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a b s t r a c t

Unconventional natural gas reservoirs usually have composite or heterogeneous microstructures, and
heterogeneity has significant influence on the initiation and propagation of hydrofracturing cracks.
Numerical simulation has advantages over in situ or experimental studies in the examination of the
integrate hydrofracturing process. Many numerical modelling studies have been conducted to investigate
the patterns of underground hydraulic fracturing. Unfortunately, few models have adequately simulated
the 3D dynamic hydraulic fracturing process while maintaining accurate heterogeneous structures. This
study adopted numerical simulation to investigate the processes of the initiation and the propagation of
cracks in a heterogeneous material based on the CDEM algorithm, which couples finite and discrete
element methods. A numerical model was used to represent the actual heterogeneous structure of a
physical specimen. The initiation position and process of propagation of cracks influenced by geostress
differences and heterogeneity are discussed. The efficiency of the simulation work was verified by the 3D
reconstruction models in terms of the experimental results. The results indicated that material hetero-
geneity has considerable effect on crack initiation, but that crack propagation is controlled primarily by
the geostress ratio.

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

Hydrofracturing is one of the primary techniques adopted for
the stimulation of unconventional natural gas reservoirs. Such
reservoirs usually have composite or heterogeneous microstruc-
tures that can be seen with the naked eye or observed by detection
methods (Fouche et al., 2004; He et al., 2015). Glutenite is a
representative heterogeneous rock medium that is widely found in
tight gas reservoirs (Liu et al., 2010; Zhang et al., 2014). It is evi-
denced that the initiation and growth behaviors of hydrofracturing
cracks are strongly influenced by the heterogeneity of rock or
rocklike materials (Renard et al., 2009; Sarmadivaleh and Rasouli,
2015). Consequently, fracture patterns obtained in the field or by
experiment usually deviate from theoretical predictions, which
al Resources & Safe Mining,
yuan Road, Beijing 100083,
might assume homogenous rockmaterial around thewellbore or in
one pay zone. Understanding the mechanisms of the initiation and
growth of hydrofracturing cracks associated with the heterogeneity
of rock material is pivotal in enhancing hydraulic fracturing
stimulation.

In situ monitoring and laboratory tests have been conducted to
identify the morphologies of hydrofracturing cracks in rock mate-
rials. Many of these studies have observed and recorded crack
morphologies after the completion of hydraulic fracturing tests
using microseism technology or nondestructive testing
(Adriaensens et al., 2000; Bunger et al., 2015; Chen et al., 2015;
Cipolla et al., 2012; Gomaa et al., 2014; Guo et al., 2015; Gutierrez
et al., 2010; Hampton et al., 2014; Ju et al., 2016; Zou et al., 2016).
However, the fracture initiation and growth processes are usually
indistinct in such studies. In fact, complex hydrofracturing crack
geometry reflects the development of material dilatancy and brittle
failure with reference to crack nucleation, propagation, and
coalescence.

Because of the difficulty in obtaining a complete analysis
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solution for hydrofracturing problems, numerical methods are
widely adopted. The rapid development of 2D and 3D numerical
models has advanced the simulation of the initiation and propa-
gation of complex hydrofracturing cracks (Dong and De Pater, 2001;
Hiyama et al., 2013; Nassir et al., 2010; Zhang et al., 2007). However,
in most cases, to simplify the numerical computation, the hetero-
geneity of the rock formation has been ignored. This has been
proven to cause deviations between the simulated and actual crack
morphology. Hydraulic fracturing behavior reflects the influence of
both the geostress field and the heterogeneity of the rock media,
and different techniques have been used to incorporate heteroge-
neity into numerical models. Heterogeneity adopting some kind of
distribution has been implemented in some homogeneous models.
This procedure assigns different properties to the elements within
the model. For example, the FSD model considers the sample as a
single uniform material and it uses the Weibull statistical model to
introduce rock heterogeneity (Li et al., 2013; Tang et al., 2002;
Wong et al., 2006; Yang et al., 2004). Alternatively, accurate ma-
terial heterogeneity is introduced into some models by means of
digital image processing. For example, classifiedmineral maps have
been used to construct finite element meshes (Liu et al., 2004;
Wang, 2013; Yue et al., 2003). Furthermore, the discrete element
method (DEM) can directly represent the grain-scale microstruc-
tural features of granular materials by considering each grain as a
DEM particle (Cundall and Strack, 1979; Potyondy and Cundall,
2004). Therefore, particles can be assigned different mechanical
parameters to generate model heterogeneity (Al-Busaidi et al.,
2005; Fatahi et al., 2016; Shimizu et al., 2011, 2014). All these
methods have contributed to the characterization of the hetero-
geneity of rockmaterial and to the realization of fracturing patterns
in heterogeneous media. However, approaches that consider rock
heterogeneity follows some statistical laws cannot reflect the actual
distribution of mineral components distribution nor take into ac-
count the effects of interfaces between inclusions and matrices (Li
et al., 2015). Some traditional numerical models, such as those that
adopt the finite element method (FEM), have some major limita-
tion; their meshes cannot be changed easily after creation and they
require further assumptions and simplifications. DEM model is a
tool that does not requiremeshing because it consists of discretized
particles free to move with respect to each other. However, it is a
challenge to implement actual components distributions in DEM
models. Moreover, to the best of our knowledge, few works have
reported robust numerical evidence of a relationship between
crack patterns and the heterogeneity of rock materials.

The purpose of this study was to investigate the coupling effect
of heterogeneity and geostress contrast on the initiation and
propagation behaviors of hydrofracturing cracks. This was achieved
using a continuum-based discrete element method (CDEM) model
that couples the FEM and DEM and has advantages in simulating 3D
discontinuous deformation problems. The models were con-
structed with accurate inner structures of the rock material based
on computed tomography image processingmethods. The effects of
material heterogeneity and in situ geostress difference on hydraulic
fracturing behavior were investigated through a series of boundary
conditions. The initiation positions and propagation processes of
the cracks influenced by geostress differences and heterogeneous
gravels were analyzed by applying appropriate loading steps. The
final crack morphology was verified by experimental results.

The remainder of this paper is organized as follows. In Section 2,
the numerical simulation conditions, including the CDEM algo-
rithm boundary conditions and calculation steps are introduced in
detail. Section 3 outlines the numerical results and the analysis of
the 3D crack growth and distribution in heterogeneous rock media.
In Section 4, the experimental results are employed to verify the
final crack morphologies. Concluding remarks are summarized in
Section 5.
2. Numerical simulation for hydrofracturing crack
propagation

2.1. CDEM algorithms

The CDEM algorithm couples the FEM and the DEM (Li et al.,
2004; Wang et al., 2005). A microstructural model of rock mate-
rial comprises two elements: block elements and jointed elements.
The model is configured such that the FEM is used inside the block,
while the DEM is adopted for the interface. Moreover, the strength
of each element is relevant to its deformation modulus, and the
deformation of each block element is obtained according to the
state of stress and constitutive relation of the materials. Various
elements are available in a CDEM model, e.g., tetrahedral, hex-
ahedral, or even complex polyhedral elements. This method has
considerable advantage in simulating dynamic fracture processes,
and it has a variety of applications related to problems associated
with continuous or discontinuous deformation under dynamic or
static loads.

The governing equation for the moving of the movement of
elements is the motion equation that takes the deformation of el-
ements into account. For every block within the model, the
following governing equations must be satisfied.

Equilibrium equation:

sij;j þ fi � r€ui � a€ui ¼ 0 (1)

where sij,j represents the first-order partial derivative of the stress
tensor with respect to the coordinate; fi stands for the body force; r
is density; a is the damping ratio; and €ui and _ui denote acceleration
and velocity respectively.

Using the variation formulation, the equilibrium equation can
be transformed into the following matrix form in an element:

M€uðtÞ þ C _uðtÞ þ KuðtÞ ¼ QðtÞ (2)

where M, C, and K are the mass, damping and stiffness matrices,
respectively, €uðtÞ, _uðtÞ, and u(t) denote vectors containing the nodal
accelerations, displacements, and velocities at time point t,
respectively; and Q(t) is the loading vector. To use the dynamic
relaxation method to solve the equation, CDEM employs an explicit
iteration in the calculation.

Strain-displacement relationship:

εij ¼
1
2
�
ui;j þ uj;i

�
(3)
Constitutive law:

sij ¼ Dijklεkl (4)
Boundary conditions:

ui ¼ ui; sijnj ¼ ti (5)
Initial conditions:

uiðx; y; z;0Þ ¼ u0i ðx; y; zÞ; ui;tðx; y; z;0Þ ¼ u0i;tðx; y; zÞ (6)

In Eqs. (3)e(6), ui,j, and uj,i are both the first-order partial
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derivatives of displacement with respect to the coordinate; εij and
εkl are strains; sij is stress; and Dijkl is the stressdstrain tensor.

The failure, slipping, and fracture of the solid occur in the
interface between elements. Two criteria are used to judge the
failure of the elements:

(1) Maximum Tensile-Stress Criterion:

sT � sT (7)
Fig. 2. Schematic of the numerical model for triaxial hydrofracturing.
(2) Mohr-Coulomb Strength Theory:

t � sn tan 4þ C (8)

where sT is the tensile strength, C is cohesion, and 4 is the internal
friction angle.

Fig. 1 shows a diagram of the fracture process in the CDEM al-
gorithm. The solid is meshed by tetrahedral elements. If either of
the above criteria were satisfied, the solid would rupture by sepa-
rating at the mass point. This means that cracks cannot get access
into the elements.

External loads are treated using the stiffness matrix method as
follows:

fFgei ¼ ½K�ei ,fugei (9)

where fFgei is the node forces vector of element i, while fugei de-
notes the node displacement vector, and ½K�ei refers to the stiffness
matrix. fFgei can be obtained by

(
Fjn ¼ �Kj

n � Ddjn
Fjs ¼ �Kj

s � Ddjs
(10)

where Fjn and Fjs are the normal or tangential node force vectors of
element j, Kj

n and Kj
s are the normal or tangential stiffness matrices

of element j, and Ddjn and Ddjs are the normal or tangential
displacement vectors of element j.

To make the calculation more efficient when the number of
elements is a large, parallel computing is employed in the CDEM
algorithm. The CPU (Central Processing Unit) in the CDEM solver
was substituted by the GPU (Graphics Processing Unit). The GPU
that has specialized electronic circuitry designed to rapidly
manipulate and alter memory is used to accelerate the creation of
images in a frame buffer intended for output to display (Wang et al.,
2013). The CDEM algorithm is suitable for application with a GPU
because the calculations involved are all preformed independently
for each of the elements and nodes. In this case, the CDEM is
denoted as GDEM. In GPU parallelization, heterogeneous
computing methodology is usually used. This means that the serial
part of the code executes in a host (CPU) thread, while the parallel
Fig. 1. Schematic of el
part executes in a large number of device (GPU) threads. In our
work, the GDEM solver was adopted for the models comprising
millions of elements whichmight require oneweek to complete the
computation using traditional CPU algorithms, and as a result, the
computation time was shortened to half an hour.
2.2. Numerical model

In order to identify the effect of heterogeneity on hydro-
fracturing behavior, our previous work constructed a series of
experimental models in terms of the characterizations of gravels in
natural heterogeneous glutenite (Ju et al., 2016). According to the
experimental settings and conditions, the same geometry and
components settings were employed in the numerical model based
on the assumption the heterogeneous model comprised an
isotropic matrix and randomly distributed irregular gravels. A nu-
merical model had side lengths of 100 mm. A 10-mm-diameter
vertical hole with a length of 27 mm was drilled in the center of a
cubic specimen, and an impermeable steel packer with a depth of
25 mmwas set on the top of the open hole to seal fluid in the hole.
Fig. 2 diagrams the geometry and setup of the model.

The numerical models were constructed in accord with the
geometry and mechanical properties of the natural glutenite
specimens with an identical gravel fraction of 28.5%. The geomet-
rical characterizations as well as the mechanical properties of the
natural glutenite specimens were first acquired using X-ray CT and
mechanical tests and then used to reconstruct numerical models
through MIMICS© and CDEM codes. In this study, the degree of
material heterogeneity is defined by the proportion of the volume
ement separation.
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of gravels to the volume of an entire heterogeneous specimen. It
means that the distribution characterizations of gravel size and
spatial location as well as gravel compositions are identical be-
tween each model, except the characterization of gravel quantity. A
few factors cause us to take different initial distribution of het-
erogeneity. First, this measure facilitates validation of the CDEM
simulation results using experimental data. The different distribu-
tion of heterogeneity results from the distinct gravel distribution of
real glutenite samples. Second, we mainly focused on the effect of
various gravel fractions on the hydrofracturing crack initiation and
propagation behavior of a heterogeneous model subject to a con-
stant geostress difference. Previous studies indicate that different
spatial locations of gravels that are characterized by identical dis-
tribution functions of size, quantity and location have very little
influence on the mechanical properties of the material (Liu et al.,
2004; Yin et al., 2016). The experimental results of the natural
rock cores that were drilled from the same reservoir but different
spots indicated the rock samples had very close mechanical prop-
erties even though their graveled structures appeared different.

The computational model was constructed as follows. First, we
detected the inner structure of the experimental specimens by
means of X-ray CT. Furthermore, taking the assumption mentioned
above into account, the original CT images were digitalized into
images that comprised only the pixels of the matrix and the gravels
using multi-thresholding segmentation method (Kaestner et al.,
2008) and our own self-developed computer program (Ju et al.,
2013, 2014). Thus, a 3D numerical model was constructed using
MIMICS© software (http://biomedical.materialise.com/mimics)
based on a set of processed 2D images, in which the pixel size was
0.144 mm and the interval between the slices was also 0.144 mm.
After being reconstructed, the three-dimensional geometrical
model was meshed using the mesh generation function of
MIMICS©. Most numerical studies pointed out that mesh size
affected simulation accuracy and efficiency (Bouchard et al., 2000;
Mo€es et al., 1999; Rashid, 1998). In this study, to achieve a high
computing accuracy and efficiency simultaneously, the element
meshes in the vicinity of the wellbore were refined using MIMICS©

according to actual sizes of gravels. The maximum side length of
elements actually varies in the areas between the vicinity of the
wellbore and the border of the model. Fig. 3 shows the different
maximum side lengths of elements ranging between 0.5 mm and
2 mm. As a result, we obtained a meshed model composite of more
than 800,000 elements that were divided into two groups: the
matrix and the gravels. The meshed three-dimensional model was
exported as a CDB file, compatible for mesh refinement and opti-
mization using ANSYS© software. The meshed model was refined
using the ANSYS software by employing self-developed code before
being input into the GDEM solver, because errors would occur if the
Fig. 3. Illustration of the refined meshes in the specific areas that are labeled by red number
respectively. (For interpretation of the references to colour in this figure legend, the reader
CDB file were used directly in the GDEM solver. Fig. 4 demonstrates
this procedure.

In the calculation model, different mechanical parameters were
assigned to the elements according to their association as matrix or
gravels. All gravels were assigned the samemechanical parameters.
It should be noted that the purpose of this study is to numerically
analyze the effect of heterogeneity, which is weighed by gravel
volumetric fraction, on hydrofracturing behavior of a heteroge-
neous rock. Therefore, the mechanical properties of gravels were
set to be identical in our numerical simulation. In addition, as
aforementioned, for the purpose of comparison, the CDEM models
were actually constructed in accord with the geometry and me-
chanical properties of the natural glutenite specimens that were
used in hydrofracturing experiments. Our preliminary experiments
of the mineral compositions of gravels in the natural glutenite
samples show that dolomite is predominant mineral composition
of gravels (Liu et al., 2016; Ju et al., 2016). Therefore, to address the
effect of gravel existence instead of gravel mineral composition on
the hydrofracturing behavior of heterogeneous models, we
assigned the mechanical properties of dolomite to all gravel ele-
ments in our model. Table 1 lists all the parameters used in
simulation.

2.3. General procedure

To probe the effects of geostress difference in various directions
on hydraulic fracturing, the boundaries of the elements were set as
pressure conditions. The various stresses were applied to themodel
along the principal stress directions. In this study, we adopted the
same setting of geostress conditions as in our previous works. Five
groups of horizontal geostress ratios were employed within the
range from 1:1.0 to 1:1.9. Table 2 displays the parameters of the
stresses used in the simulation.

The general procedure of the numerical simulation performed
using the GDEM solver was as follows. The boundary stresses were
applied to achieve an initial stress balance. Furthermore, in order to
simulate the actual process of increasing water pressure in the
wellbore, the pressure continuously increased step by step with an
interval of 5 MPa until the specimen was split out. As a result, the
pressure on the crack surface increased steadily. Water injection
was not considered as a time-dependent process (Almi et al., 2014).
This was designed to be in linewith thewater injection process that
was adopted in our previous experiments for comparison purposes
(Liu et al., 2016; Ju et al., 2016). The purpose of adopting stepwise
loading methods in simulation is to reveal how fractures initiate
and propagate step by stepwithin a rock specimenwhich is difficult
to be observed in hydraulic fracturing tests. A proper water pres-
sure gradient not only helps achieve this goal but also facilitates
1, 2, 3 and 4, of which the maximum side length is 0.5 mm, 1 mm, 1.5 mm, and 2 mm,
is referred to the web version of this article.)

http://biomedical.materialise.com/mimics


Fig. 4. Procedure of obtaining the meshed three-dimensional heterogeneous model based on the MIMICS and ANSYS codes, (a) stacking of 2D binarized CT images, (b) recon-
structed model, and (c) meshed model.

Table 1
Mechanical parameters for the model.

Components Young's modulus E (GPa) Poisson's ratio y Tensile strength st (MPa) Cohesion C (MPa) Frictional angle 4 (�)

Matrix 22.29 0.14 15 52.44 26.13
Gravel 43.80 0.11 25 100 50

Table 2
Stress conditions set on the boundaries of the model elements.

Model sH/sh sH(MPa) sh(MPa) sz(MPa)

1 1.0 10 10 20
2 1.3 13 10 20
3 1.5 15 10 20
4 1.7 17 10 20
5 1.9 19 10 20
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numerical computation efficiency. In order to make the simulation
of hydrofracturing easy to implement, as a preliminary attempt, we
did not take account of the coupled effect of fluid flow and crack
propagation in the simulation. We assumed that the water pressure
along crack surfaces was uniform, i.e. no pressure gradient varying
with crack propagation and water transport was counted. When
either the maximum tensile stress criterion or the MohrdCoulomb
strength criterion was satisfied, a crack was initiated. The failure of
joint elements at the initial crack tip was also decided by the
maximum tensile stress criterion and theMohrdCoulomb strength
criterion, which forced the crack to propagate. In this study, the
water pressure was applied in nine steps for all the models.
3. Results and discussion

To probe the coupling effects of heterogeneity and geostress
difference on crack initiation and propagation processes, Fig. 5 il-
lustrates (from left to right) the intact heterogeneous model, and
crack morphologies in the initiation and propagation stages. It can
be seen that the cracks did not emerge along the direction of
maximum horizontal stress, as considered in conventional theory
(Zhou et al., 2016) when the geostress ratio is < 1.7; instead, the
cracks emerged at various azimuths around the vertical wellbore.
This means that heterogeneous rock media provide additional
possible weak positions for crack initiation and that the geostress
ratio dominates crack propagation. Once the geostress ratio is > 1.7,
the crack tended to initiate in the direction along the line of
maximum horizontal geostress ratio. This scenario has been
observed and discussed in our previous study (Liu et al., 2016). As
pointed out, the crack initiation and propagation behavior is gov-
erned by the stress state of rock in the neighborhood of the bore-
hole. The maximum circumferential stress theory assumes that
crack initiates at the point where the circumferential stress reaches
its maximum value, i.e. the equation (sH � sh)sin2b ¼ 0 should be
satisfied, where b is the fracture initiation angle. If there is no dif-
ference between the horizontal principal stresses, the fracture
initiation angle can be an arbitrary value to satisfy the equation.
Considering the actual strength difference of the glutenite at
various locations, it is straightforward to understand that multiple
cracks could emerge at different positions near the wellbore once
the maximum circumferential stresses exceed the ultimate tensile
strengths of the points of interest. In contrast, if sH s sh, the
initiation fracture angle complies sin2b 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 predominately
emerges along the maximum horizontal stress direction as the
geostress ratio is greater than 1:1.7. In fact, due to existence of
heterogeneity of glutenite, the fracture initiation azimuth not only
depends on stress difference but also depends on material het-
erogeneity. The heterogeneity leads to the non-uniform distribu-
tion of the material strengths, and accordingly affects the fracture
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 horizontal
geostress ratio lower than 1:1.7. The ratio 1:1.7 appears to be the
threshold stress ratio below which material heterogeneity rather
than geostress difference plays the dominant role in governing
initial crack propagation.

It is noteworthy that the magnitude of confining pressure
apparently affects the mechanical parameters, such as compressive
and tensile strengths, Young's modulus, and fracture toughness, of
reservoir rocks (Hu et al., 2015; Morita et al., 1992), and therefore
could impact their fracturing behavior. The obtained threshold
stress ratio based on the current confining stress conditions could
vary if the magnitude of the minimum stress changes. However,
this study focuses on the effects of heterogeneity and confining
stress difference on hydraulic fracturing behavior of reservoir rocks



Fig. 5. 3D morphologies of hydrofracturing cracks in heterogeneous models under different loading steps. Rows (a) to (e) show the results for geostress ratios ranging from 1:1.0 to
1:1.9.
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in accordance with the actual geostress range (Ju et al., 2016; Liu
et al., 2016). The effect of the minimum stress on hydrofracturing
behavior of rock can be further justified through laboratory tests.

It is shown that hydrofracturing cracks initiated from the upper
part of the wellbore. To our knowledge, crack initiation highly de-
pends on the stress state and equivalent strength of the rock
element of interest. In our numerical models, the crack initiation in
the vicinity of the wellbore is determined by the maximum
circumferential tensile stress or the maximum shear stress,
depending on whichever is achieved first, where the maximum
circumferential tensile stress and Mohr-Coulomb strength criteria
are applied. Fig. 6 illustrates the results of the X-direction and Y-
direction components of the maximum circumferential tensile
stress around the borehole. It is evident that the maximum
circumferential tensile stresses of the rock elements around the
upper part of the wellbore are higher than those of other regions.
This explains the causes for crack initiation surrounding upper part
of the wellbore.

In the crack propagation process, cracks in the upper of the
wellbore were always ahead of those at the bottom. This implies



Fig. 6. Illustration of the maximum circumferential tensile stress around the wellbore (a), y-direction component along profile 1-1, (b), and x-direction components along the
profile 2-2 (c).
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that cracks generally initiate from the upper part of the wellbore
surface and propagate vertically downward. It is evidenced that
multiple, twisted cracks appeared when the horizontal geostress
ratio was 1:1. In such circumstances, hydrofracturing cracks would
propagate along the direction of initiation and form at least four
branches. Nevertheless, it should be noted that once the geostress
difference was no longer equivalent, the cracks preferred to prop-
agate along the direction of maximum horizontal stress. When the
geostress difference reached 1:1.7, the initial cracks coalesced to
form a double-wing crack along the direction of maximum hori-
zontal geostress, even though the cracks initiated in multiple di-
rections around the wellbore.

To elucidate the effect of material heterogeneity on hydro-
fracturing behavior, a similar method was applied to acquire crack
propagation in homogeneous models using the same geometry.
The results of the application of a geostress ratio of 1:1.0, 1:1.5, and
1:1.9 are shown in Fig. 7 for the sake of comparison. The results
indicate that for homogeneous models, crack initiation is monot-
onous, following conventional theory, i.e., the crack propagate
steadily no obvious difference. This tendency implies that local
resistance to crack propagation has significant difference if the rock
media are heterogeneous. In addition, the branches on different
sides of the wellbore would coalesce by breaking the elements
along the wellbore circumference in the heterogeneous models,
which is behavior that cannot be found in the homogeneous
models.

Our numerical results show that material heterogeneity has
great effect on crack initiation and coalescence near the wellbore
when the geostress ratio is <1.7. If the applied geostress difference
is high, the geostress difference has greater effect than material
heterogeneity in governing the initiation and subsequent propa-
gation of cracks. The geostress ratio of 1:1.7 seems to be the
threshold below which material heterogeneity plays the dominant
role in governing crack initiation.

Fig. 8 illustrates the tendency of the breakdown pressure with
increasing geostress ratio. The breakdown pressure is a critical
factor for characterizing hydrofracturing performance. In our
simulation, themoment of specimen breakdownwas defined as the
occurrence of observable initial crack within a hydrofracturing
specimen. The dichotomy method was adopted to determine the
breakdown pressure. As aforementioned, the crack initiation and
propagation was numerically treated as a quasi-static process,
which allows us to increasewater pressure step by step numerically
until the specimenwas broken down. The increment was 5 MPa for
each pressure step. Once the initial crack first emerged with
increasing pressure, we halved the step load and proceeded to
check if the crack propagated. If not, we then increased water
pressure to three fourths of its original value and applied to the
elements to check whether the crack propagated. If yes, we
decreased water pressure to one fourth of its original value to check
if crack emerged. Repeating this dichotomymethod we approached
to the desired breakdown pressure that caused the initial failure of
elements.

The calculation results indicate that the breakdown pressure
decreases with increasing the maximum horizontal geostress,
which coincides with the results of conventional theories and



Fig. 7. 3D morphologies of hydrofracturing cracks in homogeneous models under different loading steps. Rows (a) to (c) show the results for geostress ratios of 1:1.0, 1:1.5, and
1:1.9, respectively.

Fig. 8. Numerical results of breakdown pressure versus geostress difference.
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suggested bymost studies (e.g. Hubbert andWillis, 1957; Guo et al.,
1993; Zhang et al., 2016, etc.). However, most previous studies
focused on homogeneous samples rather than heterogeneous
samples. The variation amplitude of the breakdown pressure of our
simulation is not as big as that of conventional theories. This phe-
nomenon may result from the coupled effects of material hetero-
geneity and horizontal geostress difference on the
characterizations of breakdown pressure. In other words, for a
heterogeneous sample, heterogeneous gravels significantly affect
crack initiation and propagation, narrowing the gap in breakdown
pressures. The material heterogeneity affects the variation of
breakdown pressures more than the geostress difference for het-
erogeneous rocks. This has been verified by our previous experi-
mental results (Liu et al., 2016; Ju et al., 2016).
4. Experimental verification

The experimental results in the previous studies were employed
to verify the simulation results. The detailed discussion can refer to
the reference (Liu et al., 2016). The samples in the experiments
contained the same gravels distribution. The external conditions
were also the same, including the vertical stress applied, horizontal
geostress ratios, and stable injection rate. To investigate the fracture
patterns, 3D morphologies of the cracks were reconstructed using
the CT technique in combination with image processing methods.
The reconstruction results are illustrated in Fig. 9. The experimental
studies showed that the geostress ratio of 1:1.7 seems to be a
threshold value for multiple fracture patterns to emerge, which
confirms the numerical results of this study. However, there were
some differences in the final crack morphologies between the
experimental and numerical results. In the numerical simulation,
once the geostress ratio was >1:1, a principal crack formed without
manymultiple branches, which contrastedwith themultiple cracks
observed in the experiments. In fact, crack propagation was
affected by both the initial azimuth geostress conditions and the
net pressure within the cracks. The reason for this difference could
be that the water pressure within the fracture was applied uni-
formly onto the fracture surface in the numerical model, while the



Fig. 9. Comparison of hydrofracturing crack morphologies between numerical and experimental results. Columns from left to right refer to geostress ratios ranging from 1:1.0 to
1:1.9. (a) Crack morphologies in the numerical results and (b) the experimental results at the final stage of the hydrofracturing process.
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net pressure within the initial crack in the experimental models
might be more complicated. However, for lack of an on-site CT
scanning of hydrofracturing processes, the stepwise process of
crack initiation and propagation inside the specimen cannot be
experimentally captured in real time to date. Only the finishing
fracture pattern can be imaged using the current CT technique. This
causes difficulties to quantitatively compare the stepwise process
of crack initiation and propagation between numerical results and
experimental data. The on-site real time CT technology could be a
promising option for overcoming this problem.

It is noteworthy that in both the numerical and the experi-
mental results, crack braches combined with each other by
breaking the solid near the side of the wellbore. Theoretically, cy-
lindrical cracks initiate around casing surfaces owing to the dif-
ference in material properties between rock matrices and metals.
As aforementioned above, a packer was placed on the top of the
wellbore. In this case, it was found that the pressurized crack is not
a pure mode-I opening crack and has apparent shear forces
developed along the fracture front (Taleghani and Klimenko, 2015).
It results from the coupled effect of shear forces and tensile forces.
The non-planar cracks around the wellbore were observed in our
previous CT tests. In addition, when the horizontal geostress ratio
was sufficiently large (such as 1:1.9), the crack morphologies of the
numerical simulation and the experimental works were similar, i.e.,
crack faces were smooth in the vertical plane.

5. Conclusions

This study conducted numerical simulations to investigate crack
initiation and propagation processes in heterogeneous material. A
CDEM algorithm was used to reveal the crack morphologies at
different stages under the coupled effects of horizontal geostress
differences and material heterogeneity. Numerical models that
represented actual components distributions in the rock media
were constructed and used in the simulations. A few homogeneous
numerical models without embedded gravels were also considered
for the purposes of comparison. To verify the validity of the simu-
lation results, experimental results achieved in previous works
were used for comparison with the final crack morphologies
generated by the numerical simulations. The principal conclusions
are as follows.

(1) Material heterogeneity had significant influence on crack
initiation. Cracks emerged at various azimuths around the
vertical wellbore, and microcracks coalesced to form main
branches during the propagation process. Heterogeneous
media provided different resistance in different crack prop-
agation trajectories, which resulted in different crack vol-
umes. Conversely, only a few initial tensile cracks developed
in the homogeneous model and the branches on different
sides of the wellbore propagated equally without obvious
volume differences.

(2) The geostress ratio controlled crack propagation. A geostress
ratio of 1:1.7 appeared to be the threshold below which
material heterogeneity rather than geostress difference
played the dominant role in governing crack initiation.
However, cracks propagated in multiple directions under
geostress ratio of 1:1. When the geostress was no longer
equivalent, a double-wing crack formed and the breakdown
pressure declined as the geostress ratio increased.

(3) The numerical simulations were verified by the experimental
results. Although multiple crack patterns were not obtained
in the numerical simulations under geostress ratios >1, the
combined patterns of the branches were similar to the
experimental results. When the geostress ratio was >1:1.7, a
smooth planner crack was obtained in both the numerical
and the experimental works.
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