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Major breakthroughs have been made in the exploration and development of
shale gas in the Longmaxi Formation in the southern Sichuan Basin, China. The
previous have adopted various methods to study the fracturability of shale, but
the quantitative characterization of the comprehensive properties of shale
during hydraulic fracturing is still difficult. For this reason, in this study,
taking the Longmaxi Formation shale in the Changning and Luzhou Blocks
in the southern Sichuan Basin as an example, the mineral composition,
petrophysical properties, rock mechanical properties and in-situ stress of the
shale were systematically studied using X-ray diffraction, pulsed porosity-
permeability analysis, rock mechanics and in-situ stress tests. Furthermore,
the brittle mineral content, elastic modulus, and in -situ stress parameters were
calculated, and the Analytic Hierarchy Process (AHP) method was adopted to
establish a comprehensive evaluation index of shale fracturability. The research
results show that the shale of the Longmaxi Formation in southern Sichuan is
dominated by mixed shale facies, and it has the characteristics of high content
of brittle minerals, low porosity, large compressive strength and Young's
modulus, and small value of in-situ stress difference coefficient. Therefore,
the Longmaxi Formation shale has good fracturing conditions. TOC and quartz
contents have important effects on the fracturability of the Longmaxi shale. The
analytic hierarchy process was adopted to determine the weight coefficients of
the modulus brittleness index, mechanical brittleness index, in-situ stress
difference coefficient, rock compressive strength and TOC content.
Furthermore, a comprehensive evaluation index of fracturability was
constructed. Calculations show that the comprehensive fracability indices of
shale in the Changning and Luzhou Blocks are 0.49 and 0.59, respectively.
Moreover, the quality of shale in the Luzhou Block is better than that in the
Changning Block, which is related to the organic matter and quartz content and
the microscopic pore structures inside the shale.
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Introduction

In recent years, major breakthroughs have been made in the
exploration and development of unconventional natural gas in
China (Li, 2022). As an important unconventional oil and gas
resource, shale gas has become the main resource for the increase
of natural gas reserves and production capacity in China (Xu
etal., 2019). After nearly a decade of development, China’s shale
gas production has also grown rapidly from 25 billion cubic
meters in 2012 (Qiu et al., 2020) to 20 billion cubic meters in 2020
(Zhang et al., 2022). The Sichuan Basin, especially its southern
region, has become the main battlefield for shale gas exploration
and development in China (Fu et al, 2019). Different from
conventional reservoirs, shale gas reservoirs are low-porosity
and low-permeability tight reservoirs, which require hydraulic
fracturing to achieve efficient development (Yu et al., 2019; Li
et al., 2022). The fracturability of shale has become an important
parameter for evaluating whether a complex fracture network
can be effectively generated. Fracturability intuitively reflects the
possibility of shale fracture and the improvement of reservoir
seepage capacity (Wu et al, 2018). Generally, the evaluation
indicators of shale fracturability mainly include: brittle mineral
content (Mullen and Enderlin, 2012), Young’s modulus and
Poisson’s ratio (Rickman et al., 2008), brittleness (Guo et al,,
2015), and in-situ stress difference coefficient (Xiao et al., 2022).
In recent years, more and more scholars have established a
coupled multi-parameter characterization
of
geomechanical factors (Huang et al., 2019; Chen et al,, 2021;
Dou et al., 2021; Xiao et al., 2022).
the
comprehensive properties of shale during hydraulic fracturing
is still difficult. For this reason, in this study, taking the
Longmaxi Formation shale in the Changning and Luzhou

comprehensive

model shale fracturability by considering multiple

At present, quantitative characterization of the

Blocks in the southern Sichuan Basin as an example, the
mineral composition, petrophysical properties, rock mechanical
properties and in-situ stress of the shale were systematically
studied using X-ray diffraction, pulsed porosity-permeability
analysis, rock mechanics and in-situ stress tests. Furthermore,
the brittle mineral content, elastic modulus, and in-situ stress
parameters were calculated, and the Analytic Hierarchy Process
(AHP) method was adopted to establish a comprehensive
evaluation index of shale fracturability.

Geological background

The Sichuan Basin is located in South China and belongs to the
secondary structural unit of the Yangtze Platform (Shi et al., 2021). It
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is surrounded by mountains and has a NE-trending diamond shape as
a whole (Shi et al, 2022). The east of the Sichuan Basin is the
Daloushan Fold Belt, the south is the Emeishan Fold Belt, the west is
the Longmenshan Fault Zone, and the north is the Qinling-Dabieshan
Orogenic Belt. According to the regional tectonic characteristics, the
interior of the Sichuan Basin is further divided into six secondary
structural units, namely, the low-gentle structural belt in northern
Sichuan, the low-steep structural belt in western Sichuan, the gentle
structural belt in central Sichuan, the high-steep structural belt in
eastern Sichuan, the low-fold structural belt in southwestern Sichuan,
and the low-steep structural belt in southern Sichuan (Zhang, 2021;
Zhang et al,, 2021; Zou et al,, 2022). The study area is located in the
low-steep structural belt in southern Sichuan (Figure 1).

On the pre-Sinian metamorphic rock basement, the Sichuan
Basin has experienced seven tectonic evolutions successively,
including the Caledonian Movement, the Hercynian Movement,
the Indosinian Movement, the Yanshan Movement and the
Cenozoic Himalayan Movement. From bottom to top, it
develops Paleozoic Cambrian, Ordovician, Silurian, Carboniferous
and Permian, Mesozoic Triassic, Jurassic and Cretaceous strata (Liu
et al,, 2021). From the Late Ordovician to the Early Silurian, the
Sichuan Basin was in a clastic shelf facies depositional environment.
However, affected by the Caledonian Movement, the depth of the
water body in the southern and northeastern parts of the Sichuan
Basin is relatively large, and the sediments are in a deep-water shelf
deposition environment (Xiong et al., 2021). Therefore, the energy of
the water body is low, and the sediment as a whole is in an anoxic
environment. Furthermore, the thick organic-rich shale deposits
from the Ordovician Wufeng Formation to the Silurian Longmaxi
Formation were formed (Tang et al., 2020; Liu et al., 2021; Shi et al,,
2021). The buried depth of shale in the Longmaxi Formation in the
southern Sichuan Basin varies widely. The buried depth of shale in
the Longmaxi Formation in Changning Block rangs from 2000 to
3,500 m, while that in the Luzhou Block ranges from 3,500 m to
4,500 m (Chen et al.,, 2022).

Samples and experimental methods

The experimental samples were all taken from the Luzhou
and Changning Blocks of the Longmaxi Formation shale in the
southern Sichuan region, with a total of 24 samples. All samples
are dark shales. Among them, the depth of samples in the
Luzhou Block is 3,300-3500 m, and that in the Changning
Block is 2,100-2500 m. In order to clarify the fracturability
of the Longmaxi Formation shale in the study area, tests such as
X-ray diffraction, pulsed porosity and permeability, rock
mechanics, and in-situ stress were systematically carried out
in this paper.
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FIGURE 1
Location of the study area (Tang et al., 2020)

A SmartLab-9 X-ray diffractometer was used to carry out
quantitative analysis of whole-rock minerals in shale samples.
The shale samples were ground, dried and passed through a
200 mesh screen. The experimental operation process refers to
SYT 5163-2010 “X-ray Diffraction Analysis Method of Clay
Minerals and Common Non-Clay Minerals in Sedimentary Rocks”.

The total organic carbon content (TOC) of shale is measured
by a K35222 carbon sulfur analyzer. The experimental procedure
was carried out with reference to the standard GB/T 19,145-2003
“Determination of total organic carbon in sedimentary rocks”.

The storage properties of shale samples were tested by a TC-200
pulsed porosity and permeability tester. The experimental procedure
was carried out with reference to the standard GB/T 29,172-2012
“Core Analysis Method”. First, the shale samples were cut and
machined into standard core columns with a diameter of 2.5 cm and
a length of about 50cm. Then, an $4800 scanning electron
microscope was employed to observe the pore structures of the shale.

The MTS815 rock mechanics analysis system was adopted to
complete the shale rock mechanics tests. The test item is a triaxial
compression test. The maximum axial load of the compressor is
2,800 kN, the maximum confining pressure is 80 MPa, the
maximum pore water pressure is 80 MPa, and the maximum
temperature is 200°C. Similarly, the samples were cut into standard
core columns 2.5 cm in diameter and 5.0 cm in length. For the five
shale samples in the Changning Block, the burial depth is shallow
(about 2300 m), and the experimental temperature is set at 75°C,

the experimental confining pressure is 49 MPa, and the overlying
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rock pressure is 61 MPa. For the six shale samples in the Luzhou
Block, the burial depth is about 3500 m, the experimental
temperature is set at 121°C, the experimental confining pressure
is 82 MPa, and the overlying rock pressure is 91 MPa. The rock
mechanics parameters tested include the triaxial compressive
strength, the young’s modulus and the Poisson’s ratio.

In addition, the in-situ stress tester was used to pressurize
from 150 Psi to 10,000 Psi, and the in-situ stress test of shale was
completed in three cycles. Changes in strain throughout the
compression/decompression process are recorded.

Results

Mineral composition of shale reservoirs

Whole-rock mineral composition analysis of 24 shale
samples the that the mineral
composition of the Longmaxi Formation shale is dominated
by clay minerals and quartz, the sum of which is as high as
93.6%. Followed by feldspar and calcite content, in addition,
there is a small amount of pyrite in the samples (Table 1).
According to the shale facies classification standard (Liang et al.,
2014; Xiao et al., 2022), the shale of the Longmaxi Formation in
the study area is dominated by mixed shale facies (Figure 2).

Overall, the Longmaxi Formation shale in the southern
Sichuan Basin has the highest clay mineral content, ranging

in study area shows
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TABLE 1 Mineral components and contents in the longmaxi formation shale in the study area.

Area Sample no. Depth (m) TOC (%) Ro (%)

Changning (CN)  CN-1 2,100.5 0.16 2.19
CN-2 2,156.8 0.22 2.28
CN-3 2,208.1 0.36 2.37
CN-4 2,243.5 3.08 2.31
CN-5 2,270.1 1.13 2.26
CN-6 2,291.6 0.78 2.35
CN-7 2,317.3 1.01 2.24
CN-8 2,332.1 4.05 2.26
CN-9 2,341.5 1.42 2.38
CN-10 2,346.7 8.89 2.41
CN-11 2,362.6 1.51 2.45
CN-12 2,380.8 4.36 2.43

Luzhou (LZ) LZ-1 3,496.1 0.17 2.15
LzZ-2 3,505.2 0.25 22
LZ-3 3,514.2 0.34 2.23
LZ-4 3,524.8 1.31 2.27
LZ-5 3,525.4 2.45 2.28
LzZ-6 3,526.3 4.06 2.26
Lz-7 3,527.5 5.31 2.29
LZ-8 3,530.9 5.14 221
LZ-9 3,535.1 248 2.33
LZ-10 3,535.7 6.34 2.59
LZ-11 3,545 2.92 2.35
LZ-12 3,554 2.39 2.4

from 10.7% to 54.3%, with an average of 35.35%; followed by
quartz minerals, the content of which is between 14.5% and
66.5%, and the average value is 35.08%; the mineral content of
feldspar ranges from 1.8% to 12.5%, with an average of 6.48%.
Moreover, the content of calcite minerals varies widely, ranging
from 0% to 56.4%, with an average value of 13.66%. In addition,
the content of pyrite is relatively low, which generally does not
exceed 5%. Statistics show that the content of pyrite ranges from
0% to 13.9%, with an average content of 3.18% (Figure 3).

In addition, there is a certain difference in the mineral
content of the shale in the Changning and Luzhou Blocks.
The content of quartz and feldspar in the shale in the Luzhou
Block is significantly higher than that in the Changning area,
while the calcite content in the shale is significantly lower than
that in the Changning area, and the shale in the two blocks has
comparable clay mineral content (Figure 4).

The difference in calcite content in shale in the two regions
is mainly caused by the difference in depositional
The shale in the Luzhou Block has a
relatively deep burial depth and is a product of deep-water

environment.
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am  Mineral content (%)

Quartz  Feldspar Calcite Clay Others Pyrite
236 172 125 24.1 337 113 12
242 203 4.5 312 37.3 5.8 0.9
253 145 63 35.8 33.1 8.9 14
415 283 1.8 56.4 107 05 23
312 175 3.6 36.2 324 86 17
445 193 4.5 10.8 447 201 0.6
46 238 7.1 139 4209 10.8 15
629 346 52 10.7 46 07 42
637 301 8.7 117 40.8 5.4 33
512 665 2.8 7.8 19.1 0 3.8
689  27.1 6.9 135 415 89 2.1
691 291 43 17.2 29.7 15.6 41
255 406 6.4 0 53 0 0
196 348 8.4 0.8 543 0 17
812 481 7.5 4 3720 32
441 451 55 1.3 459 0 22
442 436 8.5 15 384 32 4.8
553 357 102 15 43.1 4.1 5.4
6.11 439 9.1 22 26.1 48 13.9
551 563 6 3.8 211 9.8 3
572 434 45 8.6 349 52 3.4
371 431 10.8 10.1 246 63 51
696  37.9 43 20.5 282 68 23
489 412 6.1 43 312 13.1 41

shelf facies, while the shale in the Changning area has a
relatively shallow burial depth and is a calcareous shallow-
water shelf facies deposition (Zou et al., 2022). Statistics show
that the clay mineral content of the shale in the Changning
area is 10.7%-44.7%, with an average of 34.21%, and the clay
mineral content of the shale in the Luzhou Block is 21.1%-
54.3%, with an average of 36.50%.

Petrophysical properties of shale
reservoirs

According to the analysis results of whole-rock mineral
composition of the 24 shale samples in the study area, the
porosity of shale is relatively low. The range of porosity is in
the range of 1.96%-8.12%, with an average value of 4.80%. And
with the increase of depth, the porosity of the shale in the
Changning Block gradually increases, while the porosity of the
shale in the Luzhou Block does not change significantly
(Figure 5A). In comparison, the porosity of the Changning
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Distribution characteristics of whole-rock mineral content in
the Longmaxi Formation shale in the study area

Block shale ranges from 2.36% to 6.91%, with an average of 4.60%.
More than 33% of the samples have a porosity greater than 4%,
while more than 16.7% of the samples have a porosity greater than
6%; however, the porosity of the shale in the Luzhou Block varies
widely, ranging from 1.96% to 8.12%, with an average value of
4.99%. Moreover, more than 37.5% of the samples have a porosity
greater than 4%, while more than 12.5% of the samples have a
porosity greater than 6% (Figures 5B,C).
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Microscopic pore structures of shale
reservoirs

It can be seen from Figure 6 that the shale of the Longmaxi
Formation in the southern Sichuan area mainly develops
organic pores, mineral intergranular pores, intragranular
pores, intercrystalline pores, clay mineral interlayer pores
and micro-fractures. In comparison, due to the shallow
burial depth of the shale of the Longmaxi Formation in the
Changning Block, the shale mainly develops intergranular
pores, organic pores and pyrite
(Figures 6A-C), and micro-fractures are poorly developed.
This can explain that the porosity of the shale in the
Changning Block gradually increases with depth. However,
the shale in the Luzhou Block has a larger burial depth. In

addition to a large number of organic pores, the pore types of

intercrystalline pores

shale in this area also develop kaolinite interlayer pores and
micro-fractures (Figures 6D-F). Therefore, the porosity of shale
in this area is relatively high, and the porosity does not change
significantly with the increase of burial depth.

Rock mechanical properties of shale
reservoirs

Triaxial compression experiments were carried out on
11 samples of the Longmaxi Formation in southern Sichuan,
and the test results are shown in Table 2.

It can be seen from Figure 7 that the compressive strength
and Young’s modulus of the Longmaxi Formation shale in the
southern Sichuan area are relatively large. Among them, the
compressive strength of shale is generally higher than
180 MPa, and the Young’s modulus generally exceeds
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FIGURE 6

SEM images of the pore structure of the Longmaxi Formation shale in the study area. Notes: (A-C) are taken from the Changning Block, and
(D-F) are taken from the Luzhou Block. (B) and (C) are from Shi et al., 2022.
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TABLE 2 Test results of triaxial compression experiments of the longmaxi formation shale in the study area.

Area Sample no. Depth (m) Compressive strength Young’s modulus Poisson’s ratio
(MPa) (GPa)
Changning CN-1 2,100.5 181.74 18.21 0.209
CN-4 2,243.5 321.74 32.26 0.162
CN-7 2,317.3 190.82 21.25 0.201
CN-11 2,362.6 293.48 34.16 0.239
CN-12 2,380.8 322.75 33.25 0.161
Luzhou LZ-1 3,496.1 599.25 49.42 0.213
LZ-3 3,514.2 294.92 32.45 0.273
LZ-7 3,527.5 339.82 40.75 0.274
LZ-9 3,535.1 191.14 16.94 0.288
LZ-11 3,545 391.47 4429 0.219
LZ-12 3,554 554.6 4895 0.251
A 600+ - F60 B 600 600
® i} ® [ —
iz
- 01 :] Compressive strength & =3 500 500
£ [ ] Young's modulus P 5
2 — £g =
< 401 — r40 Q9 Z 400 a 40 5
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FIGURE 7

Distribution of compressive strength and Young's modulus of the Longmaxi Formation shale in the study area. Notes: (A) Test results of
compressive strength of different samples; (B) Distribution intervals of compressive strength.

18 GPa (Figure 7A). In comparison, the compressive strength
and Young’s modulus of the shale in the Luzhou Block with a
relatively large burial depth are significantly higher than those
in the Changning Block. Among them, the compressive
strength of shale ranges from 191.14 to 599.25 MPa with an
average value of 395.20 MPa, and the Young’s modulus ranges
from 16.94 to 49.42 GPa with an average value of 38.80 GPa.
However, the compressive strength of shale in the Changning
Block generally does not exceed 350 MPa, which is between
181.74 MPa and 322.75 MPa, and the average is 262.11 MPa;
the Young’s modulus generally does not exceed 35 GPa, which
is between 18.21 and 33.25 GPa, and the average value is
27.83 GPa (Figure 7B).
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In-situ stress characteristics

The in-situ stress test results of the Longmaxi Formation in the
study area are shown in Table 3. The results show that the three
principal stresses in the Changning Block satisfy o,>01>0y,. The
average value of the vertical principal stress is 60.65 MPa, and the
average value of its stress gradient is 0.0257 MPa/m; the average
value of the maximum horizontal principal stress is 21.15 MPa, and
the average value of its stress gradient is 0.0090 MPa/m; the average
value of the minimum horizontal principal stress is 20.9 MPa, and
the average value of its stress gradient is 0.0089 MPa/m.

The three principal stresses in the Luzhou Block satisfy
011>0,>0}. The average value of the vertical principal stress is
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TABLE 3 Test results of in-situ stress of the longmaxi formation in the study area.

Sample Depth oH (MPa) oh (MPa) ov (MPa)

no. (m)

CN-8 2,332.1 19.4 19.2 61.5

CN-12 2,380.8 229 226 59.8
Average 21.15 209 60.65

LZ-1 3,496.1 94.4 835 89.8

LZ-12 3,554 94.5 83.7 90.5
Average 94.45 83.6 90.15

oH gradient oh gradient ov gradient DF
(MPa/m) (MPa/m) (MPa/m)

0.0083 0.0082 0.0264 0.01
0.0096 0.0095 0.0251 0.013
0.009 0.0089 0.0257 0.0118
0.027 0.0239 0.0257 0.131
0.0266 0.0236 0.0255 0.129
0.0268 0.0237 0.0256 0.1298

Notes: oy presents maximum horizontal stress; o), presents minimum horizontal stress; o, presents normal principal stress; DF, presents difference factor of crustal stress.
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90.15 MPa, and the average value of its stress gradient is
0.0256 MPa/m; the average value of the maximum horizontal
principal stress is 94.45 MPa, and the average value of its stress
gradient is 0.0268 MPa/m; the average value of the minimum
horizontal principal stress is 83.6 MPa, and the average value of
its stress gradient is 0.0237 MPa/m.

Discussion

Fracturability analysis based on mineral
composition

Brittle minerals in the mineral composition, such as quartz,
feldspar, and calcite, are the main internal factors controlling the
degree of fracture development, and directly affect the storage
space and seepage channels of shale (Chen et al., 2012). Although
pyrite is a brittle mineral, its content is generally low, and its
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contribution to the development of shale fractures is small.
Therefore, in general, quartz, feldspar, and calcite are defined
as brittle minerals (Xiao et al., 2022). Furthermore, the content of
these three minerals as a percentage of the total mineral content
is defined as the brittleness index:

_CQ+CF+CC

1
100% (0

1

In the formula, B, is the brittleness index, dimensionless;
Cqis the percentage of quartz minerals, %; Cr is the percentage
of calcite minerals, %; Cc is the percentage of calcite
minerals, %.

The calculation results are shown in Figure 8. The brittleness
index of the Longmaxi Formation shale in the study area is
generally higher than 0.4. Shales with a brittleness index higher
than 0.4 generally have good fracturability (Xiao et al., 2022).
Among them, the brittleness index of shale in Changning area is
between 0.35 and 0.85, and its average is 0.55; while the
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brittleness index of shale in Luzhou area is between 0.44 and 0.66,
and its average is 0.55. It reflects that the shale of the Longmaxi
Formation in the southern Sichuan area has a high content of
brittle minerals, and it has good fracturability.

However, brittle mineral content represents only one aspect
of shale fracability. The final determination of fracturability also
takes into account its mechanical properties, such as bulk
modulus. The bulk modulus of a mineral represents the
energy required for its deformation or rupture. The higher the
bulk modulus, the smaller the capacity required to reflect the
deformation or rupture of the mineral, and the stronger the
fracturability; on the contrary, the weaker the fracturability of the
mineral. According to Fjaer et al. (2008), the bulk moduli of
quartz, feldspar, and calcite minerals are 37.5, 76, and 74 GPa,
respectively. Quartz minerals have the smallest bulk modulus and
contribute the most to shale fracturability. Therefore, the bulk
modulus contributions of quartz, feldspar and calcite are defined
as 1.0, 49, and 0.51, respectively. Furthermore, the modulus
brittleness index is defined as:

BMZMQXCQ+MFXCF+Mc><Cc

:CQ+O.49XCF+0.51 XCC (2)

In the formula, By is the modulus brittleness index,
dimensionless; Cq is the percentage of quartz minerals, %;
Cr is the percentage of calcite minerals, %; Cc is the
percentage of calcite minerals, %; Mq, Mg, and Mc are the
bulk modulus contributions of quartz, feldspar, and calcite,
respectively, dimensionless, which are defined as 1.0, 0.49, and
0.51, respectively.

The calculation results of the modulus brittleness index of
the Longmaxi Formation shale in the study area are shown in
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Figure 9. The modulus brittleness index of the Longmaxi shale
is generally higher than 0.30. Among them, the modulus
brittleness index of shale in the Changning area is between
0.27 and 0.72, with an average value of 0.41; while that in the
Luzhou Block is between 0.39 and 0.61, and its average value is
0.46. It reflects that the Longmaxi Formation in southern
the shale
fracturability in the Luzhou Block is significantly better than

Sichuan area has good fracturability, and
that in the Changning Block. This characteristic is not reflected
by the brittle mineral content alone.

Previous studies have shown that the fracturability of shale is
related to factors such as quartz content, natural fractures, and
diagenesis (Tang et al., 2012). It can be seen from Figure 10 that
the modulus brittleness index has a good positive correlation
with shale TOC and quartz content, but has a poor correlation
with shale maturity R, and shale porosity. Among them, the shale
R, is between 2.1% and 2.6%, reflecting that the shale of the
Longmaxi Formation in the study area is in the late diagenetic
stage (Warpinki et al., 2009), so the diagenesis of the shale has
little effect on its brittleness. The organic carbon content can
reflect the hydrocarbon generation ability of shale. The higher the
TOC, the lower the density of shale, the more developed fractures
(Cui et al,, 2019), and the higher the brittleness index of shale.
Quartz has the smallest bulk modulus and requires the least
amount of energy to deform or fracture. Therefore, the higher the
quartz content in the shale, the higher the brittleness index of the
shale, and the better the fracturability of the shale. However, the
porosity has little effect on the shale fracturability. Because the
porosity only represents the percentage of pore space or the size
of reservoir space, and is related to the related to mineral
arrangement instead of the mineral composition. The essence
of shale fracturing is the ability to produce micro-fractures in
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shale, which is essentially related to shale mineral composition b = E - Enin ()
. . . . n =
and rock mechanical properties, and has nothing to do with the Ernax = Emmin
size of its reservoir space. u = # = Bin (5)
n
Hmax - numin

Fracturability analysis based on rock
mechanical properties

According to the theory of geomechanics, the fracturability of
shale can also be quantitatively evaluated by parameters such as
compressive strength, Young’s modulus, and Poisson’s ratio (Tan
et al,, 2019). Young’s modulus and Poisson’s ratio of rock can
reflect the difficulty of deformation or rupture of rock after being
stressed. The higher the Young’s modulus and the larger the
Poisson’s ratio, the more likely the rock is to fracture (Rickman
et al, 2008). The expressions of rock brittleness uses rock
mechanical parameters are shown in Eqs (3-5):

Bp =0.5E, + 0.5y, (3)
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where Bp, is the mechanical brittleness index, E, and y,, are the
normalized Young’s modulus and Poisson’s ratio, respectively,
dimensionless; E is the Young’s modulus, and E.x and E,;, are
the maximum and minimum Youngs modulus of shale,
respectively; u is the Poisson’s ratio, and pp.c and gy, are
the maximum and minimum Poisson’s ratio of shale,

respectively.

Because the rock mechanics parameters of the shale in the
Luzhou and Changning Blocks are quite different, the maximum
and minimum values are calculated respectively, and the
calculation results are shown in Figure 11. It can be seen from
Figure 11A that the mechanical brittleness index of shale in the
southern Sichuan area is between 0.15 and 0.77, with an average
value of 0.47, indicating that the shale fracturability is generally
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Distribution of the brittleness index of the Longmaxi Formation shale in the study area. (A) Brittleness index for different samples and (B) the
relationship between the percentage content of quartz and brittleness index.

good. In addition, the mechanical brittleness index of shale in the
Luzhou Block is significantly higher than that in the Changning
Block. It shows that the shale fracturability in the Luzhou Block is
better than that in the Changning Block. Moreover, the
mechanical brittleness index of shale has a certain positive
correlation with its quartz content (Figure 11B), indicating
that quartz minerals have a great contribution to the
fracturability of shale.

Fracturability analysis based on in-situ
stress characteristics

The level of in-situ stress has an important influence on the
distribution of fractures in shale and the difficulty of forming
complex fracture networks. In general, the in-situ stress
difference coefficient is adopted to characterize the in-situ stress:

oy — 0p

DF = (6)

oy

In the formula, DF is the in-situ stress difference
coefficient, dimensionless; oy is the maximum horizontal
principal stress, MPa; oy, is the minimum horizontal principal
stress, MPa.

The calculation results are shown in Table 3. It can be seen
that the in-situ stress difference coefficient of the Longmaxi
Formation in the study area is between 0.010 and 0.131, with
an average value of 0.071. The difference coefficient of in-situ
stress is much less than 0.3, indicating that the shale in this area is
prone to form a complex fracture network under the action of
stress, and its fracturability is good.
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Influence of shale microstructure on
fracturability

The comparison indexes of the Longmaxi Formation shale
in the two blocks are shown in Table 4. It can be found that the
TOC, porosity, and quartz content of the shale in the Luzhou
Block are significantly higher than those in the Changning
Block, and the degree of microfracture development is
higher, while the R, difference is not significant. Therefore,
it can be considered that the fracturability of the Longmaxi
Formation shale is mainly controlled by the organic matter
content, quartz content and pore structures of the shale
reservoir. The higher the organic matter content, the lower
the density of shale, and the more developed fractures. The
higher the quartz content, the better the brittleness of the shale.
However, the pore structures of the reservoir firstly control the
petrophysical properties and micro-fracture development

characteristics of the shale, and then controls the
fracturability of the shale.
The microstructure of shale reservoir affects the

occurrence state and storage characteristics of shale gas,
and is the key factor controlling the fracturability of shale.
The microstructure of the shale reservoir first controls the
petrophysical properties of the shale reservoir. It can be seen
from Figure 12 that there is a certain positive correlation
between the porosity of the Longmaxi Formation shale in the
southern Sichuan area and the content of siliceous minerals.
With the increase of siliceous mineral content, the shale
porosity increases significantly, but there are obvious
differences between the Changning and Luzhou blocks.
Among them, the porosity of the Changning Block shale
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TABLE 4 Statistical results of the average value of factors affecting the fracturability of the longmaxi formation shale in the study area.

Area TOC (%) Ro (%) Porosity (%)
CN 2.25 2.33 4.6
LZ 2.76 2.3 4.99
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FIGURE 12

Relationship between siliceous mineral content and porosity
in the Longmaxi Formation shale in the study area.

has a good positive correlation with the content of siliceous
minerals. This is mainly because the shale in the Changning
Block mainly develops intergranular pores (Figure 6A-C). The
higher the content of siliceous minerals, the easier the
formation of intergranular pores. However, the porosity of
the shale in the Luzhou Block has a relatively poor positive
correlation with the content of siliceous minerals. This is
mainly due to the relatively developed micro-fractures in
the shale of the Luzhou Block (Figures 6D-F). Furthermore,
it leads to the contribution of micro-fractures in the shale pore
space of this block in addition to the contribution of
intergranular pores of siliceous minerals.

The influence of shale microscopic pore structure on the
fracturability of shale is not only reflected in the control of
reservoir characteristics, but also has an important influence
on the characteristics of shale deformation or fracture after
being stressed. Previous studies have shown that shale with
natural fractures is more likely to develop micro-fractures
along the fragile surface of the fracture after being stressed,
and it is easier to connect to form a complex fracture network.
However, shale without natural fractures will randomly
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Percentage content Development degree B

of quartz of microcracks

(%)

27.36 Poor 0.49
42.81 Good 0.59

generate micro-fractures after being stressed, and it requires
large stress to form a connected fracture network. This is the
fundamental reason why the fracturability of the shale in the
Luzhou Block is significantly better than that in the Changning
Block.

Comprehensive evaluation of shale
fracturability

According to this study, the fracturability of shale can be
evaluated from the aspects of mineral composition, rock
mechanical properties and in-situ stress conditions. Moreover,
the fracturability of shale is mainly controlled by multiple factors
such as quartz content, TOC, mechanical properties of shale, and
in-situ stress conditions, while R, and petrophysical properties of
shale have little effect on its fracturability. Therefore, the
calculation formula of the comprehensive evaluation index of
shale fracturability is defined as:

o, >
Omax

B= leM +kZBD+k3(1 —DF)+k4<1 -

TOC - TOC\yin
%

k] ——MM  ———
* 5<Tocmx “TOCym

In the formula, B is the comprehensive evaluation index of
shale fracturability, By is the modulus brittleness index,
dimensionless; Bp is the mechanical brittleness index,
dimensionless; Dy is the in-situ stress difference coefficient,
dimensionless; 0., 0. are the compressive strength and
maximum compressive strength, MPa, respectively; TOC,
TOCpax, and TOC,,, are the organic carbon content, the
maximum and minimum values of the organic carbon
content, respectively; ki, ki, k3, ks and ks are the weight
of the five

dimensionless, and k,+k,+ks+ks+ks=1.

coefficients above evaluation parameters,

It can be seen from Eq. 7 that the comprehensive
evaluation index of shale fracturability is calculated based
on the weighting of mineral modulus components, elastic
modulus, in-situ stress, compressive strength and TOC
parameters. Finally, ki, k, k3, k4, and ks are determined to
be 0.3, 0.2, 0.2, 0.2, and 0.1, respectively. The comprehensive
evaluation results are shown in Table 5, indicating that the
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TABLE 5 Comprehensive evaluation results of fracturability of the longmaxi shale in the study area.

Area BM BD 1-DF 1-oc/omax (TOC-TOCmin)/(TOCmax-TOCmin) B
CN 0.41 0.31 0.99 0.44 0.187 0.49
1z 0.49 0.6 0.87 0.59 0.298 0.59

fracturability of the shale in the southern Sichuan area is
better, and the fracturability of the shale in the Luzhou Block
is significantly better than that in the Changning Block.

Conclusion

(1) In this study, taking the Longmaxi Formation shale in the

Changning and Luzhou Blocks in the southern Sichuan
the
petrophysical properties, rock mechanical properties and

Basin as an example, mineral composition,
in-situ stress of the shale were systematically studied using
X-ray diffraction, pulsed porosity-permeability analysis,
rock mechanics and in-situ stress tests. Furthermore, the
brittle mineral content, elastic modulus, and in-situ stress
parameters were calculated, and the Analytic Hierarchy
Process (AHP) method was adopted to establish a
comprehensive evaluation index of shale fracturability.

(2) The shale of the Longmaxi Formation in southern Sichuan

is dominated by mixed shale facies, and it has the

characteristics of high content of brittle minerals, low
porosity, large compressive strength and Young’s
modulus, and small value of in-situ stress difference
coefficient. Therefore, the Longmaxi Formation shale
has TOC and quartz

content have important effects on the fracturability of

good fracturing conditions.

the Longmaxi shale.
3)

The analytic hierarchy process was adopted to determine the
weight coefficients of the modulus brittleness index,

mechanical brittleness index, in-situ stress difference
coefficient, rock compressive strength and TOC.
Furthermore, a comprehensive evaluation index of

fracturability was constructed.
(4) The comprehensive fracability indices of shale in the
Changning and Luzhou Blocks are 0.49 and 0.59,
respectively. Moreover, the quality of shale in the
Luzhou Block is better than that in the Changning
Block, which is related to the organic matter and quartz
content and the microscopic pore structures inside the

shale.
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