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The properties of brittle minerals have great effect on the morphology of postfracturing network in shale reservoirs in the
southeastern Ordos Basin, China. In order to study the effect of brittle mineral size distributions on the fracture parameters, the
concrete cubes of 300mm× 300mm× 300mm in size with four distinct brittle mineral sizes of 2.36mm, 0.425mm, 0.15mm,
and 0.075mm were investigated under large-sized triaxial hydraulic fracturing test. The effect mechanism of aggregate on the
fracture properties of shale was studied using ultrasonic technique, photosensitive electron microscope, and numerical
simulation. The test results obtained for each specimen (both disturbed and undisturbed conditions) indicate that brittle mineral
size has significant effect on the fracture extension. The tensile strength, fracture toughness, and fracture pressure were found to
decrease with a decrease in maximum brittle mineral size when the maximum brittle mineral size is smaller than 0.425mm. In
addition to this, the degree of attenuation difference also follows the similar trend. Observed fracture morphology reveals that
with an increase in maximum size of brittle mineral specimen, the tortuous and complicated cracking path generation increases.
These findings would be very helpful in order to better understand the behavior of shale under hydraulic fracturing test.

1. Introduction

Shale is a fine-grained sedimentary rock composed primarily
of clay, organics, and brittle minerals such as quartz, feldspar,
and pyrite. It is the most common sedimentary rock and is of
particular interest with respect to shale gas production in
China [1–7]. Heterogeneously resulted from pores, preexist-
ing cracks and brittle mineral that exist in the shale may
impact the mechanical properties and the fracture pattern
of the formation which can potentially affect the perfor-
mance of hydraulic fracturing operations and the production
rate [8–10]. During hydraulic fracturing, shales with a high
percentage of brittle minerals such as quartz and carbonate
as well as the presence of feldspar provide more easy fractur-
ing and breaking to a tree-shaped network fractures, which

provide numerous flow paths from the reservoir to the well-
bore [11, 12]. On the contrary, the high amount of ductile
clays results in the deformation of tabular fractures, which
are not favorable for shale stimulation operation [13].

The shale gas fields which are under development possess
well-developed natural fracture systems normally due to very
high brittle mineral content which increases the brittleness of
the shale. In the Ohio, Woodford, and Barnett shales, the
contents of quartz, feldspar, and pyrite are 20%–80%
(Figure 1(a)) [14–16]. In the Barnett Formation of Missis-
sippi system in the Fort Worth Basin, gas-producing dark
calcic-siliceous shale has a quartz content of 35%–50%, with
an average of about 45% [17, 18]. In North America, the
Devonian and Carboniferous shale gas reservoirs have high
content of quartz, mostly >40%, some up to 75% [19]. In
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the Sichuan Basin in China (Figure 1(b)), the Lower Cam-
brian Qiongzhusi dark shale reservoirs have the quartz con-
tent ranging from 46.5% to 69.2% (av. 57.5%). In the Lower
Silurian Longmaxi Formation, the shale is rich in plagioclase
and has high quartz content ranging from 34.7% and 83.4%
(avg. 55.1%) [20]. The average quartz content of shale gas
formations in the Yanchang Formation in Ordos Basin is
20–64%, with a carbonate content of 1–14%, and the total
brittle mineral content on average is 58.2% [21]. In brittle
minerals, silica content is generally higher than 40%, and clay
mineral content is less than 30% for shale that can be com-
mercially exploited [13].

As a key factor affecting the morphology of postfractur-
ing network in the shale reservoir, the properties of its basic
constituents, specifically the characteristics of brittle min-
erals, have always been a matter of discussion in the research
community. Brittleness indices based on rock composition
and the fraction of brittle mineral content were proposed
by many researchers [22–25].

However, the developmental degrees of natural and
induced fractures not only depend on brittle mineral content
but also have a relationship with brittle mineral size. Recent
studies showed that strong heterogeneity of the lithology
exists within the Upper Triassic continental shales in the
southeastern Ordos Basin in China, especially the different
sizes of detrital grains which combine mud matrix or organic
matter [26]. Various lithological combination patterns may
lead to dissimilarity in rock mechanics which has great
impact on the response of shale to hydraulic fracturing
[27]. Hence, in-depth study is required to analyze how brittle
mineral size controls the shale fracture development.

In this paper, the possible impact of brittle minerals
during the hydraulic fracture process of specimens is dis-
cussed. A series of experiments using a large-sized triaxial
hydraulic fracturing system were conducted on the influence
of brittle mineral size and fracture toughness of specimens.
Ultrasonic technique, photosensitive electron microscope,

and numerical simulation were used to detect the fracture
process in a real-time setting.

2. Experimental Details

2.1. Sample Preparation. In the Chang-7 (C7) member, the
Yanchang Formation in the southeastern Ordos Basin,
31%–78% of brittle minerals (avg. 42.3%) were found in a
shale fromWell Yaoke-1. Among the brittle minerals, quartz
and feldspar were dominated. Thin-section investigation of
shale samples in the C7 member shows that different sizes
of brittle minerals from 0.03mm to 2mm exist within the
continental shales (Figure 2). In order to get the better results
and suitability of sample preparation, we prepared artificial
concrete samples using the lithological characteristics of Well
Yaoke-1.

GB175-2007 type P.O32.5 was prepared by the Yanxin
Cement Factory in Hubei Province, with a 28-day compres-
sive strength of 32.5MPa. The clay mineral used was illite
powder and had specific surface of 60m2/g. The brittle mate-
rial used was fine silica sand (quarried in Ling Shou County,
Hebei Province) with maximum sizes of 2.36, 0.425, 0.15, and
0.075mm, respectively (Figure 3). It was noticed that the par-
ticles of each silica sand sample had uniform angularity char-
acteristics. The bulk specific gravity is 2.65, and all of the
silica sand was provided by one factory.

Water, sand, clay powder, and cement were mixed for 10
minutes to ensure that the sand grain distribution remains
the uniform in the mortar. The mix was poured gradually
into a metal mold with an inner space of 300mm3 while a
vibration table was used to remove the air bubbles trapped
in the mix. The vibration time period was chosen in such a
way that sand particles were not settling as mixture viscosity
but were relatively large to suspend them during the course of
vibration. The mix proportions of the samples are given
in Table 1.
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Figure 1: Ternary diagrams showing mineral compositions of shale reservoirs.
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After vibration, perforated casing was placed at the center
of the mold with a buried depth of 20 cm and perforation
length of 10 cm and spirally distributed perforation holes
with 1 cm height difference and 90 degrees of angular differ-
ence between the adjacent holes. In order to keep the perfo-
ration holes open, small adhesive tapes were used to paste
each of the perforation holes. Figure 4 shows the schematic
and actual diagrams of the prepared hydrofracturing speci-
men. Samples were removed carefully from the mold after
12 hours and cured for 28 days in 20°C water bath.

2.2. Experimental Design. In order to investigate the func-
tion of brittle materials during hydraulic fracture process
of shale, the hydraulic fracture experiments were carried
out and the fracture parameters of samples with different
brittle mineral sizes were studied before and after experi-
ments by ultrasonic technique.

2.2.1. Rock Mechanic Tests. Before hydraulic fracturing
experiments, some of these blocks were used as samples
and the rock mechanic tests were performed to estimate the

tensile strength (σt) and fracture toughness (K IC) of the
samples with different brittle material sizes; Brazilian tests
and cracked chevron-notched Brazilian disc (CCNBD) tests
were conducted on 27 cylindrical samples with sizes of
50mm× 26mm in (diameter× thickness) for tensile strength
and 18 cylindrical samples with sizes of 75mm× 30mm in
(diameter× thickness) for fracture toughness, respectively,
according to the ISRM recommendation for concrete. The
average fracture toughness KIC and tensile strength with dif-
ferent brittle material sizes are given in Table 1.

2.2.2. Hydraulic Fracture Experiments. Hydraulic fracturing
tests were performed in a triaxial pressure machine using
the relevant methods given by Ishida et al. [28, 29]. A dia-
gram of the system used for the fracturing experiment is
shown in Figure 5. Laboratory equipment used for the exper-
iments includes a triaxial loading system using hydraulic
jacks, a servo hydraulic pump, a servo control cabinet, and
a data acquisition system. Cubic samples with each side of
300mmwere placed between the pressurized pistons for sim-
ulating in situ stress conditions. A flat steel plate covered on
both sides with Vaseline was inserted between the model
block and the pressure plate to avoid shear stress.

The stresses were applied to the sample along the princi-
pal stress directions, i.e., the maximum horizontal geostress
(σH), the minimum horizontal geostress (σh), and the vertical
stress (σV ). The horizontal stress difference, Kh, is one of the
important factors affecting the hydraulic fracture extension.
In order to make the test stress setting more reliable, the ver-
tical stress σV was set at 2.25MPa, the minimum horizontal
principal stress σhwas set at 0.9MPa, and the maximum hor-
izontal principal stress σH was set at 1.12MPa.

The injection pressure is controlled by a servo hydraulic
pump with the maximum capacity of fluid injection pressure
of 80MPa. Fracturing fluid with a viscosity of 1MPa·s was
injected into the simulation wellbore during the tests. Mean-
while, red tracer was added into the fracturing fluid for better
monitoring characteristics of hydraulic fractures during
hydraulic fracturing. In addition, a constant flow rate of
10ml/min was adopted.

2.2.3. Ultrasonic Equipment and Measuring Technique. The
ultrasonic equipment used in this study consists of pulser/re-
ceiver portable ultrasonic tester device manufactured by

(a) (b)

Figure 2: The thin sections of shale samples in the C7 member: (a) shale with small brittle mineral; (b) shale with large brittle mineral.

(a) (b)

(c) (d)

Figure 3: Different particle sizes of silica sand: (a) maximum size of
2.36mm; (b) maximum size of 0.425mm; (c) maximum size of
0.15mm; (d) maximum size of 0.075mm.
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Koncrete Engineering Testing Technology Ltd. Measure-
ment amplitudes were conducted at several cross sections
of the concrete samples. The transducers were placed on
the opposite side along the minimum horizontal principal
stress and the maximum vertical principal stress, respec-
tively. Measurements were repeated 27 times at different
points at intervals of 0.03m vertically and 0.05m laterally.
Figure 6 shows the testing arrangement of the transducers
for ultrasonic testing.

The use of low frequencies in the range of 40–80 kHz for
evaluating concrete is recommended [30]. In both disturbed
and undisturbed conditions, the specimens under examina-
tion were ultrasonically evaluated using a 50 kHz frequency
transducer as transmitter and receiver. The signals were
transmitted into the specimen at the voltage level of 500V.
The transmitter and receiver were tightly bonded exactly at
opposite concrete specimen surfaces, using a special visco-
elastic silicone gel as couplant. The couplant provided excel-
lent conductivity. Figure 7 shows the typical time domain
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Figure 4: The prepared specimens and the sketch of perforated casing.

Table 1: Mixing proportions of samples with different sand sizes.

Series
Mass (kg) 28-day tensile

strength
σt (MPa)

28-day fracture
toughness

K IC(MPa·m
0.5

)
Water Cement Clay

Sand
2–2.36mm 0.355–0.425mm 0.125–0.15mm 0.063–0.075mm

M8 4 10 20 20 1.544 0.403

M40 4 10 20 20 1.805 0.487

M100 4 10 20 20 1.007 0.364

M200 4 10 20 20 0.961 0.227

Triaxial loading enclosure

Data acquisition system

Servo control cabinet

Hydraulic power oil

Hydraulic pump Hydraulic fluid Hydraulic jack Hand pump
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Figure 5: Schematic diagram showing the system used for the hydraulic fracturing experiments.
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Figure 6: Test specimen and transducer location.
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and frequency domain waveforms received by the transduc-
ers, and the detected signals were analyzed and recorded in
terms of various waveform parameters.

3. Results and Discussion

3.1. Fracture Toughness. Figure 8 shows the relationships
among the tensile strength, fracture toughness (K IC), and
maximum brittle mineral size (dmax). It can be seen that both
tensile strength and fracture toughness increase with increase
in maximum brittle mineral size when the maximum brittle
mineral size is smaller than 0.425mm. However, when the
brittle mineral size is larger than 0.425mm, both tensile
strength and fracture toughness decrease with increase in
maximum brittle mineral size. The results show that, at a
fixed value of total brittle mineral content, the larger average
brittle mineral size is directly proportional to a larger size of
the fracture area.

The highest values of σt and K IC are achieved by a spec-
imen with maximum brittle mineral size of 0.425mm, prob-
ably because the size and strength of these brittle minerals
enhance the development of tortuous fracture surfaces. A
specimen with a maximum brittle mineral size of 2.36mm
presents even smaller values of σt and K IC. These brittle

minerals develop very high interface bonds, and although
there is some cracking, but it is not significant. Consequently,
there is a reduction in σt and KIC.

3.2. Fracture Pressure. Figure 9 shows the tested sample with
different maximum brittle mineral sizes as well as the rela-
tionship of pump pressure and time during the hydraulic
fracturing experiment on the samples with different brittle
mineral sizes. Along the curve (Figure 10(a)), the segment
OA depicted the idle stroke stage; in segment AB, the pump
pressure increased rapidly and initial cracks began to expand
and develop; in segment BC, the pump pressure increased
steadily and cracks began to develop and propagate; at point
C, the pump pressure reached maximum; in segment CD,
cracks in the sample run through and the fracturing fluid
rapidly permeated into the cracks leading to a sharp decline
in pressure; in segment DE, the pump pressure was roughly
stable; and in segment EF, the curve fluctuated quickly and
then followed the existing trends of the pump pressure. The
pump pressure curve of the other samples was identical with
the sample with maximum brittle mineral size of 2.36mm,
except for the curve fluctuation of segment EF.

The fracture pressure is closely related to the fracture
propagation in hydraulic fracturing process in the shale.
There is an obvious correlation between the degree of frac-
ture pressure and the brittle mineral size (Figure 11). The
fracture pressure increased with the increase of brittle min-
eral size from 0.075mm to 0.425mm and then decreased
when the brittle mineral size continued to increase from
0.425mm to 2.36mm. For shale, it is well known that the
interfacial zone between matrix and brittle minerals is weaker
than the brittle minerals [31, 32]. Cracks prefer to propagate
along the interfacial zone. Therefore, when brittle mineral
size increases, large brittle minerals debond and deflect
cracks, resulting in provision of more energy needed for
cracking and then higher values of fracture pressure. A spec-
imen with a maximum brittle mineral size of 0.425mm pre-
sents values of fracture pressure substantially higher than the
other specimen (on the order of 10% -18%), probably due to
a greater branching of cracks induced by sharp edges and
surface texture of the brittle minerals. The effects of brittle
minerals on bonding, deflecting, and bridging cracks
decrease, which are most probably because the more original
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Figure 7: Typical time domain waveforms and frequency domain waveforms using 50 kHz transmitter.
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fissures deteriorate in large brittle minerals [33, 34]. More
cracks passing through brittle minerals were more pro-
nounced in the specimens with larger maximum-size brittle
minerals. Therefore, less energy is needed for cracking and
resulting lower value of fracture pressure.

3.3. Attenuation. The examination of the amplitude of the
signals at different stages of the specimens revealed the inter-
esting features related to the brittle mineral size, because the
amplitude of the electric input signal was held constant
throughout the experimental series using the same transduc-
ers and changes in the amplitude can be attributed directly to
the attenuative behavior of the samples. Generally, the most
important mechanisms of attenuation in such complicated
systems include intrinsic (absorption) and extrinsic (scatter-
ing) mechanisms such as absorption losses in each of the indi-
vidual phases (fractures) and viscoinertial losses due to density
discrepancies of the constituent materials [35–37]. In order to
minimize the random effects, the measurements were all con-
ducted by the same operator following the same procedure
throughout the experimental series of this work. Therefore,
different attenuation in measured signal of samples before
and after hydraulic fracturing was attributed in the nature of
material and induced fractures of the material itself.

The attenuation coefficient is determined by measuring
the reduction in the amplitude of an ultrasonic wave which
has traveled a known distance through a sample and is
given by

α = −
20
x

log Ax

A0
, 1

where A0 is the initial amplitude of the wave and Axis the
amplitude after it has traveled a distance x. The output
wave amplitude (Ax) is the absolute peakvoltage of the
received signal, while the amplitude of the pulse entering
the specimen was measured separately on a face to face
configuration of the transducers [38].

To quantify the difference between disturbed and undis-
turbed samples, the attenuation difference coefficient is pro-
posed, which is given by

β = α′ − α, 2

where α′ is the attenuation of disturbed samples and α is the
attenuation of undisturbed samples. The contour maps were
created using the attenuation difference values by Kriging
interpolation methods, as can be seen in Figure 12. The atten-
uation difference coefficient is directly proportional to the
flexural fracture path. Comparison with specimens sharing
the same parameters of total amount of brittle minerals and
the correlation of attenuation difference with brittle mineral
size are depicted clearly.

It is revealed that irrespective of the brittle mineral par-
ticle size of the specimens, the attenuation difference fol-
lows the same increasing trend from the center of casing
to the periphery. However, the intensity of attenuation dif-
ference decreases with decrease in brittle mineral size except
specimens with a brittle mineral size of 2.36mm. This dif-
ference in attenuation can be attributed to the presence of
different sizes of brittle minerals in specimens. In the near
wellbore, the fracture usually follows the straight line. How-
ever, with the increase of brittle mineral size, the resistance
effect of brittle minerals increases. When a fracture encoun-
ters a small particle, the resistance effect is relatively weak
and the fracture can easily travel around the particle with
no deflection. When a fracture encounters a larger particle,
the resistance effect is relatively strong and the fracture
must accumulate a sufficient amount of energy to overcome
the resistance, then deflect or branch and stray consider-
ably with more branches from straight lines. It indicates
that cracks were extending more complicated from the
center to the samples’ periphery with larger brittle mineral
particles. This is consistent with the conclusion stated
above that the brittle mineral particle size strongly influ-
ences fracture extending.

3.4. Fracture Development under Electron Microscope. In
order to study the crack propagation behavior of specimens
with different brittle mineral sizes in-depth, fracture charac-
teristics from hydraulic specimen’s surface were examined
in the scanning electron microscope.

Figure 13 shows different fracture paths for specimens
with different maximum aggregate sizes under hydraulic
fracturing tests with a stereo microscope. As can be seen in
these figures, there are four obvious mechanisms of crack
propagation in concrete which is the crack penetration
through the aggregates Figure 13(a), crack deflection around

(a) (b) (c) (d)

Figure 9: Random fracture distribution on the surface after hydraulic fracturing for different brittle mineral sizes. (a) 2.36mm. (b) 0.425mm.
(c) 0.15mm. (d) 0.075mm.
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the aggregates Figure 13(b), crack passing through matrix
only Figure 13(c), and crack termination at the aggregates
Figure 13(d). The different crack extension behaviors of
each specimen were counted, and the relationship between
hydraulic fracture extension behavior and maximum aggre-
gate size of each specimen was obviously noted (Figure 14).
Observed fractures generally negotiate around aggregates
when the maximum aggregate size is smaller than 0.425mm.

However, for specimens with maximum aggregate sizes of
2.36mm, hydraulic fracture paths were generally observed
to penetrate through the aggregate. The deflections are the
most common fracture patterns, especially the specimen with
smaller brittle mineral size, regardless of whether the fracture
strikes the particle or approaches at an offset from the parti-
cle. When the magnitude of the fracture-tip stress is suffi-
ciently high, penetrations are likely to occur. Otherwise,
penetrations can only occur within the large brittle mineral
with fissures in it.

Figure 15 shows the mean deflection angle of sample’s
surfaces with different brittle mineral sizes measured by a
photosensitive electron microscope. The crack path that
deviates from the centerline of the specimen increases from
4.654° to 43.767°with an increase in the maximum aggregate
size. Fracture deflection by particles can enhance the frac-
ture growth resistance which reduces the energy release rate
[39, 40]. When a fracture encounters a small brittle mineral,
the fracture can easily travel around it with little or even no
deflection angle due to the relatively weak resistance effect.
With the increase in the brittle mineral size, the deflection
angle increased. It reveals that the size of the brittle particles
also affects the crack deflection during hydraulic fracturing.
More tortuous cracks in samples may be found with larger
brittle particles.
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Figure 10: Relationship between hydraulic fracturing time and pumping pressure for different brittle mineral particle size (a) 2.36mm. (b)
0.425mm. (c) 0.15mm. (d) 0.075mm.
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It is well known that cracks prefer to propagate along
the weaker interfacial zone or pores in the matrix [41–44].
As the crack meets a brittle mineral particle, it is forced
either to propagate through the tougher particle or deflect
and travel around the particle-matrix interface. Since the
interface toughness is usually lower than the matrix, the
advancing crack is prone to deflect the brittle mineral,
resulting in a tortuous cracking path. Tortuous cracking
path generation increases with the increase in maximum
size of brittle minerals. However, when brittle minerals
are large enough to have some natural microfissuring in
it, the fractures penetrate through the aggregate instead
of deflection around the aggregate (Figure 16). This result
is consistent with the hydraulic fracturing process deduced
from numerical analysis techniques in hydraulic fracturing
simulation conducted by some researchers (Chen et al.,
2018; [45, 46]).

4. Numerical Simulation for Hydrofracturing
Crack Initiation and Propagation

The previous laboratory experimental research shows that
brittle mineral size is one of the most important factors
influencing the hydraulic fracture propagation. To better
understand the effects of brittle mineral size difference on
the propagation behavior of hydrofracturing cracks and
compare these against laboratory experimental results, the
hydraulic fracturing simulations were performed based on a
two-dimensional particle flow code.

4.1. Fluid-Mechanical Coupling in PFC2D. The material is
represented as an aggregate of numerous rigid circular
particles in PFC2D [47, 48], and Cundall’s algorithms were
adopted to simulate the fluid flow [49]. Figure 17 shows the
basic mechanism of the fluid-mechanical coupling [50].

0.3
𝜎h

𝜎H

𝜎v
0.27

0.24

0.21

0.18

0.15

0.12

0.09

0.06

0.03

0
0.1 0.15 0.2

0

0.009

0.018

0.027

0.036

0.045

0.054

0.063

(a)

0.3

0.27

0.24

0.21

0.18

0.15

0.12

0.09

0.06

0.03

0
0.1 0.15 0.2

𝜎h

𝜎H

𝜎v

0

0.009

0.018

0.027

0.036

0.045

0.054

0.063

(b)

0.3

0.27

0.24

0.21

0.18

0.15

0.12

0.09

0.06

0.03

0
0.1 0.15 0.2

𝜎h

𝜎H

𝜎v

0

0.009

0.018

0.027

0.036

0.045

0.054

0.063

(c)

0.3

0.27

0.24

0.21

0.18

0.15

0.12

0.09

0.06

0.03

0
0.1 0.15 0.2

𝜎h

𝜎H

𝜎v

0

0.009

0.018

0.027

0.036

0.045

0.054

0.063

(d)

Figure 12: Maps of attenuation difference between disturbed and undisturbed samples with different brittle mineral particle sizes. (a)
2.36mm. (b) 0.425mm. (c) 0.15mm. (d) 0.075mm.
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The motion of the particles and the contact force between
particles are calculated by Newton’s second law and the
force-displacement law, respectively. The fluid flow is calcu-
lated by the cubic law [49]. For more details, refer to
Potyondy and Cundall [48].

The particles around the reservoir move and deform due
to the fluid pressure within each calculation step. So the
domain volume and the hydraulic aperture of the flow chan-
nel change subsequently, and the flow and fluid pressure
need to be updated. A new fluid pressure exerts on the parti-
cles after the fluid calculation step.

4.2. Model Description and Parameters. In this study, the
model is expressed by the assembly of particles bonded with
each other. The size of the specimen used for hydraulic
fracturing simulation is 300mm in width and 300mm in
height. As shown in Figure 18, the model is surrounded by
the four confining walls which are represented by green dot-
ted particles. The motion of the walls can be controlled by a
servo-adjustment method to apply a constant confining pres-
sure in the x-direction (SH) and y-direction (Sh). A borehole
for fluid injection is created at the center of the model with
the diameter of 16mm. In order to make the borehole walls
smoother and to avoid unnecessary stress concentration,
the particles that have the half of the model mean particle

(a) (b)

(c) (d)

Figure 13: The fracture propagation behavior under hydraulic fracturing tests. (a) Crack penetration through the aggregate. (b) Crack
deflection around the aggregate. (c) Crack passing through matrix only. (d) Crack termination at the aggregate.
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Figure 14: Relationship between hydraulic fracture extension
behavior and maximum grain size.
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different brittle mineral sizes.
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Figure 16: Fracture propagation sketch with different brittle mineral particle sizes. (a) 2.36mm. (b) 0.425mm. (c) 0.15mm. (d) 0.075mm.
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Figure 18: Numerical specimen model and particle packing method near the borehole.
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Table 2: Physicomechanical parameters employed in the simulation.

Mold Parameters Notations Values

Particle

Density (kg/m3) ρ 2680

Young’s modulus (GPa) E 35

Ratio of normal to shear stiffness
kn
ks

1.5

Friction coefficient f 0.4

Parallel bond

Tensile strength (MPa) σc 60

Ratio of normal to shear stiffness
kn
ks

1.5

Shear strength (MPa) τc 110

Young’s modulus (GPa) Ec 35

Radius multiplier λ 1

Moment contribution factor β 1

Hydraulic properties

Bulk modulus of the fracturing fluid (GPa) Kf 2

Viscosity (Pa·s) μ 1.0× 10−3

Initial hydraulic aperture (m) e0 1.0× 10−6

Permeability (m2) k 1.0× 10−17

Velocity (m3/s) v 1.5 × 10−4

(a) (b)

(c) (d)

Figure 19: Numerically obtained fractured pattern of the specimenswith different particle sizes. (a)Maximumparticle diameter d = 0 075mm.
(b) Maximum particle diameter d = 0 15mm. (c) Maximum particle diameter d = 0 425mm. (d) Maximum particle diameter d= 2.36mm.
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radius are arranged in the circular form at the center of the
model to form the inner wall of the borehole [50].

The microscopic mechanical parameters used in this sim-
ulation, which is mainly a trial-and-error procedure, were
calibrated on the basis of the experimental results. In this
study, macroscopic mechanical properties of shale in the
Chang-7 (C7) member, Yanchang Formation in the south-
eastern Ordos Basin, were used to calibrate the microscopic
parameters including elastic modulus, peak strength, and
Poisson’s ratio. After a trial-and-error process, the elastic
modulus, peak strength, and Poisson’s ratio of the calibration
model were determined to be 25GPa, 103MPa, and 0.24,
respectively, which are in good agreement with the experi-
ment results. The mesoscopic physical and mechanical
parameters of the model and the fluid parameters used for
hydraulic fracturing are shown in Table 2.

Four models are employed in this section. Each of
these models has the same brittle mineral volume content
(40%) but different brittle diameters (2.36, 0.425, 0.15, and
0.075mm, respectively). In each model, all the particles are
distributed randomly. All of the models are subject to the
same confining stresses like laboratory experimental dose.

The numerical results are listed in Figure 19. The gen-
eral trend of the numerical results is consistent with the
laboratory tests except the result with brittle mineral size
of 2.36mm, which is probably because the property of
brittle minerals used in experiment and simulation tests
was different.

The overall fracturing patterns in the four models are
consistent with the laboratory experiments results. The frac-
ture generation profiles are characterized by numerous
deflections, branchings, and terminations. The fracturing tra-
jectory on the local scale is clearly dominated by the brittle
minerals, especially the large brittle minerals. When large
brittle minerals are encountered, the fracture is typically
deflected and moving around them in most of the cases.
However, in some cases, the fracture is terminated when it
strikes the brittle minerals head-on and instead of penetrat-
ing through the brittle minerals. In some cases, the initial
fracture trajectory does not intersect the brittle minerals;
the fracture is nevertheless attracted by the particle as it
approaches. We did not compare the numerical results with
the experimental ones quantitatively because these were 2D
simulations, and the shapes and distributions of the brittle
minerals in the simulations are not completely consistent
with those in the experiments.

5. Conclusions

(1) Both tensile strength and fracture toughness increase
with the increase in maximum brittle mineral size
when the maximum brittle mineral size is smaller
than 0.425mm. It is observed that at a fixed value of
total brittle mineral content, the larger average brittle
mineral size corresponds to a larger size of the frac-
ture area

(2) Ultrasonic technique can provide useful information
regarding crack propagation inside the materials.

Ultrasonic tests in this study show that increasing
maximum brittle mineral size can increase the degree
of attenuation difference between the disturbed and
undisturbed specimens. This is due to the reason that
brittle minerals can deflect propagating cracks in the
matrix and create bigger fracture process zone

(3) Observed mesofracture morphology reveals that
tortuous and complicated cracking path generation
increases with the increase in maximum size of
brittle mineral

(4) When brittle minerals are large enough to have some
natural microfissuring in it, such as maximum brittle
mineral size larger than 0.425mm, the tensile
strength and fracture toughness decrease

(5) The influences of the brittle mineral size on the
fracturing pattern are numerically investigated. The
fracturing path is clearly dominated by the brittle
mineral, especially larger particles, which is consis-
tent with the laboratory results
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