in
the matrix, acting as important impacts on the fracturing
fracture network of the stratum as well as the ultimate
production capacity [10]. From the perspective of me-
chanical properties, such property is named as anisotropy.
-erefore, the anisotropic characteristics of the tight
sandstone are a significant foundation and a prerequisite
for the development of hydraulic fracturing.

Many theoretical and experimental studies have been
carried out on the anisotropic characteristics of rock. Heng
et al. [11] studied the anisotropic characteristics of shale by
direct-shear test and revealed that the general anisotropy
strength characteristic curve is U-shaped with the increase of
the bending angle. Zhang et al. [12–14] studied the
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anisotropic strength characteristics of bedded composite
rock and established a Figureure to show the change of
strength with the bedding inclination. Louis et al. [15] in-
vestigated the microstructural inhomogeneity and me-
chanical anisotropy associated with the bedding effect for
Rothbach sandstone. Chen et al. [16] studied the anisotropic
properties of low Cambrian black shale at Niutitang; the
effects of confining pressure and bedding angle on the black
shale are also demonstrated by triaxial compression tests.
Anisotropy of the rock reservoirs is also important for
unconventional gas exploitation, as it is a significant pa-
rameter for production in the field. Ma et al. [17] studied the
anisotropy gas permeability and its relationship with frac-
ture structure of Longmaxi shale in the laboratory by using
helium gas as permeate gas and found that the permeability
parallel to the bedding of shale is about 10.4 times that
perpendicular to the bedding. In addition, the anisotropy is
also relative to the stress state. Feng et al. [18] revealed the
anisotropic deformation and stress-dependent directional
permeability of the coalbed methane reservoirs and sug-
gested that the anisotropic properties should be considered
when simulating gas flow behavior and predicting the
production of coalbed methane production.

From the above studies, many experts pointed out that
the anisotropy is an important factor for the unconventional
gas reservoirs, and the predominant studies focused on the
shale rock because shale gas production is a very hot issue in
these years. As for the research on tight sandstone, another
huge resource with great production potential in China, the
relative research to support the field application is relatively
rare. As a type of sedimentary rock, tight sandstone also has
obvious anisotropy with bedding angle, and this is the
prerequisite for the designing of hydrofracturing in reser-
voirs. So, the study on the anisotropy of tight sandstone is
also necessary and significant.

In this study, the tight sandstone samples are collected
from Xujiahe reservoir, which is a tight sandstone reservoir
in Hubei Province. -e samples are prepared with different
bedding angles, and uniaxial and triaxial compression tests
are carried out to investigate the anisotropy characteristics of
the tight sandstone from the viewpoint of strength, me-
chanical parameters, and failure characters. -e anisotropic
index of the Xujiahe tight sandstone is also analyzed and
discussed by using the transversely isotropic theory of rock
mass. -is study can provide effective technical support for
designing and optimizing hydraulic fracturing in the tight
sandstone fields.

2. Test Profile

2.1. Specimen Preparation. -e rock core blocks for testing,
the same stratum with the tight sandstone reservoirs as
potential exploitation formation, are taken from Lichuan
City, Hubei Province. -e lithology of the rock cores is
mainly dominated by gray fine sandstone. Cylinder samples
are drilled with different angles with the bedding plane in the
core blocks, which are, respectively, 0°, 30°, 45°, 60°, and 90°,
as shown in Figure 1. According to the test requirements, the
samples are processed with the following properties: 50mm

in diameter and 100mm in length, and the roughness of the
two end faces of all the samples is within 0.02mm.

2.2. Test Equipment and Test Methods. -e uniaxial and
triaxial compression tests are conducted by using the me-
chanical equipment ofMTS-815.03 in Chongqing University
of China. -e axial displacement control mode is used for
loading all the samples, and the corresponding loading rate
is − 0.001mm/s. In the process of loading, the axial load, axial
stress, axial displacement, and the circular displacement are
all recorded in time, and the stress-strain curves are drawn
synchronously. -e used MTS equipment is shown in
Figure 2.

3. Test Results and Analysis

3.1. Brittle Characteristics of Tight Sandstone. -e mineral
compositions of the tight sandstone cores are measured by
using the equipment of AXS D8-Focus X Bruker Ray Dif-
fraction, and the testing results are shown in Table 1. In this
table, the quartz and feldspar are collected together as brittle
minerals, and illite and chlorite are collected as clay
minerals.

-e brittleness of rock is evaluated based on the com-
ponents of brittle minerals [19]. It is usually demonstrated
that rock with a higher content of quartz and carbonate has
stronger brittleness, while for rock containing more clay
minerals, the brittleness will be weaker.

In this study, the calculation method for the rock
brittleness index based on mineral composition is as
follows [19]:

I �
WQ + WC 

WT

, (1)

where I is the brittleness index of rock; WQ is the quartz
content; WC is the carbonate rock content; WT is the total
content of all minerals.

As shown in Table 1, the clay minerals in the tight
sandstone are mainly illite, which has a content of 23.67%.
-e brittle minerals in tight sandstone samples are mainly
quartz and feldspar, with a total content of 76.33%, con-
sisting of 62.40% of quartz and 13.93% of carbonate.
According to equation (1), it can be calculated that the
brittleness index I of the tight sandstone in this study equals
0.76. According to the discriminant standard of brittleness
degree [19], it can be known that the brittleness of tight
sandstone samples is relatively dense, so the tight sandstone
studied here belongs to high brittle-fracturing tight sand-
stone reservoir. -e greater the brittleness is, the easier it is
to form a complex fracture network after hydraulic frac-
turing, and thus a better ideal production may be obtained
during the process of gas exploitation.

3.2. Stress-Strain Curves. -e results of the uniaxial and
triaxial compression tests of tight sandstone samples with
different dip angles and different confining pressure are
shown in Table 2. 20 samples are tested in total. Under each
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confining pressure (0, 15MPa, 30MPa, and 45MPa), five
samples are used with dip angles of 0°, 30°, 45°, 60°, and 90°,
respectively. -e stress-strain curves of samples with the
same confining pressure and different angles are listed in
Figures 3 and 4. Figure 3(a) shows the strain-stress curves of
the tight sandstone samples with the same dip angle of 0°
under different confining pressure. Figure 3(a) shows the
strain-stress curves of the tight sandstone samples with the
same dip angle of 0° under different confining pressure. By
comparing these two pictures, the influence of dip angle can
be revealed. Figure 4(a) and Figure 4(b) show the stress-
strain curves of the tight sandstone samples under the same
confining pressure with different dip angles. By these two

pictures, the influence of dip angle can be observed more
obviously.

By analyzing the data and curves in Table 2 and Figures 3
and 4, the main summaries can be made as follows:

(1) Under the same conditions, the shape and defor-
mation characteristics of the stress-strain curves are
affected by the confining pressure and bedding angle.
It can be indicated from Table 2 that, for the sample
with the same dip angle, with the increase in con-
fining pressure, the peak strength and elastic mod-
ulus of tight sandstone are significantly increased. So,
the confining pressure is a significant factor to in-
fluence the strength of tight sandstone.

(2) It can be seen from Figures 3 and 4 that, under the
condition with the same confining pressure, obvious
yield deformation appears in front of all the dip
angles of the stress-strain curve. For the samples
under confining pressure of 45MPa with a dip angle
of 0°, 30°, 45°, and 60°, the stress-strain curve of
samples immediately drops after reaching the top
intensity. While this angle is 90°, the curves of
samples present an obvious yield platform when it is
close to the peak point; and, after reaching the peak
point, it does not drop but shows a ductility char-
acteristic. -e reason is that when the dip angle α is
0°, 30°, 45°, and 60°, the samples present shear slip
damage after reaching the peak point. While the dip
angle α is 90°, the samples happen to shear ex-
pansion damage after reaching the peak point, with a
chubby middle and no obvious slip lines, so the
samples still have a strong bearing capacity.

3.3. Anisotropy Characteristics Analysis

3.3.1. Wave Velocity Anisotropy. -e anisotropy in wave
velocity is another important factor to reflect the anisotropic
characteristics of rock mass [20]. So, in this study, we also
apply this method to study the anisotropic characteristics of
tight sandstone. Five groups of the samples are divided. Four
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Figure 1: Schematic diagram of the five sampling angles with bedding plane (dip angle a is the inclination angle between the bedding plane
and sample drilling direction, which is 0°, 30°, 45°, 60°, and 90°, respectively).

Figure 2: -e MTS-815 system of Chongqing University.

Table 1: Mineral composition of tight sandstone.

Number of samples
Brittle minerals (%) Clay minerals

(%)
Quartz Feldspar Illite Chlorite

1 59.85 14.80 22.00 3.35
2 69.38 12.11 15.60 2.91
3 57.98 14.88 23.07 4.08
Average value 62.40 13.93 20.22 3.45
Gross 76.33 23.67
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ones for dip angle are prepared for this test. So, 20 samples
are used for the measurement of the longitudinal wave
velocity before the mechanical tests as shown in Table 2. All
the tests are conducted by using the device of Nonmetallic
Ultrasonic Detector JL-IUA6(a). According to the longitu-
dinal wave velocity test on the tight sandstone samples, the
anisotropy properties of tight sandstone can be revealed in
some aspects. -e experimental results of ultrasonic velocity
for samples are shown in Table 3. -e change regularities of
longitudinal wave velocity with different dip angles of all the
samples are shown in Figure 5.

From Table 3, it can be seen that the longitudinal wave
velocity decreases gradually with the dip angle.When the dip
angle equals 0°, the longitudinal wave propagates parallel to

the bedding surface, consuming the minimal energy and the
shortest penetrating time, thus having the greatest wave
velocity. But, for the samples with the dip angle of 90°, the
propagation direction of the longitudinal wave is perpen-
dicular to the bedding planes, so the longitudinal wave has to
penetrate the bedding layers to spread, which causes the
maximum energy consumption and the longest travel time
and results in the minimum wave velocity in the process of
spreading. So, the wave velocity is a factor to reflect the
anisotropy of the tight sandstone. -e ratio of the wave
velocity of the direction in 0° and 90° is 1.206, which is
somewhat lower than that of the Longmaxi shale [11].
-erefore, the anisotropy of tight sandstone exists but is
lower than that of shale.

Table 2: Triaxial compression testing results of samples with different strata angles.

Confining pressure (MPa) Dip
angle (°)

Peak strength
(MPa)

Elastic modulus
(GPa)

Poisson’s
ratio

Peak
strain (%)

Rupture
angle (°)

Residual strength
(MPa)

0

0 54.57 5.08 0.16 1.55 83 —
30 41.84 3.39 0.31 1.48 88 —
45 46.22 4.38 0.34 1.65 82 —
60 56.53 4.74 0.35 1.64 82.5 —
90 52.68 4.45 0.19 1.52 90 —

15

0 182.15 9.25 0.15 2.10 70.5 90.46
30 158.03 8.42 0.16 1.91 69.5 81.98
45 148.07 8.09 0.21 2.03 65 57.98
60 154.30 7.80 0.21 2.22 63.5 59.97
90 154.90 7.52 0.18 2.15 68 57.10

30

0 255.50 11.12 0.19 2.39 71.5 98.40
30 205.99 10.58 0.24 1.92 60 101.92
45 218.04 9.88 0.30 2.38 62.5 100.60
60 230.23 9.49 0.27 2.55 69.5 112.62
90 220.86 8.22 0.24 2.48 62 99.00

45

0 333.19 14.24 0.17 2.59 61 142.03
30 272.11 12.63 0.21 2.06 56.5 154.15
45 275.82 11.94 0.26 2.27 57 129.82
60 282.80 11.40 0.23 2.80 69.5 137.48
90 277.60 10.81 0.21 2.96 63 —
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Figure 3: Typical curves of stress-strain of tight sandstone samples with the same dip angle under different confining pressure. (a) Angle
α� 0°. (b) Angle α� 60°.
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3.3.2. Elastic Modulus Anisotropy. Elastic modulus is a basic
mechanical parameter, which is also an important factor to
show the anisotropy of the tight sandstone. Based on the
uniaxial/triaxial compression tests in the laboratory, all the

elastic moduli of the 20 tested samples are calculated. -e
triaxial compression tests are conducted under the confining
pressures of 15MPa, 30MPa, and 45MPa. Table 4 shows the
elastic modulus anisotropy values of the tight sandstone
samples under different confining pressures and dip angles.
As shown in Figure 6, when the confining pressure is 0MPa
(which corresponds to the uniaxial compression test), with
the increase of dip angle, the change of the elastic modulus is
approximately a U shape.When the dip angle is 0°, the elastic
modulus has a maximum value of 5.08GPa; but when the
dip angle equals 30°, the elastic modulus has a minimum
value of 3.39GPa. In addition, when the confining pressure
is, respectively, 15MPa, 30MPa, and 45MPa, with the in-
crease of the dip angle, the elastic modulus decreases
gradually.

For the condition with different confining pressure, the
calculation method of the elastic modulus anisotropy [21] is
as follows:

RE �
Emax

Emin
, (2)

where RE is the anisotropy degree of elastic modulus, Emax is
the maximum elastic modulus of the sample which
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Figure 4: Typical curves of stress-strain of tight sandstone samples with different dip angle under the same confining pressure. (a) Confining
pressure σ3 � 0MPa. (b) Confining pressure σ3 � 45MPa.

Table 3: Longitudinal wave velocity of tight sandstone samples with different dip angle.

Dip angle (°) Longitudinal wave velocity (m/s) Average velocity (m/s)

0 2331 2331 2272 2259 23162254 2354 2311 2419

30 2156 2176 2028 2261 21562155 2111 2092 2270

45 2068 2088 1973 1919 20302022 2072 2065 —

60 2036 2015 1981 1873 19912097 1937 1981 2008

90 1994 1944 1878 1906 19211966 1803 1959 —
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Figure 5: Longitudinal wave velocity of tight sandstone samples
with different dip angles.

Advances in Materials Science and Engineering 5



corresponds to the dip angle of 0°, and Emin is the minimum
elastic modulus.

According to equation (2), the anisotropy degree of the
elastic modulus was calculated, as shown in Table 4. For the
samples under the confining pressure of 0MPa, the elastic
modulus of the tight sandstone is of obvious anisotropy. -e
anisotropy degree of RE equals 1.64. For the samples under
the confining pressure of 15MPa, 30MPa, and 45MPa, the
anisotropy degree (RE) of the elastic modulus becomes lower
than that under the confining pressure of 0MPa, ranging
between 1.25 and 1.36. -erefore, the existence of confining
pressure has decreased the anisotropy of the tight sandstone
of Xujiahe Formation, which causes the anisotropy of elastic
modulus to become much weaker. As for the laboratory test
of hydraulic fracturing of tight sandstone samples, the hy-
draulic fracturing calculation model, and the numerical
simulation of the Xujiahe tight sandstone, considering that
the anisotropy degree of elastic modulus is much weaker
when subjected to three-directional stress state, the elastic
modulus in an isotropic plane and vertical plane isotropic
elastic modulus can be taken as the average elastic modulus
for a rough estimation. But, for an accurate calculation, it is
still suggested that the anisotropy influence of elastic
modulus cannot be neglected.

3.3.3. Compressive Strength Anisotropy. Figure 7 shows the
anisotropy curves of triaxial compressive strength for
samples with different dip angles under different confining
pressures. Under the same confining pressure, for the
samples with the dip angles of 0° and 90° (the dip angle of 0°

corresponds to the maximum strength), the compressive
strength of samples is relatively high. For samples with the
dip angles of 30° and 45°, the compressive strength of
samples is relatively low. -e overall evolution of the
compression strength performs a U shape, which is high at
both sides and low in the middle location. Under the
condition of different confining pressures, the calculation
method for the anisotropy degree of the compressive
strength anisotropy of RP [21] is as follows:

RP �
σmax

σmin
, (3)

where RP is the anisotropy degree of compressive strength, σ
(max) is the maximum compressive strength of samples,
which corresponds to the dip angle of 0°, and σmin is the
minimum compressive strength.

According to equation (3), the anisotropy degree of the
compressive strength of the tight sandstone samples in this
study can be calculated, as shown in Table 5. With an increase
in the confining pressure, the anisotropy degree of the
compressive strength decreases. When the confining pressure
is 0MPa, the anisotropy degree of the compressive strength,
RP, is 1.51; when the confining pressure is 15MPa, 30MPa,
and 45MPa, the anisotropy degree of the compressive
strength, RP, ranges from 1.24 to 1.30. -erefore, from the
viewpoint of compressive strength, it has an obvious an-
isotropy. -e confining pressure has a negligible influence on
the anisotropy degree for the tight sandstone in this study. In
the field reservoir of the tight sandstone of Xujiahe Forma-
tion, the influences of the anisotropy and the in situ stress
state should both be considered for gas production.

Table 4: Anisotropy degree of elastic modulus.

Confining pressure (MPa) Max. elastic modulus (GPa) Min. elastic modulus (GPa) Degree of anisotropy
0 5.24 3.19 1.64
15 9.41 7.50 1.25
30 11.15 8.22 1.36
45 14.47 10.75 1.35
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3.3.4. Anisotropy of Fracture Morphology. Figure 8 shows
failure mode under the conditions of different confining
pressure and different dip angles. -e failure modes of the
samples can be mainly divided into three types: splitting
failure, shear failure, and shear-expansion failure.

When the confining pressure is 0MPa, the predominant
failure mode of all the samples is splitting failure, but some
differences exist among the samples with different dip angles.
For instance, the sample with the dip angle of 0° has a main
splitting fracture and several secondary fractures, and some
secondary fractures are inclined, showing shear failure per-
formance.-is is a reflection that the matrix perpendicular to
the bedding direction has the greatest strength. As for the
sample with the dip angle of 90°, only one splitting fracture
appears on the sample surface, parallel to the axial loading
direction. -is indicates that the matrix along the bedding
direction has a low strength. For the samples with the dip
angles of 30°, 45°, and 60°, the failure fracture is straight in the
middle location and somewhat inclined at each end. -is
shows that the propagation direction of the failure fracture
may be influenced by the bedding plane. So, under the
uniaxial compression test (confining pressure� 0MPa), an-
isotropy exists in the review point of failure morphology.

Under triaxial compression testing condition (15MPa
and 30MPa), the difference in failure morphology remains
existent for the samples with different dip angles. For ex-
ample, the sample with 0° dip angle has a steep failure
surface, but the failure surface of the sample with dip angle of
90° is much gentler. When the dip angle ranges from 30° to
60°, the failure surface has an inclination angle between the
cases of 0° and 90°, but the failure surface is already not a
plane surface but a curved one. -at is to say, due to the
existence of bedding angle, it has caused the failure surface to
be a curved surface. With respect to the condition of high
confining pressure (45MPa), the failure mode has become
shear-dilatant state.-ere is onemain failure surface, but the
aperture of this surface is very small, and there are numerous
small fissures around this surface. -e middle location of the
sample has expanded, showing a drum shape. Moreover,
except the cases with dip angles of 0° and 90°, the failure
surfaces of the samples are all curved surfaces under the
confining pressure of 45MPa.

From the above study, one can deduce that the existence of
confining pressure has largely changed the failure modes for
the tight sandstone. During the increase process of the con-
fining pressure (0MPa⟶ 15MPa⟶ 30MPa⟶ 45MPa),
the failure morphology also changes from splitting failure to
shear failure and to dilatant failure. Combining with the stress-
strain curves, the greater the confining pressure is, the larger
strength and larger deformation both appear. So, in the process
for gas production in such tight sandstone reservoir, the

influence of confining pressure cannot be ignored. -e tight
sandstone reservoir usually has a large burying depth; the in
situ stress state of the rock is under three-directional stress state.
When considering the hydrofracturing for the reservoir, the
influence of stress state on the strength and fracturingmodes of
the tight sandstone should also be thoroughly considered.

On the other hand, under the triaxial compression condi-
tion, the application of confining pressure has decreased the
anisotropy degree from viewpoints of the strength and me-
chanical parameters, but the anisotropy performances of the
failure morphology still cannot be neglected. For instance, the
inclination angle between the axial loading direction and the
failure surface is different when the samples have different dip
angle and so is themorphology of the failure surface.-e sample
with a dip angle of 0° has a plane failure surface, and there are
curved surfaces for the samples with dip angles of 30° and 45°;
and numerous small fissures also appear around the failure
surface for the samples with dip angles of 60° and 90°. -at is to
say, even so the confining pressure is high, due to the anisotropy
of the tight sandstone, the difference in failure morphology
remains existent. How will such a character influence the crack-
net propagation of the tight sandstone under hydrofracture
remains unknown, so further investigation is still needed.

4. Application

4.1. Material Parameters of Approximate Isotropic Material
Models. From the above study, we can find that the tight
sandstone of Xujiahe Formation has a certain degree of an-
isotropy, but the anisotropy will be low when subjected to
confining pressure. In addition, by observing the sample
morphology and analyzing the mechanical testing results, the
tight sandstone in this study can be regarded as a type of
transversely isotropic material, and the stress-strain relationship
(flexibility matrix) of this material can be expressed as [21, 22]
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, (4)

Table 5: Triaxial compression strength anisotropy of tight sandstone samples.

Confining pressure (MPa) Max. strength (MPa) Min. strength (MPa) Anisotropy degree of compressive strength
0 60.57 40.05 1.51
15 188.92 145.09 1.30
30 260.44 201.24 1.29
45 335.03 271.16 1.24
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where E and E′ are elastic moduli of the isotropic plane and
the plane perpendicular to the isotropic plane, respectively;
G and G′ are shear moduli of the isotropic plane and the
plane perpendicular to the isotropic plane, respectively; v

and v′ both are Poisson’s ratio, and they represent lateral
strain reduction of each isotropic plane which is caused by
tensile stress in the same plane and lateral strain reduction of
each isotropic plane that is caused by tensile stress which is
perpendicular to this plane.

From the above study, we find that the elastic modulus
changes with the dip angle. -at is, when the axial direction
of the sample has a different dip angle, its elastic modulus
also changes. In reality, we concern not only the elastic
modulus of the isotropic plane and its perpendicular plane
but also want to know the modulus of the plane that has an
inclination angle with the isotropic plane.

-emodulus of one plane which has an inclination angle
of α can be expressed as [23]

1
Eα

�
sin
4
α

E
+

1
G′

−
2]
E

 cos
2
αsin

2
α +

cos
4
α

E′
, (5)

where E is the elastic modulus of the isotropic plane
(corresponding to the sample with a dip angle of 90°) and E′
and G′ are the elastic modulus and shear modulus of the
plane perpendicular to the isotropic plane (corresponding to
the sample with a dip angle of 0°).

By a transformation for equation (5), one obtains

1
Eα

�
1 + 2]

E
−

2
G′

+
1
E′

 sin α
4

+
1

G′
−
2]
E

−
2
E′

 sin α
2

+
1
E′

.

(6)

0 MPa 15 MPa 30 MPa  45 MPa

(a)

0 MPa 15 MPa 30 MPa  45 MPa

(b)

0 MPa 15 MPa 30 MPa  45 MPa

(c)

0 MPa 15 MPa 30 MPa  45 MPa

(d)

0 MPa 15 MPa 30 MPa  45 MPa

(e)

Figure 8: Fracture morphology of tight sandstone samples under different confining pressure. (a) Dip angle α� 0°. (b) Dip angle α� 30°.
(c) Dip angle α� 45°. (d) Dip angle α� 60°. (e) Dip angle α� 90°.

8 Advances in Materials Science and Engineering



In this study, the mechanical parameters of the isotropic
plane and its perpendicular plane are obtained for conducting
uniaxial and triaxial compression tests. Based on equation (6),
the relationship between the reciprocal of elastic modulus of

plane with any angle to the isotropic plane (1/Eα) and sin
2

α can

be drawn. Figure 9 gives the relationship of 1/Eα and sin
2

α of
Xujiahe tight sandstone in this study when subjected to different
confining pressures. Fitting curves are also drawn in Figure 9.

According to the fitting curves in Figure 9 and equation
(6), the five independent material parameters of tight
sandstone can be calculated under different confining
pressure. -e calculating results are shown in Table 6.

From the above study, we can find that the difference
between the elastic moduli of the isotropic plane and its
perpendicular plane is within 14.2%–32.9%. -e difference
between Poisson’s ratios of the isotropic plane and its per-
pendicular plane is about 16.6%–21.3%.-e difference between
the shear moduli ranges between 6.9% and 22.9%. Such an-
isotropy degrees of the tight sandstone are not obvious enough
when compared to other rockmasses, such as shale [23]. So, for
some rough and simplified estimation, we also regarded the
tight sandstone as a type of isotropic material. -en the in-
dependent mechanical parameters can be reduced to three
equivalent ones. A suggested method for the calculation of the
equivalent three mechanical parameters is as follows:

Es �
E + E′( 

2
,

]s �
] + ]′( 

2
,

Gs �
G + G′( 

2
.

(7)

where Es, Vs, and Gs are the three estimated equivalent
mechanical parameters.

If we want to simplify the Xujiahe tight sandstone into an
isotropic rock mass (just for some rough estimations), the
three estimated equivalent mechanical parameters can be
calculated by using equation (7). -e calculated results are
shown in Table 7.

4.2. ;e Values of c and φ. From the Coulomb–Navier cri-
terion [22], when a rock undergoes shear fracture along a
plane, it is related to not only the shear stress but also the
normal stress loaded on this plane. -e fracture usually
develops along the most unfavorable plane on which the
shear stress has a maximum value. On this plane, when the
shear stress exceeds the shear strength envelope, shear
failure occurs. -is criterion is expressed as [22]

|τ| � c + fσ

τ �
σ1 − σ3

2
sin 2θ

σ �
σ1 + σ3

2
+
σ1 − σ3

2
cos 2θ

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎭

, (8)

where τ and σ are the shear stress and normal stress of shear
fracture surface; c is the inherent cohesion strength of rocks;
f is internal friction coefficient of rocks; θ is the angle be-
tween the normal direction of the shear plane andmaximum
principal stress.

After simplifying equations (8) and (9), we can obtain

c �
σ1 − σ3

2
(sin 2θ − f cos 2θ) −

f σ1 + σ3( 

2
. (9)

To find a differential value of c for equation (9), one can
obtain the maximum shear stress and can obtain

tan 2θ �
− 1
f

. (10)

From equation (10), it can be seen that 90°< 2θ< 180°
and that

sin 2θ � 1 + f
2

 
− 1/2

cos 2θ � − f 1 + f
2

 
− 1/2

⎫⎪⎬

⎪⎭
. (11)

-e Coulomb–Navier criterion can be obtained by
substituting equation (11) into equation (9):

2c � σ1 1 + f
2

 
1/2

− f  − σ3 1 + f
2

 
1/2

+ f . (12)

-e relationship between the axial stress σ1 and the
confining pressure σ3 is plotted, and the cohesion strength c
and internal friction angle φ of the Coulomb–Navier cri-
terion are calculated according to the following equation:

c � b
1 − sinϕ
2 cosϕ

κ � sin− 1m − 1
m + 1

⎫⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎭

, (13)

wherem and b are the slope and intercept of the relationship
curve of axial stress σ1 and confining pressure σ3. -e re-
lationship curves of axial stress σ1 and confining pressure σ3
of different samples with different dip angles are shown in
Figure 10. By fitting the curve linearly, the slope m and the
intercept b of the fitted straight line can be obtained, and the
cohesion c and internal friction angle φ of the Cou-
lomb–Navier criterion can also be calculated by substituting
the values ofm and b into equation (13). -e detailed results
are shown in Table 8.

Because cohesion strength c and internal friction angle φ
of the samples with different dip angles change a little, in the
numerical simulation of hydraulic fracturing model of the
tight sandstone reservoir of the Xujiahe Formation, we
suggest that the cohesion strength and internal friction angle
can be replaced by the average values of cohesion strength
and internal friction angle.

4.3. Stimulating Pressure. Referring to the horizontal well of
the Jianghan oilfield reservoir [24], an indoor three-axis
hydraulic fracturing physical simulation system was applied
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Figure 9: Fitting curves of the reciprocal of elastic modulus (1/Eα) versus sin α
2

under different confining pressures.

Table 6: -e five independent parameters of the tight sandstone samples.

Confining pressure (MPa) E (GPa) E′ (GPa) v v′ G′ (GPa)
0 5.08 4.45 0.16 0.19 1.74
15 9.191 7.553 0.15 0.182 3.296
30 11.025 8.299 0.19 0.236 4.095
45 14.124 10.858 0.17 0.214 4.710
Note: G is an independent parameter that can be calculated using G�E/2(1 + v).

Table 7: -e three independent parameters of the tight sandstone samples.

Confining pressure (MPa) Es (GPa) vs Gs (GPa)

0 4.765 0.175 1.805
15 8.372 0.166 3.246
30 9.662 0.213 3.726
45 12.491 0.192 4.591
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Figure 10: Relationship of confining pressure and axial stress of tight sandstone with different dip angle.
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to simulate the fracturing process in the open-hole stage.-e
model parameters for this reservoir are shown in Table 9.

According to the model parameters in Table 9, equation
(14) can be used to calculate the bursting pressure P [24]:

P �
3σh − σH − σt − β 1 − 2υs( / 1 − υs(  − φ pp

1 − β 1 − 2υs( / 1 − υs(  − φ 
, (14)

where σH is the maximum horizontal in situ stress; σV is the
vertical in situ stress; σh is the minimum horizontal in situ
stress; σt is the tensile strength; vs is Poisson’s ratio of
reservoir; β is the effective stress coefficient; ϕ is the porosity
degree of the reservoir; PP is the pore pressure of the
reservoir.

Regardless of the filtration effect with putting the in situ
stresses and other parameters into equation (14), it is cal-
culated that the value of fracture pressure is 22.67MPa. -e
bursting pressure is 22.02MPa from the result of the hy-
draulic fracturing test. -e field-testing value has only a
difference of 0.65MPa from the theoretical value in this
study. So, we think it is still reasonable to treat the Xujiahe
tight sandstone reservoir as an isotropic rock formation.
However, if the tight sandstone has higher anisotropy
performance, we should still regard it as anisotropy material
to avoid deviation.

5. Conclusions

In this study, a series of uniaxial and triaxial compression
tests have been conducted for tight sandstone of Xujiahe
Formation with different dip angles to the bedding plane.
-e influences of the dip angle and confining pressure are
thoroughly investigated. -e main conclusions and sug-
gestions are proposed as follows:

(1) Based on the evaluation criteria of the rock brittle-
ness index by using mineral composition, the brittle
index I of Xujiahe tight sandstone is 0.76. So, the
tight sandstone in this study is much brittle, which is
a high-fracturing reservoir.

(2) -e ultrasonic wave velocity of the longitudinal wave
demonstrates the anisotropy characteristics of the
tight sandstone; that is, the wave velocity has a
maximum value when perpendicularly penetrating

the bedding plane, and it decreases with an increase
in the dip angle α.

(3) Under the same confining pressure conditions, with
the increasing of the dip angle α, the elastic modulus
decreases and the anisotropy degree (RE) of elastic
modulus locates in the range of 1.25–1.36, showing
an obvious but not strong anisotropy character.

(4) Under the same confining pressure, the compressive
strength shows a “U” shape evolution pattern, which
is higher on each side and lower in themiddle region,
and the degree of anisotropy, RP, is ranging from 1.24
to 1.30, also showing a low anisotropy.

(5) -e failure modes of the tight sandstone are mainly
splitting fracture for the uniaxial compression test
but differ in the fracture morphology; meanwhile, for
the triaxial compression test, the failure mode of the
tight sandstone is mainly of shear failure and shear-
dilatancy damage. At the same declining angle
conditions, with the increase in confining pressure,
the angle between principal stress and shear plane
gradually decreases. -e failure fracture is also dif-
ferent when the sample has different dip angles.

(6) -e Xujiahe tight sandstone has low anisotropy from
the viewpoint of mechanical parameters; thus, it can
be also regarded as an isotropic material.-emethod
to calculate the equivalent mechanical parameters is
proposed. -e bursting pressure of the tight sand-
stone formation is calculated, and it differs a little
with the field data.-us, it conforms the feasibility of
regarding the low anisotropy rock formation as an
isotropic one.
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