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Abstract: In this paper, based on the gneiss outcrop of Bozhong 196 gas field in China, uniaxial
compression and Brazil splitting tests were conducted by using cores of different orientations. The
following compression properties were studied: the elastic compression modulus, Poisson’s ratio
and compressive strength of the gneiss outcrop. The following tensile properties were studied: the
tensile modulus, the tensile strength and peak energy rate of gneiss outcrop. The results demonstrate
the following: (1) The elastic compression modulus, compressive strength, tensile strength and peak
energy rate of gneiss specimens with horizontal core-taking are greater than those with vertical core-
taking. (2) The elastic compression modulus, Poisson’s ratio and compressive strength of horizontally
cored gneiss specimens are 29.688–45.760 GPa, 0.186–0.386, and 174.94–147.80 MPa, respectively;
the elastic compression modulus, Poisson’s ratio and compressive strength of the vertical gneiss
specimens are 26.541–32.602 GPa, 0.429–0.476 and 169.37–134.46 MPa. (3) The tensile modulus of the
horizontal gneiss specimens is 4.93–5.98 GPa. The tensile modulus of the vertical gneiss specimens
is 0.96–2.11 GPa. The tensile modulus of the horizontal gneiss specimens is five times that of the
vertical gneiss specimens. The elastic compression modulus of gneiss is 5–20 times that of the tensile
modulus. (4) The tensile strength and peak energy rate of horizontally cored gneiss specimens are
14.33–17.55 MPa and 2598.67–4049.53 J/m2, respectively. The tensile strength of the vertical gneiss
specimens is 6.12–9.65 MPa, and the peak energy rate is 715.74–1515.30 J/m2. (5) There is a good
linear relationship between the peak energy rate and tensile strength of gneiss. The research results
can provide a scientific and reasonable reference for in situ fracturing of Bozhong 196 gas field.

Keywords: uniaxial compression; Brazilian splitting; tensile strength; compressive strength; energy
of fracture

1. Introduction

The physical properties of the Ordovician granitic gneiss outcrop in Baijiafen area,
Liaoning Province, China, are close to the buried-hill strata of Bozhong 196 gas field. The
study of its mechanical behaviors such as compression, tensile and fracture can provide
research basis for efficient hydraulic fracturing of Bozhong 196 gas field in China.

The experimental study of rock compressive and tensile properties is of great signifi-
cance to the analysis of rock failure process and engineering field fracturing, etc. Scholars
have conducted a significant amount of research work on rock compressive and tensile
properties, and many results have been published, mainly focusing on elastic deforma-
tion coefficients, compressive strength, tensile strength, and peak energy rate. For the
study of the compressive properties of gneiss, Cai et al. [1] conducted an acoustic emis-
sion characteristic test on gneiss during the uniaxial compression fracture process, and
they obtained the variation of internal cracks with time, stress and strain and the cor-
responding acoustic emission development pattern of gneiss. Yao et al. [2] studied the
anisotropic mechanical properties of vertical and parallel bedding gneiss under point load
tests and uniaxial compression tests. Wang et al. [3] used uniaxial compression and acoustic
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emission tests to explore the damage evolution law of gneiss in different bedding direc-
tions and the AE characteristics during deformation and failure, revealing the mechanical
properties and strain field evolution characteristics of gneiss in different bedding angles.
Feng et al. [4] analyzed the strength characteristics of gneiss in different bedding directions
by using the wave velocity test, uniaxial compression test and point load test. Wang et al. [5]
and Deng et al. [6] studied the mechanical properties of gneiss under freeze–thaw cycles.
Ji et al. [7] studied the compressive properties of gneiss through the uniaxial compres-
sion test, and they analyzed the evolution process of rock from microscopic cracks to
macroscopic cracks via the uniaxial compression test with the help of acoustic emission
technology. João et al. [8] studied the relationship between the durability index and uni-
axial compressive strength of a gneissic rock at different weathering grades. Liu et al. [9]
studied the influence of bedding planes on mechanical properties of bedded rock-like spec-
imens by uniaxial compression test with acoustic emission and digital image correlation.
Costa et al. [10] studied the influence of high temperatures on compressive properties of
gneiss. Liu et al. [11] studied the compressive properties of layered gneiss. Wang et al. [12]
explored the influence of initial ground stress on the properties of gneiss, changes in the
physical properties, mechanical properties and failure mode of gneiss, which were analyzed
by conducting physical and mechanical tests on gneiss in different ground stress areas.
For the study of the tensile properties of gneiss and other anisotropic rocks, Istvan [13]
and McLamore et al. [14] used the Brazilian splitting test to study the tensile strength of
transverse isotropic rocks. Zhong et al. [15] conducted Brazilian splitting tests on rock
with different bedding angles and analyzed the influence of anisotropy on the tensile
resistance characteristics of rock. Hou et al. [16] conducted Brazilian splitting tests on
rock with different bedding angles, and they analyzed the influence of tensile strength,
splitting modulus and deformation at the stress peak of anisotropic rock, finding that
there was a good linear relationship between the peak energy rate and tensile strength.
Zhu et al. [17] studied the mechanical and energy properties of rock with different bedding
angles under dry and saturated conditions, and they compared the peak energy rates of
different laminated rock. Tan and Konietzky [18] conducted Brazilian splitting tests on
gneiss at multiple loading angles to obtain the tensile strength of gneiss specimens with
different bedding directions. Amadei et al. [19] established the generalized analytic formula
of anisotropic material disks under vertical compression load. Chen et al. [20] proposed the
stress and strain solutions for the Brazilian splitting test of transverse-isotropic materials in
combination with the experimental and analytical methods. Gong and Li [21] proposed
an analytical algorithm for tensile modulus in the Brazilian disc splitting test. In previous
studies, substantial research was conducted on the compressive mechanical properties
of gneiss in different directions, but little attention was given to the tensile mechanical
properties of gneiss in different directions, focusing mainly on the tensile strength, while
not considering the tensile modulus and peak energy rate parameters of gneiss. At present,
there are few studies on the mechanical properties of the gneiss outcrop in Bozhong 196 gas
field. Therefore, it is necessary to study the compressive and tensile properties of the gneiss
outcrop in Bozhong 196 gas field in different directions.

In this paper, uniaxial compression and Brazil splitting tests are carried out on the
outcropping gneiss of Bozhong 196 gas field, and the tensile and compression properties
of gneiss under different core-taking directions are studied. Mechanical parameters such
as elastic compression modulus, Poisson’s ratio, compressive strength, tensile modulus,
tensile strength and peak energy rate are obtained under different core-taking directions,
which provide a basis for the in situ fracturing of the reservoir in Bozhong 196 gas field
in China.

2. Test Methods and Specimen Preparation
2.1. Test Methods

Uniaxial compression and Brazilian splitting tests were carried out on TAR-1500 rock
mechanics test system. The TAR-1500 testing machine adopts full-service control, and
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the maximum vertical loading capacity is 600 kN; axial displacement measurement is
±100 mm; lateral displacement measurement is in the range 0–200 mm. The accuracy of
the load cell is 1%. During the test, the displacement, stroke and load of the test object can
be controlled. Uniaxial compression tests were carried out on the test system, as shown
in Figure 1. The uniaxial compression test fixture device was installed on the base of the
TAR-1500 rock mechanics test system. The bottom surface of the specimen was coated
with a thin layer of lubricant and placed in the center of the base. A rigid pad was placed
between the upper end of the specimen and the pressure plate of the test machine. The
surface of this rigid pad was smooth. If a rough surface is used as a boundary at the loading
platen, it increases friction and resists the lateral expansion of the sample, resulting in a
confining stress near the loading platen that could change the mode of failure. In order to
minimize lateral confinement near the loading platens, a friction-free boundary should be
placed between the sample and the loading platens [22,23]. The bearing head was adjusted
to ensure the rigid pad made contact with the bearing plate of the test machine evenly, so
that the specimen is stressed evenly. The axial displacement control mode was adopted in
the test process, and the displacement rate was constant at 2 mm/min until the specimen
was fractured. The strain rate was 0.00067 s−1. The sampling rate during the test was every
0.2 s.
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Figure 1. Uniaxial compression test by TAR-1500 Rock mechanics test system.

Disc splitting tests were conducted on the test system, as shown in Figure 2. Gneiss
is a kind of brittle material. Brazilian splitting method was always used to test the tensile
strength of gneiss specimens [21]. The indenter loading mode was selected in this test,
which has a small test dispersion and the most regular rock failure mode [24]. The con-
necting rod was installed on the universal test machine and connected with the Brazilian
splitting fixture. The specimen was placed in the middle of the fixture and then aligned to
make the disc specimen crack in the center position.

2.2. Specimen Preparation

In this paper, rock specimens were collected from the Ordovician granitic gneiss
outcrop in Baijiafen, Anshan area, China (Figure 3a). The gneiss has no obvious bedding.
XRD results show that the whole rock mineral content of the Gneiss specimen consists
mainly of Plagioclase (36%), Quartz (29%), Potassium feldspar (15%) and phlogopite (15%)
and minor amounts of Calcite (2%), Ankerite (2%) and Siderite (1%).
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site (b) Gneiss outcrop of Bozhong 196 gas field (c) Processing of specimens.

Since there is no obvious bedding, the core is drilled horizontally and vertically within
the intact gneiss block to study the anisotropic properties. Through cutting, grinding and
other processes, the compression specimens, with diameter of 25 mm and thickness of
50 mm, and the disc splitting specimens, with diameter of 25 mm and thickness of 15 mm,
are made. Six uniaxial gneiss specimens were drilled, in which three specimens drilled
horizontally and labeled as H-1, H-2 and H-3, three specimens were drilled vertically
and labeled as V-1, V-2, V-3. According to GB/T 50266-2013 standard [25], it is specified
in this standard to test 3 specimens in each compression direction. Twelve gneiss disk
specimens were drilled, in which six specimens were drilled horizontally and labeled as
1-1, 1-2, 1-3, 1-4, 1-5, 1-6, six specimens drilled vertically and labeled as 2-1, 2-2, 2-3, 2-4,
2-5, 2-6 (Figure 3c). The parallelism of the upper and lower surfaces of the specimens was
controlled within 0.05 mm, and the flatness of each surface was controlled within 0.02 mm.
Moreover, the gneiss specimens prepared guaranteed that no natural fractures could be
seen. All specimens were kept in a dry environment at room temperature.
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3. Study on Mechanical Properties of Gneiss in Different Directions: Experimental
Results and Discussion
3.1. Study on Compression Properties

Figure 4 shows the compression failure patterns and stress–strain curves of the hor-
izontal gneiss specimens under uniaxial compression test. It can be observed that there
was a crack through every rock specimen. At the beginning of the loading stage, the
curves bend slightly upward and present a downward concave shape, which belongs to
the compaction stage. At this stage, the microcracks inside the gneiss were compressed
and closed. Due to the different distribution of natural cracks in the specimens, the lengths
of each compaction stage are different. With the increase in load, the specimens entered
the linear elastic compression stage, and the stress–strain curves of the specimens show a
good linear relationship; the elastic compression modulus of the specimens was calculated
at this stage, and we calculated the elastic modulus and Poisson’s ratio by calculating the
average slope of the approximate straight part of the axial stress–strain curve. Then, the
specimens entered the crack growth stage, during which microcracks gradually devel-
oped and formed macrocracks. The stress–strain curves of the specimens deviate from
the linear segment, and failure occurs at the peak of the curves, and then the stress–strain
curves decrease rapidly. A small fluctuation occurring in the linear elastic stage of the
stress–strain curve of specimen H-2 is caused by natural pre-existing cracks in the gneiss.
The horizontal specimens showed a zigzag or step-like stress decrease in the post-peak
stage. This phenomenon is similar with the experimental results of Huang et al. [26],
Xiao et al. [27] and Huang et al. [28], which is mainly due to the influence of natural cracks
in the rock specimens on the characteristics of crack nucleation and propagation; that is,
the stress decrease on the stress–strain curves corresponds to the crack growth behavior of
the specimens. The uniaxial compression testing results of the horizontal gneiss specimens
are shown in Table 1. The elastic compression modulus of the horizontal gneiss specimens
is 29.688–45.760 GPa, with an average of 36.134 GPa. Poisson’s ratio is 0.186–0.386, with
an average of 0.291. The compressive strength is 174.94–147.80 MPa, with an average of
163.38 MPa. The results are similar to those of previous experiments on gneiss [8].
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Table 1. Uniaxial compression testing results of horizontal gneiss specimens.

Specimen
Number

Length L
(mm)

Diameter D
(mm)

Weight W
(N)

Density ρ
(g/cm3)

Deformation
d

(mm)

Compressive
Strength σh

bc
(MPa)

Elastic
Compression
Modulus Eh

(GPa)

Poisson’s
Ratio vh

H-1 50.23 25.26 0.65 2.62 0.30 167.39 32.955 0.301
H-2 50.24 25.31 0.65 2.64 0.25 174.94 45.760 0.186
H-3 50.23 25.26 0.65 2.62 0.29 147.8 29.688 0.386

Mean value 50.23 25.28 0.65 2.63 0.28 163.38 36.134 0.291

Figure 5 shows the compression failure patterns and stress–strain curves of the vertical
gneiss specimens under uniaxial compression testing. It can be seen that the fracture
modes of the vertical gneiss and horizontal gneiss specimens are basically the same. At
the initial loading stage and the linear elastic compression stage, the stress–strain curves of
the vertical specimens are similar to those of the horizontal specimens. In the yield stage
and the post-peak stage, the peak strain softens more smoothly. The stress–strain curve of
specimen V-3 also has a small fluctuation in the post-peak stage caused by natural cracks
in the rock specimen. The results of uniaxial compression testing of the vertical gneiss
specimens are shown in Table 2. The elastic compression modulus of the vertical gneiss
specimens is 26.541–32.602 GPa, with an average of 29.771 GPa. The Poisson’s ratio is
0.429–0.476, with an average of 0.454. The compressive strength is 169.37–134.46 MPa, with
an average of 148.65 MPa.
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Figure 6 shows each gneiss sample after uniaxial compression. Samples H-1, H-2 and
H-3 have more cracks, which are mainly composed of 1-2 through cracks and 4-5 small
cracks, indicating that there are natural cracks in the samples, which also explains why the
stress–strain curves of samples H-1, H-2 and H-3 have many stepped shapes during the
uniaxial compression experiment. The number of cracks in V-1, V-2 and V-3 samples is less
than that in H-1, H-2 and H-3 samples, which are mainly composed of 1-2 through cracks
and 3-4 small cracks. This explains why V-1, V-2 and V-3 samples have fewer natural cracks
in the samples, which also explains why their stress–strain curves are relatively smooth
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in uniaxial compression tests. On the one hand, this difference reflects the dispersion of
gneiss samples. On the other hand, it also reflects the anisotropy of gneiss.

Table 2. Uniaxial compression testing results of vertical gneiss specimens.

Specimen
Number

Length L
(mm)

Diameter
D

(mm)

Weight W
(N)

Density ρ
(g/cm3)

Deformation
d

(mm)

Compressive
Strength σv

bc
(MPa)

Elastic
Compression
Modulus Ev

(GPa)

Poisson’s
Ratio vv

V-1 49.92 25.26 0.64 2.63 0.27 142.11 30.170 0.456
V-2 49.93 25.19 0.64 2.63 0.30 169.37 32.602 0.429
V-3 49.94 25.27 0.64 2.61 0.29 134.46 26.541 0.476

Mean value 49.93 25.24 0.64 2.62 0.29 148.65 29.771 0.454
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Figure 6. The gneiss specimens after compression. (The red lines are cracks).

By comparing the compression properties of the two groups of gneiss specimens, two
obvious characteristics can be found: (1) the dispersion of each group of gneiss specimens
is obvious; (2) the elastic compression modulus and compressive strength in the horizontal
direction are greater than those in the vertical direction, and the Poisson’s ratio in the
horizontal direction is smaller than that in the vertical direction. These fully reflect the
anisotropy of the compression properties of the gneiss.

3.2. Study on Tensile Properties

For horizontal coring, we tested the specimens in the horizontal direction, and the
splitting test produced fractures oriented orthogonally to the vertical direction; thus, it
corresponded to vertical tensile properties. For vertical coring, we tested the specimens in
the horizontal direction, and the splitting test produced fractures oriented orthogonally
to horizontal directions; thus, it corresponded to horizontal tensile properties. Figure 7
shows the Brazilian fracture failure patterns of gneiss in different directions. During the
fracturing testing, it can be observed that the gneiss specimens cracked at its center and
rapidly expanded up and down along the vertical direction, forming a penetrating vertical
fracture surface and splitting in two along the direction of the loading radial. There is
no significant difference in fracture morphology of gneiss in different directions. Among
them, the cracks in disc specimen 1-4 did not penetrate through the vertical direction but
through the inclined direction. Considering the possibility of natural cracks in specimen
1-4, specimen 1-4 was not included in the discussion scope in the subsequent analysis
of results.
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Figure 8 shows the load–vertical displacement curves of the horizontal gneiss speci-
mens under the Brazilian splitting test. It can be observed that at the initial loading stage,
the curves are bending slightly upward in a concave shape. Before reaching the peak
strength, the yield stage is not obvious. After reaching the peak strength, the curves de-
crease rapidly in a straight line and directly enter the failure stage, which corresponds to the
fracture expansion state of the disk specimens. Differently from the uniaxial compressive
stress–strain curve, the post-peak stage of the Brazilian splitting load–vertical displacement
curve is shorter, which reflects the different compressive and tensile properties of the gneiss.
The Brazilian splitting testing results of the horizontal gneiss are shown in Table 3. The
failure limit load of the horizontal gneiss specimens is between 8609 and 10,492 N, with an
average value of 9427.40 N.
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Table 3. Brazilian splitting testing results of horizontal gneiss specimens.

Specimen Number Diameter D (mm) Thickness H (mm) Weight W (N) Ultimate Load Ph
max (kN)

1-1 25.29 15.06 0.38 10.49
1-2 25.26 15.24 0.39 9.44
1-3 25.29 15.07 0.38 9.85
1-4 - - - -
1-5 25.29 15.13 0.39 8.61
1-6 25.27 15.06 0.38 8.76

Mean value 25.28 15.11 0.38 9.43

Figure 9 shows the load–vertical displacement curves of the vertical gneiss specimens
under the Brazilian splitting test, which is similar with the curve of the horizontal gneiss
specimens, and the ultimate load of the vertical gneiss specimens is smaller than that of the
horizontal gneiss specimens. The Brazilian splitting testing results of the vertical gneiss are
shown in Table 4. The failure limit load of the vertical gneiss specimens is between 3645
and 5837 N, with an average value of 4605.83 N.
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Table 4. Brazilian splitting testing results of vertical gneiss specimens.

Specimen Number Diameter D (mm) Thickness H (mm) Weight W (N) Ultimate Load Pv
max (kN)

2-1 25.20 15.26 0.39 4.65
2-2 25.21 15.48 0.39 4.63
2-3 25.20 15.21 0.39 4.25
2-4 25.19 15.14 0.39 4.62
2-5 25.21 15.05 0.38 3.65
2-6 25.21 15.28 0.39 5.84

Mean value 25.20 15.24 0.39 4.61

In the Brazilian splitting tests, after the ultimate load of a specimen in the splitting test is
measured, the tensile strength of the gneiss specimens is calculated by the following formula:

σt =
2Pmax

πDH
, (1)

where σt is the tensile strength, Pmax is the ultimate load, D is the diameter of the specimen,
and H is the thickness of the specimen.
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The tensile strength of the horizontal and vertical gneiss specimens calculated by
Equation (1) is shown in Table 5. The tensile strength of the horizontal gneiss specimens is
14.33–17.55 MPa, with an average of 15.72 MPa. The tensile strength of the vertical gneiss
specimens is 6.12–9.65 MPa, with an average value of 7.64 MPa.

Table 5. Calculation results of tensile strength of horizontal and vertical gneiss specimens.

Specimen Number 1-1 1-2 1-3 1-4 1-5 1-6 Mean Value Variance

Tensile strength σh
t (MPa) 17.55 15.61 16.45 - 14.33 14.65 15.72 1.40

Specimen Number 2-1 2-2 2-3 2-4 2-5 2-6 Mean Value Variance

Tensile strength σv
t (MPa) 7.70 7.57 7.06 7.72 6.12 9.65 7.64 1.11

According to the research of the Brazilian splitting test by Liu et al. [29], the tensile
modulus of the specimens can be obtained by the Brazilian splitting test. The Brazilian
splitting stress component can be expressed as:

σx = Pmax
πDH qxx

σy = Pmax
πDH qyy

τxy = Pmax
πDH qxy

, (2)

where qxx, qyy and qxy are stress concentration factors. When the Brazilian splitting is
on an isotropic plane, according to the research of Liu et al. [30] on solving methods of
anisotropic tensile modulus at different angles, the stress concentration factors qxx, qyy and
qxy are approximately equal to −2, 6, and 0, respectively. In this case, the tensile modulus
Eh

t can be solved as follows:

πDH
Ph

max


εh

x
εh

y
γh

xy

 =

 1/Eh
t −vh/Eh

t 0
−vh/Eh

t 1/Eh
t 0

0 0 2
(

1 + vh
)

/Eh
t



−2
6
0

, (3)

where vh comes from the average value of uniaxial compression experiment in Section 3.1.
As shown in Table 6, the tensile modulus of the horizontal gneiss specimens is

4.93–5.98 GPa, with an average value of 5.50 GPa.

Table 6. Calculation results of tensile modulus of horizontal gneiss specimens.

Specimen Number 1-1 1-2 1-3 1-4 1-5 1-6 Mean Value Variance

Tensile Modulus Eh
t (GPa) 5.27 5.98 5.64 - 5.68 4.93 5.50 0.13

When the Brazilian splitting is perpendicular to the isotropic plane, the tensile modulus
Ev

t can be solved as follows [14]:

πDH
Pv

max


εv

x
εv

y
γv

xy

 =

 1/Ev
t −vv/Ev

t 0
−vv/Ev

t 1/Eh
t 0

0 0 0


−2
6
0

, (4)

where Eh
t is taken from the average of Table 6, and vh comes from the average value of

uniaxial compression experiment in Section 3.1.
Table 7 shows that the tensile modulus of the vertical gneiss specimens is 0.96–2.11 GPa,

with an average value of 1.28 GPa.



Energies 2023, 16, 3919 11 of 14

Table 7. Calculation results of tensile modulus of vertical gneiss specimens.

Specimen Number 2-1 2-2 2-3 2-4 2-5 2-6 Mean Value Variance

Tensile Modulus Ev
t (GPa) 0.96 1.22 1.01 1.06 1.33 2.11 1.28 0.15

By comparing the tensile modulus of gneiss in different directions, it can be seen that
the tensile modulus of the horizontal gneiss specimens is five times that of the vertical
gneiss specimens. Moreover, by comparing the elastic compression modulus and tensile
modulus of gneiss, it can be found that the elastic compression modulus of gneiss is
5–20 times that of the tensile modulus.

As we know, in hydraulic fracturing simulation, besides tensile strength, energy
characteristics represent an important parameter of rock damage and fracture in the process
of hydraulic fracturing.

The gneiss specimen accumulates energy continuously in the process of loading until
the specimen is destroyed. In this process, the accumulated energy can be determined by
the area of the load–vertical displacement graph [17]:

G =
∫ δ

0
Pdδ, (5)

where G is the energy stored at a certain time, P is the vertical load at this moment, and δ is
the vertical displacement measured by the Brazilian splitting test at that moment. In order
to eliminate the differences caused by the size of the gneiss sample, the cumulative energy
accumulated per unit fracture area is used. The formula is:

W =
Gmax

DH
, (6)

where W is the peak energy rate, and Gmax is the total stored energy.
The peak energy rate of the horizontal and vertical gneiss specimens calculated by

Equation (6) are shown in Table 8. The peak energy rate of the horizontal gneiss specimens
is 2598.67–4049.53 J/m2, with an average value of 3137.08 J/m2. The peak energy rate of the
vertical gneiss specimens is 715.74–1515.30 J/m2, with an average value of 1153.94 J/m2.

Table 8. Calculation results of peak energy rate of horizontal and vertical gneiss specimens.

Specimen Number 1-1 1-2 1-3 1-4 1-5 1-6 Mean Value Variance

Peak energy rate Wh (kJ/m2) 4.05 2.84 3.20 - 2.60 2.99 3.14 0.25

Specimen Number 2-1 2-2 2-3 2-4 2-5 2-6 Mean Value Variance

Peak energy rate Wv (kJ/m2) 1.28 1.13 1.05 1.24 0.72 1.52 1.15 0.06

By comparing the tensile properties of the two groups of gneiss specimens, it can be
found that the failure limit load, tensile strength and peak energy rate in the horizontal
direction are greater than those in the vertical direction. The anisotropy of the gneiss tensile
properties is obvious.

There is a certain relationship between the tensile strength and peak energy rate of
gneiss specimens. The experimental tensile strength and peak energy rate were fitted, and
the results are shown in Figures 10 and 11. It can be seen that the tensile strength of gneiss
specimens has a strong linear relationship with the peak energy rate. The peak energy rate
of gneiss specimens increases with the increase in tensile strength.
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4. Conclusions

In this paper, uniaxial compression and Brazilian splitting tests were conducted,
respectively, for horizontal and vertical core-taking of gneiss specimens from outlying
reservoirs of Bozhong 196 gas field in China, and the mechanical parameters of compression
and tensile properties of gneiss were obtained. The elastic compression modulus, Poisson’s
ratio, compressive strength, tensile modulus, tensile strength and peak energy rate of
gneiss in different directions were calculated and compared, and the main conclusions
were obtained as follows:

(1) There is no obvious bedding for the gneiss specimens, but the anisotropy is clearly
observed. The elastic compression modulus and compressive strength of gneiss
specimens in the horizontal direction are greater than those in the vertical direction,
while the Poisson’s ratio of gneiss specimens in the horizontal direction is smaller
than that in the vertical direction. The elastic compression modulus, Poisson’s ra-
tio and compressive strength of gneiss specimens in the horizontal direction are
29.688–45.760 GPa, 0.186–0.386, and 174.94–147.80 MPa, respectively. The correspond-
ing elastic compression modulus of the vertical gneiss specimens is 26.541–32.602 GPa,
the Poisson’s ratio is 0.429–0.476 and the compressive strength is 169.37–134.46 MPa.
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(2) The anisotropy of gneiss tensile properties is significant. The tensile modulus of the
horizontal gneiss specimens is 4.93–5.98 GPa. The tensile modulus of the vertical
gneiss specimens is 0.96–2.11 GPa. The tensile modulus of the horizontal gneiss
specimens is five times that of the vertical gneiss specimens. The elastic compression
modulus of gneiss is 5–20 times that of the tensile modulus.

(3) The tensile strength and peak energy rate of gneiss specimens in the horizontal
direction are greater than those in the vertical direction. The tensile strength of
the horizontal gneiss specimens is 14.33–17.55 MPa, and the peak energy rate is
2598.67–4049.53 J/m2. The tensile strength of the vertical gneiss specimens is
6.12–9.65 MPa, and the peak energy rate is 715.74–1515.30 J/m2.

(4) The peak energy rate of gneiss has a good linear relationship with the tensile strength,
and the peak energy rate of gneiss increases with the increase in the tensile strength.

(5) The results in this paper can provide simulation parameters for the hydraulic fractur-
ing simulations of Bozhong 196 gas field in China.
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