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ABSTRACT: This study aimed to investigate the effect of the microstructure
of shale on fracture initiation and extension during hydraulic fracturing. The
Longmaxi Formation shale reservoir in the Sichuan Basin was considered as
the research object; its structure was modeled from a microscopic perspective,
and a zero-thickness cohesive unit was embedded within the solid unit.
Numerical simulations were performed to study the effect of mineral content
on the microextension of the hydraulic fracture, extension behavior, and
evolution law of shale. The results showed that changes in the mineral
content resulted in changes in the forces between molecules within the
minerals, which, in turn, affected the shale’s brittleness. The percentages of
brittle mineral content in the Long I, II, and III reservoir sections are 60.37,
47.60, and 53.56%, respectively. The fracture initiation pressures of the three
reservoirs were 29.22, 31.42, and 30.22 MPa, respectively, and a linear
correlation was found between the fracture initiation pressures and the brittle
mineral contents of the reservoir sections. An increase in the reservoirs’ percentage of brittle mineral content facilitated the fracture
initiation, with a corresponding gradual decrease in the resistance to fracture initiation. The pore pressures of the fractures in the
three reservoirs after fracture initiation were 0.90, 1.18, and 1.00 MPa, respectively. The larger the percentage of brittle minerals was,
the lower was the fracture pore pressure. The greater the length, number, area, and width of the cracks were, the more likely they
were to form longer and wider cracks. Hence, reservoirs with a high percentage of brittle minerals should be prioritized as the target
formations for hydraulic fracturing operations. The results of this study reveal how the mineral content affects the extension of
microscopic hydraulic fractures in shale reservoirs. As such, this work can provide a theoretical basis for rationally selecting a
hydraulic fracturing operation layer in shale gas reservoirs.

1. INTRODUCTION
Several countries have closely monitored shale gas as a special oil
and gas energy. It is clean, environmentally friendly, self-
generating, and self-storing.1 Hydraulic fracturing is used to
increase shale gas production capacity, and it involves modifying
shale reservoirs.2 In this method, an ideal target layer must be
selected. This paper explores the effects of a shale reservoir’s
structure on fracture expansion on a microscale during hydraulic
fracturing. It describes the expansion and evolution laws of
microscopic hydraulic fractures and provides a theoretical basis
for selecting target layers for hydraulic fracturing for shale.

The brittleness of the rock considerably affects the ease of
hydraulic fracturing and fracture morphology. Brittleness
evaluation and fractured segment selection have been primarily
based on mineral composition or elastic parameters.3 The
mineral composition of shale is a crucial part of its micro-
structure, and most scholars consider clay minerals as ductile
minerals and minerals with a high Young’s modulus and low
Poisson’s ratio (such as quartz, pyrite, and calcite, etc.) as brittle
minerals.4,5 The microstructure of shale is a microscopic
characterization of a shale reservoir’s properties. Guo et al.6

and Liu et al.7 analyzed the effects of mineral composition and
pore microstructure on the elastic properties of a rock mass. Shi
et al.,8 Wang et al.,9 and Aoudia et al.10 found that the elastic
properties of shale primarily depend on its clay and quartz
mineral content. Liu et al.,11 Li et al.,12 Dou and Wang,13 and
Gong et al.14 investigated the effect of mineral inhomogeneity
on fracture extension. Zhou et al.15 and Fazeli et al.16

investigated the effect of brittle minerals and clay minerals on
the pore structure of shale microscopically. Song et al.,17 Yang et
al.,18 and Liu et al.19 reconstructed generic and easy-to-
implement pore-scale models by micro-CT imaging. The results
of He et al.20 and Li et al.21 indicated that microcracks were
observed to generally propagate along the boundaries of hard
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mineral particles and soft organic matter. Elsworth et al.22 found
that the predominance of small grains or point contacts of quartz
minerals promotes brittle damage and that fracture morphology,
fill length, and extent affect shale deformability. Dou et al.,23

Sarkar et al.,24 and Huang et al.25 studied the mechanical
properties of shale reservoir minerals found a high correlation
among the occurrence, continuity, and mineralogical filling of
fracture morphology patterns.

The effectiveness of hydraulic fracturing in shale reservoirs
depends on many factors,26−28 such as mineral fraction content,
stratigraphy, and natural fractures. Among these factors, the
mineral fraction content plays a key role in determining the
properties of a shale reservoir and the hydraulic fracture
extension. Kusuma et al.29 and Ferguson et al.30 observed
production anomalies after hydraulic fracture stimulations, and
the clay release caused by hydraulic fracturing increased the
effective porosity and permeability. Vahab et al.31 and Taleghani
et al.32 used numerical simulations to study the evolution of
hydraulically driven fractures in naturally layered and fractured
media. Jiang et al.33 used the extended finite element method to
investigate the fracture extension law of hydraulic fracturing
under the influence of different far-field stresses, fracture and
hole leakage behaviors, and other factors. Moghaddam and
Golshani34 and Benouadah et al.35 investigated the effect of
structural anisotropy and anisotropic toughness conditions on
the hydraulic fracturing process through true triaxial hydraulic
fracturing experiments and numerical simulations, respectively.
Zhao et al.36 found that the morphological evolution of
fracturing cracks became more prominent as the effective
normal stress increased, which was related to the change in the
effective contact area. Dontsov et al.37 and Wu et al.38 used
numerical simulations to investigate the effect of stiffness and
toughness ratios on the growth of hydraulic fracture heights and
found that bending extensions were more pronounced when
inhomogeneous distributions of mechanical parameters of the
rock mass were considered. Deng et al.39 investigated the effect
of different elastic moduli and stress differences on the
interaction of hydraulic fractures with laminated weak interfaces
using a discrete fracture model and an extended finite element
method. Evidently, studies on hydraulic fracture extension have
mostly focused on the macro scale; no studies have investigated
the influence of a shale reservoir’s structure on microhydraulic
fracture extension and evolution.

In this study, brittle minerals, such as quartz, calcite, feldspar,
and pyrite, in shale reservoirs were investigated. We developed a
geometric model for the stochastic distribution of shale gas
reservoir minerals on the microscopic scale. A discrete solid grid
was delineated and embedded with zero-thickness cohesive cells
to simulate shale hydraulic fracturing. We investigated the
mechanical properties’ variability of different mineral compo-
nents and the influence of mineral content on the fracture
extension pattern of hydraulic fracturing in shale gas reservoirs.
The results of this study clarify the expansion and evolution of
microscopic hydraulic fractures.

2. SHALE HYDRAULIC FRACTURING FLUID−SOLID
COUPLING THEORY

2.1. Rock Fluid−Solid Coupling Model. A fracturing fluid
is injected to induce the initiation and extension of cracks in a
rock. For simplicity, the finite element model developed in this
study satisfies the following basic assumptions:

(1) The formation is a homogeneous isotropic pore material,
and the rock particles are incompressible.

(2) The fluid fills the cracks without considering the fluid
hysteresis effect.

(3) The fluid is assumed to be an incompressible Newtonian
fluid.

(4) The crack extension is a plane-strain quasistatic process,
neglecting the effect of inertial forces.

The equilibrium equation for the solid skeleton in porous
media in the current configuration is defined as

= +I t v f vp dV dS dV( )
V w S V (1)

where σ̅ is the effective stress matrix, pw is the pore pressure, δε is
the imaginary strain rate matrix, t is the surface force matrix, f is
the body force matrix, and δv is the imaginary velocity matrix.

The effective stress matrix can be expressed as
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where D is the elastic−plastic stiffness matrix, ε is the strain
matrix, Kg is the bulk modulus of the solid skeleton part of the
porous medium, pw

0 is the initial pore pressure of the fluid, and σ̅0
is the initial effective ground stress matrix.

The continuity equation for a percolating fluid is defined as
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where J is the volume change ratio of porous media, ρw is the
fluid density, nw is the pore ratio, x is the space vector, and vw is
the fluid percolation velocity.

The fluid flow in porous media obeys Darcy’s law:
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where k is the permeability matrix and g is the gravitational
acceleration vector.

2.2. Zero-Thickness Cohesive Cell. The traction−
separation criterion for unit stiffness degradation40 and the
maximum nominal stress criterion were used as damage criteria.
The fracture initiation and extension during hydraulic fracturing
were simulated, and the flow of fracturing fluid followed the fluid
flow criterion.41,42

(1) Traction−separation criterion
In Figure 1, δm

f is the effective displacement at complete
damage, δm

0 is the effective displacement relative to the

Figure 1. Traction−separation constitutive relationship.
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beginning of the damage, and Gc is the total energy consumed
because of the damage.

As shown in Figure 1, the intrinsic relationship of the cohesive
unit is linearly elastic until damage occurs (OA segment). When
the stress to which the unit is subjected reaches the maximum
stress criterion (AB section), the stiffness of the unit gradually
decreases until the unit completely loses its load-bearing
capacity.

(2) Maximum nominal stress criterion
The maximum nominal stress criterion assumes that the

cohesive unit is damaged when the stresses sustained in a
direction reach the critical stress, and it is expressed as

=max , , 1n

n
0

s

s
0

t

t
0

l
moo
noo

|
}oo
~oo (5)

where σn
0 is the critical value of the normal stress of the cohesive

unit, that is, the tensile strength of the rock reservoir; σs
0 and σt

0

are the critical stress in two shear directions, that is, the shear
strength of the rock (for anisotropic materials, the shear strength
may differ in different tangential directions); and < > indicates
that the cohesive unit is not damaged when subjected to a
compressive stress.

3. NUMERICAL MODELING
3.1. Shale Microstructure Model. The shale considered in

this study was that of the Longmaxi Formation in the Changning
area of the Sichuan Basin. The geotectonic structure of the
Changning shale gas exploration block is in the low-steep folded
zone in the south of the Sichuan Basin. The main tectonic body

of the study area is in the Changning single-box, long-axis back-
slope tectonic belt. The axis of the main tectonic structure of the
Changning backslope is oriented in the NWW-SEE direction,
and it extends from the south of Gao County in the west to
Xuyong County in the east, disappearing into the Xuyong
tectonic structure. The two flanks of the backslope are
asymmetrical, with a steep northern flank and eastern end, as
well as a slow southern flank and western end (40−60°),
indicating a pattern of a wide east and a narrow west. The strata
exposed in the shaft are Lower Ordovician, and the Longmaxi
Formation strata are denuded.43 The Longmaxi Formation shale
is widely developed in the Early Silurian Middle and Upper
Yangzi. The black shale of the Longmaxi Formation has a
thickness of approximately 100−170 m and is mainly distributed
in the lower part of the formation. The mineral composition
primarily comprises quartz, clay minerals, calcite, feldspar,
dolomite, and pyrite. Their approximate mass fractions are as
follows: quartz, 31.37%; calcite, 15.66%; dolomite, 3.41%;
feldspar, 5.79%; clay mineral, 45.62%; pyrite, 0.99%; and TOC,
1.43%. The mineral content of the Long I section in the
Longmaxi Formation shale reservoir is mainly quartz and clay,
whereas that of the Long II and Long III sections is mainly
quartz, calcite, and clay. The ease of rock fracturing and the
morphology of the fractured joints mainly depend on the rock
brittleness characteristics. The more brittle the rock is, the more
effective is its fracturing. However, no reliable conclusion has
been drawn from the research on and evaluation of shale
brittleness characterization. Moreover, the brittleness index
calculation and brittleness characterization of shale are mainly

Figure 2. (a−f) Microscopic mineral structure of shale.
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based on the mineral composition or elasticity parameters.
Currently, commonly used methods for characterizing the
fracture-creation capacity of hydraulic fracturing include the
mineral brittleness index method and the elastic parameter
brittleness index method. As quartz is the main brittle mineral, a
proportion of its content can be used to characterize the shale
brittleness. In addition, field results have shown that Young’s
modulus reflects the ability of shale to sustain fractures and that
shale with high Young’s modulus and low Poisson’s ratio is more
brittle.4,5 The high calcium content and pyrite development in
the mineral composition of the marine shale in southern China
indicate that quartz, calcite, feldspar, dolomite, pyrite, and other
minerals have a high content and large regional variations, with
obvious “high Young’s modulus and low Poisson’s ratio”
characteristics, as well as the highest degree of brittleness.

Figure 2a,b,e and c,d show the microscopic grain structure of
shale observed using field emission scanning electron micros-
copy and focused ion beam scanning electron microscopy,
respectively. We randomly selected the microstructure of shale
from different regions and sizes. Figure 2a shows a full view of
the shale samples and reveals that organic matter and pyrite are
well developed in the Longmaxi Formation shale. Figure 2b
shows that the shale matrix is mixed with various minerals; small
pieces of organic matter are denser, and tiny micropores are
visible. Irregular organic matter pores within 300 nm develop
within some of the organic matter, as shown in Figure 2c. Dense
pyrite particles and intergranular pores with irregularly
distributed particle morphology and pore sizes less than 300
nm are observed in both Figure 2d,e. Figure 2f shows an
approximation of the micrograin structure. According to Figure
2d,e, the mineral grains in the shale tend to be densely packed
and randomly distributed in an irregular pattern. Therefore, the
material region can be discretized into irregular polygonal grain
systems.

We developed a geometric model based on a previous study3

for the random distribution of mineral fractions in the outcrop
shales of the Longmaxi Formation in the Sichuan Basin. The
random generation of polygonal mineral particles was based on
Monte Carlo random distribution and the Tyson polygon. The
geometric model was generated through the following steps: (1)
Determination of the area of mineral components’ generation.
(2) Determination of the percentage of mineral components as a
condition for determining the cessation of polygonal structure
generation. (3) Generation of random numbers to determine
the mineral particles’ shapes and sizes. The Voronoi diagram’s
partition space is based on the following principle: (i) a random
distribution of discrete points in the space to be partitioned; (ii)
the intersection of the perpendicular bisectors of the lines
connecting adjacent discrete points forms the vertices of the
polygon surrounding the discrete points; (iii) every trio of
adjacent vertices forms a Delaunay triangle, and the Tyson
polygon is obtained by connecting the outer circle centers of all
adjacent triangles at each discrete point. (4) Determination of
the boundary conditions and distance between polygons to
ensure that the generated polygonal mineral particles are within
a defined area and that adjacent polygonal mineral particles are
connected to each other. A secondary stochastic distribution
model of mineral fractions in different shale reservoirs was
developed using the Python programming language. Table 1 lists
the mineral fraction contents of the shale reservoirs in the
Longmaxi Formation’s Long I, II, and III sections in the Sichuan
Basin.

Scholars disagree on the classification of shale brittle minerals.
However, most scholars consider clay minerals as ductile
minerals and minerals such as quartz, calcite, and feldspar as
brittle minerals. Therefore, in this study, quartz, calcite, feldspar,
and pyrite minerals were considered as shale brittle minerals. An
analysis of the mineral content of the Longmaxi Formation
outcrop shale reservoir in the Sichuan Basin shows that the Long
I section shale reservoir has the highest brittle mineral content of
60.73% followed by the Long III section shale reservoir at
53.56% and the Long II section shale reservoir at 47.60%.

Figure 3 shows a 1 × 1 mm microstructural model of the shale
reservoir. The mineral contents are presented in Table 1, and the
mineral fractions are clay, quartz, calcite, pyrite, and five
important minerals of feldspar. The mineral particle size was in
the range of 80−130 μm. For the discrete solid meshing of the
mineral geometry model, a Python program was used to perform
the batch insertion of zero-thickness cohesive cells between solid
discrete meshes.

3.2. Boundary Conditions. Shale hydraulic fracturing is a
fluid−solid coupling process, which comprises three phases:
initial ground stress balance, fracturing fluid injection, and
fracture extension phases. For the stress boundary condition in
this study, the displacement in the x and y directions was 0; the
initial pore pressure was 0 for the seepage boundary condition. A
point at the mineral boundary near the center of the geometric
model was selected as the shot hole for hydraulic fracturing. The
injection direction was along the mineral boundary, and P in
Figure 4 indicates the initial position of the fracturing fluid
injection. The meshing was performed using four-node-plane
strain quadrilateral cells, bilinear displacement, and bilinear pore
pressure.

3.3. Model Parameters. Model parameter selection is
crucial for successful numerical simulations. Prior to the
numerical simulation, the stress−strain curves and tensile
strength of the shale were obtained through uniaxial
compression experiments of standard specimens and Brazilian
splitting experiments. On this basis, the individual parameters
were continuously adjusted for trial calculations. The calculated
parameters of the numerical model were obtained when the
stress−strain curves of the uniaxial compression numerical tests
coincided with the results of the uniaxial compression physical
experiment44 (Figure 5). Thus, the minimum horizontal
principal stress of the numerical model was 8 MPa, whereas
the maximum horizontal principal stress was 10 MPa. The
porosity was 4.8%, stiffness was 6 GPa, and fracturing fluid
discharge was 0.001 m3/s. The fracturing fluid viscosity was
0.001 Pa·s, permeability was 1 × 10−7 μm2, and tensile strength
was 5.96 MPa.

The initial time increment step was 0.01 s, and the fracturing
fluid injection time was 60 s. The material parameters of shale
reservoir minerals3 are presented in Table 2.

4. NUMERICAL SIMULATION OF SHALE HYDRAULIC
FRACTURE EXTENSION AT THE MICROSCALE

4.1. Crack Initiation and Extension Process Analysis.
Figure 6a illustrates the initiation and extension of fractures in

Table 1. Mineral Content of Different Reservoirs

mineral content (%) quartz feldspar calcite pyrite clay

Long I section 45.57 6.71 7.02 1.43 39.27
Long II section 24.87 4.95 16.95 0.83 52.40
Long III section 23.34 5.75 23.77 0.70 46.44
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the shale reservoir in the Long I section. After the fracturing fluid
was injected, the fracture formation started at an initiation
pressure of 29.22 MPa. The effective stress increased and then
decreased as the cracks extended, finally settling at 18.16 MPa.
The pore pressure increased continuously as crack initiation and
extension continued, and the maximum pore pressure was 0.90

MPa. The percentage of tensile damage was greater than
96.56%, and the form of damage was tensile damage.

The initiation and extension of fractures in the shale reservoir
in the Long II section are illustrated in Figure 6b. After the
fracturing fluid was injected, the fracture started to form with an
initiation pressure of 31.42 MPa. The effective stress increased
continuously with increasing crack initiation and extension,
finally settling at 13.67 MPa. The pore pressure increased and
then decreased as crack initiation and extension continued, and
it gradually increased subsequently, reaching a maximum value
of 1.18 MPa. Tensile damage accounted for more than 82.17% of
the damage, and the form of damage was mainly tensile damage.

The initiation and extension of fractures in the shale reservoir
in the Long III section are illustrated in Figure 6c. After the
fracturing fluid was injected, the fracture started to form at an
initiation pressure of 30.22 MPa. The effective stress increased
and then decreased as the crack continued expanding, stabilizing
at a fixed value and then gradually increasing, finally settling at
16.38 MPa. The pore pressure increased continuously as
fracture initiation and extension continued, reaching a maximum
value of 1.00 MPa. Tensile damage accounted for more than
95.48%, and the damage form was mainly tensile damage.

Figure 6 illustrates the variation of hydraulic fracturing
parameters and the percentage of tensile damage for shale
reservoirs in the Long I, II, and III sections. Although their
mineral contents are different, all sections had similar fracture
initiation processes. After the fracturing fluid was injected, the
fracture started forming, and the injection pressure suddenly
increased. Subsequently, as the fracture expanded, the trend of
the shot hole pressure was unchanged across the sections.
Overall, the pore pressure increased as fracture initiation and
extension continued. However, regarding the mineral content of
the shale reservoir in the Long II section, as shown in Figure 6b,
the pore pressure increased slowly as fracture initiation and
extension continued, and then it fluctuated suddenly and
strongly. Subsequently, the concentration gradually increased

Figure 3. Microgeometric distribution model of shale from different reservoirs.

Figure 4. Two-dimensional plane strain model.

Figure 5. Comparison of stress−strain curves between physical
experiment and numerical simulation.

Table 2. Material Parameters of Minerals

minerals elastic modulus (GPa) Poisson’s ratio

quartz 95.89 0.07
clay 14.68 0.30
calcite 79.23 0.31
feldspar 69.05 0.36
pyrite 306.17 0.14
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steadily and finally grew rapidly. Tensile damage accounted for
more than 82.17% of the overall damage, and the damage form
was mainly tensile damage. The overall trend of the effective
stress was an increase followed by a decrease with continuing
fracture initiation and extension for the mineral contents of the
shale reservoirs in both the Long I and III sections. However,
with regard to the mineral content of the shale reservoir in the
Long II section, the effective stress increased continuously as
fracture initiation and extension continued.

4.2. Crack Extension Pattern Analysis. (1) Crack
extension final form

Figure 7 shows the final extension pattern of hydraulic
fractures in the Long I, II, and III shale reservoirs after injection
of the fracturing fluid. The upper and lower flanks of the
hydraulic fractures in the shale reservoir in the Long I section
(Figure 7a) were first extended along the mineral boundary.
Both the upper flank fracture and the lower flank fracture passed
through the clay minerals. The upper flank fracture extension
stopped in calcite minerals, whereas the lower flank fracture
extension stopped in quartz minerals. The upper flank of the
hydraulic fracture in the shale reservoir of the Long II section
(Figure 7b) passed through the pyrite mineral, whereas the
fracture extension stopped at the mineral boundary. The lower
flank cracked through the clay minerals and finally rested in the
feldspar minerals. The hydraulic upper flank fractures and lower
flank fracture extensions of the shale reservoir in the Long III
section (Figure 7c) both stopped in the mineral. The upper flank

fracture passed through the pyrite mineral and finally stopped in
the calcite mineral. The lower flank cracked through the clay
minerals and finally rested in the feldspar minerals. The results
depicted in Figures 7 and 8 show that two types of interactions
occurred between the fracture extension and the mineral
interface. First, the extension occurred along the mineral
boundary; second, the extension occurred through the mineral
boundary and into the mineral. This phenomenon mainly
occurred because the stress field around the cracks changed
constantly during the crack extension. Moreover, as the brittle
mineral content increased, crack initiation and extension
became easier. However, overall, the cracks expanded in the
direction of parallel maximum principal stress.

(2) Crack morphology parameters
The extension patterns of fractures in the shale reservoir in the

Long I section are illustrated in Figure 8a. The trends of the
crack length, rupture unit, and area were generally consistent.
The maximum crack width was at the initial position (as shown
in Figure 7a), and the maximum value of the crack width was
2.056 μm. The maximum value of the crack length was 0.36 mm;
the rupture unit of cracks was 94, and the crack area was 13.78
μm2.

The extension pattern of the fractures in the shale reservoir in
the Long II section is illustrated in Figure 8b. The trends of the
crack length, rupture unit, and area were generally consistent.
The maximum crack width was at the initial position (as shown
in Figure 7b), and the maximum value of the crack width was

Figure 6. Fracturing parameters and tensile damage percentage change pattern.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00826
ACS Omega 2024, 9, 32525−32535

32530

https://pubs.acs.org/doi/10.1021/acsomega.4c00826?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00826?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00826?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00826?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00826?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.049 μm. The maximum value of the crack length was 0.29 mm;
the rupture unit of cracks was 83, and the crack area was 6.00
μm2.

The extension pattern of fractures in the shale reservoir in the
Long III section is illustrated in Figure 8c. The trends of the
crack length, rupture unit, and area were generally consistent.
The maximum crack width was at the initial position (as shown
in Figure 7c), and the maximum value of the crack width was
2.051 μm. The maximum value of the crack length was 0.33 mm;
the rupture unit of cracks was 84, and the crack area was 9.25
μm2.

Figure 8 illustrates the variation of hydraulic fracture
morphology in the Long I, II, and III sections. Although the
mineral contents differed across the sections, the overall trends
of the fracture length, rupture unit, area, and maximum fracture
width variation were generally consistent. All of the quantities
increased as crack initiation and extension continued, and the
maximum crack width was at the initial position (e.g., Figure 7).
However, regarding the mineral content of the shale reservoir in
the Long II section, as shown in Figure 8b, the maximum
fracture width fluctuated slightly more. As the fracturing fluid
was injected, the maximum fracture width increased slowly and
then rapidly before gradually stabilizing. However, regarding the
mineral content of the shale reservoir in the Long III section, as
shown in Figure 8c, the variation trend of the fracture length was
slightly different: as the fracturing fluid was injected, the fracture
length first remained stable, and then it increased suddenly
before finally increasing slowly. Regarding the mineral content
of the shale reservoirs in the Long I and II sections, the rupture

unit of fractures first remained stable and constant before
increasing abruptly and finally stabilizing gradually. However,
regarding the mineral content of the shale reservoir in the Long
III section, the rupture unit of fractures showed the trend of a
gradual increase as the fracturing fluid injection continued.

5. EFFECT OF MINERAL CONTENT ON CRACK
INITIATION AND EXTENSION PATTERNS

5.1. Crack Initiation Behavior under Different Mineral
Contents. Figure 9 illustrates the variation pattern of the
effective stress and pore pressure under different mineral
contents. As the mineral content changed, the forces between
molecules within the minerals changed accordingly, which, in
turn, changed the brittleness of the shale. The Long I section
shale reservoir had the highest brittle mineral content of 60.37%.
The Long II section shale reservoir had the least amount of
brittle minerals at 47.60%. Therefore, the fracture initiation
pressure value for the Long I section of the shale reservoir was
the smallest at 29.22 MPa. The Long II section shale reservoir
had the largest fracture initiation pressure at 31.42 MPa. There is
a linear relationship between the fracture initiation pressure and
brittle mineral content of the reservoir. As the brittle mineral
content increased, crack initiation became easier. The crack
initiation pressure decreased from 31.42 to 29.22 MPa, and the
resistance to crack initiation gradually decreased. As the
formation was easier to fracture, the fracturing fluid was
dispersed within the fracture, causing the pore pressure inside
the fracture to decrease continuously from 1.18 to 0.90 MPa. In
turn, the effective stress in the cracks increased gradually from

Figure 7. Fracture extension results for different shale reservoirs.
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10.91 to 18.16 MPa. The crack extension criterion is the
maximum stress criterion; when the stress reached the tensile
strength, the crack started to form. The crack damage form was
predominantly tensile damage, and it mainly formed open
cracks.

5.2. Crack Extension Pattern under Different Mineral
Contents. The crack length, rupture unit, and area as well as the
maximum crack width varied with mineral content when the
crack extension stopped, as shown in Figure 10. The maximum

crack width was closer with increasing brittle mineral content,
increasing from 2.049 to 2.056 μm. The trends in the rupture
unit, length, and area of cracks, as well as the maximum crack
width, were generally consistent. That is, the rupture unit,
length, and area of cracks gradually increased with an increase in
brittle mineral content. However, the variation in the rupture
unit and area of cracks gradually increased, and the variation in
the crack length was generally stable. As the volume of fracturing
fluid injected at the same time was the same for all cases, the

Figure 8. Variation pattern of fracture morphology parameters.

Figure 9. Variation of fracturing parameters and tensile damage percentage under different mineral contents.
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volume of fracturing fluid in the fracture was generally
unchanged after removing a small amount of fracturing fluid
filtered out of the formation. For two-dimensional fractures, the
fracturing fluid volume is determined by both the length and
width of the fracture. The area, length, and rupture unit of the
cracks gradually increased as the crack width varied less.
Meanwhile, as the Long I section shale reservoir has the most
brittle minerals and the Long II section shale reservoir has the
least brittle minerals, the former had the largest rupture unit,
length, and area of fractures as well as the maximum fracture
width value and the best fracture extension. Therefore, the Long
II section of the shale reservoir had the smallest fracture rupture
unit, length, area, and maximum fracture width values, as well as
the worst fracture extension.

5.3. Effect of Mineral Content on Fracturing Effect. The
Long I section of the shale reservoir had the lowest fracture
initiation pressure, the highest effective stress, the lowest pore
pressure, the longest fracture length, the largest rupture unit of
fractures, the largest fracture area, and the largest maximum
fracture width. The Long II section had the largest fracture
initiation pressure, the smallest effective stress, the largest pore
pressure, the shortest fracture length, the smallest rupture unit of
fractures, the smallest fracture area, and the smallest maximum
fracture width. This result indicates that the variation of the
mineral content significantly affects the fracture initiation and
extension pattern of shale hydraulic fracturing.

At the microscopic level, the forces between molecules within
different mineral boundaries vary with the mineral content. As
such, the interfacial interactions between different minerals
changes. At the macroscopic level, the shale brittleness increases,
whereas the intermolecular forces decrease as the brittle mineral
content increases. This phenomenon reduces the cohesion
between the mineral components. Consequently, crack
initiation is easier, crack initiation pressure is lower, and crack
extension is faster, indicating that a higher amount of brittle
mineral content promotes fracture modification of shale gas
reservoirs.

In summary, with the increase in the brittle mineral content,
the crack length and width gradually increased, which was more
likely to form long and wide cracks. The amount of change in the
crack length was considerably greater than that in the crack
width. Although the amount of fracture width variation was
small, the effect of fracture width on the fracturing effect based
on size was not negligible because the modeling was performed
on a microscopic scale. In the use of hydraulic fracturing to
improve shale gas production, the length and width of hydraulic

fractures are important factors that affect shale gas production.
The longer the fracture length is and the wider the width is, the
larger is the reservoir’s hydraulic fracturing area, which can
effectively improve the seepage channel of the reservoir and
reduce the difficulty of on-site fracturing construction.

The Long I section shale reservoir had the highest brittle
mineral content, the longest fracture length, the largest fracture
width, the largest rupture unit of fractures, and the best
fracturing effect. The Long II section shale reservoir had the
lowest brittle mineral content, the shortest fracture length, the
smallest fracture width, the least rupture unit of fractures, and
the worst fracturing effect. Therefore, locations with a high
brittle mineral content are preferable for hydraulic fracturing
operations in shale gas reservoirs.

6. DISCUSSION
Different kinds of minerals or the same minerals with different
genesis contribute in different ways to the properties and
hydraulic fracturing effects of shale reservoirs because of their
different physical properties, endowment states, and output
forms. Therefore, the Chongqing area45,46 is discussed here in
comparison with the shale in Changning area. First, the mineral
content of the Long I section of the Longmaxi Formation shale
reservoir is predominantly quartz and clay minerals, and the
contents of quartz and clay minerals are 45.57 and 39.27%,
respectively. Both the Long II and III sections are primarily
composed of quartz, calcite, and clay minerals. The quartz,
calcite, and clay mineral contents of the Long II shale reservoir
are 24.87, 16.95, and 52.40%, respectively, whereas those of the
shale reservoir of the Long III section are 23.34, 23.77, and
46.44%, respectively. The mineral content of shale reservoirs in
Chongqing is mainly composed of quartz, carbonate, and clay
minerals, with average contents of 49, 21, and 22%, respectively.

A comparison of the hydraulic fracture extensions under the
influence of the mineral content shows that the maximum
principal stress and mineral inhomogeneity of shale reservoirs in
different regions are crucial factors affecting fracture extension.
Macroscopically, the maximum principal stress determines the
overall hydraulic fracture trend, whereas the mineral inhomo-
geneity traps hydraulic fractures locally and interferes with the
direction of the fracture extension. Meanwhile, mineral
nonhomogeneity can cause a nonuniform distribution of stress,
leading to a nonsynchronous expansion of hydraulic cracks and
indirectly increasing the hydraulic crack complexity. Changes in
the characteristics of the pore water pressure can be used to
characterize the crack extension indirectly: the greater the
fluctuation of the pore water pressure curve is, the more complex
is the crack path.

Our comparison of the hydraulic fracture extension in both
regions shows that the increase in brittle mineral content
increases the brittleness of the shale and affects the hydraulic
fracture extension. When a hydraulic fracture encounters a
brittle mineral, the hydraulic fracture expands through and
around the brittle mineral. When brittle minerals are bypassed,
hydraulic fractures can turn or form branching fractures. The
larger the volume fraction of brittle minerals is, the greater is the
extent of the impact of hydraulic fracture extension.

7. CONCLUSIONS
A shale microstructural model was developed using a Monte
Carlo random distribution and Tyson polygon. The fracture
extension in shale reservoirs was modeled for different mineral

Figure 10. Variation pattern of fracture morphology parameters with
different mineral contents.
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contents. Then, the fracture extension behavior of the shale
reservoirs’ fracturing under different mineral contents was
determined. The main conclusions are as follows:

1. A microstructural model of shale reservoirs was
developed. A zero-thickness cohesive unit was embedded
within the solid unit to construct a coupled fluid−solid
model for shale reservoir fracturing.

2. The mineral content of the Long I section in the
Longmaxi Formation shale reservoir is predominantly
quartz and clay. The Long II section is predominantly
quartz, calcite, and clay. The Long III section is
predominantly quartz, calcite, and clay. The brittle
mineral content of the shale reservoir in the Long I
section is the largest followed by the Long III section, with
the Long II section having the lowest. The opposite is true
for the ductile mineral content.

3. The effective stress in the Long I section increased and
then decreased as the fracture extension continued during
fracturing. The effective stress in the Long II reservoir
increased with fracture initiation and extension. The
effective stress in the reservoir of the Long III section
underwent an increasing−decreasing−stabilizing−un-
changing−increasing pattern as the fracture extended.
The pore pressures of the three shale reservoirs generally
increased gradually, and the damage forms were
predominantly tensile damage.

4. Two kinds of interaction existed between fracture
extension and mineral interfaces in the fractured shale
reservoirs of the Longmaxi Formation. The first was an
extension along the mineral boundary, and the second was
an extension across the mineral boundary and into the
mineral. These interactions were determined by the
brittle mineral content and the direction of the maximum
principal stress.

5. As the brittle mineral content increased, the cracking
pressure and pore pressure gradually decreased, and the
effective stress increased. Meanwhile, the length and
rupture unit of the cracks as well as the area gradually
increased; the width of the cracks gradually increased,
facilitating the formation of long and wide cracks. The
crack damage form was predominantly tensile damage,
and tension-type cracks were mostly formed.
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