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ABSTRACT: The effects of mass fraction, elastic modulus, and
the spatial distribution of clay minerals on the failure behaviors of
shale under the Brazilian disc split are investigated in this study
based on a developed PFC?® model. The feasibility of this
established numerical model is validated by the load—displacement
curves and fracture morphology of shale in the laboratory test. The
influences of the mass fraction, elastic modulus, and spatial
distribution of clay minerals on the tensile strength and failure
behaviors of shale are comprehensively analyzed using the
developed numerical model. The results show that the clay content
has the strongest influence on the tensile strength of shale. The
number of matrix cracks is sensitive to the clay distribution, and the
complexity of the matrix fracture network in shale shows a positive
correlation with the clay content. In addition, the variation of the clay modulus has a linear correlation with the macro elastic
modulus of shale.
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The huge demand for clean energy has stimulated natural gas ()
extraction and the corresponding engineering activities."””

Taking shale gas extraction as an example, the effectiveness The theoretical formula usually assumes that the rock
of hydraulic fracturing is closely related to the accurate materials are homogeneous. However, the shale gas reservoir
knowledge of the formation mechanical properties.” Under- includes complex mineral components. Up to now, the

improvement of theoretical research is still not good at
reflecting how the rock’s inherent heterogeneity affects the
crack propagation process. To some content, the numerical
methods are competent to understand the effects of rock
heterogeneity on the rock mechanical properties and fracture
properties, which could also overcome the experimental
uncertainly, especially from a micro-level.'' Currently,
numerical simulation studies on shale anisotropy mainly
focus on the effect of weak bedding,lz_14 these studies have
greatly deepened the understanding of the mechanical
characteristics of shale anisotropy. For example, Wang et
al."”> found that the stratified rock discs showed obvious
directionality in the tensile strength, which is manifested by the
variation of strength with bedding orientation. Xia et al.'®
proposed that the combined effect of layered structure and
flaws plays an important role in the crack propagation path and

standing the failure mechanism and failure process from the
micro-level to the macro-level is a benefit to the unconven-
tional gas/oil exploration and exploitation.* Therefore, the
effects of shale’s inherent heterogeneity on its mechanical
properties and fracturing behaviors become hot issues in the
field of hydraulic fracturing,™ especially in recent years.
Tensile strength is a key parameter to judge crack initiation
in hydraulic fracturing of shale reservoirs. Brazilian disc
splitting test is an effective and usual method to obtain the
indirect tensile strength of brittle material such as rocks and
concretes. The tensile strength, the tensile strain distribution,
and the crack initiation position’ in Brazilian discs have
aroused lots of attention. The early formula of splitting tensile
strength assumes that the materials of Brazilian discs are
homogeneous, isotropic, and linearly elastics before the brittle
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Regarding the rocks with layered structures, the transversely
isotropic elastic theory is considered in the developed formula
by'? as follows
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related failure patterns. As we know, the inherent anisotropy of
shale is not only affected by the bedding properties but also the
heterogeneity characteristics of mineral particles. The exper-
imental test indicated that there are more than 10 mineral
components detected in the Longmaxi shale formation.'"”
Different mineral particles have different mechanical proper-
ties, which may affect the petrophysical properties of the shale
reservoir. Wang et al.'® investigated the relationships among
composition, porosity, and permeability of Longmaxi shale and
found that clay content is positively correlated with porosity
and permeability. The previous studies indicated that the
elastic modulus of quartz and dolomite is the highest, and that
of clay including kaolinite and illite is the lowest, where the
maximum difference value of their elastic modulus reaches 69
MPa."*~*" Clay mineral is one of the important components in
the shale matrix. Loucks and Ruppel®” experimentally found
that the average content of clay in the Barnett shale is 24.2%.
Wau et al.”® reported that the clay mineral content is less than
25% in the bottom of Longmaxi formation based on the
1nf0rmat10n of composite log of shale lithofacies of well. Gao
and Xiong™* found that the clay content in Longmaxi
Formation ranges from 20.6 to 64.3% by the field-emission
scanning electron microscopy (FE-SEM) experiments. Sun et
al.”® found that the clay content of shale in Niutitang formation
only ranges from 5.7 to 8.6%. Therefore, we can see that the
clay mineral content of shale varies greatly under different
geological conditions, and the influence of clay mineral on the
mechanical characteristics of shale cannot be ignored. Current
studies mainly reported that the clay content is closely related
to the shale brittleness.””*” Guo et al.*® verified that the shale
gas formation with a high percentage of clay minerals exhibits a
lower brittleness and prefers to generate the tabular fractures
under hydraulic fracturing. However, the effects of clay mineral
on the shale tensile strength and failure behaviors are rarely
reported, which may cause some deviation in the prediction of
fracture evolution in hydraulic fracturing of shale reservoirs.
The study aims to investigate the effects of clay
heterogeneity inside shale on the mechanical properties and
fracture morphology under indirect tensile conditions. First, a
numerical model of the Brazilian disc split which considers the
clay heterogeneity inside shale is developed by using particle
flow code (PFC). Second, the simulation results of the
established model were validated by comparing with the
experimental results. Then, the effects of clay heterogeneity
inside shale on the mechanical properties and fracture
morphology under the Brazilian disc split were comparatively
analyzed. The findings of this study are helpful to the accurate
prediction of fracturing behaviors which could optimize the
fracturing location, fracturing procedure, and economize the
project cost of shale gas.

2. BRAZILIAN DISC SPLITTING MODEL

This study adopts a discrete element method to investigate the
effects of clay minerals on the tensile failure characteristics of
shale under Brazilian disc splitting. The reason why we chose
PFEC is that this method is competent to investigate the clay
heterogeneity from the mineral particle level.

2.1. Geometric Model. The size and physical parameters
of the established shale model are the same as the experimental
specimens. Figure 1 shows the diagram of the established shale
model. It is a two-dimensional intact disc of 50 mm in
diameter, which is assembled by 7834 particles. It is assembled
by 7834 particles and its porosity is 3%, which is within the
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(Inclined angle = 0°)
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Figure 1. Brazilian disc model of shale in PFC? (clay content is 5%).

reasonable range of shale porosity.'®”” The particle density is
2230 kg/m?® and their diameters range from 0.4 to 0.7 mm.
These particles in shale model have been divided in two parts.
The red particles represent clay minerals while the white
particles represent brittle minerals such as quartz and
carbonate in the shale matrix. The green or blue lines around
the particles mean the difference of strength parameters. The
strength and elastic modulus of clay minerals should be smaller
than other brittle minerals. Previous statistical results show that
the spacing of bedding planes ranges from 0.2 to 0.8 mm.”
However, it is difficult to set such tiny spacing of bedding
planes in numerical models by considering the size effect.
According to the modeling experience of PFC, the
perpendicular distance between adjacent beddings is 10
times larger than the mean particle radius.”’ Thus, the
perpendicular distance between adjacent beddings is set to 8
mm in the established shale model, which could avoid the size
effects induced by dense beddings. The inclined angle is
assumed as the angle between the horizontal line and the
beddings. The variation of the inclined angle is only considered
in the section of model verification. Because this study mainly
focuses on the effects of shale heterogeneity induced by clay
minerals, the inclined angle of beddings is set to 0° in the
following sensitivity analysis.

2.2. Contact Model. The particles in the assembled model
are connected by the built-in contact models, which controls
the force—displacement relationship at the particle level. To
distinguish the difference of mechanical properties between
matrix and beddings, the matrix part of this established model
adopts the parallel bond model (PBM, as shown in Figure 2),
while the part of the beddings adopts the smooth joint model
(SJM, as shown in Figure 3). The mechanical algorithm of
PBM in PFC is developed by Potyondy and Cundall.”” The
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Figure 2. Motion and interaction of particles in the rock matrix (take
the tensile failure as an example).
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updating of contact forces in PFC follows the force—
displacement relationship in Hooke’s law.

Slipping
—»
Fixed
Shear failure SIM

Figure 3. Particle motion in the matrix-bedding interface (take the
shear failure as an example).

For the matrix part of the shale disc, the tensile stress G of
contacts is decided by the normal force F,”® and moment M*®,
while the shear stress 7 is controlled by F’. The cross-
sectional area A and the inertia moment I is decided by the
radius of particles in the established model. The default value
of the moment-contribution factor f is 0.2. They are calculated

by
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Once the tensile or the shear stress of matrix contacts
exceeds the presupposed strength parameters as shown in eq S,
the micro-crack (tensile or shear failure) will occur.

&>a"

T>T, (5)

As shown in Figure 2, tensile failure means the detachment
of parallel plates. Shear failure means the occurrence of a slip
phenomenon between parallel plates. As shown in Figure 2,
once the contact breaks, the contact state changes from
bonded to un-bonded.

For the layered structures in shale discs, the application of
SJM could better simulate the phenomenon that the particles
of matrix parts slip along the presupposed weak structures (see
in Figure 3). In addition, the dilatancy effect is also considered
in SJM if the failure mode of contact belongs to shear failure.
Before the occurrence of micro-cracks, the calculation of the
normal force F,¥ and shear force F¥ in SJM is similar to the
PBM, which follows the force—displacement relationship in
Hooke’s law. Once the bonding of SJM is broken, the normal
force in SJM with the dilatancy effect is updated as

followed.>>>*
o 1B =)
F)=FJ+ Islz—]s k) tan @
s (6)
_— .
F/'= —pF) (7)

The calculation of contact stress in SJM does not consider
the effects of moment in PBM. The calibrated microscopic
parameters of PBM and SJM in Brazilian disc test model are
listed in Table 1.

=5
— n
T (®)
=5
T =
A ©)
Table 1. Micro Mechanical Parameters in the Validated
Model of the Brazilian Disc Test
parameters (unit) symbol value
Young’s modulus in PBM (GPa) E. 0.105
stiffness ratio in PBM &0 k0 1.5
particle friction coefficient Hpb 0.47
tensile strength in PBM (MPa) A 0.45
shear strength in PBM (MPa) A 0.65
normal stiffness in SJM (GPa/m) &9 240.0
shear stiffness in SJM (GPa/m) & 240.0
tensile strength in SJM (MPa) Al 0.15
shear strength in SJM (MPa) Al 0.20
friction coefficient in SJM M 0.6
dilation angle in SJM (degree) @ 20.0

3. MODEL VERIFICATION

3.1. Experimental Sample and Process. In this work,
the established shale model of the Brazilian disc test is
validated by laboratory test results. The shale samples were
taken from the outcrop of Pengshui shale gas block which
belongs to the Marine Silurian Longmaxi Formation shale in
Southern China. The shale has a low clay mineral content of
about 5%, and its average density is 2.23 g/cm’. The shale
reservoir is well developed and shows obvious bedding. The
cylindrical samples with the size of @ 50 mm X 25 mm were
drilled in the direction parallel to the beddings of the shale, as
shown in Figure 4a. There are considerable clay particles in the
shale matrix microstructure (see Figure 4a). Brazilian splitting

Macro scale
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ttttt
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Loading system High-speed camera

Figure 4. Shale specimen (a) and experimental system (b).
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test was performed on CSS44100 electronic universal testing
machine, as shown in Figure 4b. The maximum test force of
the load machine is 100 kN. The loading process is controlled
by the displacement and the rate is 0.1 mm/min. Meanwhile,
the crack propagation process of the sample was recorded by a
VC’S GC-PX100BAC high-speed camera with the highest
shooting frequency of 500 fps. The loading method of the
shale specimen is also shown in Figure 4b. In the laboratory
test, five bedding inclined angles of 0, 30, 45, 60, and 90° were
tested.

3.2. Comparison of Experimental and Numerical
Results. Based on PFC, the common practice is to calibrate
the micro-parameters of particles based on the macroscopic
mechanical properties of the specimen.”® As shown in Figure 5,

Inclined angle = 0°
20— Simulation results
—— Experimental results
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Figure S. Comparison of the load—displacement curve at the bedding
inclined angles of 0°.

the dotted line is obtained from the experimental result while
the smooth line is obtained from the simulation result, where
the bedding inclined angles of 0° is employed. The dotted line
shows a concave trend in the initial loading stage and turns
into a linear increase after the compaction stage. The
compaction phenomenon is induced by the closure of the
initial micro-cracks. Because the established shale model has
finished the compaction stage before start loading, the load—
displacement curve obtained from the numerical model
directly shows a linear increase. By comparing the slope of
the load—displacement curve in the elastic deformation stage
and the peak load in Figure 5, it is found that the shape of
load—displacement curve in the simulation result is similar to
those in the laboratory tests.

Figure 6a—c shows three stages of crack evolution from the
aspect of experimental results, numerical results, and Von
Mises stress distribution, respectively. The load of initiation,
propagation and failure stage is 95% (pre-peak stage), 75%
(post-peak stage), and 20% (post-peak stage), respectively.
The inclined angle of beddings is 0° under these circum-
stances. The black color in Figure 6b is used to reflect the
matrix cracks. It shows that a small number of matrix cracks
initiate from the location nearing the center and the loading
position of the Brazilian disc at first. Then, a large number of
matrix cracks propagate abruptly along the compressive
diametral line and penetrate the Brazilian disc. There are
also some micro-cracks occurring in beddings without
gathering up. The Von Mises stress distribution in Figure 6¢

is presented by the sequence of the rainbow color in legends,
which further reveals the evolution of rock’s internal stress
field. The mainstream view thought that the critical extension
strain criterion could explain why the crack initiation position
is located at the top and bottom locations, while the maximum
tensile strength criterion is applied to explain why the crack
initiation position is located at the center of the Brazilian
discs.’® Generally, the simulated crack propagation trajectory is
similar to the experimental result. It indicates that the
established shale model is competent to investigate the failure
process of shale under the Brazilian disc test.

Figure 7 offers a contrastive analysis of the peak load
between experimental and simulation results under different
inclined angles. This is for the validation of the bedding
strength parameters of the established shale model. The peak
load marked by repeated trails shows a discreteness to some
extent and their deviation from the mean value is less than
10%. The simulation results are within the range of fluctuation
in most cases, which further validates the reliability of the
established shale model.

4. SENSITIVITY ANALYSIS

Although shale is composed of a variety of minerals, the
mechanical parameters of brittle minerals in shale are relatively
close. Table 2 summarizes the elastic modulus of different
minerals in shale according to the previous indentation tests. It
can be seen that the mechanical properties of clay minerals are
significantly weaker than those of brittle minerals. Therefore,
this study mainly focuses on the effects of clay minerals on the
tensile properties and fracture morphology of shale. The
particles in the shale model are divided into two parts. One is
the clay minerals; the other part refers to the brittle minerals.
Table 3 lists the mechanical parameters of clay minerals and
other brittle minerals applied in this shale model. The
proportion relationship of elastic modulus in Table 3 refers
to the related proportion relationship in Table 2. The effects of
mass fraction, elastic modulus, and spatial distribution of clay
minerals on the tensile properties and fracturing behaviors of
shale are investigated in this chapter, respectively. This study
mainly focuses on the effects of shale heterogeneity induced by
matrix; thus, the inclined angle of beddings is set to 0° in the
following sensitivity analysis.

4.1. Effects of Clay Content. According to the previous
experimental results, the assumption of clay content ranges
from S to 35% with an interval of 5% in this section. Figure 8
shows the distribution of clay minerals in shale discs, where the
inclined angle of beddings is 0° and the same thing down here.
The red particles in Figure 6 represent the clay minerals in
shale discs. Figure 9 shows a series of simulated load—
displacement curves under different clay contents. The peak
load, the slope of the load—displacement curve, and the final
vertical displacement are affected by the variation of clay
contents.

The variation trend of peak load and the ratio of peak load
to vertical displacement under different clay contents are
further studied. As shown in Figure 10a, the mean value of
peak load among all cases is 16.2 MPa and its standard
deviation is 1.13 MPa. When the clay content is less than 20%,
the simulated peak load is relatively higher than the mean
value. The situation has changed if the clay content is larger
than 20%. Generally, the peak load of the shale model shows a
fluctuating downward trend with the increase in clay content.
There is a positive correlation relationship between the ratio of
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Figure 6. Comparison of the fracture propagation process between experimental (a) and numerical results (b) as well as the Von Mises stress

distribution (c) at the bedding inclined angles of 0°.
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Figure 7. Variation trend of peak load between experimental and
numerical results.

Table 2. Elastic Modulus of Different Minerals in Shale
(GPa)

previous studies quartz carbonate clay minerals
Shi et al."” 99 79 55—62
Liu and Wang®’ 86.25 724 24.12
Kumar et al>' 68—100 85—125 56—66

Table 3. Mechanical Parameters of Shale Matrix in the
Established Model

parameters other brittle minerals clay minerals
elasticity modulus (GPa) 0.105 0.063
tensile strength (MPa) 0.45 0.27
shear strength (MPa) 0.65 0.39

peak load to vertical displacement and rock elastic modulus.
Figure 10b shows the variation trend of the ratio of peak load
to vertical displacement with the increase in clay contents. This
ratio decreases from 59.2 to 45.8 as the clay content increases
from 5 to 35%. It is more like a linear downward trend. This
indicates that the rock macro elastic modulus decreases with

https://doi.org/10.1021/acsomega.2c01344
ACS Omega 2022, 7, 24219-24230


https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig7&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

“4 Clay content: 5% ©

Figure 8. Distribution of clay minerals in shale discs under different clay contents [(a): clay content is 5%; (b): clay content is 15%; (c): clay

content is 25%; and (d): clay content is 35%].
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Figure 9. Comparison of load—displacement curves under different
clay contents in the simulation of the Brazilian test.

the increase of the clay content. The fluctuation of the ratio of
peak load to vertical displacement and especially the peak load
may result from the variation of the spatial distribution of clay
particles. We will further study this fluctuation in the
Discussion section.

The effects of clay content on the matrix failures of shale
discs are discussed in Figure 11. When the residual load
decreases to 70% of the peak load, the number of matrix cracks
is counted as a graph. In Figure 11a, the matrix tensile cracks
are marked by blue blocks, while the matrix shear cracks are
marked by white blocks. In this study, the number of matrix
tensile cracks and matrix shear cracks are represented by Pbt

and Pbs, respectively. There are about 19000 contacts in the
established shale disc, most of the broken contacts result from
tensile failure. The average values of total matrix tensile cracks
(Pbt) and matrix shear cracks (Pbs) in Figure 11a are 322 and
79, while the corresponding standard deviation values are 31.2
and 16.5. Tensile failure is dominated under the Brazilian disc
test, and it does not change by the variation of clay content.
Here, the ratio of Pbt to Pbs (Pbt/Pbs) means the ratio of
matrix tensile cracks to the matrix shear cracks, which is
analyzed in Figure 11b. When the clay content ranges from §
to 15%, the ratio of Pbt/Pbs linearly decreases from 7.4 to 3.4.
When the clay content ranges from 15 to 35%, the downward
trend disappears and the ratio of Pbt/Pbs is stable within a
certain range. The clay content makes a difference in the failure
mode of shale under the Brazilian disc test only if the mass
fraction of clay minerals is less than 15%.

4.2. Effects on Elastic Modulus of Clay. The effects of
the elastic modulus of clay minerals on the mechanical and
failure behaviors can be investigated by adjusting the relative
elastic modulus (the ratio of elastic modulus of clay to the
other brittle minerals). In this section, the relative elastic
modulus is set to 0.3, 0.4, 0.5, and 0.6 MPa, respectively.
Additionally, the clay content in this numerical model is fixed
at 35%. In Figure 12, there is no apparent variation in the
shape of the load—displacement curve. While the slope of the
load—displacement curve is getting smaller as the decrease of
clay modulus. It implies that the micro elastic modulus of clay
plays a role in the macro elastic modulus of shale rocks.

Figure 13 analyzed the effects of the micro elastic modulus
of clay on the peak load and the ratio of peak load to vertical
displacement, respectively. The simulation results in Figure

60
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Figure 10. Effects of clay contents on the peak load (a) and the ratio of peak load to vertical displacement (b).

24224

https://doi.org/10.1021/acsomega.2c01344
ACS Omega 2022, 7, 24219-24230


https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01344?fig=fig10&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01344?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
8
400 - (a) E =0.6[__|Pbs (tz) - @- Ratio of Pbt / Pbs
I :
) ‘\
"‘cé A
2 ~ \
- 2 .
E = \
3 ° .
£ s, .
z 1 ' . - o
15} . . . .
e _-- N P
g .-
2 T T T T T T T
5 10 15 20 25 30 35 5 10 15 20 25 30 35
Clay content (%) Clay content (%)

Figure 11. Effects of clay contents on the number of matrix-cracks (a) and failure mode (b) under Brazilian test.
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Figure 12. Comparison of load—displacement curves under different
clay moduli in the simulation of the Brazilian test.

13a come from the circumstance that the mass fraction of clay
minerals is 35%. Even under these conditions, the mean value
of peak load among these cases is 14.6 MPa and its standard
deviation is only 0.112 MPa. Under most circumstances, the
proportion of clay minerals mainly ranges from 5% to 35%.”%*’
Thus, the micro elastic modulus of clay has a slight influence
on the peak load. That is to say, the failure load of the shale
disc is not sensitive to the variation of clay modulus. The clay

modulus mainly affects the shale deformation rather than the
failure load under the Brazilian disc tests. In contrast, the ratio
of peak load to vertical displacement linearly increases from
30.6 to 45.8 as the clay elastic modulus increases from 0.3 to
0.6. The shale elastic modulus cannot be directly measured by
the Brazilian disc test; however, the ratio of peak load to
vertical displacement could be a reflection of shale elastic
modulus. The simulation results in Figure 13b show that the
micro elastic modulus of clay has a linear dependence
relationship with the macro elastic modulus of shale rocks.
Figure 14 further investigated the effects of clay modulus on
the total number of matrix cracks and the variation of failure
mode under the Brazilian disc test, respectively. Due to the
clay distribution and the proportion of clay minerals remaining
the same in this section, the clay modulus is the unique
variable. From Figure 14a, the number of matrix cracks varies
little under different relative elastic modulus. The average
values of total matrix tensile cracks and matrix shear cracks are
331 and 88, while the corresponding standard deviation values
are 18.5 and 3.6. The fluctuation of total matrix cracks induced
by clay modulus is insignificant. It indicates that the variation
of clay modulus has limited influence on the rock damage
degree. Similarly, in Figure 14b, the ratio of Pbt/Pbs hardly
changes under different clay moduli. The average value of the
ratio of Pbt/Pbs is 3.79, while the corresponding standard
deviation value is 0.128. The variation of clay modulus has a
positive impact on the rock elastic deformation; however, it has
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Figure 13. Effects of clay modulus on the peak load (a) and the ratio of peak load to vertical displacement (b).
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Figure 15. Distribution of clay minerals in shale discs under different random models [the clay content is 35%, (a): random model 2; (b): random

model 3; (c): random model 4; and (d): random model S].

a slight influence on the rock damage degree and the variation
of failure mode.

4.3. Effects of Clay Distribution. There is a function
called Random Number Generation in PFC. It can change the
particle spatial distribution in the geometric model, while all
the other parameters keep unchanged. In Section 4.3, the clay
content is set to 35% and the relative elastic modulus is set to
0.6. Figure 15 shows the distribution of clay minerals in shale
discs under the different random models. The particle size, the
mechanical parameters of the contact model, and the loading
conditions are the same among all cases. The clay distribution
in Section 4.3 is the unique variable.

In the previous sections of this study, the random number
usually defaults to 10001. To investigate the spatial distribution
of clay minerals on the shale mechanical behaviors and failure
behaviors under the Brazilian disc test, another four established
models are conducted by adopting the random numbers 10002
(case 2), 10003 (case 3), 10004 (case 4), and 10005 (case S),
respectively. Under different clay distributions, the load—
displacement curves are compared in Figure 16. The effects of
clay distribution on the peak load, the slope of the load—
displacement curves, and the failure mode of matrix-crack are
further studied.

Figure 16 mainly reflects that the influences of clay
distribution on the peak load and the ratio of peak load to
vertical displacement. It mainly emphasizes the differences
among five different clay distributions rather than variation
trends. The effects of clay distribution on the peak load and the
ratio of peak load to vertical displacement are shown in Figure
17. The horizontal axis in Figure 17 represents five
independent cases. There is no progressive relationship
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Figure 16. Comparison of load—displacement curves under different
clay distributions in the simulation of the Brazilian test.

among them. In these five cases, the average value of peak
load is 14.7 and its standard deviation is 0.64. By comparing
Figures 17a and 13a of Section 4.2, the simulation results
indicate that the clay distribution has a more obvious impact
on the peak load than the clay modulus. In Figure 17b, the
average value of the ratio of peak load to vertical displacement
is 46.3 and its standard deviation value is 1.29, which indicates
that the rock deformation is hardly affected by the clay
distribution.

Figure 18a shows the total number of matrix cracks in shale
discs by changing the spatial distribution of clay minerals. The
average values of total matrix tensile cracks and matrix shear
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Figure 18. Effects of clay distribution on the number of matrix-cracks (a) and failure mode (b) under Brazilian test.

cracks are 372 and 104, while the corresponding standard
deviation values are 83.8 and 22, respectively. Compared with
the clay content and clay modulus, the total number of matrix
cracks is more sensitive to the clay distribution. From Figure
18b, the average value of Pbt/Pbs under different clay
distributions is 3.58 and its corresponding standard deviation
value is only 0.31. That is to say, the spatial distribution of clay
minerals could play a role in the number of matrix cracks;
however, the failure mode of matrix crack is slightly affected.

5. DISCUSSION

The effects of clay content, clay modulus, and clay distribution
on the mechanical and failure behavior of shale discs are
analyzed in Section 4, respectively. In this part, the tensile
strength and the fracture morphology of shale discs are
comparatively analyzed under Brazilian disc tests. This section
aims to find which factor plays a much more key role in tensile
strength and fracture morphology.

5.1. Tensile Strength. By comparing three different
sensitive factors, the simulation results of shale mechanical
characteristics in Section 4 are further analyzed from the aspect
of shale tensile strength. The shale tensile strength in Section §
is calculated according to eq 1. Table 4 lists the average value,
range, and standard deviation of shale tensile strength under
different conditions. If the clay content in shale discs ranges
from S to 35% with an interval of 5%, the range and the
standard deviation of tensile strength are 1.83 MPa and 0.58
MPa. While if the relative modulus of clay minerals ranges
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Table 4. Tensile Strength of the Shale Sample after the
Brazilian Disc Test (Unit: MPa)

clay parameters average range standard deviation
clay content 8.26 1.83 0.58
clay modulus 7.41 0.15 0.06
clay distribution 7.51 0.93 0.32

from 0.3 to 0.6 with an interval of 0.1, its range and related
standard deviation of tensile strength are 0.15 MPa and 0.06
MPa. That is to say, the variation of clay content has a more
significant effect on the shale tensile strength than the variation
of clay modulus. Under the same clay contents and the micro-
mechanical parameters, the fluctuation of tensile strength is
also affected by the spatial distribution of clay minerals. The
range and the standard deviation of shale tensile strength
induced by clay distribution are 0.93 and 0.32 MPa. Among
these three factors, the effects of clay content on the shale
tensile strength are much more significant than the clay
distribution and clay modulus. Usually, the clay content in
shale gas reservoirs is less than 35% and the range of the
relative modulus of clay minerals is smaller than 0.3. Therefore,
the effects of clay modulus on the variation of shale tensile
strength are so little as to be unnoticeable.

5.2. Fracture Morphology. The simulation results of
shale fracture morphology under different sensitive factors are
further analyzed from the aspect of fractal dimension. The
complexity of fracture morphology is mainly decided by the
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matrix cracks.’® Based on the simulation results under different
clay contents, clay modulus, and clay distributions, this part
mainly discusses which sensitive factors play a much more key
role in the complexity of fracture morphology under the same
loading conditions. Taking the models of clay contents as an
example, Figure 19 shows the final fracture morphology under
different clay contents. The short black lines represent matrix
cracks.

This study adopts the box-counting procedure to calculate
the fractal dimension of final fracture morphology. During the
calculation process, the pictures of shale matrix cracks will be
fully covered by 2" square boxes (n ranges from 1 to 9 with an
interval of 1), the number of square boxes containing matrix
cracks is M(n). When lg M(n) and n lg 2 are projected in an
orthogonal logarithmic coordinate system, the slope represents
the fractal dimension of matrix cracks D.** The detailed
calculation formula is expressed below.

D = lim w
n—>oco N lg 2 (10)

The simulated final fracture morphology of the shale disc
such as the pictures in Figure 19 is used to measure the fractal
dimension by using the box-counting procedure in MATLAB.
The variation trend of fracture fractal dimension under
different clay contents, the relative modulus, and the clay
distribution are counted in Figure 18. As shown in Figure 20a,
the fractal dimension of the matrix cracks shows a slow and
fluctuating upward trend with the increase of clay content.
When the clay content is 20%, the related fractal dimension
shows a significant fall. The variation of the clay content will
cause the redistribution of clay minerals. While Figure 20c
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shows that the redistribution of clay minerals may also cause
the fluctuation of fracture fractal dimension. That is to say, the
fluctuation of fractal dimension in Figure 20a may result from
the redistribution of clay minerals. Comparatively, the effects
of the relative modulus of clay minerals on the fracture fractal
dimension are unnoticeable (In Figure 20b).

Table 5 lists the average, range and standard deviation of
fracture fractal dimension under different circumstances. The

Table 5. Fractal Dimension of Matrix Fracture Morphology
after BST (Unit: 1)

clay parameters average range standard deviation
clay content 1.2610 0.1199 0.0365
clay modulus 1.2971 0.0248 0.0095
clay distribution 1.3010 0.1525 0.0523

range and the standard deviation of fractal dimension induced
by clay distribution are 0.1525 and 0.0523, which is larger than
the corresponding data of clay content and clay modulus. The
range and the standard deviation of fractal dimension induced
by clay modulus are only 0.0248 and 0.0095, respectively. It
indicates that the variation of clay modulus plays an
insignificant role in the complexity of fracture morphology.
Additionally, the effect of clay content on the fracture fractal
dimension is much more obvious than clay modulus. However,
these influences are also affected by the clay distribution.

6. CONCLUSIONS

This study developed a PFC2” model of shale Brazilian disc
test by considering the effects of inherent shale heterogeneity.
The effects of the clay content, clay modulus, and the clay
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distribution on the shale mechanical and fracturing behaviors
were comparatively studied through the developed shale
model. The main conclusions of this investigation are
summarized below:

(1) Among the factors of the clay content, clay modulus, and
the clay distribution, the clay content has the strongest
influences on the shale failure load and tensile strength,
followed by clay distribution, and the variation of clay
modulus has the lowest influences on it.

(2) The ratio of peak load to vertical displacement means
the load required for a unit displacement of the indenter,
which reflects shale elastic modulus. This ratio shows a
fluctuating downward trend with the increase of clay
content and a linearly upward trend with the increase of
clay modulus. It indicated that the mass fraction and
elastic modulus of clay minerals could significantly affect
the shale failure load and deformation degree.

(3) The dominated failure mode will not be changed by the
variation of clay content, clay modulus, and clay
distribution. Comparatively, the total number of matrix
cracks is more sensitive to the spatial distribution of clay
minerals.

(4) The complexity of the matrix fracture network could be
quantitatively characterized by fractal dimension. The
fractal dimension of matrix cracks shows a slow and
fluctuating upward trend as the increase of clay content,
and this fluctuation of variation trend is closely related to
the spatial distribution of clay minerals.
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