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a b s t r a c t

Accurate understanding and characterization of the growth and distribution of hydrofracturing cracks is
a pivotal issue in enhancing hydraulic fracturing stimulation of unconventional oil and gas reservoirs. In-
situ investigations have been conducted to probe hydrofracturing crack growth and distribution patterns
underground. Unfortunately, few are available for providing accurate knowledge of the three-
dimensional growth and distribution behavior of hydrofracturing cracks in unconventional heteroge-
neous rock formations. This study reports an investigation that incorporates model materials, triaxial
hydrofracturing tests, CT technology, and numerical tools to probe the effects of material heterogeneity
and geostress difference on the crack growth and distribution in three dimensions in heterogeneous
rocks. The initiation positions and propagation azimuths of cracks influenced by geostress difference and
heterogeneous gravels are analyzed by means of fracture mechanics and finite element methods. The CT
technique and the fractal theory are used to characterize the 3D growth and distribution patterns of
cracks in the media. The results show that material heterogeneity and horizontal geostress difference
greatly influence the 3D initiation, growth and distribution of hydrofracturing cracks. The horizontal
geostress ratio 1:1.7 appears to be a threshold value lower than which multiple, twist hydrofracturing
cracks emerge in heterogeneous reservoir glutenite.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Hydrofracturing is one of primary methods that have been
widely adopted for stimulation of unconventional natural gas res-
ervoirs. The high-pressure fluid is injected into the reservoirs to
fracture rock creating high-conductivity paths for gas migration
and thus enhancing gas production. Unconventional natural gas
reservoirs usually consist of heterogeneous rocks and suffer com-
plex geostresses. A rising tide of evidence from practical treatment
in the field implies that hydrofracturing cracks may initiate and
grow in a complicated way that is highly affected by the complexity
al Resources & Safe Mining,
erground Engineering, China
d, Beijing 100083, China.
of geostresses and the heterogeneity of reservoir formations
(Beugelsdijk et al., 2000; Jeffrey et al., 2009; Koceir and Tiab, 2000;
Liu et al., 2014b; Mahrer, 1999; Nasehi and Mortazavi, 2013;
Sarmadivaleh and Rasouli, 2015; Taleghani, 2010; Teufel and
Clark, 1984; Warpinski and Teufel, 1987). Investigations indicate
that multiple or twist cracks may emerge as hydrofracturing cracks
encounter or intersect with natural geological discontinuities, such
as joints, faults, beddings, and inclusions. Understanding the
mechanisms and factors that govern the initiation and propagation
behavior of hydrofracturing cracks has become a pivotal issue in
enhancing hydraulic fracturing stimulation of unconventional gas
reservoirs.

To date, in-situ monitoring, laboratory tests and numerical
simulations have been conducted to investigate the initiation and
growth behavior of hydrofracturing cracks in rock reservoirs. For
instance, microseism (MS) technology is often used as an in-situ
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measurement to study the crack initiation and propagation in the
field (Cipolla et al., 2012b; Gutierrez Murillo et al., 2010; Maxwell
and Cipolla, 2011; Warpinski et al., 2009; Waters et al., 2009).
When a crack propagates in a 2D plane, microseisms can clearly
define the azimuth and geometry of the crack. Nevertheless, ac-
curate crack monitoring depends on interpretation of microseismic
data (Cipolla et al., 2012a). Uncertainty of microseismic data will
lead to misunderstanding hydrofracturing crack growth and dis-
tribution. For example, the uncertainty in arrival times and varia-
tions in hodograms could impact the confidence in estimated
locations (Castano et al., 2010; Johnston and Shrallow, 2011;
Maxwell, 2009). Moreover, due to the limitations of azimuthal
coverage and the shortage of velocity models, understanding the
three-dimensional (3D) crack initiation, propagation and interac-
tion behavior remains a big challenge in MS applications (Gesret
et al., 2013; Maxwell et al., 2010). In laboratory tests, acoustic
emission (AE), which is known as a typical microseismic method
(van der Baan et al., 2013), has been adopted to identify fracture
events (Bunger et al., 2015; Chen et al., 2014; Chen et al, 2015;
Stanchits et al., 2014;Wasantha et al., 2015). Unfortunately, because
of the similar limitations as that of MS in locating fracture events, it
is hard for AE methods to appropriately interpret the mechanisms
of hydrofracturing crack twist, bifurcation and interaction in three
dimensions. Not only this, AE accuracy of locating fractures is highly
interfered by the AE sensors that are mounted on the specimens
(Nabipour, 2013; Shen et al., 2015). In recent years, researcher
adopted advanced techniques, such as X-ray CT (Guo et al., 2014;
Hampton et al., 2014; Ju et al., 2015; Zou et al., 2016), nuclear
magnetic resonance (NMR) (Adriaensens et al., 2000; Espina et al.,
2009; Gomaa et al., 2014; Grayson et al., 2015), fluorescent (Chen
et al., 2015), transparent materials and tracers (Alpern et al.,
2012; Thiercelin et al., 1985; Wu et al., 2008a, 2008b), to observe
and characterize the invisible cracking behavior inside rocks. In-
vestigations indicate that multiple microcracks occur around the
main fracture in granites (Chen et al., 2015; Inui et al., 2014). The
hydrofracturing cracks tend to propagate across weaker or smaller
density regions subjected to a high geostress difference (Renard
et al., 2009). However, it is noteworthy that most of the labora-
tory tests focus on the hydrofracturing behavior of homogeneous
rocks rather than heterogeneous rocks. There is no clear evidence
to clarify which factor dominantly governs the hydrofracturing
crack initiation and propagation behavior when material hetero-
geneity and high geostress difference present simultaneously.

In addition to the experimental attempts, analytical and nu-
merical studies of reservoir hydrofracturing have lasted for de-
cades. The early two-dimensional (2D) models, such as PKNmodels
(Nordgren, 1972) and KGD models (Geertsma and De Klerk, 1969),
postulate that crack initiates and propagates under the conditions
of plane strains, which do not reflect the actual hydraulic fracturing
state. To overcome the shortcomings in 2D models, the 3D
methods, such as P3D models (Advani and Lee, 1982; Settari and
Cleary, 1982), PL3D models, (Vandamme and Curran, 1989), and
the models that take into account the propagation of multiple and
non-planar cracks (Dong and De Pater, 2001, 2002; Garcia and
Teufel, 2005; Hossain and Rahman, 2008; Rungamornrat et al.,
2005), have been proposed. Unfortunately, these analytical
models have difficulties in explaining the mechanisms of crack
twist beahvior (Xie at al, 2016) and propagation mechanisms and
fluid-solid coupling effects (Liu et al, 2003, 2014a; Nassir et al.,
2010; Wang et al., 2012; Zhang et al., 2011, 2014). Recently,
diverse numerical methods have been developed to analyze crack
initiation and propaggation behavior, to mention a few, such as
distinct elementmethods (DEM) (Al-Busaidi et al., 2005; Detournay
et al., 2013; Hiyama et al., 2013; Potyondy and Cundall, 2004;
Shimizu et al, 2011, 2014), unconventional fracture models (UFM)
(Kresse et al., 2011, 2013), BEM (Zhang et al., 2007), XFEM (Wang
et al., 2015), DDM (Gu et al., 2008), and rock failure process anal-
ysis (RFPA) (Li et al., 2013; Tang et al., 2002; Wang et al., 2013; Yang
et al., 2004). It should be noted that in most cases the heterogeneity
of rock formation used to be ignored to simplify numerical
computation. However, investigations have proved that material
heterogeneity apparently affects the stress intensify factor that is
used for judging crack initiation and propagation in the material
(Gu and Siebrits, 2008; Simonson et al., 1978; Teufel and Clark,
1984; Zhao and Chen, 2010). One approach to handling this is to
postulate that rock heterogeneity is characterized by Weibull's
distribution law (Li et al., 2013; Zhong et al., 2014). Nonetheless, the
effects of interfaces between inclusions and matrices of rock have
not been taken into account (Li et al., 2015).

The purpose of this study is to experimentally probe the
mechanisms that essentially govern the 3D hydrofracturing crack
initiation, grow and distribution in heterogeneous rock. The effects
of material heterogeneity and in-situ geostress difference on the
crack growth and distribution patterns are investigated through a
series of triaxial hydrofracturing tests and CT imaging of rock
samples. The modeling materials and relevant techniques are
employed to produce the heterogeneous rock specimens. The
initiation positions and propagation azimuths of cracks influenced
by geostress difference and heterogeneous gravels are analyzed by
means of fracture mechanics and finite element methods. The
fractal theory is adopted to characterize the 3D morphology of
hydrofracturing cracks.

2. Materials and methods

2.1. Materials and specimen preparation

To study the heterogeneity effect of unconventional reservoir
rock on its 3D hydrofracturing behavior, the natural glutenite cores
that contain randomly distributed gravels were drilled from the
unconventional reservoir at depths of 4000 m at the Shengli
SINOPEC oil field in the east of China. The detailed information of
natural glutenite, including composition, gavel distribution, me-
chanical properties, was acquired through X-ray diffraction (XRD),
X-ray microfocus computed tomography (mCT), and mechanical
testing methods (Ju et al., 2016; Liu et al., 2016), based on which a
few artificial cubic cement samples were fabricated to replace the
natural glutenite samples for triaxial hydrofracturing tests. Two
reasons force us to adopt artificial specimens: the first is that there
are insufficient natural glutenite cores for triaxial hydrofracturing
tests because of too much drilling expenses, and the second one is
that the size of a glutenite core is relatively smaller than the ex-
pected size of a hydrofracturing specimen to diminish the size ef-
fect on 3D crack propagation.

In order to make the properties of artificial glutenites as close to
those of real glutenites as possible, several strategies were adopted
in this research. We first measured the mechanical properties of
natural glutenite samples, including the uniaxial compressive
strength, Young's modulus, Poisson's ratio, and permeability, as
listed in Table 1. Additionally, a microfocus X-ray CT system with a
spacial resolution up to 4 mm was employed to identify the het-
erogeneous composition of natural glutenite. Fig. 1 illustrates the
CT testing device and the CT image of a 2D representative cross-
section of the glutenite unveiling the irregular geometry of
embedded gravels. More details about the tests refer to the refer-
ences (Ju et al., 2016; Liu et al., 2016).

Secondly, using the test data, we postulated that the heteroge-
neous glutenite rock is composed of isotropic matrix and randomly
distributed irregular gravels. To distinguish the gravels from the
matrix, the mineral composition of matrix and gravels were probed



Table 1
Mechanical properties of natural glutenite.

Sample Uniaxial compressive strength (MPa) Elasticity modulus (GPa) Poisson ratio Porosity (%) Permeability (10�3mm2)

Glutenite 116 22.97 0.14 7 0.203

Fig. 1. The microfocus CT system used in the tests (a) and the 2D CT image of the representative cross section of the glutenite core showing its heterogeneous composition and
structures (b).

Fig. 2. Size distribution curve of gravels in glutenite.
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using XRD technology. Table 2 outlines the mineral composition
and indicates that dolomite predominates in the mineral compo-
sition of gravels. Accordingly, the aedelforsite was chosen as the
substitute material due to that its properties such as density and
stiffness are similar to those of dolomite. To have an accurate
measure of the proportion of gravels to matrices for the artificial
models as compared to that of original glutenites, we implemented
computed tomography and binary image processing to identify and
extract gravels from the matrix of the glutenite sample. Counting
the numbers of white and black voxels that comprise gravels and
the matrix of a volume sample yields the volume ratio of gravels to
matrices, the information of which was then adopted to fabricate
an artificial specimen. Fig. 2 plots the grading of gravels that was
acquired from the CT images. This process ensures that an artificial
specimen has an identical proportion of gravels to matrices
comparing with real glutenite samples. The volume proportion of
gravels to the volume of an entire specimen is 28.5%. Furthermore,
wemixed natural aedelforsites and cement to produce the artificial
glutenite specimens that are characterized with the same compo-
sition and spacial distribution of gravels as compared to those of
prototype glutenite specimens. Table 3 gives the composition and
mixture ratio of the raw materials that were used for producing
glutenite models. Furthermore, the specimens were cured under a
high temperature up to 90 �C for 72 h to ensure that the uniaxial
compressive strength that was used as a target index can be ach-
ieved. The preparation procedure of artificial specimens actually
originates from the method that was proposed to produce reactive
powder concrete (RPC) (Richard and Cheyrezy, 1994, 1995; Ju et al.,
2007, 2010). According to the previous work, curing the artificial
specimens at this temperature can optimize the hydration reaction
between the cementitious constituents and then obtain a higher
Table 2
Mineral composition of natural glutenite.

Glutenite Mineral composition (%)

Quartz Potassium feldspar Anor

Matrices 30.2 15.1 37.3
Gravels 4.0 0.8 5.4
strength of the material as compared to curing at any other tem-
perature levels. This technique was employed to make the me-
chanical properties of an artificial specimen as close to those of real
glutenite cores as possible.

Thirdly, we conducted laboratory tests to verify whether the
artificial samples perform the same mechanical properties as
original ones. Table 4 lists the measured mechanical properties of
the artificial specimens for comparison. Comparison between the
results of artificial samples (Table 4) and original one (Table 1)
shows that the uniaxial compressive strength and Young's modulus
are fairly close each other, but the Poisson's ratio exhibits a certain
Clay mineral

those Calcite Dolomite

4.5 / 12.9
0.5 84.5 4.8



Table 3
Cement mix proportions.

Size (mm) Water cement ratio Sand (g) Cement (g) Water (g) Water reducer (g)

100 � 100 � 100 0.2 111 991.3 198.2 24.7

Table 4
Mechanical parameters of artificial specimens.

Specimens Uniaxial compressive strength (MPa) Elasticity modulus (GPa) Poisson ratio Tensile strength (MPa)

Overall 94.7 30.82 0.26 5.7
Matrices 67.3 22.5 0.3 5.7

Fig. 4. Photograph of the triaxial hydrofracturing testing device.
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degree of deviation. However, considering the purpose of this
study, we used identical cement materials and mix proportion to
fabricate heterogeneous and homogeneous models for testing the
effects of heterogeneity on the hydrofracturing behavior of het-
erogeneous rock. We mainly focused our attention on the charac-
teristics of randomly distributed gravels and the comparability of
the mechanical properties between homogenous and heteroge-
neous models. The inconsistency of Poisson's ratio between pro-
totypes and models was not emphasized in the analysis.

Note that the present direct tensile strength is determined ac-
cording the measured relationship between a split tensile strength
and a direct tensile strength of the material (Ju et al., 2007, 2010;
2011, 2015).

The cubic specimens with a side length of 100 mmwere casted
for triaxial hydrofracturing tests. A vertical hole with a diameter
10 mm was dug at the center of a specimen, and a steel borehole
packer was inserted into the hole to fit the connector on the top of
the specimen. The packer connector is connected to the high-
pressure injecting tube by a threaded. The length of the upper
portion of the borehole packer is 25 mm, and it was fastened to the
borehole wall using anchor glue to seal the open hole under the
borehole packer. Fig. 3 diagrams the details of the prepared
hydrofracturing specimen.
2.2. Hydrofracturing experiments

Fig. 4 illustrates the triaxial hydrofracturing device used for
Fig. 3. A schematic of the sample for triaxial hydraulic fracturing tests.
fracturing rocks (Zhang and Fan, 2014). To probe the effects of
geostress difference in various directions on hydraulic fracturing,
the various stresses were applied to the sample along the principal
stress directions, i.e. the maximum horizontal geostress (sH), the
minimum horizontal geostress (sh), and the vertical stress (sz). Five
groups of horizontal geostresses were employed in the experiment
with a horizontal geostress ratio within the range from 1:1 to 1:1.9
representing the actual range of horizontal geostress difference in
most unconventional reservoir formations, according to some in
situ testing data of geostress distributed within natural resource
reservoirs in China (Zhang et al., 2010; Zhao et al., 2007). The
fracturing fluid comprising a mixture of water and guar gumwith a
viscosity of 0.326 ml/s was adopted in the test to simulate realistic
hydrofracturing fluid and conditions that are widely used in
reservoir stimulation practice. To exclude the effects of the other
hydrofracturing factors, the water injection rate was kept constant
under various horizontal geostress ratios. Table 5 specifies the pa-
rameters of stresses and fracturing fluid that were used in the
experiment.
3. Experimental results and discussion

3.1. Experimental observation of fracture patterns

To alleviate the effects of specimen sizes on hydrofracturing
crack growth, we adopted the cubic specimens with a side length of
100 mm, which requires a high-voltage X-ray beam to penetrate
the entire specimen for acquiring clear images of fractures. A 410 V-
voltage X-ray CT was adopted to image the hydrofracturing cracks
in the specimens. The multi-thresholding segmentation method
(Kaestner et al., 2008; Ju et al., 2014) was used to enhance the CT
images and identify the fractures. Using the proposed



Table 5
Experimental conditions for hydraulic fracturing tests.

Samples Principal stresses Fractural fluid

sh (MPa) sH (MPa) sz (MPa) Viscosity (mPa s) Injection rate (mL s�1)

1 10 10 20 67 0.326
2 10 13 20 67 0.326
3 10 15 20 67 0.326
4 10 17 20 67 0.326
5 10 19 20 67 0.326
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segmentation method and the self-developed computer program
(Ju et al., 2013, 2014) the original CT images were digitalized into
the images that only comprise the pixels of matrix, gravels and
fractures. The 3D morphology of cracks was rendered by means of
the VG© software (http://www.volume_graphics.com/en/products/
vgstudio_-max) based on a set of processed 2D images, inwhich the
pixel size was 0.144 mm and the interval between the slices was
also 0.144 mm. The 3D reconstructed model of hydrofracturing
cracks allows us to quantitatively characterize the 3D morphology
of the cracks. Fig. 5 illustrates from left to right the top-view pho-
tographs of the fractured specimens, the injection pressure curves
and the rendered 3D fractured rock, respectively, displaying the
hydrofracturing cracks over the entire graveled specimens. For
comparison purposes, the hydrofracturing results of homogeneous
samples were presented in Fig. 6. The identical hydrofracturing
procedure was applied to the homogenous samples. Confined to
the length of the article, more details about testing homogeneous
specimens can refer to the literature (Ju et al., 2016; Liu et al., 2016).
Results indicate that multiple, twist cracks appeared as the hori-
zontal geostress ratio was lower than 1.7. In such circumstances, the
hydrofracturing cracks did not initiate along the direction of
maximum horizontal stress as assumed in the conventional theory.
Instead, the cracks emerged at various positions near the vertical
well, propagated along different directions, and formed a complex
fracture network after the cracks experienced arrest, deflection and
bifurcation processes. It is evident that this complex crack initiation
and growth performance is attributed to the existence of rough
gravels when compared with the fracturing behavior of homoge-
nous samples (Ju et al., 2016). Similar scenarios can also be found in
a few SEM and microseismic studies of fracturing performance of
sandstones (Chitrala et al., 2013; Warpinski et al., 2010). Never-
theless, it was observed that once the horizontal geostress ratio
achieved 1.7 a primary crack emerged and propagated along the
direction of the maximum horizontal stress. A secondary crack
emerged on one side of the primary crack when the hydro-
fracturing came to the end splitting the specimen into two parts.
This phenomena did not appear in the scenario of a geostress ratio
lower than 1.7. Similar phenomena were found in our previous
studies (Ju et al., 2016; Liu et al., 2016). Thus, on basis of our
experimental observation and the CT images of fractures in rock
specimens, the ratio 1:1.7 appears to be a threshold value of stress
ratio lower than which multiple, twist hydrofracturing cracks
emerge in heterogeneous glutenite specimens. The distinct
cracking patterns due to the various applied geostress ratios
embody the influence of geostress difference on the hydro-
fracturing behavior of reservoir media.
3.2. Analysis of the mechanisms for hydrofracturing crack initiation
and propagation

To interpret the effects of geostress difference on the initiation
and propagation behavior of hydrofracturing cracks, a 2D plane
strain model is adopted to analyze the stress distribution around
the wellbore.
Fig. 7 diagrams an arbitrarily selected 2D cross section normal to

the wellbore axis, showing the local coordinates and the sur-
rounding stresses at the crack tip and the global coordinates around
the wellbore. According to the plane strain theory (Fjær et al.,
2008), the circumferential stress at an arbitrary point away from
the wellbore can be expressed as

sb ¼ sH þ sh
2

 
1þ R2W

r2

!
� sH � sh

2

 
1þ 3

R4W
r4

!
cos 2 b� PW

R2W
r2

(1)

where sH and sh refer to the maximum and the minimum hori-
zontal principal stresses, b is the fracture initiation angle, i.e. the
azimuth of initial fracture with respect to the direction of the
maximumhorizontal stress, Rw is the radius of thewellbore, and r is
the distance from the initial fracture point to the center of the
wellbore (see Fig. 7a). The maximum circumferential stress theory
assumes that crack initiates at the point where the circumferential
stress reaches its maximum value (Sih and Madenci, 1983; Zhou
et al., 2016). It means that vsb

vb
¼ 0 if the crack initiates. Substitut-

ing Eq. (1) yields

ðsH � shÞsin 2 b ¼ 0 (2)

When sH ¼ sh, i.e. there is no difference between the horizontal
principal stresses, the fracture initiation angle can be an arbitrary
value to satisfy Eq. (2). It means that the crack initiates from any
point in the vicinity of thewellbore. Considering the actual strength
difference of the glutenite at various locations, it is straightforward
to understand that multiple cracks could emerge at different po-
sitions near the wellbore as long as the maximum circumferential
stresses exceed the ultimate tensile strengths of the points of in-
terest. This explains the observedmultiple fractures in the glutenite
specimen when the horizontal stress ratio is 1:1. In contrast, if
sHssh, the initiation fracture angle complies sin 2 b ¼ 0, i.e. b ¼ 0�

or b ¼ 180�, which implies that the double-wing crack emerges
along the maximum horizontal stress direction. This is in line with
the observed facture pattern that a double-wing crack predomi-
nately emerges along the maximum horizontal stress direction
when the geostress ratio is equal to 1:1.9. In fact, due to existence of
heterogeneity of glutenite, the fracture initiation azimuth does not
only depend on stress difference but also depend on material
heterogeneity. The heterogeneity leads to the non-uniform distri-
bution of the material strengths, and accordingly affects the frac-
ture initiation position and azimuth. The fracture initiation angle b

falls within the range between 0� and 180�. This has been verified
by the measured fracture patterns of the glutenite under the hor-
izontal geostress ratios of 1:1.3, 1:1.5 and 1:1.7.

Moreover, the maximum circumferential stress theory can also
be applied to determining the propagation azimuth along which
the initial crack propagates. To achieve the goal, the finite element
analysis tool ANSYS© solver is used to numerically determine the
circumferential stress around the tip of the initial crack. As an
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Fig. 5. 3D morphologies of the hydrofracturing cracks of heterogeneous samples. The rows (a) to (e) refer to the results of various geostress with a ratio of 1:1.0, 1:1.3, 1:1.5, 1:1.7,
and 1:1.9, respectively. In the 3D reconstructed models, the matrices are transparent, the green parts represent the randomly distributed gravels and the cyan parts refer to the
hydrofracturing cracks.
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example, Fig. 8 shows the 2D numerical models of the glutenite
specimens subjected to the horizontal geostress ratios 1:1.5 and
1:1.7, respectively. To understand the effects of gravels on crack
propagation after initiation, the models involve the initial crack
Fig. 6. 3D morphologies of the hydrofracturing cracks of homogeneous samples. The images
and 1:1.9, respectively. In the 3D reconstructed models, the matrices are transparent and t
with a certain length. Themodel was established in ANSYS software
using a 2D sectional slice arbitrarily cut out of the 3D fractured
model (see Fig. 5). The crack displayed in the model was truncated
from the entire propagated crack shown in Fig. 5, keeping the same
(a) to (e) refer to the results of various geostress with a ratio of 1:1.0, 1:1.3, 1:1.5, 1:1.7,
he black parts refer to the hydrofracturing cracks.



Fig. 7. The schematic diagram of the coordinate system and the stress state around the wellbore (a) and the tip of the initial crack (b).

Fig. 8. Numerical models for calculation of the stress distribution around the wellbore: (a) heterogeneous model (left) and homogeneous model (right) subjected to the geostress
ratio 1:1.5, (b) heterogeneous model (left) and homogeneous model (right) subjected to the geostress ratio 1:1.7. The grey parts represent homogeneous matrix, the white parts
refer to gravels and the dark parts refer to the hydrofracturing crack and the wellbore. The yellow local coordinates at the initial crack tip define the calculation azimuths of crack
propagation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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gravel distribution pattern as that of the specimen before frac-
turing. In the calculation, water pressure was uniformly applied
along the wellbore and the crack surfaces. The horizontal stresses
sH and sh were uniformly applied on the boundary of the model in
accordance with the experimental conditions. In order to under-
stand the effect of gravels on stress distribution, the homogeneous
rock model with the identical initial crack (see Fig. 8b) was set up
for comparingwith the heterogeneous glutenitemodel. Themodels
were meshed in MIMICS® (http://biomedical_materialise.com/
mimics) before imported into ANSYS solver for stress calculation.
The material properties used in the numerical model were deter-
mined according to the experimental results of the artificial glu-
tenite specimens. The Young's modulus and Poisson's ratio of the
matrix are considered to be the same as homogeneous samples and
listed in Table 4. The Young's modulus and Poisson's ratio of the
gravels was set to be 100 GPa and 0.15 according to the existing
results (Peng and Zhang, 2007).

According to the principles of the mixed model of I-II crack
propagation (Zhou et al., 2016), the circumferential stress at the tip
of initial crack in the coordinate system shown in Fig. 7b, can be
expressed as

sq ¼
1

2
ffiffiffiffiffiffiffiffiffiffi
2pr1

p cos
q

2
½KІ ð1þ cos qÞ � 3KІІ sin q�

trq ¼
1

2
ffiffiffiffiffiffiffiffiffiffi
2pr1

p cos
q

2
½KІ sin qþ KІ І ð3 cos q� 1Þ�

9>>>>=
>>>>;

(3)
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where q refers to the propagation azimuth of the initial crack that
launches from the tip of the crack (see Fig. 7b), r1 means the dis-
tance between the tip of the initial crack and an arbitrary point in
the vicinity of the initial crack, KI and KII are the stress intensity
factors of tensile and shear failure, respectively. The intensity fac-
tors KI and KII can be obtained from Eq. (3) when q ¼ 0, r/0, i.e.
KІ ¼ lim

r/0

ffiffiffiffiffiffiffiffiffiffi
2pr1

p
sqðr;0Þ,KІІ ¼ lim

r/0

ffiffiffiffiffiffiffiffiffiffi
2pr1

p
trqðr;0Þ. In this case,

sqðr;0Þ and trqðr;0Þ refer to the normal stress sn and the shear
stress tnm in m-n coordinate system at the crack tip. Thus, it yields

sq ¼ �1
2
cos

q

2
½snð1þ cos qÞ � 3tnm sin q� (4)

Meanwhile, the stresses sn and tnm can be repressed in the
following equations with regard to the global X-Y coordinates (Fjær
et al., 2008) shown in Fig. 7b

sn ¼ 1
2
ðsx þ sY Þ þ

1
2
ðsx � sYÞcos 2 bþ txy sin 2 b

tnm ¼ 1
2
ðsY � sXÞsin 2 bþ txy cos 2 b

9>>=
>>;; (5)

where sx refers to the X-component stress, sy means the Y-
component stress, and txy is the shear stress component in X-Y
plane. Figs. 9 and 10 present the calculation results of the stress
components sx, sy and txy of both heterogeneous and homoge-
neous rock models subjected to geostress ratios 1:1.5 and 1:1.7.

According to the maximum circumference theory the crack
propagation is governed by the maximum circumference stress. To
analyze track the propagation direction of the initial crack, 9
consecutive azimuths (see Fig. 8) were designed to determine and
compare their circumferential stresses using Eq. (4). In the calcu-
lation, the initial fracture angles bwere set to be 45� and 30� for the
cases of geostress ratios of 1:1.5 and 1:1.7, respectively. Fig. 11 plots
the calculation results.

The calculation indicates that the maximum circumferential
stresses of the heterogeneous specimen under different geostress
ratios take place along the direction q ¼ �30�, which means that
the crack deflects to the right from its initial azimuth in an angle of
Fig. 9. Simulation results of the stresses in the vicinity of the wellbore of the heterogeneous
ratio 1:1.5: (a) X-component stress, (b) Y-component stress, and (c) shear stress in X-Y pla
30� (see Fig. 8b). This is consistent with the experimental obser-
vation of crack propagation in the heterogeneous media under the
same geostress conditions (see Fig. 12). More than that, the com-
parison in Fig. 11 shows that, for the majority of propagation azi-
muths (q), the maximum circumferential stress sq;max at the point
of interest of the heterogeneous specimen appears larger than that
of the homogeneous specimen. The higher the geostress difference
is, the larger the gap between the circumferential stresses appears.
In the other words, when increasing the horizontal geostress dif-
ference, e.g. the geostress ratio reaches 1:1.7, the circumferential
stress that induces crack propagation of heterogeneous media ap-
proaches to that of homogeneous media.

Additionally, the numerical analysis indicates that the stress
distribution in the vicinity of an initial crack tip is non-uniform
even for the homogeneous specimen. Basically, the non-uniform
stress distribution is attributed to the coupled effects of geostress
difference and material heterogeneity. Our results show that when
the geostress difference rises, the degree of non-uniform distribu-
tion of interior stresses increases for both heterogeneous and ho-
mogeneous media. High-level stress concentrates more in the
neighborhood of the initial crack tip other than the distributed
gravels. It implies that when applied geostress difference is high,
geostress difference governs the non-uniform distribution of inte-
rior stresses and then the propagation of initial cracks more than
material heterogeneity. The ratio 1:1.7 seems to be the threshold
stress ratio below which material heterogeneity plays the domi-
nant role in governing the initial crack propagation rather than
geostress difference. This has been verified by our CT observation of
the crack growth and propagation in both heterogeneous and ho-
mogeneous specimens.
4. Fractal description of 3D hydrofracturing crack network

4.1. Fractal characteristics of 3D hydrofracturing crack networks

The 3D morphology of hydrofracturing crack networks result
from comprehensive effect of geostress difference and material
heterogeneity. A quantitative description of the 3D fracture
model (top row) and the homogeneous model (bottom row) subjected to the geostress
ne, respectively.



Fig. 10. Simulation results of the stresses in the vicinity of the wellbore of the heterogeneous model (top row) and the homogeneous model (bottom row) subjected to the geostress
ratio 1:1.7: (a) X-component stress, (b) Y-component stress, and (c) shear stress in X-Y plane, respectively.

Fig. 11. Calculation results of the circumferential stress along various propagation azimuths under the geostress ratios of 1:1.5 (a) and 1:1.7 (b).

Fig. 12. Experimental observation of the crack propagation azimuths of the heterogeneous specimens under the horizontal geostress ratio 1:1.5 (a) and 1:1.7 (b).
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network helps to understand the comprehensive influence of
geostress difference and material heterogeneity on hydraulic frac-
turing of rock. Previous investigations show the fracture network of
rock is characterized by fractal (Chil�es, 1988; Falconer, 1990; Sato
et al., 1999; Xie, 1993). Similarly, we adopted fractal theory (Gang
and Ju, 2008; Xie, 1993; Ju et al., 2014) to characterize and
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analyze the 3D morphology of hydrofracturing crack networks of
both heterogeenous and homogenenous rock specimens.

It is shown that the fractal dimension quantifies the character-
istics of fracture population and distribution (Charkaluk et al., 1998;
Gang and Ju, 2008; Sato et al., 1999; Xie, 1993). The higher the
degree of growth and development of fractures is, the larger the
fractal dimension of the fracture network is. In order to measure
the fractal dimension of hydrofracturing cracks in heterogeneous
glutenite, the box-counting method (Charkaluk et al., 1998; Gang
and Ju, 2008; Sato et al., 1999; Xie, 1993; Ju et al., 2014) was first
applied to the 2D transverse CT images of the fractures. Fig. 13 il-
lustrates the binarized 2D CT image of the fractures extracted from
a selected 2D cross section of the specimen using the image pro-
cessing and segmentation methods (Ju et al., 2014). The box-
covering method for calculating the fractal dimension of the frac-
ture network is also demonstrated in Fig. 13. According to the box-
counting method, the fractal dimension of the 2D fracture network
can be expressed as

DB ¼ lim
k/∞

ln Ndk

�ln dk
; (6)

where DB refers to the fractal dimension of the fracture network, dk
is the side length of the kth covering grid, Ndk is the number of the
effective grids that covering the fracture; kmeans the kth covering.

The calculation procedure is described as follow:

(1) Converting the original grey CT image of fractures into the
binarized image using the binarization and segmentation
methods, as shown in Fig. 13. The fractures are represented
by black pixels, while the matrix is characterized by white
pixels.

(2) Covering the binarized image of fractures with grids of the
side length of dk, and counting the covering number Ndk.
Halving the side length subdivides the grids into the smaller
Fig. 13. Illustration of 2D fracture network and box-counting method for determining the fra
(c) the kth covering with a grid size of dk , and (d) the (kþ1)th covering with a grid size of
one dkþ1. Continuously repeating this process yields an array
of Ndk corresponding to dk. Plotting the covering number Ndk
against dk in a double logarithmic coordinates generates the
curve of ln Ndk � lnð1=dkÞ, of which the slope of the line
represents the fractal dimension DB.

For the fractal description of the 3D morphology of fracture
network, similar box-counting method was applied. The computer
software MIMICS® was employed to construct the 3D model using
the 2D images. A total of 640 2D slices was used to construct a 3D
model. Fig.14 demonstrates themethod that was proposed to cover
the spatially distributed cracks by consecutively subdividing the
voxels into the smaller ones. The relationship between the covering
number Ndk and the box side length dk can also be attained. A
computer program (Ju et al., 2013) was then developed to deter-
mine the fractal dimension of the 3D fracture network based on the
data matrix �ln Ndk ; lnð1=dkÞ using the similar principle for 2D
treatment.
4.2. Analysis of the fractal characteristics of hydrofracturing crack
networks

The fractal dimensions of the 3D hydrofracturing crack net-
works of the heterogeneous materials under various geostress ra-
tios were obtained using the aforementioned method. Fig. 15 plots
the calculation results of fractal dimensions against horizontal
geostress ratios, where the vertical coordinate stands for the
calculated fractal dimension of 3D hydrofracturing crack networks
(DB), and the lateral coordinate refers to the ratio of the maximum
horizontal geostress component to the minimum horizontal geos-
tress component (sH=sh). To elucidate the effect of material het-
erogeneity on hydrofracturing behavior, similar method was
applied to acquiring the fractal characteristics of the hydro-
fracturing networks of homogeneous media. The handling results
were also plot in Fig. 15 for the sake of comparison.
ctal dimensions, (a) original grey CT image of fractures, (b) binarized image of fractures,
dkþ1.



Fig. 14. Illustration of the 3D box-counting method for determining the fractal dimension of 3D morphology of hydrofracturing crack network.
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The results indicate that for both heterogeneous and homoge-
neous rockmodels there is awatershed in the fractal characteristics
of hydrofracturing crack networks, that is, the stress ratio,
sH=sh¼1.5, separates the fractal characteristics of hydrofracturing
crack networks into two parts. The fractal dimension at the stress
ratio of 1.5 reaches the maximum value. It means that once the
stress ratio sH=sh is over 1:1.5, i.e. reaches 1:1.7, the fractal
dimension of hydrofracturing crack network quickly decreases with
increasing the geostress ratio, which implies that when increasing
geostress difference the degree of growth and complexity of
hydrofracturing crack network gradually diminishes. The geostress
ratio 1:1.7 appears to be the threshold value at which the fracture
network that is composed of multiple fractures turns to be a single
double-wing fracture. The fractal dimension of the hydrofracturing
crack network is negatively related to the degree of geostress dif-
ference. It means that the larger the degree of geostress difference
is, the smaller the fractal dimension of the crack network is, and
then themore likely the single crack occur. Both heterogeneous and
homogeneous rock models exhibit the same variation tendency of
the fractal characteristics of hydrofracturing crack network. This
result reflects the controlling effect of geostress difference on hy-
draulic fracturing performance of reservoir rocks.

It should be noticed that the fractal dimension at the stress ratio
of 1.3 appears to be lower than that at the stress ratio of 1.0, which
leads to the distinct variation of fractal characteristics before the
watershed stress ratio is reached, that is, the fractal dimension
deceases first and then increases after the stress ratio exceeds 1.3.
One of the possibilities that cause this inconsistency is attributed to
the randomness of crack initiation and propagation due to the
scatterness in the properties of cement materials that were used to
model rocks. The scatterness in the strengths, including compres-
sive strength, tensile strength, and shear strength, plasticity and
even fracture toughness impacts the performance of crack initia-
tion and propagation of models. Particularly, existence of the
embedded randomly distributed gravels has intensified the degree
of scatterness.
Fig. 15. Fractal dimensions of 3D hydrofracturing crack networks of both heterogeneous
Furthermore, it is noteworthy that comparing the results of the
different rock specimens indicates that the fractal dimension of
hydrofracturing crack network of a heterogeneous model is larger
than that of a homogeneous model. There is a significant difference
of DB value between 1.0 and 1.3 stress ratios for heterogeneous
samples compared to that of homogeneous samples. In fact, the
fractal dimension of the fracture network DB that was used to
characterize different fracture patterns is a comprehensive index,
which reflects not only the distribution nature of fractures but also
the tortuosity of fracture surface morphology. The CT images of
fractures indicate that the fracture surface at the ratio of 1.0 appears
to be more tortuous than that at the ratio of 1.3 for heterogeneous
samples. From the authors' points of view, this is attributed to the
effects of gravels on fracture initiation and propagation within
heterogeneous specimens. On the contrary, Fig. 6 indicates that
fracture surfaces of the homogenous samples are quite close to flat
planes when the stress ratios are 1.0 and 1.3. This explains why
there is a significant difference of DB between stress ratios 1.0 and
1.3 for heterogeneous specimens comparing with that of homoge-
neous samples. It means that a heterogeneous model exhibits more
tortuous fracture morphology and a more developed crack network
than a homogeneous model with the same degree of geostress
difference. The fractal dimension DB positively relates to the degree
of heterogeneity of rock media. This verifies the significant effect of
material heterogeneity on the hydraulic fracturing performance of
reservoir rocks.
5. Conclusions

This study investigates the effects of geostress difference and
material heterogeneity on the hydraulic fracturing performance of
heterogeneous reservoir glutenite. Advanced experimental tech-
niques, including modeling tests, triaxial hydrofracturing tests, and
high-resolution microfocus computed tomography, were employed
to probe the effects of geostress difference and material heteroge-
neity on the characteristics of hydrofracturing cracks, such as
models (a) and homogeneous models (b) varying with the applied geostress ratios.
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initiation, propagation, growth, and population. Fractal theories
were applied to characterizing the 3D hydrofracturing crack net-
works of both heterogeneous and homogeneous rock samples. The
main conclusions are as follow:

(1) Both horizontal geostress difference and material heteroge-
neity has significant influence on the characteristics of
hydrofracturing cracks in heterogeneous reservoir rock.
When the degree of horizontal geostress difference is higher,
that is, the geostress ratio reaches 1:1.7, it is more likely to
have a double-wing single crack than multiple twist cracks,
no matter the tested rock model is heterogeneous or ho-
mogeneous. The geostress ratio 1:1.7 appears to be a
threshold value at which the multiple hydrofracturing cracks
occur in rocks. The horizontal geostress difference is the
predominant factor that influences the fracture pattern of
reservoir rocks. In contrast, if the degree of horizontal
geostress difference is lower, that is, the geostress ratio is
below 1:1.7, multiple twist cracks rather than a single crack
occurs. In the context of this sort, the distributed gravels
remarkably influence the initiation and propagation of
hydrofracturing cracks, which implies that material hetero-
geneity plays the predominant role in affecting the crack
initiation and propagation performance.

(2) The analysis of the stress states in the neighborhoods of the
wellbore and the initial crack using fracture mechanics the-
ory and finite element methods quantitatively elucidates the
mechanisms through which horizontal geostress difference
and material heterogeneity induce and control the hydro-
fracturing crack initiation and propagation. The analytical
results are in good agreement with the experimental
measurement.

(3) The fractal characterization of the 3D hydrofracturing crack
network of rock models verifies the distinct contribution of
geostress difference and material heterogeneity to control-
ling the crack initiation and propagation in heterogeneous
reservoir rock. The fractal analysis results are consistent with
the analysis of fracture patterns of the tested rock models. It
is shown that the fractal dimension of the crack network is a
comprehensive measure of the coupled effects of geostress
difference andmaterial heterogeneity on the hydrofracturing
performance of reservoir rock. The fractal dimension of the
hydrofracturing crack network is positively related to the
degree of material heterogeneity and negatively related to
the degree of geostress difference.
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