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Abstract This paper presents state-of-the-art modeling of

complex hydraulic fracture network evolution in a natu-

rally fractured formation with pre-existing bedding and

cross joints, in the Silurian Longmaxi formation, southeast

of Sichuan Basin, China. A flow-stress-damage coupling

approach has been used in an initial attempt toward how

reservoir responds to perforation angle, injection rate,

in situ stress, cohesive and frictional strength of natural

fractures. A detailed sensitivity study reveals a number of

interesting observations resulting from these parameters on

the fracturing network evolution in naturally fractured

system. When the perforation angle is 60�, it gets to the

maximum stimulated reservoir area (SRA). Injection rate

as an operator parameter, it strongly impacts the interaction

between hydraulic fractures and natural fractures, and

associated SRA. In addition, in isotropic in situ stress field,

fracturing effectiveness is not the best, complexity of SRA

is enhanced when pre-existing fractures are oriented at an

angle to the maximum stress. Moreover, the morphology of

fracturing network and SRA is closely related to the fric-

tional and cohesive strength of natural fractures. This work

strongly links the production technology, geomechanical

evaluation and aids in the understanding and optimization

of hydraulic fracturing simulations in naturally fractured

reservoirs.

Keywords Stimulated reservoir area (SRA) � Hydraulic
fracturing � Fracturing network � Numerical simulation

Introduction

In shale gas reservoirs, the ultralow permeability of the

reservoirs characteristic requires a large fracture network to

maximize well performance. Hydraulic fracturing by

stimulated reservoir volume (SRV) has made it possible for

commercial production of shale gas by means of multistage

fracturing of horizontal wells (Mayerhofer et al. 2008; Britt

and Schoeffler 2009; King 2010; Wang et al. 2015a). The

in-depth understanding of fracture network evolution

mechanism in shale with stimulated reservoir volume can

contribute to guiding the design of fracturing operation,

controlling the morphology of fracture network of shale

with SRV, thus improving the single well production of

shale gas. Microseismic fracture mapping has shown that

large fracture networks can be generated in many shale

reservoirs. It is widely speculated that the stimulated nat-

ural fractures can make a significant contribution to the

stimulated reservoir volume. The key to stimulated reser-

voir volume is the presence of natural fractures (Palmer

and Moschovidis 2010; Cipolla et al. 2009a, b; Rahman

and Rahman 2013; Wang et al. 2015b) and planes of

weakness that can result in complex fracture geometries

during stimulations. Many shale outcrops, cores and image

logs contain fractures or fracture traces, and microseismic

event patterns associated with hydraulic fracture stimula-

tion have been ascribed to natural fracture reactivation.

Natural features controlling SRV in shales include shale

thickness, stress field and magnitude, presence of pre-ex-

isting natural open or healed natural fractures (e.g., sedi-

mentary bedding fracture, interbedded fracture, shearing
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fracture, tension-shearing fracture, decollement fracture,

random fractures, etc.). While these parameters are not

under direct human control, it is critical to understand how

they will impact well results, completions and SRV

effectiveness. In addition, the morphology of fracture net-

work can also be affected by the fracturing operation fac-

tors (perforation angle, injection rate, the spacing between

fracturing segments) and fracturing techniques (horizontal

well multistage fracturing, synchronous fracturing, zipper

fracturing and refracturing).

The hydraulic fracturing effectiveness evaluation based

on both the fracture mechanics and material strength

approaches can provide a general understanding of

hydraulic fracturing, but analytical solutions are available

for just a few simplified situations with the assumption of

homogeneity (Jaeger and Cook 1969; Bruno and Nakagawa

1991) and only for single or multiple parallel fractures

(Jeffrey et al. 2010; Nagel et al. 2013). In addition, for a

hydraulic fracturing simulation experiment, it is not easy to

quantitatively control the process of hydraulic fracture

initiation and propagation, and it is difficult to measure the

change of the pore pressure gradient field, due to fracture

evolution in heterogeneous rock (Haimson 1968; Brede-

hoeft et al. 1976; Lockner and Byerlee 1977; Zoback et al.

1997; House 1987; Bruno and Nakagawa 1991). Moreover,

for laboratory experiments, it is not easy to quantitatively

control the cohesive and frictional parameters of natural

fractures. For more complicated problems, such as the

initiation and propagation of multiple natural fractures

studied in this paper, the numerical modeling techniques

can provide a feasible alternative solution. The numerical

tools used to simulate the naturally fractured formations

could be roughly divided into three kinds. The first kind is

the traditional finite element approach (e.g., Rutqvist et al.

2002; Nassir et al. 2010). The second kind consists of

simplified models based upon existing pseudo-3D models

(Meyer and Bazan 2011) or simplified rule-based analytical

models for addressing the complex interactions between a

created hydraulic fracture and a natural fracture system

(Kresse et al. 2011). In the third kind, the authors have

developed and applied the discrete element model in cap-

turing the fundamental hydromechanical behavior of

hydraulic fracturing in naturally fractured reservoir (Al-

Busaidi et al. 2005; Fu et al. 2013; Nagel et al. 2013). In

the model, they highlighted the impact of fluid compress-

ibility on hydraulic fracture geometry (a very compressible

fluid created a more complex fracture geometry).

More importantly, in shale fracturing, one of the chal-

lenges for numerical models that influence the stimulation

and productivity predication is the heterogeneity of reser-

voirs. Firstly, the rock matrix is composed of many dif-

ferent kinds of mineral, crystal grain, pores and

microcracks, etc. from the perspective of mesoscopic.

Secondly, the natural fractures are greatly developed in

natural reservoirs from macroperspective. The massive

multistage hydraulic fracturing used in shale stimulation

results in a large number of fractures propagating simul-

taneously or sequentially. The naturally fractured forma-

tions under hydraulic loading exhibit a unique feature: The

flow and the transport behaviors within developing frac-

tures are dramatically different from those in rocks with

existing fractures under the same loading. The permeability

of rocks with existing fractures does not change, but it can

change dramatically due to damage evolution in fracturing

rocks. The influence of damage on the variation of per-

meability as well as the original nature of the existing

fractures in reservoirs is critical to shear stimulation of

natural fractures. Another major problem in characterizing

the hydraulic behavior of reservoirs concerns the irregular

flow paths that depend on the mechanical heterogeneity of

the formations. In working with heterogeneous rocks, a key

factor is to determine the specific data (e.g., compressive

strength, elastic modulus, etc.) that are needed to ascertain

the effect of heterogeneity on the complicated flow paths in

fracturing formations. To solve the coupled flow-damage

problems, Tang et al. (2002) proposed a flow-stress-dam-

age (FSD) coupling model by taking into account the

growth of existing fractures and the formation of new

fractures. This FSD model can be used to trace the

development of fractures and the associated fluid flow, and

to simulate the overall response of rock masses arising

from the fracture process under hydraulic and boundary

loadings. This FSD model is different from the finite ele-

ment modeling and distinct element modeling. The most

unique feature of this code, which makes it totally different

from other kind of numerical methods, is that it is based on

the damage mechanics and finite element method, and the

heterogeneity in the properties of rock is also considered

(Tang et al. 2002; Wang et al. 2015a, b). In the model, the

initiation and propagation of natural fractures are dynamic,

not static, and the interaction behaviors (cross, offset and

capture) of hydraulic fracture and natural fracture are

automatically accomplished according to the mechanical

characteristics.

In this paper, a discussion of discrete fracture network

(DFN) generation and how it influences the hydraulic

fracturing effectiveness is presented. Currently, few reports

have been published to explore the effect of perforation

angle on hydraulic fracturing. In this work, the hydraulic

fracturing model was established to consider the macro-

scopic heterogeneity characteristic and microscopic

heterogeneity characteristic simultaneously for a fractured

shale gas reservoir, southeast Sichuan basin, China. Firstly,

the fracture network evolution characteristics with different

perforation angle (PA) are discussed so as to determine the

optimal perforation angle that yields the maximum SRA.
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Secondly, the parameter sensitivity analysis is conducted as

a function of injection rate (IR), the in situ stress ratio (SR),

cohesion (C) and internal frictional angle (IFA) of natural

fractures. A sensitivity study reveals a number of inter-

esting observations resulting from these parameters on the

interaction between hydraulic fractures and natural frac-

tures, the effectiveness of hydraulic fracturing.

Brief description of numerical model

RFPA-Flow code developed by Tang et al. (2002) is a

numerical simulation tool using finite element analysis to

handle the progressive failure of heterogeneous, permeable

rock. Clearly, the model approaches contain a large number

of assumptions and simplifications that can only be justi-

fied by comparing the model to experimental hydrofrac-

turing data (Al-Busaidi et al. 2005). In this work, the

coupled effects of flow, stress and damage on the extension

of existing/new fractures and the permeability change due

to damage evolution of the rocks were addressed. This

coupled flow, stresses and damage (FSD) model in RFPA-

Flow has been validated in the previous publications (Tang

et al. 2002; Li et al. 2013; Wang et al. 2015a, b, 2016).

Some assumptions of the code include: (1) The flow of the

fluid is governed by Biot’s consolidation theory. (2) The

rock is assumed to be brittle–elastic material with residual

strength, and its loading and unloading behavior is

described by elastic damage mechanics. (3) An element is

considered to have failed in the tension mode when its

minimum principal stress exceeds the tensile strength of

the element, and to have failed in the shear mode when the

shear stress satisfies the strength criterion defined by the

Mohr–Coulomb failure envelope. (4) The permeability

varies as functions of the stress states in elastic deforma-

tion, and increases dramatically when the element fails. (5)

The local heterogeneity in the properties of rock masses is

defined by Weibull function. By extending Biot’s theory

(Biot 1941) to include the effects of stress on permeability,

the basic formations of the analysis are:

Equilibrium equation:
orij
oxij

þ qXj ¼ 0 i; j ¼ 1; 2; 3ð Þ

ð1Þ

Strain - displacement equation: eij ¼
1

2
li;j þ lj;i
� �

ev ¼ e11 þ e22 þ e33
ð2Þ

Constitutive equation: r0ij ¼ rij � apdij ¼ kdijev þ 2Geij

ð3Þ

Fluid flow equation: kr2p ¼ 1

Q

op

ot
� a

oev
ot

ð4Þ

Coupling equation: k r; pð Þ ¼ nk0 exp �b
rii=3� p

H

� �� �

ð5Þ

where r is stress; q is density; u is displacement; e is strain;

X is component of body force; a is coefficient of pore water
pressure; k is Lame coefficient; p is pore water pressure; d
is Kronecker constant; G is shear modulus; Q is Biot’s

constant; k is coefficient of permeability; k0 = initial

coefficient of permeability; b is a coupling parameter that

reflects the influence of stress on the coefficient of per-

meability; and f([1) is a mutation coefficient of perme-

ability to account for the increase in permeability of the

material during fracture formation. Equations (1)–(4) are

based on Biot’s theory of consolidation (Biot 1941), and

Eq. (5) represents the effect of stress on permeability,

which is introduced to describe the dependency of per-

meability on stress and damage, and the relationship

between permeability and stress is assumed to follow a

negative exponential function.

When the stress of the element satisfies the strength

criterion (such as the Coulomb criterion, Jaeger and Cook

1969), the element begins to fail. In elastic damage

mechanics, the elastic modulus of the element may degrade

gradually as damage progresses, and the elastic modulus of

the damaged element is defined as follows:

E ¼ 1� Dð ÞE0 ð6Þ

where D is the damage variable, E and E0 are elasticity

modulus of the damaged and the undamaged material,

respectively.

When the tensile stress in an element reaches its tensile

strength f 0t , the constitutive relationship illustrated in

Fig. 3a is adopted. This is

r03 � � f 0t0 ð7Þ

The damage variable can be described by Tang et al.

(2002) as:

D ¼
0 �e� eto

1� f 0tr
E0�e

eto � �e

1 �e[ etu

�

8
><

>:
etu ð8Þ

where ftr is the residual tensile strength of the element, and

�e is equivalent principal strain of the element, eto is the

strain at the elastic limit, or threshold strain, and etu is the

ultimate tensile strain of the element at which the element

would be completely damaged, as shown in Fig. 1a.

In this case the permeability can be described as:

k ¼ k0 exp �b r03 � ap
� �� 	

D ¼ 0

nk0 exp �b r03 � ap
� �� 	

0\D� 1



ð9Þ

where n (n[ 1) is the damage factor of permeability,

which reflects the damage-induced permeability increase
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(Tang et al. 2002). The value of n can be obtained from

experimental tests (Thallak et al. 1991; Noghabai 1999).

In the model, both tensile and shear failure modes are

considered. An element is considered to have failed in the

tension mode when its minor principal stress exceeds the

tensile strength of the element, as described by Eq. (6), and

have failed in shear mode when the compressive or shear

stress has satisfied the Mohr–Coulumb failure criterion

(Fig. 1b) given by Tang et al. (2002):

F ¼ r01 � r03
1þ sin/0

1� sin/0 � f 0c0 ð10Þ

where r1
0
is the major effective principal stress, r3

0
is the

minor effective principal stress, /
0
is the minor effective

angle of friction, f 0t is the tensile failure strength of the

element, and f 0c is the compressive failure strength of the

element. The damage factor under uniaxial compression is

described as:

D ¼
0 �e\ecu

1� f 0cr
E0e

�e� eco

8
<

:
ð11Þ

where fcr
0

is the residual compressive strength, ecu is the

ultimate compressive strain of the element at which the

element would be completely damaged. In this case, the

permeability can be described by

k ¼ k0 exp �b r01 � ap
� �� 	

D ¼ 0

nk0 exp �b r01 � ap
� �� 	

D[ 0



ð12Þ

In RFPA-Flow, the specified loading is applied to the

specimen incrementally in a quasi-static manner, and a

flowchart outlining the pertinent steps of the analysis is

given in Fig. 2. Coupled fluid flow and stress analyses are

performed. At each loading increment, the fluid flow and

stress equations of the elements are solved and a coupling

analysis is performed. The stress conditions of each ele-

ment are then examined for failure before the next load

increment is applied. If some elements are damaged in a

particular step, their reduced elastic modulus and increased

permeability at each stress or strain level are calculated

using the above damage variable D as well as Eq. (6).

Then, the calculation is restarted under the current

boundary and loading conditions to redistribute the stresses

in the specimen until no new damage occurs. Finally, the

external load (or displacement) is increased and is used as

input for the next step of the analysis. Therefore, the pro-

gressive failure process of a brittle material subjected to

gradually increasing static loading can be simulated. A

user-friendly pre- and post-processor is integrated in

RFPA-Flow to prepare the input data and display the

numerical results.

There are two features distinguishing RFPA-Flow from

other numerical approaches: (1) by introducing hetero-

geneity of rock properties into the model, the RFPA-Flow

code can simulate nonlinear deformation of a quasi-brittle

behavior with an ideal brittle constitutive law for the local

material;(2) by introducing a reduction of material

parameters after element failure, the RFPA code can sim-

ulate strain-softening and discontinuous mechanics prob-

lems in a continuum mechanics mode. For heterogeneity,

the material properties (failure strength rc and elastic

modulus Ec) for elements are randomly distributed

throughout the model by following a Weibull distribution:

u ¼ m

r0

r
r0

� �m�1

exp � r
r0

� �m� �
ð13Þ

where r is the element strength and r0 is the mean strength

of the elements for the specimen. For an elastic modulus,

Fig. 1 Elastic–brittle damage constitutive law of element subject to uniaxial stress a the case under uniaxial tensile stress; b the case under

uniaxial compressive stress)
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E, the same distribution is used. We define m as the

homogeneity index of the rock (Tang et al. 2002).

According to the definition, a larger m implies a more

homogeneous material and vice versa.

Numerical model setup

Why DFN modeling?

There are several reasons why DFN models are particularly

useful for describing complex hydraulic fracturing in low-

permeability shale formations. In low and ultralow-per-

meability rock matrix of shale, individual fractures that are

in close proximity, but not touching, are not well connected

hydraulically. As a result, fluid flow between locations is

dependent on properties of the fracture network geometry.

Connectivity can be highly unpredictable, with weak con-

nections between two nearby locations, but strong con-

nection between more distant locations (McCabe et al.

1983; Cacas et al. 1990; Mcclure and Horne 2013). In

hydraulically stimulated, fractured, low matrix permeabil-

ity reservoirs, production logs typically show that produc-

tivity can be highly variable along individual wells within

the same rock unit (Dezayes et al. 2010; Miller et al. 2011).

Discrete fracture models are better at describing this sort of

highly channelized, unpredictable behavior. In addition,

stress perturbation can be handled much more accurately

Start

Set initial value and 
iterative error 

Flow  analysis  by 

Equation (4) and obtain P

Stress analysis by Equation 

(1)-(3) and obtain

Obtaining permeability 

coefficient K by Equation 

(5) 

kn+1 -kn / kn

<  ?

Check the state of 
each element by 

damage criterion? 

End 

Update damage variable D

by Equation (6)

Update permeability K by 

Equation (5)

kn=kn+1

No 

Yes 

Yes 

No

Fig. 2 Flowchart of the RFPA-

Flow model, modified after

Yang et al. (2004)
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with a DFN (Mcclure and Horne 2013). The stresses

caused by fracture opening or sliding are very heteroge-

neous spatially, and effects on neighboring fractures are

dependent on their relative orientations and locations.

Stresses caused by fracture deformation have major effects

on the process of stimulation.

DFN model and realization

It is believed that characteristics ofDFN have a critical effect

on the response of naturally fractured reservoirs to fluid

injection. Explicit representation of the DFN with realistic

characteristics is thus important in the numerical modeling.

DFNs often are characterized by some statistical parameters,

among them, fracture orientation distribution, fracture

spacing distribution, fracture length distribution and fracture

persistence of each fracture set, etc. (EngelderT and Lash

2008; Olson 2003, 2004; Wang et al. 2015b). The combi-

nations of these statistical characteristics that describe the

geometrical properties of a DFN defined by the macroscale

connectivity and directional flow preference of the DFN, and

thus, are essential for the fluid transport characterization of

an unconventional reservoir. From the outcrop observations,

most of natural fractures are normal to bedding, faults, bed-

parallel fractures and compaction fabric. Natural fractures

may terminate abruptly at bedding planes, stylolites, or they

may gradually taper. In outcrop, most fractures are barren

(joints), while a few contain mineral cements. The shale is

more prone to faulting than to sustaining opening-mode

fractures. According to the results of core data, well log and

water injection test (Fig. 3), we developed the corresponding

DFN model to represent the bedding and cross natural frac-

tures. For this study, a Beacher DFN generator was devel-

oped that was capable of creating a fracture network that

satisfied the assigned input statistical characteristics and

allowed for the quantitative variation of the studied case. The

Baecher model (Baecher et al. 1978) is a flexible algorithm

that can generate intricate joint networks. In this model,

joints are assumed to have finite trace lengths, which follow

some statistical distribution. The centers of the joints are

located in space according to a Poisson point process. The

orientations of joints in a Baecher network can either vary

according to an orientation distribution or be constant. The

number of joints generated in a Baecher network is con-

trolled by a joint intensity measure. In order to avoid

boundary effects for a specified model region, the Baecher

algorithm first enlarges the region before generating joints.

After generating the joints according to the required joint

intensity measure, the algorithm then clips the network with

the original bounding region. Joints of the Baecher network

generally terminate in intact rock. The main parameters for

Baecher DFN model include the joint orientation, dip, dip

direction, joint length and joint intensity. The Baecher DFN

model can be regenerated, using a new sampling of the

random variables (e.g., joint orientation, joint length).

RFPA-flow model setup

According to the DFN generator mentioned above, Beacher

DFNmodelwas used to describe the natural fracture systemof

shale in the Silurian Longmaxi formation in the southeastern

Sichuan Basin, China. The geological structure of the outcrop

is composed of two joint sets; they are bedding joints and cross

joints. According to the research results about the relationship

between mean or medium joint spacing and layer thickness in

layered rocks (Mandal et al. 1994; Sagy and Reches 2004), it

was suggested that the saturation intensity (Ds = h/d) for

realistic geological cases converges to the range of

Ds = 0.75–3.0 (i.e., d/h = 1/3–4/3). Figure 4 shows the

geometry and the setup of the simulation model. The dimen-

sions of the fractures have been converted by similarity cri-

terion. The model represents a 2D horizontal section of a

reservoir with laboratory scale. In the model, the injection is

through a vertical wellbore in the center of the model, and the

injected fluid was imposed on the wellbore at constant rate.

The whole model is composed of 40,000 (200 9 200) iden-

tical square elements with dimension of 400 mm 9 400 mm.

The diameter of the injection hole was 15 mm. As shown in

Fig. 4, The bedding joint had a spacing of 15 mmwith normal

distribution, std, of 3 mm. The cross joint had a spacing of

25 mm with normal distribution and std, of 5 mm.

The input material mechanical parameters for the

numerical model are based on the work by Heng et al.

(2015) and Li et al. (2015), as shown in Table 1. A series of

simulations were conducted to evaluate the influence of the

various parameters on hydraulic fracturing effectiveness and

the network evolution caused by an injection wellbore. For

case ‘‘a–d’’, four simulations with perforation angles 0�, 30�,
60� and 90� are studied. For case ‘‘c’’ (corresponding to the

maximum SRA), it is selected to study the responses of

multiple parameters on hydraulic fracturing effectiveness,

and another six cases of numerical simulations are reported,

labeled with ‘‘1–6’’. For case c-1, the influence of the

injection rate on hydraulic fracturing effectiveness was

investigated, by adopting values for injection rate,

IR = 0.005, 0.01, 0.02 and 0.05 ml/s, respectively. Case c-2

was performed to consider the effect of stress ratio (which is

defined as the ratio of rH/rV on hydraulic fracturing), such

as SR = 0.5, 0.75, 0.9 and 1, respectively. For case c-3, the

effect of internal friction angle of cross joint on hydraulic

fracturing effectiveness was studied, by considering

IFA = 5�, 10�, 33� and 50�, respectively. Case c-4 was

performed to consider the effect of internal friction angle of

bedding joint on fracture network evolution, such as

IFA = 5�, 10�, 33� and 50�, respectively. Value of internal

friction angle is the same to case c-3. For case c-5, the effect
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of cohesion of cross joint on hydraulic fracturing effec-

tiveness was studied, by considering C = 3, 9, 15 and

20 MPa, respectively. Case c-6 was performed to consider

the effect of cohesion of bedding joint on fracture network

evaluation, by considering C = 3, 9, 15 and 20 MPa, and

the same to case c-5. Figure 6 shows the relationship of

stimulated reservoir area, pore pressure and injection step

for the four perforation situations.

For the base simulator, the horizontal stress (rH) was

18 MPa and the vertical stress (rV) was 20 MPa. The

slick-water treatment is selected during the simulations,

and fluid rheology is 1 cp. It is noteworthy that the simu-

lation model is based on laboratory scale, not field scale.

The reason is that because of a too large-scale calculation

for field scale model, the computation efficiency is extre-

mely low. The connection between the field scale and

laboratory scale is by similarity criterion (Clifton and

Abou-sayed 1979; Liu et al. 2000).

In this paper, the RFPA-Flow numerical model will be

used to investigate the effect of perforation angle, injection

rate and geomechanical parameters on network evolution.

In addition to qualitative evaluation of the simulation

results, the model responses are compared in an index of

stimulated reservoir area, which is defined as the interac-

tion area of hydraulic fractures and natural fractures that

have experienced a fluid pressure increase due to injection.

As there is no precise criterion for defining the interaction

area, a criterion based on fracture pressure change was

employed in this work. The interaction area of HF and

natural fractures having a pore pressure increase of 10 MPa

above the initial pore pressure was considered as the

stimulated reservoir area.

Effect of perforation angle on fracturing network
evolution

In conventional reservoirs and tight gas sands, single-

plane-fracture half-length and conductivity are the key

drivers for stimulation performance. To create large single

hydraulic fractures, many scholars pointed out that the

perforation holes should be parallel to the maximum

principal stress and perpendicular to the minimum princi-

pal stress (EI Rabaa 1989; King 1989; Hallam and Last

1991; Pearson et al. 1992). Men et al. (2013) have also

performed simulation tests to study the influence of

Fig. 3 Outcrop of Silurian Longmaxi shale formation in the south-

eastern Sichuan Basin. The water injection test is used to seek the

natural fractures. Two sets of orthorhombic natural fractures were

presented after water injection test. The rock blocks (processed into

400 mm 9 400 mm) were sampled from Shizhu County, Chongqing,

China
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Fig. 4 Numerical model setup. a 3D simplified geological model of

Silurian Longmaxi shale formation; b the microscopic heterogeneity

background model, the failure strength and elastic modulus obey

Weibull distribution; c the developed Beacher DFN mode, which

corresponds to macroscopic heterogeneity model. d The calculation

model in this paper, considering the macroscopic and microscopic

heterogeneity characteristics, simultaneously. Model ‘‘d’’ = model

‘‘b’’ ?model ‘‘c’’)

Table 1 Input material

mechanical parameters for the

studied numerical model

Index Rock matrix Bedding joint Cross joint Unit

Homogeneity index (m) 2 1.8 1.8

Elastic modulus (E0) 60 30 30 GPa

Poisson’s ratio (v) 0.25 0.3 0.3

Internal friction angle (u) 36 33 33 �
Cohesion (c) 16 9 9

Compressive strength (rc) 450 150 120 MPa

Tensile strength (rt) 45 15 15 MPa

Coefficient of residual strength 0.3 0.1 0.1

Permeability coefficient (k0) 0.04 0.15 0.12 md

Porosity 0.07 0.17 0.13

Coupling coefficient (b) 0.01 0.01 0.01

Coefficient of pore water pressure (a) 0.6 0.6 0.6
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perforation angle on fracture propagation in a layered

model. Once the fracturing fluid pressure exceeds the pore

pressure and the tensile strength of the reservoir rock,

hydraulic fractures initiate and start to propagate. The

directions of perforating guns are controlled to make sure

the perforation holes lie in the preferred fracture plane, so

that the hydraulic fractures can merge with each other as a

large single one. However, in shale gas reservoirs, where

complex network structures in multiple planes are created,

the concept of single-fracture half-length and conductivity

are insufficient to describe stimulation performance.

Therefore, the concept of SRV is introduced to create

complex fracture network and so to maximize the gas

recovery. So far, many petroleum engineers and scholars

have studied the problem of hydraulic fracture initiation

and propagation involving perforation optimization in

conventional reservoirs (Van de Ketterij and De Pater

1999; Zhu et al. 2013, 2015; Lu et al. 2015); however, in

naturally fractured gas shale formations, few reports have

been published about the optimization of perforation to

maximize stimulated reservoir volume.

Figure 5 shows the results of progressive fracturing

process of fracture network evolution with four perfora-

tion angles (which is defined as the angle between per-

foration direction and rH). With the increase in injection

pressure, the natural fractures (bedding joints and cross

joints) firstly shear stimulation. Hydraulic fracture located

besides the wellbore initiates and propagates gradually.

The interaction between natural fracture and hydraulic

fracture becomes stronger, and SRA increases with the

increase in injection fluid. It is noted that hydraulic

fracturing effectiveness is the best for perforation angle at

60�. This indicates that for the studied Silurian Longmaxi

gas shale formation in this paper, the optimal perforation

angle is 60�. The history of injection pressure at the

injection wellbore (Fig. 7) shows that with the increase in

injected fluid, injection pressure at the wellbore increases

until the hydraulic fracture initiation. When the injection

pressure reaches the breakdown pressure, the stimulated

reservoir area is not the maximum. With the continuous

increase in injected fluid, the stimulated reservoir area

gets to the maximum at the last injection step, as shown in

Fig. 5. Figures 7 and 8 show the qualitative and quanti-

tative compassion results of fracturing network geometry

at different perforation angles.

With the RFPA-Flow approach, number of failed ele-

ments and the associated energy can be recorded, which

can be treated as indicators of microseismic events during

fluid injection. The energy and magnitude are related to the

strength of failure elements. Figure 9 shows the synthetic

microseismic moment magnitudes and distributions for the

DFNs with the four studied cases. It is noted that because

the natural fractures are subjected to shear failure, the

released energy is very small, so some microseismic

actives cannot be recorded during hydraulic fracturing.

From the results, number of microseismic events for case

‘‘c’’ is the maximum; however, for case ‘‘a’’ is the mini-

mum; this phenomenon implies that the fracturing effec-

tiveness is the best for case ‘‘c’’. We can also see that for

case ‘‘c’’, with the increase in injection rate at each stage, it

accumulates the most associated energy with the increase

in injection step. Size of circle indicates magnitude of

microseismic events, circle diameter for case ‘‘c’’ is the

biggest, and this indicates that interaction between HF and

DFN is the most obvious. For case ‘‘d’’, number of

microseismic events is more than case ‘‘a’’ and case ‘‘b’’,

but less than case ‘‘c’’. The complexity of microseismic

events was consistent with field observations and suggests

an intensive interaction between the created hydraulic

fractures and natural fractures. So, it suggests that

hydraulic fracturing effectiveness at perforation 60� is the
best.

Results of the sensitivity study

As stated above, the model with perforation angle 60�
achieves the best SRA; therefore, this section focuses on

case 1c to perform parameter sensitivity analysis.

Effect of injection rate

Among many factors that affect the hydraulic fracturing

response, the injection rate during hydraulic fracturing is the

first critical element to be considered (King 2010; Wang

et al. 2015b). The injection rate and injection pressure along

with viscosity of the fluid are the operational parameters that

can be used to effectively design hydraulic fracturing.

Conventional gel fracturing and acidizing operations carried

out in the field previously failed to yield the expected pro-

ductivity in some gas shale formations (Gale and Holder

2008; King 2010). Currently, the general on the mechanism

leading to the success of slick-water fracturing in shale gas

reservoirs is that a complex fracture network is created by

stimulation of pre-existing natural fractures. Therefore, this

paper focuses on the study of injection rate to hydraulic

fracturing; the slick-water or the low-viscosity stimulation of

natural fractures is adopted. Influence of injection rate on the

special naturally fractured formation needs to be deeply

studied. For the studied Silurian Longmaxi shale gas for-

mation, influence of injection rate on the fracture network

evolution is shown in Figs. 10 and 11.

Injection rate as an important operator parameter, the

effect of injection rate on hydraulic fracturing treatment

depends on the characteristics of formations. As shown in

Figs. 10 and 11, it can be seen that for a lower injection
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rate, the fracturing fluid flows usually along the natural

fractures. With higher injection rate, the natural fractures

freely deviate from the maximum horizontal stress

direction, which becomes very easy for hydraulic frac-

tures. The hydraulic fracture can communicate with nat-

ural fractures and greatly increase the SRA. The results

indicate that reasonable injection rate design can result in

the maximum stimulated reservoir volume during

hydraulic fracturing.

Effect of stress ratio

The index of stress ratio in this paper is defined as the ratio

of maximum horizontal stress to vertical stress (rH/rV).

Fig. 5 Fracture network evolution process with perforation angles 0�, 30�, 60� and 90�, respectively. (Color shadow indicates relative magnitude

of the pore water pressure field)

1093 Page 10 of 18 Environ Earth Sci (2016) 75:1093

123



The in situ stress contrasts obviously have the most sig-

nificant effect on fracture height growth. The importance of

in situ field stress was recognized early in 1961 (Perkins

and Kern 1961) and has been extensively studied in

modeling (e.g., Simonson et al. 1978; Voegele et al. 1983;

Palmer and Luiskutty 1985), mineback tests (Warpinski

et al. 1982), and numerous laboratory experiments. But few

reports about how the stress contrast affects stimulation of

Fig. 6 Variation of fluid pressure and SRA during fluid injection for the different perforation models a–d the perforation angle is 0�,30�,60�, and
90� respectively)

Fig. 7 Geometry of fracturing network for numerical models with

different perforation angles

Fig. 8 Relationships between stimulated reservoir area and injection

step with perforation angles 0�30�60� and 90�, respectively
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natural fractures process were reported. Stress ratio of

in situ field also plays an important role in fracturing net-

work evolution process. Therefore, the primary interest in

simulating the sensitivity of stress ratio is to obtain a better

understanding of how output is affected by it. Figure 12

presents the results of fracture-stimulated morphology with

stress ratio 0.5, 0.75, 0.9 and 1, respectively. It can be seen

that, at different stress ratio, the morphology of fracturing

network is different. Morphology of fracturing network

nearly parallels the vertical stress. For stress ratio equals to

0.5, the value of stimulated reservoir area increases is the

minimum; however, for stress ratio equals to 0.9 (base

case), the hydraulic fracturing effectiveness is the best.

Figure 13 shows the effect of elevated stress ratio and

history of quantitative indices.

Effect of IFA on fracturing network evolution

Effect of IFA of cross joint

The objective of this study is to evaluate the effect of the

friction angle of cross joints on responses to fluid injection

during hydraulic fracturing. For the studied models, as

shown in Fig. 14, the propagation of fracturing network is

Fig. 9 Synthetic microseismic events at different injection rates for

the four studied variable injection rate cases. The synthetic micro-

seismic events are colored by red when elements are tensile failure

and white when compressive shear failure. The size of circle indicates

magnitude of microseismic events (note that: element whose failure

energy is relative small and microseismic sign is not brought out)

Fig. 10 Geometry of fracturing network with different injection rates

(Stimulated reservoir area increases with the increasing injection rate)

Fig. 11 Relationships between stimulated reservoir area increases

and injection step with injection rates 0.005, 0.01, 0.02 and 0.05 ml/s,

respectively

Fig. 12 Geometry of fracturing network for numerical models with

different stress ratio
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different and morphology of fracturing network parallels to

vertical stress at lower IFA (5, 10 MPa); it gradually

deviates from the direction of vertical stress with the

increase in IFA. This phenomenon indicates that the failure

of cross joint influences the communication capacity of

fracturing network; the internal friction angle is a con-

trolling factor during the evolution of fracturing network.

Focusing on shear failure, the common failure criterion is

Mohr–Coulomb (Jaeger and Cook 1969). The Mohr–Cou-

lomb criterion can be written as:

s ¼ S0 þ lr ð14Þ

where s is the strength of the material; S0 is the cohesion of

the material; l is the coefficient of friction within the

material and r is the normal stress acting on the plane of

shear failure (Fig. 15).

Shear failure occurs where the shear stress with the

material exceeds the shear strength as defined by s. How-
ever, the mechanical behavior of porous media, like shale,

is controlled by the effective stress acting on the rock

matrix (Terzaghi 1936), where the effective stress can be

written in its simplest form as:

r0 ¼ r� p ð15Þ

Combining Eqs. 14 and 15, the shear strength of rock can,

at least qualitatively, be given as:

s ¼ S0 þ l r� pð Þ ð16Þ

where: r is the total normal stress acting on the plane of

shear failure; p is pore pressure acting against the total

normal stress. Extending the Mohr–Coulomb failure cri-

terion to shale fracture behavior, for cement-filled natural

fractures, Eq. 3 becomes:

sf ¼ Sf þ lf rf � pf
� �

ð17Þ

where: sf is the shear strength of the cement-filled material;

Sf is the cohesion of the cement-filled material; lf is the

coefficient of friction within the material and rf is the

normal stress acting on the fracture plane of shear failure;

pf is the pore pressure within the fracture.

Effect of IFA of bedding joint

The internal friction angle of bedding joint is the same to

cross joint. Morphology of fracturing network is shown in

Fig. 16. As shown, compared with Fig. 14, it can be seen

that the morphology of fracturing network is different from

the same internal friction angle of cross joint. For

IFA = 5� and 50�, propagation of fracturing network is

just the opposite. For IFA = 5�, fracturing network

Fig. 13 Relationships between total stimulated area and injection

step with stress ratios 0.5, 0.75, 0.9 and 1, respectively

Fig. 14 Geometry of fracturing network for cross joint with different

internal fraction angles

Fig. 15 Relationships between stimulated reservoir area increases

and injection step for internal friction angle of cross joint with 5�, 10�,
33� and 50�, respectively
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propagates along rH, not maximum stress (rV). This

phenomenon can be better interpreted that due to the lower

friction angle, fracturing fluid flows along the bedding face

and it is difficult to communicate with much more natural

fractures. At lower IFA, internal friction angle dominates

the evolution of fracturing network. For IFA = 50�,
because of the higher internal friction angle of bedding

face, bedding joint is difficult to shear stimulation and the

in situ stress field dominates the evolution direction of

fracturing network (Fig. 17).

Effect of cohesion on fracturing network evolution

Currently, most of the experimental and numerical analysis

of hydraulic fracturing has focused on natural fractures

with frictional interface. However, core observations form

Longmaxi formation and other plays (e.g., Barnett shale in

the Fort Worth Basin) suggest that most natural fractures

are largely cemented, i.e., they are sealed pre-existing

fractures, and be filled with calcite and quartz cement (Gale

et al. 2014). To clarify the effect of cemented natural

fractures on hydraulic fracture propagation, Bahorich et al.

(2012) performed a series of hydrostone block experi-

ments. They embedded three kinds of inclusions (glass,

Berna sandstone and gypsum plaster) into gypsum plaster

blocks to represent cemented natural fractures, and studied

the influence of sealed fracture. However, for their exper-

iment, the natural fracture is simplified as a single plane,

which cannot reflect the complex natural fracture system in

shale formation. Also, the cohesion of cemented material is

hard to control. For this complicated problem, numerical

simulation techniques may provide a feasible alternative

solution. This section, the effect of cohesion of cross joint

and bedding joint is studied, respectively.

Effect of cohesion of cross joint

The influence of cohesion of cross joint on fracturing

network is discussed. Figures 18 and 19 are the qualitative

and quantitative of simulation results when the fractures

are in different cohesion. As shown in Fig. 18, different

fracturing network morphology was observed, at lower

cohesion (3 MPa), and it propagates along the direction of

vertical stress (Fig. 18a); with the increase in cohesion, at

cohesion of 9 MPa, the hydraulic fracture can communi-

cate with natural fractures and greatly increase the stimu-

lated reservoir area increases. At high cohesion (15,

20 MPa), because of the relative lower shear strength of

bedding face (9 MPa), bedding joints are easy to be stim-

ulated and fracturing fluid flows along the bedding face,

Fig. 16 Geometry of fracturing network for bedding joint with

different internal fraction angle

Fig. 17 Relationships between stimulated reservoir area increases

and injection step internal for fraction angle of bedding joint with 5�,
10�, 33� and 50�, respectively

Fig. 18 Geometry of fracturing network for cross joint with different

cohesion
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resulting in decease in stimulated reservoir area increases.

This result further implies that it is not the case that the

lower the cohesion of natural fractures, the better stimu-

lated reservoir area can be obtained. Observing the simu-

lation result in Fig. 18, at the cohesion of 9 and 15 MPa,

the hydraulic fracturing effectiveness is better than other

two circumstances. Figure 19 shows the effect of elevated

cohesion and history of quantitative indices. When the

cohesion equals to 9 MPa, in this case, the hydraulic

fracturing effectiveness is the best. This result can be better

interpreted that at the same boundary conditions, the evo-

lution of fracturing network is determined by both the cross

joint and bedding joint.

Effect of cohesion of bedding joint

Figures 20 and 21 are the qualitative and quantitative of

simulation results when the bedding joints are in different

cohesion. Morphology of fracturing network is different

from Fig. 18, at the same cohesion. This suggests that

impact of natural fracture on SRA is related to dip direction

of natural fractures. As shown in Fig. 20, the morphology of

fracturing network is different from Fig. 18. With lower

cohesion (5 MPa), natural bedding faces easily shear stim-

ulation. The injected fluid flows along the bedding faces, and

it is disadvantageous to achieve complex fracturing network.

In this case, the weak face plays a dominate role in con-

trolling the evolution of fracturing network. With higher

cohesion (20 MPa), because of the strong cemented prop-

erty, bedding joint is difficult to reopen; at this condition, the

in situ stress field plays a dominate role in controlling the

evolution of fracturing network. Figure 21 shows the rela-

tionships between stimulated reservoir area and injection

step with different cohesion of bedding joint and history of

quantitative indices. With the increase in cohesion,

stimulated reservoir area firstly increases and then decreases.

There exists an optimal value of cohesion making the

maximum of stimulated reservoir area.

By analyzing the results in Figs. 14, 16, 18 and 20, we

can draw the conclusion that propagation of fracturing

network is not always oriented to maximum principle

stress. Propagation of fracturing network is also strongly

affected by cohesive and frictional strength of natural

fractures.

Conclusions

Microseismic data, logging image and coring studied

suggest that existence of natural fractures result in the

complex fracturing network in naturally fractured shale

reservoirs. However, direct observations of subsurface

Fig. 19 Relationships between stimulated reservoir area and injec-

tion step for cohesion of cross joint with 3, 9, 15 and 20 MPa,

respectively

Fig. 20 Geometry of fracturing network for cross joint with different

cohesion

Fig. 21 Relationships between stimulated reservoir area and injec-

tion step for cohesion of bedding joint with 3, 9, 15 and 20 MPa,

respectively
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morphology of fracturing network are incomplete and

difficult; we adopt proper numerical modeling based on

realistic assumptions to help us grasp the formation and

evolution of fracturing network. This designed numerical

work cannot be substituted for the hydraulic fracturing

design tools, but it can help us to understand and grasp the

effects of hydraulic fracturing with some important

geomechanical parameters and the operational parameters.

From the sensitivity study in this paper, several impor-

tant results can be drawn as follows:

1. Perforation angle is a critical completion parameter

affecting the stimulated reservoir volume. In the paper,

for the studied Silurian Longmaxi shale formation

southeast of Sichuan Basin, China, the optimal perfo-

ration angle is 60�. It is really needed to note that

optimal perforation angle is related to development

characteristics of natural fractures.

2. Injection rate plays a critical role in distributing the

fluid between the hydraulic fractures and the natural

fractures. It has different impacts on fracture com-

plexity during hydraulic fracturing. At lower injection

rate, the fracturing fluid flows usually along the cross

fractures and bedding faces and the hydraulic fracture

effeteness is poor. With the increase in injection rate in

a certain range, hydraulic fracture can communicate

with natural fractures and greatly increase the stimu-

lated reservoir area.

3. Fracturing network is strongly related to the morphol-

ogy of natural fractures. Fracture complexity is thought

to be enhanced when pre-existing fractures are oriented

at an angle to the maximum stress direction, in this

case, because these combinations of stress and natural

fractures allow fractures to be stimulated in multiple

orientations.

4. Effects of mechanical properties of bedding joint and

cross joint on fracturing network are not the same. It is

not the case that the lower mechanical strength of

natural fracture and the good fracturing effectiveness

can be obtained. There exists an optimal vale of

internal friction angle and cohesion leading to the

maximum of stimulated reservoir area.

5. The mechanical properties of fracture cement-filled

material affect the morphology characteristics of

fracturing network. The shear of fractures is linked to

the microseismic events; the shear region within the

natural fracture system is strongly related to the

geomechanical parameters of fractures in shales.
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