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Abstract
Although many scholars have put forward the methods and models to predict the stimulated reservoir volume (SRV), the 
mathematical models do not reflect well the mechanism of SRV development. In addition, the effects of relative fracture 
treatment and reservoir parameters on different stimulation areas are not well understood. During the process of hydraulic 
fracture propagation, fracturing fluid leak-off from the main fracture due to the activation of natural fractures can elevate the 
reservoir pore pressure, resulting in shear slippage and tensile failure of the natural fractures and, finally, in microseismic 
events. Different stimulation regions, including tensile failure zone, shear failure zone, and swept region, may co-exist along 
the activated natural fracture. In this study, a new mathematical model was presented based on the shear slippage and tensile 
failure criterion of weakness plane, hydraulic fracture propagation model, mechanical conditions of natural fracture activation, 
fluid diffusivity equation, and using a shear dilation model to characterize the reservoir permeability variation after shear 
slippage of the natural fractures, so as to better describe the growth of SRV. The model was also verified by matching field 
microseismic monitoring data. Then, the effects of azimuth angle and horizontal principal stress difference on the shear and 
tensile failure pressure of natural fractures, permeability enhancement, and critical net pressure of main fracture to activate 
natural fractures were illustrated. The impacts of treatment fluid viscosity, natural fracture azimuth angle, and horizontal 
stress difference on the reservoir pore pressure, SRV shape distribution, different SRV sizes, and SRV bandwidth and length 
were also analyzed. The results indicated that increasing the horizontal stress difference decreased the tensile failure area 
but increased the shear slippage zone sharply. Both shear and tensile failure regions decreased on increasing the natural 
fracture azimuth angle from 30° to 50°. Increasing the fluid viscosity from 1 to 10 mPa·s expanded the size of the tensile 
failure zone but reduced the shear slip zone.
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Introduction

Recently, shale gas development in the United States 
has achieved great success by drilling a horizontal well 
and multistage hydraulic fracturing. The hydraulic frac-
ture geometries in shale gas reservoirs are more likely to 

be complex fracture network rather than a single-plane 
fracture, as demonstrated by microseismic monitoring. 
Fluid injection may induce microseismic events due to 
natural fracture failure or new crack generation in natu-
rally fractured reservoirs. Hence, the spatial distribution 
of microseismic clouds is used to estimate the stimulated 
reservoir volume (SRV). Figure 1 shows a microseismic 
monitoring map of Barnett shale with slickwater fractur-
ing treatment in which the dots denote the occurrence of 
rock failure. The results showed that complex fracture 
network was developed in hydraulic fracturing of shale 
gas reservoirs. Moreover, an obvious positive relationship 
existed between the SRV and shale gas production per-
formance (Mayerhofer et al. 2010). Therefore, the SRV 
is considered as an important optimization parameter for 
hydraulic fracturing in ultralow permeability reservoirs, 
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such as shale and tight gas reservoirs. Prediction of SRV 
according to different treatment and reservoir parameters 
has become a critical step for optimizing the design of 
fracture treatment.

At present, various mathematical models have been pre-
sented to simulate the complex fracture network growth 
(Zhang et al. 2014). Using a set of governing equations 
including fracture deformation, fluid flow, and proppant 
transport, the UFM model (Weng et al. 2011) could simulate 
complex fracture network propagation with discrete preexist-
ing natural fractures. Xu et al. (2009, 2010) assumed that the 
natural fractures were two groups of parallel and orthogonal 
fractures and developed a wire-mesh model to approximate 
network fracture. Nagel et al. (2013) proposed the discrete 
element model to evaluate the effects of relative mechani-
cal parameters on hydraulic fracturing of shale reservoirs. 
Roman Meyer and Bazan (2011) proposed a discrete fracture 
network model similar to the wire-mesh model to extend 
the orthogonal fracture network. Dahi-Taleghani and Olson 
(2011) used the extended finite element method to simulate 
the interaction between natural and hydraulic fractures. This 
achievement promoted the research on SRV, but it was a 
pity that they did not take the shear failure into account. 
Taleghani and Olson (Taleghani 2011) analyzed the induced 
stress at the tip of the extended hydraulic fracture using the 
XFEM method and revealed that tensile and shear stresses 
might lead to tensile or shear failure of cemented natural 
fractures, thus affecting the propagation path of hydraulic 
fractures. Tensile and shear failures have great influence on 
SRV and cannot be ignored.

Ge and Ghassemi (2012) calculated the shear stimulation 
volume using the Mohr–Coulomb criterion. Palmer et al. 
(2009) considered that the microseismic phenomenon was 
caused by shear failure of natural fractures and that the SRV 
contained the main fracture, tensile failure region, and shear 
failure region and presented an analytical model to evaluate 
the extent of shear failure region. The model established by 
Ge and Ghassemi (2012) and Palmer et al. (2009) were ana-
lytical models. Hence, many assumptions were introduced, 
causing deviation from the real situation.

In terms of numerical models, Palmer et al. (2013) devel-
oped a geomechanical model to predict the shear failure 
extent of a fractured well and obtained injection perme-
ability and porosity of the stimulation zone by fitting the 
microseismic cloud data. This mathematical model ignored 
the tensile failure of the rocks. Shahid et al. (2015), Nas-
sir et al. (2014), and Ghassemi et al. (2013) considered the 
influence of tensile failure in their studies based on the stud-
ies by Palmer et al. (2013). Shahid et al. (2015) put forward a 
coupled fluid flow and geomechanical model to simulate the 
reactivation of natural fractures and induced microseismic 
phenomena in hydraulic fracturing of shale gas reservoirs 
based on the continuum approach. Nassir et al. (2014) estab-
lished a fully coupled fluid flow and geomechanical model to 
describe SRV development on the basis of tensile/shear fail-
ure principle and pseudo-continuum method. Ghassemi et al. 
(2013) built a three-dimensional (3D) poroelastic model to 
study the distribution of stress field and pore pressure around 
a stationary hydraulic fracture and predicted the shear and 
tensile failure zone. They analyzed the effects of horizontal 
stress, initial pore pressure, and rock cohesion on the per-
meability enhancement region. Coupled with the impacts of 
in situ stresses, poroelastic stress, and induced stress, Shahid 
(Shahid et al. 2015) and Ghassemi (Ghassemi et al. 2013) 
assumed that the main fracture did not propagate, which was 
quite different from the actual situation.

In addition, scholars have done a lot of meaningful 
work. Rutqvist et al. [v] conducted a numerical simula-
tion analysis to evaluate the potential fault reactivation 
and induced microseismic phenomenon during hydrau-
lic fracturing of shale gas reservoirs using the coupled 
thermo–hydro–mechanical simulator. Kim and Moridis 
(2015) performed a numerical analysis of the impacts of 
initial saturation, Young’s modulus, and injection rate on 
induced tensile fracture propagation for shale gas reservoirs. 
Ji et al. (2009) treated the hydraulic fracture as a highly per-
meable zone in the reservoir and proposed a fully coupled 
fluid–solid model to simulate the dynamic fracture extension 
by modifying the grid transmissibility and porosity. Adjust-
ing the diffusivity coefficient and combining with the micro-
seismic monitoring data, Yu and Aguilera (2012) used a 3D 
pressure diffusivity equation to simulate the SRV growth. 
Warpinski et al. (2001) put forward an analytical model to 

Fig. 1  Microseismic monitoring map for Barnett shale (Cipolla 2009)
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calculate the stress and pore pressure distribution around a 
hydraulic fracture and predicted the induced microseismic 
events during hydraulic fracturing operation on the basis of 
natural fracture slippage criterion.

This study was novel in presenting a new mathematical 
model to simulate the growth of SRV based on the shear 
slippage and tensile failure criterion of natural fractures, 
combination of main fracture propagation model, fluid flow 
equation, and reservoir permeability variation model. The 
model solved the governing equations of dynamic hydraulic 
fracture extension and reservoir fluid flow equation in a cou-
pled manner to obtain reservoir pore pressure distribution. 
Then, the tensile and shear failure zones were determined 
according to the natural fracture failure criterion and pore 
pressure field. Finally, a sensitivity analysis was performed 
to study the impacts of injection fluid viscosity, natural frac-
ture azimuth, and horizontal stress difference on different 
stimulation volumes. Therefore, the new model had impor-
tant theoretical and practical engineering applications for 
predicting SRV and optimizing related treatment parameters.

SRV model

As for tight oil and gas reservoirs with well-developed natu-
ral fractures, such as shale and tight gas reservoirs, natural 
fractures may be activated when hydraulic fractures intersect 
natural fractures during the process of hydraulic fracturing 
in shale gas reservoirs. Then, fracturing fluid flows into the 
natural fracture system and the reservoir pore pressure is 
elevated. When the shear stress on the natural fracture sur-
face exceeds the shear strength, shear slippage occurs on the 
natural fracture surface. With a further increase in the fluid 
pressure, the fluid pressure exceeds the normal stress on the 
natural fracture surface. Then, tensile failure is induced and 
natural fracture is completely opened. As shown in Fig. 2, 
three regions may co-exist for each of the natural fractures:

Part 1: Natural fracture in this part is completely open in 
which two kinds of failure mechanisms, including shear and 
tensile failures of natural fractures, have been induced, and 
the pore pressure is larger than the normal stress. This part 
can be filled with a small quantity of proppants to produce 
higher-conductivity propped fracture.

Part 2: This is a pure shear slip part in which only shear 
failure has occurred and the fluid pressure is higher than the 
original pore pressure but less than the normal stress of the 
fracture surface.

Part 3: This is the swept part, where the natural fracture 
did not cause shear and tensile failure. However, the fluid 
pressure exceeds the original reservoir pore pressure.

Therefore, based on the aforementioned analysis, three 
different stimulation regions, including the swept region, 
shear failure zone, and tensile zone, can be distinguished 

for a hydraulically fractured well in the reservoir, similar to 
the conclusions drawn by Kresse and Weng (2013). The irre-
versible permeability enhancement region exists in the two 
parts of shear and tensile failure zones due to fracture shear 
slip. Therefore, the two parts are the effective stimulation 
zones after fracturing fluid flowback, while the swept region 
area may be invalid stimulation region outside the shear slip-
page zone. As shown in Fig. 3, the stimulated volume has 
the following formula for the three regions:

where Vsb, Vss, and Vst represent the total stimulation volume 
 (104  m3), shear stimulation volume  (104  m3), and tensile 

(1)Vsb ≥ Vss ≥ Vst

Sweep Part

Shear slippage part
Hydraulic fracture

Tensile and shear failure
Natural fracture open1

2

3

Fig. 2  Different stimulation regions due to the intersection of hydrau-
lic fracture and natural fractures

Wellbore Hydraulic fractureWithout sweep

Sweep part Shear slippage Tensile and shear failure

Fig. 3  Sketch map of different stimulation regions for naturally frac-
tured reservoirs
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stimulation volume  (104  m3), respectively. Lsb, Lss, and Lst 
denote the total SRV length (m), shear zone length of SRV 
(m), and tensile zone length of SRV, respectively. Wsb, Wss, 
and Wst represent the swept region bandwidth of SRV (m), 
the shear bandwidth of SRV (m), and the tensile region 
bandwidth of SRV (m), respectively.

Hydraulic fracture propagation model

When natural fractures are activated by the hydraulic fracture 
in a tight reservoir, part of the injection fluid is used to expand 
the hydraulic fracture volume. However, most of them leak 
into natural fractures, and the fluid continuity equation in the 
hydraulic fracture (Chong et al. 2014) is given by:

The pumping rate is constant at the injection point of the 
wellbore, expressed as:

At the tip of the hydraulic fracture, the following boundary 
condition is met:

where qL is the fracturing fluid leak-off volume per unit 
length of the fracture,  m2/s; Q0 is the pumping rate,  m3/s; H 
is the fracture height, m; Wf is the fracture width, m; µ is the 
fracturing fluid viscosity, mPa s; and Pf is the fluid pressure 
in the hydraulic fracture, MPa.

If the natural fractures are activated, the fluid leaks into 
the natural fracture system because of the pressure difference 
between the hydraulic and natural fractures. Assuming that 
fluid permeates into the natural fracture system perpendicu-
larly and linearly, the leak-off volume according to Darcy’s law 
can be expressed (Shahid et al. 2015) as:

where v (s,t) is the fluid flow rate, m/s; Kf is the natural 
fracture permeability, µm2; and Γ denotes the boundary of 
hydraulic fracture and natural fracture. The global volume 
balance equation is presented as follows:
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where QT(t) is the total pumping rate,  m3/s; L(t) represents 
the total length of hydraulic fracture at time t, m; and N is 
the number of perforation cluster, dimensionless.

Fluid flow equation

If the natural fractures are activated, fracturing fluid flows 
into the natural fractures and elevates the reservoir pore 
pressure. The continuum approach and equivalent single-
porosity model were used to treat the tight reservoir with 
well-developed natural fracture so as to grasp the SRV dis-
tribution from a global perspective (Guo and Liu 2014). The 
mass conservation equation for single-phase compressible 
fluid in the naturally fractured reservoir is given as:

Initial condition:

Boundary conditions:

where Cl and Cr are the liquid compression coefficient and 
rock compressibility, respectively,  MPa−1; P is the reservoir 
pore pressure, MPa; φ is the reservoir porosity, dimension-
less; B is the fracturing fluid volume coefficient, dimension-
less; Ps is the original reservoir pressure, MPa; and L and W 
are the length and width of the unit model.

Mechanical conditions of shear slip and tensile 
failure of natural fractures

Natural fractures may be activated because of the intersec-
tion of the main fracture and natural fractures during the 
process of hydraulic fracturing in shale gas reservoirs. 
Therefore, the fluid pressure inside the natural fracture is 
increased to cause tensile failure or shear slippage owing to 
the fracturing fluid leak-off effect (Nassir et al. 2012), finally 
triggering microseismic events (Nassir et al. 2014). Based 
on the Mohr–Coulomb criterion, shear slippage occurs when 
the shear stress on the natural fracture surface exceeds the 
shear strength:

where τo is the cohesive force of natural fracture (MPa), τn is 
the shear stress on the natural fracture surface (MPa), σeff is 
the effective stress (MPa), and φf is the basic friction angle 
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of natural fracture surface (°). Meanwhile, the fluid pressure 
inside the natural fracture should be lower than the normal 
stress applied on the natural fracture surface; otherwise, the 
fracture will open.

With a further increase in the pore fluid pressure, tensile 
failure occurs when the pore pressure is higher than the nor-
mal stress of the natural fracture surface:

where σn is the normal stress on natural fracture surface 
(MPa) and P is the pore pressure in the reservoir (MPa).

Let the horizontal maximum principal stress and horizon-
tal minimum principal stress be σH and σh, respectively, and 
the angle between the horizontal maximum principal stress 
and natural fractures be θ. According to the two-dimensional 
(2D) linear elastic theory, normal stress and shear stress of 
natural fracture or weak surface can be expressed as:

The pore fluid pressure at the intersection point of the 
hydraulic fracture and natural fractures is expressed as:

where Pnet is the net pressure of hydraulic fracture, MPa. 
Substituting Eqs. (13), (14), and (15) into (11), the net pres-
sure needed for the hydraulic fracture to activate natural 
fractures with shear failure can be obtained after the inter-
section of hydraulic and natural fractures.

Similarly, substituting Eqs. (13) and (15) into Eq. (12), 
the net pressure condition for the tensile activation of natural 
fractures must be satisfied:

According to the aforementioned formulas and the basic 
parameters shown in Table 1, the net pressure for hydrau-
lic fracture to activate the natural fractures and breakdown 
pressure of the natural fractures with different fracture azi-
muth angles were calculated. Figure 4 shows the minimum 
net pressure required to activate natural fractures with the 
variation in the azimuth angle and principal stress contrast. 
It shows that the minimum net pressure required for natu-
ral fractures to be activated with shear failure pattern first 
decreased and then increased with the azimuth angle. How-
ever, the net pressure required for the tensile activation of 
natural fractures always increased with the increase in the 
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azimuth angle. The net pressure needed to open the natural 
fracture always increased with the increase in the principal 
stress difference. The net pressure for shear activation of 
natural fractures decreased with the increase in the principal 
stress difference when the azimuth angle was less than 60°, 
but increased with the principal stress difference when the 
azimuth angle was larger than 60°. The negative net pressure 
values indicate that natural fractures were activated when 
the hydraulic fracture intersected natural fractures with the 
natural fracture azimuth angle within the range of 10°–50° 
and the stress difference 6 and 9 MPa. Figure 5 shows the 
relationship between the failure pressure and the azimuth 
angle and the principal stress difference. It shows that the 
variation trend in failure pressure was similar to the net pres-
sure, as illustrated in Fig. 4.

Table 1  Basic reservoir and treatment parameters used in this simula-
tion

Parameters Values Units

Initial reservoir pressure 28 MPa
Initial natural fracture permeability 0.01 mD
Fracture height 90 m
Reservoir porosity 0.05 –
Natural fracture friction angle 30 °
Natural fracture azimuth angle 35 °
Shear dilation angle 3 °
Shear stiffness 2500 MPa/m
Normal stiffness 10,000 MPa/m
Maximum horizontal principal stress 51 MPa
Minimum horizontal principal stress 45 MPa
Pumping rate 10 m3/min
Fluid viscosity 1 mPa s
Total injection volume 1000 m3

Cluster spacing 30 m
Number of clusters 2 –

Fig. 4  Minimum net pressure required for natural fractures to be acti-
vated with the variation in the azimuth angle and principal stress
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Reservoir permeability in the process of fluid 
injection

The shear and tensile failure of natural fractures result in a 
dramatic change in the reservoir permeability, mainly because 
of the change in the natural fracture aperture, including shear 
dilation aperture caused by shear slippage and the normal 
aperture change due to tensile failure (Hossain et al. 2002). 
As shown in Fig. 6, after the occurrence of a shear failure of 
natural fractures, the permanent fracture aperture increment 
due to shear slip greatly improved the fracture permeability. 
If a tensile failure occurs on the natural fracture surface and 
natural fractures are completely open, the natural fracture per-
meability can be further enhanced.

According to the linear elastic theory, the shear displace-
ment of natural fracture is directly proportional to the effective 
shear stress, and is expressed as:

The effective shear stress, Δτ, is defined as:

(18)Us =
Δ�
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(19)Δ� = �n − �eff tan
(
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e
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where �eff
e

 is the effective shear dilation angle, which char-
acterizes the fracture surface roughness and is equal to the 
fracture roughness coefficient:

where σnref is the normal stress that causes a decrease in the 
fracture width by 90%. Φe is the dilation angle for labora-
tory measurement. When the pore fluid pressure in natural 
fractures is increased to be larger than the normal stress act-
ing on the fracture surface, natural fractures will fully open 
because of fracture tensile failure. Then, the shear stress is 
totally used for shear slippage of the natural fracture surface. 
For the pure shear slippage region, the fracture aperture con-
sists of the shear dilation aperture and the original fracture 
aperture, which can be written as (Nassir et al. 2012):

The shear dilation of the natural fracture results in an 
increment in the fracture permeability, and the bulk perme-
ability of the natural fracture is obtained using the cubic law:

where Wf0 is the initial natural fracture aperture, and Sf is 
the fracture spacing.

When the natural fractures intersect the hydraulic frac-
ture, the natural fracture permeability at the intersection 
is greatly improved due to shear activation and shear dila-
tion effect. Figure 7 presents the effects of natural fracture 
azimuth and horizontal stress difference on enhanced per-
meability caused by natural crack shear slip. It shows that 
natural fracture permeability first increased with the increase 
in the fracture azimuth angle and then decreased, and the 
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Fig. 5  Effects of natural fracture azimuth angle and stress deviator on 
shear and tensile failure pressure

Initial state

Shear slippage

Fig. 6  Schematic diagram of natural fracture shear failure [Palmer 
(Taleghani 2011)]

Fig. 7  Effects of the horizontal principal stress difference and the nat-
ural fracture azimuth angle on shear dilation permeability
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maximum value was between 40° and 50°. It also shows 
that increasing the horizontal stress difference from 3 to 
9 MPa resulted in a large permeability enhancement. This is 
because increasing the horizontal stress difference increased 
the possibility of natural fracture shear failure, and larger 
horizontal stress difference resulted in larger shear stress on 
natural fracture surface and a higher enhancement perme-
ability due to shear slippage.

Model solution

The numerical simulation method was used to solve the 
coupled governing equations of dynamic hydraulic fracture 
propagation and fluid flow in a reservoir because the inte-
gral mathematical model for simulation of the SRV growth 
process has a strong nonlinear characteristic. The filtration 
volume was used as the connection point for the solution of 
fracture propagation and reservoir fluid flow coupling. This 
method was used to the continuity equation of fracture prop-
agation (Eq. 2) and the continuity equation of reservoir fluid 
flow (Eq. 7) containing solving variables of each other. In 
addition, the SRV mathematical model had strong nonlinear 

characteristics. Therefore, numerical simulation was used to 
solve the coupled fracture propagation and reservoir fluid 
flow equations, and an iterative method was adopted in 
every time step until the convergence condition was satis-
fied. The detailed iterative steps were as follows: (1) Obtain 
the initial fluid pressure Pf , fracture length Lf , and fracture 
width Wf by solving the hydraulic fracture extension model. 
(2) Calculate the leak-off volume qL . (3) Obtain the pore 
pressure P of each grid block by solving the reservoir fluid 
flow equation iteratively. (4) Determine whether the natural 
fracture satisfies the criterion of tension or shear fracture, 
and calculate and update the reservoir permeability Kf if it 
satisfies. (5) Take the reservoir pore pressure obtained by 
iteration into the leak-off volume calculation Eq. (5), and 
re-solve the hydraulic fracture propagation model and update 
the Pf , Wf , and Lf . (6) Judge whether Lf and Wf satisfy the 
convergence condition. If the convergence condition is not 
satisfied, proceed to the next iteration until the condition is 
satisfied; if the convergence condition is satisfied, then enter 
the next time step or finish the calculation.

Based on the aforementioned solution method, MATLAB 
2016 was used to program, and the specific solution process 
is shown in Fig. 8.

Fig. 8  Solution process



 Environmental Earth Sciences (2019) 78:175

1 3

175 Page 8 of 15

Example calculation

In this study, the formation of SRV was actually due to 
the intersection of hydraulic and natural fractures during 
the propagation process. Activation of natural fractures, 
resulting in a large fluid leak-off into fractured reser-
voirs and a rise in reservoir pore pressure, led to shear or/
and tensile failure of natural fractures in reservoirs. The 
growth simulation of SRV can be approximately equiva-
lent to the simulation of fracture propagation considering 
fluid leak-off. Therefore, the simulation results of PKN 
fracture propagation and Wan et al. (Cheng et al. 2015) 
under fluid leak-off were compared with the width of a 
wellbore of the main fracture calculated by the model in 
this study (Fig. 9).

The calculation results (Fig. 9) showed that the fracture 
width calculated by the mathematical model established 
in this study was not much different from that calculated 
by the PKN and Wang et al. models (Cheng et al. 2015).

Basic case

Considering one stage of the multistage fractured hori-
zontal well as an example (Fig. 10) and assuming that 
the physical model is 2D, the fractured reservoir is a dual 
porous reservoir, and the natural fracture is a continuous 
medium, two groups of conjugate natural fractures were 
present in the reservoir. The hydraulic fracture was per-
pendicular to the direction of the minimum principal stress 
and did not consider the propagation of height direction. 
Fracturing fluid flow in the reservoir was 2D plane flow, 
and the development of SRV height was not considered. 
The physical model according to the assumptions is shown 

in Fig. 10. The length, width, and height dimensions of 
a single stage are 500 × 200 × 90 m3. The basic reservoir 
and stimulation treatment parameters are listed in Table 1.

The model reliability calibration was performed based 
on the shale fracturing microseismic data. The simulated 
SRV shape and size were similar to the actual microseis-
mic cloud data after adjusting several parameters related 
to permeability characterization (Kim and Moridis 2015) 
(Fig. 11). Therefore, the model worked better and could be 
used for predicting SRV. The SRV shape distribution was 
obtained after combining the failure criterion of natural frac-
tures on the basis of the reservoir pore pressure distribution 
after cessation of liquid injection, as illustrated in Fig. 12. 
The SRV was divided into three regions, including tensile 
failure region, shear failure region, and swept region, from 
the inside to the outside, as illustrated in Fig. 13. The shape 
of SRV was similar to an ellipsoid with an approximate 
length and width of 400 and 120 m, respectively. The length 
of shear zone and tensile failure zone were about 360 and 
200 m, respectively. Figure 14 presents the pore fluid pres-
sure at the intersection of hydraulic fracture and natural frac-
tures. It shows that the pore fluid pressure varied in the range 
from 45 to 50 MPa. However, the shear failure pressure and 
tensile failure pressure of the natural fracture were 44 and 
47 MPa, respectively. Therefore, it could be concluded that 
both tensile failure zone and shear failure region existed 
along the natural fracture. Figure 15 shows the enhanced 
permeability at the intersection of hydraulic fractures and 
natural fractures after the natural fractures were activated. 
It was observed that permeability enhancement of natural 
fractures decreased gradually from the injection point and 
along the fracture propagation direction, and the tensile 
failure zone permeability was higher than the pure shear 
zone. A sharp increase in reservoir permeability occurred 
compared with the original permeability of natural fractures.

Fig. 9  Comparison of the present model with that of PKN and Wan 
et  al. (Cheng et  al. 2015) (G = 14 GPa; v = 0.25; CL = 0.0001  m ⋅ 
 s1/2; Q0 = 6 m3/min; H = 30 m; �

e
 = 2 mPa ⋅ s;�

h
 = 46.25 MPa; �

H
 = 

52.5 MPa; �
V
 = 50 MPa)

Fig. 10  Schematic diagram of SRV simulation element
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Effect of fluid viscosity on SRV

Three different injection fluid viscosities were considered 
in this sensitivity study. The injection fluid viscosity was 
1, 5, and 10 mPa s, respectively. The swept volume, shear 
stimulation volume, tensile stimulation volume, and the 

corresponding SRV length and bandwidth are provided in 
Table 2. Increasing the injection fluid viscosity from 1 to 
10 mPa s was found to reduce the SRV length, swept vol-
ume, and shear stimulation volume. However, the tensile 
stimulation volume and SRV width increased with the fluid 
viscosity. Figure 16 depicts the pore pressure distribution 
in this naturally fractured reservoir after fluid injection, 
and Fig. 17 shows the distribution of corresponding dif-
ferent stimulation regions with the fluid viscosity of 5 and 
10 mPa s, respectively. Combining this with the base case in 
Fig. 13, it was seen that the tensile failure region expanded 
with the increase in the fluid viscosity, while the pure shear 

Fig. 11  Predicted SRV and field 
microseismic monitoring map

(a) (b)

Fig. 12  Reservoir pore pressure distribution
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Fig. 13  Distribution of SRV shape
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slippage zone reduced. Therefore, the injection liquid vis-
cosity had a great impact on the shape and size of SRV. 
This phenomenon mainly explained that increasing the fluid 
viscosity could elevate the hydraulic fracture net pressure so 
that the natural fractures were more prone to be activated by 
tensile failure, in turn increasing the fluid leak-off volume. 
Therefore, the length of SRV decreased and the SRV width 
increased with the injection fluid viscosity.

The simulation results (Table 2; Fig. 17) showed that the 
low-viscosity liquid was stronger than the high-viscosity 
liquid in activating natural fractures, and the high-viscosity 
liquid was stronger than the low-viscosity liquid in mak-
ing main fractures. In shale gas network fracturing, the 
fracturing fluid system of slickwater and linear glue was 
mostly used. Low viscosity, low flow resistance, and strong 

permeability made creation of complex fracture network by 
slickwater easier through activating natural fractures. How-
ever, the width of the shear fracture was narrow, making 
the displacement of proppant and development of high con-
ductivity under high stress difficult. High viscosity, higher 
flow resistance, and poor permeability made it easier for 
the linear glue easier to create a wide double-wing fracture, 
cause proppant displacement, and maintain high conductiv-
ity under high stress, but it was difficult to create complex 
fracture network. “Low-viscosity slickwater + high-viscosity 
linear glue” fracturing fluid system reduced reservoir dam-
age and enhanced the effect of fracture network, which was 
consistent with the theoretical calculation results in this 
study.

Effect of natural fracture azimuth angle on SRV

The effects of three different fracture azimuth angles on 
SRV size, SRV length, and bandwidth were studied, and 
the results are provided in Table 3. Increasing the natu-
ral fracture azimuth angle from 30° to 50° decreased the 
SRV size and length, but increased the SRV width. This 
was because the shear failure pressure and tensile failure 
pressure increased on increasing the natural fracture azi-
muth angle from 30° to 50° as shown in Fig. 5, reducing the 
SRV size. As illustrated in Fig. 7, the reservoir permeability 
increased as the azimuth angle increased due to shear activa-
tion. In addition, the larger fracture azimuth angle caused 
higher fracture permeability along the SRV width direction, 
increasing the leak-off rate and shortening the length of the 
main fracture because the natural fracture azimuth β rep-
resented the angle between natural fracture and the maxi-
mum principal stress. The pore pressure distribution and 
corresponding SRV distribution are displayed in Figs. 18 
and 19. The natural fracture azimuth was shown to have an 
important impact on the SRV distribution.

The calculation results indicated that slip cracks were 
easy to form when the azimuth angle was small. With the 
increase in the azimuth angle, tensional cracks formed 
gradually, consistent with the failure pressure at differ-
ent azimuth angles shown in Fig. 5. The maximum hori-
zontal principal stress was in the direction of x-axis in 
this example. The smaller the azimuth angle of natural 
fracture, the bigger the angle between the azimuth of 
natural fracture and the direction of maximum principal 
stress, and the greater the stress on the fracture surface, 

Fig. 14  Pore pressure distribution at the intersection point between 
hydraulic and natural fractures

Fig. 15  Natural fracture permeability at the intersection between 
hydraulic and natural fractures

Table 2  SRV size, SRV 
length, and bandwidth with 
three different injection fluid 
viscosities

Μ Vsb Vss Vst Lsb Lss Lst Wsb Wss Wst

1 mPa s 310 284 170 410 370 190 135 115 95
5 mPa  s 287 260 200 370 350 230 145 135 125
10 mPa  s 267 247 226 350 330 240 155 145 135
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making activation of natural fractures more difficult. 
Conversely, the stress acting on the nature fracture sur-
face was smaller, causing the development of tensile fail-
ure fracture and formation of double-wing fracture easier.

Effect of horizontal stress difference on SRV

The effects of various horizontal stress differences on the 
SRV size, SRV length, and bandwidth were investigated, 

Fig. 16  Reservoir pore pres-
sure distribution for different 
injection fluid viscosities (from 
left to right are 5 mPa s and 10 
mPa s, respectively)

Fig. 17  SRV shape distribu-
tion for different injection fluid 
viscosities (from left to right are 
5 mPa s and10 mPa s, respec-
tively)
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Table 3  Impact of natural 
fracture azimuth angle on the 
SRV size, SRV length, and 
bandwidth

β Vsb Vss Vst Lsb Lss Lst Wsb Wss Wst

30° 336 265 182 490 450 200 115 100 85
40° 311 252 163 370 330 190 155 135 115
50° 266 220 146 250 230 160 175 155 125
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and the results are given in Table 4. The swept volume, shear 
stimulation volume, and length of SRV increased with the 
increase in the principal stress difference from 3 to 9 MPa. 
However, the tensile stimulation volume and the SRV band-
width decreased with the increase in the principal stress dif-
ference, especially the tensile failure volume. Figures 20 and 
21 show the pore pressure distribution and corresponding 
SRV distribution with horizontal principal stress difference 
of 3 and 9 MPa, respectively. The actual distribution of the 

SRV shape demonstrated that higher principal stress differ-
ence resulted in a longer SRV length and smaller SRV width. 
The pure shear failure zone greatly increased and the tensile 
failure zone almost reduced to zero. This mainly explained 
that increasing the principal stress difference decreased the 
shear failure pressure and increased the difference between 
shear breakdown and tensile breakdown pressures when the 
natural fracture azimuth angle was 35°, which was more 
prone to cause shear failure, as illustrated in Fig. 5. However, 

Fig. 18  Pore pressure distribu-
tion for different fracture azi-
muth angles (from left to right 
are 40° and 50°, respectively)

Fig. 19  SRV shape distribution 
for different fracture azimuth 
angles (from left to right are 40° 
and 50°, respectively)
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Table 4  Impact of horizontal 
principal stress difference on 
the SRV size, SRV length, and 
bandwidth

Δσ Vsb Vss Vst Lsb Lss Lst Wsb Wss Wst

3 (MPa) 302 220 274 310 270 230 175 155 155
6 (MPa) 310 229 122 410 370 190 135 115 95
9 (MPa) 326 240 0.9 420 390 10 125 95 5
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smaller principal stress difference likely induced tensile fail-
ure, and the fluid leak-off volume rate through the hydraulic 
fracture wall into the reservoir due to the tensile activation 
was greater than that due to the shear activation, increasing 
the SRV width and decreasing the length.

When the horizontal principal stress difference was 
small, the formation of tensional fracture was easier, while 
when the horizontal principal stress difference was large, 
the formation of slip fracture was easier (Fig. 20). There-
fore, with the low horizontal principal stress difference, the 
fracture may cause tensile failure, causing great variation in 
the width of the induced fracture. It is necessary to match 
different sizes of proppants to achieve the matching of dif-
ferent grades of fractures and proppants. The occurrence of 
shear failure and narrow fracture was easier under a high 

stress difference. Therefore, small-sized proppant should be 
selected to reduce the risk of sand plugging and establish a 
high-conductivity fracture network.

Conclusions

In this study, a new SRV evaluation model was presented 
to simulate the growth of SRV in hydraulic fracturing of 
tight and shale reservoirs based on the fluid diffusivity equa-
tion, the dynamic reservoir permeability, and the tensile and 
shear failure criterion of the natural fractures. The tensile 
and shear failure volumes in SRV were determined accord-
ing to the reservoir pore pressure distribution after cessation 
of fluid injection and the natural fracture failure criterion. 

Fig. 20  Pore pressure distribu-
tion for horizontal principal 
stress differences (from left to 
right are 3 and 9 MPa, respec-
tively)

Fig. 21  Distribution of SRV 
shape for horizontal principal 
stress differences (from left to 
right are 3 and 9 MPa, respec-
tively)
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A sensitivity analysis was performed to study the effects of 
horizontal principal stress difference and natural fracture 
azimuth angle on the critical net pressure required to activate 
the natural fractures, fracture failure pressure, and shear dila-
tion permeability. The impacts of injection fluid viscosity, 
horizontal principal stress difference, and natural fracture 
azimuth on the SRV and stimulation region shapes were also 
analyzed. The following conclusions were drawn:

1. The induced tensile failure and shear slip of the natu-
ral fractures because of the enhancement in reservoir 
pore pressure caused by fluid leak-off when hydraulic 
fractures intersected and activated natural fractures was 
the essential cause of SRV generation. The stimulation 
region may consist of three regions, including tensile 
failure region, shear failure region, and swept region.

2. When the natural fracture azimuth angle was less than 
60°, increasing the principal stress difference lowered 
the shear failure pressure but increased the tensile fail-
ure pressure, thereby increasing the pure shear zone but 
decreasing the tensile failure zone. The shear failure 
pressure and tensile failure pressure increased with the 
increase in the principal stress difference when the frac-
ture azimuth angle was larger than 60°.

3. The required net pressure for tensile activation of natu-
ral fractures increased with the increase in the principal 
stress difference and the azimuth angle. However, the 
required net pressure for the shear activation of natural 
fractures elevated with the increase in principal stress 
difference and azimuth angle when the azimuth angle 
was larger than 60°. The natural fractures were activated 
by shear stress under the conditions of high principal 
stress difference, and the natural fracture azimuth angle 
was less than 60°.

4. The natural fracture shear slip permeability first 
increased and then decreased with the increase in the 
natural fracture azimuth angle, and the maximum value 
was obtained when the azimuth angle was in the range of 
40°–50°. The higher principal stress difference resulted 
in higher shear dilation permeability.

5. Increasing the fluid viscosity from 1 to 10 mPa s reduced 
the swept region and shear slippage zone, but expanded 
the tensile failure region. The SRV length decreased and 
the SRV width increased with an increase in the fluid 
viscosity.

6. Increasing the natural fracture azimuth angle from 30° to 
50° decreased the SRV size and length, but increased the 
SRV width. The natural fracture azimuth had an impor-
tant influence on the shape of SRV.

7. If natural fractures were within the range of azimuth 
angle that was most prone to induce shear failure, then 
increasing the principal stress difference increased the 
shear stimulation volume and SRV length but decreased 

the tensile stimulation volume and the SRV bandwidth. 
The horizontal stress difference had a great impact on 
the SRV shape, size of shear slippage region, and tensile 
failure zone.

Acknowledgements This study was supported by the National Natural 
Science Foundation of China (51404207) and the National Science and 
Technology Major Project (2016ZX05052 and 2016ZX05014). This 
support is gratefully acknowledged.

Compliance with ethical standards 

Conflict of interest The authors declare no conflicts of interest regard-
ing the publication of this study.

References

Cheng W, Jin Y, Chen M (2015) Reactivation mechanism of natural 
fractures by hydraulic fracturing in naturally fractured shale res-
ervoirs. J Nat Gas Sci Eng 23:431–439

Chong HA, Dilmore R, Wang JY (2014) Development of innovative 
and efficient hydraulic fracturing numerical simulation model and 
parametric studies in unconventional naturally fractured reser-
voirs. J Unconvent Oil Gas Resour 8(4):25–45

Cipolla CL (2009) Modeling production and evaluating fracture 
performance in unconventional gas reservoirs. J Pet Technol 
61(9):84–90

Dahi-Taleghani A, Olson JE (2011) Numerical modeling of multi-
stranded hydraulic fracture propagation: accounting for the inter-
action between induced and natural fractures. Spe J 16(3):575–581

Ge J, Ghassemi A (2012) Stimulated reservoir volume by hydraulic 
fracturing in naturally fractured shale gas reservoirs. American 
Rock Mechanics Association

Ghassemi A, Zhou XX, Rawal C (2013) A three-dimensional poroe-
lastic analysis of rock failure around a hydraulic fracture. J Pet Sci 
Eng 108(3):118–127

Guo J, Liu Y (2014) Opening of natural fracture and its effect on 
leakoff behavior in fractured gas reservoirs. J Nat Gas Sci Eng 
18:324–328

Hossain MM, Rahman MK, Rahman SS (2002) A shear dilation stimu-
lation model for production enhancement from naturally fractured 
reservoirs. Spe J 7(2):183–195

Ji L, Settari A, Sullivan RB (2009) A novel hydraulic fracturing model 
fully coupled with geomechanics and reservoir simulation. Spe J 
14(3):423–430

Kim J, Moridis GJ (2015) Numerical analysis of fracture propagation 
during hydraulic fracturing operations in shale gas systems. Int J 
Rock Mech Min Sci 76:127–137

Kresse O, Weng X (2013) Hydraulic fracturing in formations with 
permeable natural fractures. Int Soc Rock Mech Rock Eng

Mayerhofer MJ, Lolon E, Warpinski NR, Cipolla CL, Walser DW, 
Rightmire CM (2010) What is stimulated reservoir volume? Soc 
Pet Eng. https ://doi.org/10.2118/11989 0-PA

Meyer BR, Bazan LW (2011) A discrete fracture network model for 
hydraulically induced fractures—theory, parametric and case stud-
ies. SPE hydraulic fracturing technology conference. Soc Pet Eng. 
https ://doi.org/10.2118/14051 4-MS

Nagel NB, Sanchez-Nagel MA, Zhang F, Garcia X, Lee B (2013) 
Coupled numerical evaluations of the geomechanical interactions 
between a hydraulic fracture stimulation and a natural fracture 
system in shale formations. Rock Mech Rock Eng 46(3):581–609

https://doi.org/10.2118/119890-PA
https://doi.org/10.2118/140514-MS


Environmental Earth Sciences (2019) 78:175 

1 3

Page 15 of 15 175

Nassir M, Settari A, Wan RG (2012) Prediction and optimization of 
fracturing in tight gas and shale using a coupled geomechanical 
model of combined tensile and shear fracturing. Soc Pet Eng. https 
://doi.org/10.2118/15220 0-MS

Nassir M, Settari A, Wan RG (2014) Prediction of stimulated reser-
voir volume and optimization of fracturing in tight gas and shale 
with a fully elasto-plastic coupled geomechanical model. Spe J 
19(5):771–785

Palmer I, Moschovidis JCZ, Ponce J (2009) Natural fractures influence 
shear stimulation direction. Oil Gas J 107(12):37–43

Palmer ID, Moschovidis ZA, Schaefer A (2013) Microseismic clouds: 
modeling and implications. Spe Prod Oper 28(2):181–190

Rutqvist J, Rinaldi AP, Cappa F, Moridis GJ (2013) Modeling of fault 
reactivation and induced seismicity during hydraulic fracturing of 
shale-gas reservoirs. J Pet Sci Eng 107(4):31–44

Shahid ASA, Wassing BBT, Fokker PA, Verga F (2015) Natural-frac-
ture reactivation in shale gas reservoir and resulting microseismic-
ity. J Can Pet Technol 6(54):450–459

Taleghani D, Olson JE (2011) Numerical modeling of multi-stranded 
hydraulic fracture propagation: accounting for the interaction 
between induced and natural fractures. SPE J 16(3):575–581

Warpinski NR, Wolhart SL, Wright CA (2001) Analysis and prediction 
of microseismicity induced by hydraulic fracturing. Soc Pet Eng. 
https ://doi.org/10.2118/71649 -MS

Weng X, Kresse O, Cohen C-E, Wu R, Gu H (2011) Modeling of 
hydraulic-fracture-network propagation in a naturally fractured 
formation. Soc Pet Eng. https ://doi.org/10.2118/14025 3-PA

Xu W, Thiercelin MJ, Walton IC (2009) Characterization of hydrauli-
cally-induced shale fracture network using an analytical/semi-ana-
lytical model. Soc Pet Eng. https ://doi.org/10.2118/12469 7-MS

Xu W, Thiercelin MJ, Ganguly U, Weng X, Gu H, Onda H, … Le 
Calvez J (2010) Wiremesh: a novel shale fracturing simulator. 
Soc Pet Eng. https ://doi.org/10.2118/13221 8-MS

Yu G, Aguilera R (2012) 3D analytical modeling of hydraulic frac-
turing stimulated reservoir volume. Soc Pet Eng. https ://doi.
org/10.2118/15348 6-MS

Zhang J, Biao FJ, Zhang SC, Wang XX (2014) A numerical study on 
interference between different layers for a layer-by-layer hydraulic 
fracture procedure. Pet Sci Technol 32(12):1512–1519

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.2118/152200-MS
https://doi.org/10.2118/152200-MS
https://doi.org/10.2118/71649-MS
https://doi.org/10.2118/140253-PA
https://doi.org/10.2118/124697-MS
https://doi.org/10.2118/132218-MS
https://doi.org/10.2118/153486-MS
https://doi.org/10.2118/153486-MS

	Numerical evaluation of shear and tensile stimulation volumes based on natural fracture failure mechanism in tight and shale reservoirs
	Abstract
	Introduction
	SRV model
	Hydraulic fracture propagation model
	Fluid flow equation
	Mechanical conditions of shear slip and tensile failure of natural fractures
	Reservoir permeability in the process of fluid injection

	Model solution
	Example calculation
	Basic case
	Effect of fluid viscosity on SRV
	Effect of natural fracture azimuth angle on SRV
	Effect of horizontal stress difference on SRV

	Conclusions
	Acknowledgements 
	References


