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ABSTRACT

In the two-dimensional simulated reservoir volume (SRV) model, the position of natural fractures is determined
only by the approaching angle, and it is only required to consider the influence of horizontal principal stress in its
failure criterion. In the three-dimensional shale reservoir, the position of natural fracture needs to be determined by
the dip angle and approaching angle while considering the influence of vertical and horizontal principal stress in its
failure criterion. In addition, the simultaneous opening of several hydraulic cracks will lead to the change of geo-
stress, thus causing the change of the conditions of the natural fracture and shear failure by the induced tress. In order
to analyze the generation of three-dimensional fracture network, this paper establishes a mathematical model based
on clastic mechanics, three-dimensional rock failure criterion, full permeability tensor, and material conservation
equation. Firstly, the finite element method model of geological stress caused by fracturing is established based on the
crack propagation model, and the finite difference method module based on three-dimensional fluid diffusion control
equation and full permeability tensor is used to solve the reservoir pressure distribution. Then, the three-dimensional
rock tensile and shear failure criteria are used to determine whether any grid units are destroyed. Once a grid has
occurred in any form of rock failure criterion, the permeability of the corresponding grid unit will also change due
to the change of natural fracture opening. Finally, the stimulated reservoir volume is represented by the region of
increased permeability. This paper presents the sensitivity analysis of the multi-factor after using the micro-seismic
data to validate the numerical model, including the influence of injected fluid volume, natural fracture approaching
Angle, dip Angle and horizontal principal stress difference on the size of SRV (shape, size, border width, length, etc.).
Results show that, compared to without the induced stress, the tensile failure volume decreases and the shear failure
volume increases, while the total SRV increases due to the induced stress. When the vertical principal stress in the
three-principal stress is maximum, the length of the SRV increases with the increase of natural fracture approaching
angle, dip angle and horizontal principal stress difference, but its width decreases. Its width and length increase at the
same time only with the increase volume of injected fluid; the size of SRV increases with the increase of the injection
fluid volume and the natural fracture dip, but decreases with the increase of the natural fracture approaching angle and
horizontal principal stress difference.
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INTRODUCTION

The permeability of shale gas reservoir matrix is quite low, but the natural fractures are very developed. Natural
fractures can be activated, and a complex network can be formed by hydraulic fracturing, which can cause shear or
tensile failure of natural fractures (Mayerhofer et al., 2010; Hu et al., 2016). But current research mainly adopts two-
dimensional model to predict stimulated volume and study the generating mechanism of the fracture network. The
position of natural fractures in the two-dimensional model is only determined by the azimuth (approaching) angle,
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without considering the influence of dip angle. The failure criterion in the two-dimensional model also considers
the influence of horizontal principal stress and ignores the effect of vertical principal stress. Therefore, the two-
dimensional model used to predict the stimulated volume is different from the actual situation. In order to obtain
more accurate production performance evaluation and optimize hydraulic fracturing parameters in shale reservoir,
a stimulated reservoir volume (SRV) prediction model considering stress interference, dip angle, three-dimensional
rock failure criterion, full permeability tensor, 3d diffusion, etc. needs to be established.

The microseismic data can prove that, in the process of hydraulic fracturing, the fracture network rather than the
single plane crack is generated in the shale reservoir(Cipolla, 2009;Yu and Aguilera, 2012). So the hydraulic fracturing
technique has great influence on the transforming volume of the shale reservoir. The effect is that hydraulic fracturing
technology promotes the generation of fracture network and establishes the high-speed channel of shale gas flow,
which builds the foundation for the later development of shale gas. However, there is no accurate understanding of the
mechanism of fracture network. In the early stage of the study on the formation mechanism of the fracture network,
the length of hydraulic fracture is generally considered as constant. Some analytic models were proposed to predict the
shear failure of natural fractures (Palmer, 2007, 2009 & 2013; Warpinski et al., 2001). They believed that shear failure
would activate natural fractures. Ge and Ghassemi (2012) proposed an analytical solution based on the Mor-Coulomb
failure criterion to predict the shear failure of natural fractures. Wang et al. (2016) established a model of coupling
fluid flow, stress and rock failure to evaluate the impact of shear failure in shale gas reservoir and conducted parameter
sensitivity analysis. However, some scholars believe that, in the process of hydraulic fracturing, natural fractures
will not only cause shear failure, but also will have a tensile failure. Therefore, some people successively proposed
some models considering natural fracture tensile and shear failure models (Ren, 2015 & 2016; Nassir et al., 2012 &
2014; Ghassemi, 2013; Maulianda et al., 2014; Shahid et al., 2015). In these models, geological stress, reservoir pore
pressure, rock deformation, and other factors also were considered. For the simulation of complex fracture network,
the biggest difficulty lies in the treatment of natural fractures. The main models used today are orthogonal natural
fracture model (Xu, 2009 & 2010), Pseudo-3D (Weng et al., 2011), and discrete natural fracture model (Zou et al.,
2016). However, in the orthogonal natural fracture model the tensile and shear failure of natural fractures are not
considered, and the effect of stress has not been taken into account in the Pseudo-3D model. Then, the computation
time of discrete model is quite long, and each crack needs to be separated separately. Therefore, a new 3D model is
built to overcome these shortcomings.

As shown in Fig. la, for engineering application, a single segment example with three clusters of fractures in a
horizontal fracturing well is used for research. During fluid injection, the increase of reservoir pore pressure produces
a destructive region called SRV region, as shown in Fig. 1b. In order to describe the growth process of SRV, a SRV
prediction model based on stress interference, 3D permeability tensor, and fluid material balance was proposed. In
this model, the actual distribution of natural fractures is reduced to a spatial distribution conjugate fracture. Since the
distribution and state of complex natural fractures need not be described, this model has more efficient computational
efficiency than discrete fracture method. This model can provide a more efficient and accurate tool for hydraulic
fracturing operation design in shale gas reservoir.
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Fig. 1. The schematic diagram of hydraulic fracturing (a) and simplified shale fracturing diagram (b) in shale reservoir.
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Mathematical model

The hydraulic crack extension model

The fluid flow in the hydraulic main fracture is generally assumed to flow between two plates. The average flow
velocity of fluid can be obtained from the Navier-Stokes equation, and its general form is (Zimmerman et al., 1991)
W? 0p;
T M
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where v is fluid flow velocity in hydraulic fracture, m/s: W is the crack width, m: P is the fluid pressure inside the
fracture, MPa; £ is the fluid viscosity in the fracture, mPa.s.

According to the principle of mass conservation, the amount of injected fluid is equal to the sum of the fluid in the
fracture and the fluid of filtration into the reservoir:

Z—V:+V~(VSW)+WQA_=O 2)

where Q. is the source sink item, 1/s.
Substituting equation (1) into equation (2), the following equation can be obtained:
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where O, . is the source of injection, 1/s; O, is the source of filtration, 1/s; ¢ represents fracturing time, s.

In the process of hydraulic fracturing, natural fractures near hydraulic crack are first affected by filtration into the
reservoir fluid, so near the hydraulic fracture permeability and pore fluid pressure in the first begin to change. These
two changes have a great influence on fluid filtration in hydraulic fracture. Considering that fracturing fluid filtration
is controlled by pressure and permeability between hydraulic fractures and reservoir, the following filtration model is
adopted:

Km Ss
Qleak =
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where K is the matrix permeability after transformation, pm?; S, represents filtration area, m*; f'is the permeability
coefficient, 1/m; P, is reservoir pore pressure, MPa.

The geologic stress model

In the staged fracturing, type I rock failure occurs with the affection of fluid pressure on the cracks (Zhou et al.,
2015), and the hydraulic cracks propagate along the direction of the maximum principal stress, as shown in Fig2. As
introduced in Zhou and Hou (2013), an extra strain increment induced by pressure change in the fracture was added
in the total strain increment to describe the discontinuous behavior of fracture. Due to the extra strain, the distribution
and size of geo-stress in reservoir will be changed. It is shown that the tensile and shear failure of natural fractures are
greatly influenced by the change of geological stress (Ren L et al., 2017). The equilibrium equation of the volume field
and the Hooke’s law of linear elastic media can be written as the following tensor form:

V-S+b=0 )
S=C:E®U) (6)

where C is the elastic constant tensor; S, U are the stress field and the displacement field, respectively; b represents
the body force tensor; E(U): represents the double dot product of two tensors; E(U) is the strain tensor associated with
the displacement.
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E(U):%(VU +(vu)') (7)

The displacement of the outer boundary of the model is given by a given function G(x,y):

U|l.=G ®)
Crack width can be defined as
W=(U"-U")n 9)

where 7 is the unit normal vector on the crack surface U"; U, are the displacements of the upper and lower wall
of the fracture, respectively, m.

The stress boundary and displacement boundary of elastic equation should be satisfied:

S-n=F I
S-n=-Sn"=-p -n=p,.,n I, (10)
U=U, T,

where F| N F‘f . F|U represent the external force boundary, fracture boundary, and displacement boundary of
the model, respectively.

VA S S AN S S S

- Three clusters of cracks <
e

) Py P
Gh Oy
- —> <—
-] <

(T L

Fig. 2. Schematic diagram of geological stress disturbance.

Horizontal well

Natural fracture failure criterion

The shale reservoir is a very developed reservoir of natural fractures, but its permeability is very low. When the
fluid is injected, the pore pressure of the reservoir increases rapidly, which may cause the opening of natural fractures
in the reservoir or the tensile and shear failure. In the process of fracturing, the pore pressure of the reservoir near the
hydraulic fracture is greater than the normal stress on the natural fracture surface, and the natural fracture will produce
a certain degree of opening, which will increase the crack permeability rapidly.

p,20, (11)
where o, represents the normal stress on the natural fracture surface, MPa.

As the fluid pressure of natural fractures continues to increase, its value is more than normal stress on the surface
of the natural fracture and tensile strength of rocks. Then, natural fracture tensile failure will occur. According to the
rule of Warpinski, its condition is (Warpinski et al., 1987)

p,20,+1, (12)

whereT is the tensile strength of the reservoir rock, MPa.
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The discriminant of natural fracture shear failure is
GT>TO+/1(6n—pF) (13)

where o, is the shear stress of the natural fracture wall, MPa;z, represents the natural fracture cohesion, MPa; 4 is
the natural fracture friction coefficient, dimensionless.

Equations (12) and (13) are the main basis for determining the tensile failure and shear failure. In the 2D plane
model, the natural fractures are considered as vertical fractures, ignoring the effect of vertical principal stress. In the
actual shale reservoir, the spatial distribution of natural fractures is very directional, but not all vertical fractures. In
order to apply the rock failure criterion to the three-dimensional SRV calculation, this paper deduces the normal stress
and shear stress on the natural fracture surface at any space position (Ren et al., 2015; Ren et al., 2017).

The unit normal vector of natural fracture is

Z = nl.el. = |:I’lx n)_ nz] (14)
among them

n, =singcosa (15)
n, =singsina (16)
n =cos¢ 17)

wheren represents natural fracture unit normal vector, dimensionless; n, represents the unit normal vector component
of natural fracture, dimensionless, i € {x, y,z} ; a1s the angle between the natural fracture and the horizontal maximum
principal stress direction (approaching angle), * ;¢ is the angle between the natural fractures and the horizontal plane
(dip angle), °; the approaching angle and dip angle of natural fractures are shown in Fig. 3.
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Fig. 3. The spatial distribution of natural fractures.

At this point, the force acting on the natural fracture surface is

F=on=oyeene =o,ned, =o,ne, (18)

where 1 represents the second order symmetric tensor of in situ stress, MPa; 0, represents the stress tensor
component, MPa; ¢, . e, ¢,, respectively, represents the orthonormal basis vectors; F represents the force exerted
on the wall surface of natural fractures, MPa; 5” is the Kronecker symbol; 7, , k respectively, are the coordinate indices
and represent x,y and z.

The force is decomposed into the normal direction of the natural fracture surface, which is the normal stress for
the fracture wall surface:
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o,=Fn=mneo,ne =no,;nd, =no,n, (19)

According to the principle of force synthesis, the shear stress value of the force along the natural fracture wall is
obtained:

p— T 2 — =
—\}FF—O'" = \/O'Un/e,oun/e, o \/anjounj (20)

The normal stress and shear stress of natural fracture wall can be calculated through equations (19) and (20), then
plugging in equation (5) can determine whether the cracks are open, and plugging in equations (12) and (13) can
distinguish whether it is the natural fracture tensile or shear failure.

The fracture deformation and reservoir permeability model

In the shale reservoir, the permeability of the matrix is quite low, but the permeability of the matrix will be
greatly increased due to the increase of natural fracture opening caused by the tensile and shear failure of natural
fractures (Fredd et al., 2001; Zhang et al., 2013). When the tensile failure of natural fracture occurs, the fracture
surface produces a normal strain, and its value is related to the fluid pressure in the natural fracture, the normal stress
on the fracture surface, and the normal stiffness of the crack. This relationship can be expressed as follows (Guo et al.,
2014a; Guo et al., 2014b):

w,=Le =% @1

! K

n

where K, is the natural fracture normal stiffness, MPa/m; W, is the normal opening degree of natural fractures, m.

Shear slip effect occurs when shear failure occurs in natural fractures. The natural crack opening caused by shear
slip can be expressed by the following equation (Hossain et al., 2002):

w, =2 tan (22)
s KS d
where Wy represents the natural crack opening caused by shear slip, m; Kj is shear stiffness for natural fractures,
MPa/m; @, is the shear expansion angle, °

Based on the above analysis, it can be seen from the linear elasticity theory that the total opening degree of natural
fractures can be expressed as follows:

_ _ pp_gn
W, =Wy + W, +w, =w, +———

(23)

n s

where w, is the total opening degree of natural fractures, m; w;, is the initial opening of natural fractures, m.

For natural fracture zones where only shear failure occurs, the total opening degree is the sum of initial opening
and shear opening:

W, =W, + W, —w+ tan(pd (24)
KS
According to the cubic law, the equivalent volume permeability of natural fractures in the shale reservoir can be

obtained:

3
w

K, =—+
!
128,
where K, is the equivalent permeability of natural fractures in the grid node, um?; § 7 1s the spacing of natural
fractures, m.

(25)

The natural fractures in shale reservoirs is random distribution, so natural fracture position must have a certain
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angle with the global coordinate system. Therefore, the natural fracture permeability in the x, . y, . gz, direction
of the local coordinate system needs to be transformed into the permeability in Xov Voo T, direction of the global
coordinate system. Therefore, by rotating the local coordinate system, the permeability components of each direction
in the global coordinate system can be obtained (Fanchi et al., 2008). The natural fracture permeability tensor in global
coordinate system can be expressed as

KX Kxx K.\'y sz
K=D|K, |=|K, KA K_ (26)
K sz sz Kzz
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Fig. 4. The schematic diagram of local coordinates and global coordinate transformation.

where K is the permeability tensor of natural fractures, um?’; Dis the coordmate rotation matrix; K . K K are
the permeability of the X~ Yy~ Z, direction in the local coordinate system um K. K K K K K,
are the permeability components in the global coordinate system; @« & ¥ are the angles between Z- ax1s and
X, -axis, y, -axis, Z, -axis, respectively; InFig. 4,0, . oy . 0, are the vertical principal stress, horizontal maximum
principal stress, and horizontal minimum principal stress, respectively.

The fluid seepage model

In the fractured reservoir, the continuous double porosity model and the discrete fracture model are widely used
in the seepage calculation of shale reservoir. Although the discrete fracture model can accurately describe the flow
process of fluid in natural fractures, the computational efficiency of the shale reservoir with extremely developed
natural fractures is too low. In order to simplify the model, an equivalent single pore model is used to simulate the
flow process of the total fluid flow in the fractured shale reservoir (Nassir et al., 2012 & 2014). Therefore, the material
balance equation of single-phase fluid in this three-dimensional model can be expressed as
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where ¢ is reservoir porosity, dimensionless; g represents the injection fluid volume per unit reservoir volume and
time, s M is fluid viscosity, mPa s ; B is fracturing fluid volume coefficient, dimensionless.

(28)

For compressible fluid, the fluid volume coefficient can be defined as

B= 5,

[1+¢(p,—p))] (29)

where C, is the fluid compressibility factor, MPa™'; B, is the fluid volume coefficient under reference pressure,
dimensionless ; p; is the initial reservoir pore pressure, MPa.

The relationship between rock porosity and reservoir pressure can be expressed as
¢=¢,1+C,(p,~p,)] (30)

where ¢, is the initial reservoir porosity, dimensionless; C, represents the compressibility of the rock, MPa!.

Boundary condition:

p, p

—2| =0, —£ =0

ol =0 Sl (31)
0 0,

Pl =0, 22| =0 (32)
Ox ‘ oy "

op op

P 63)

where / is the height of the shale reservoir, m; X,, Y, represent the value of maximum outer boundary in the x and
y direction, respectively, m.

The SRV calculation model

In order to facilitate the simulation analysis, the stimulated reservoir volume is expressed with the volume of rock
breaking. The simulation area is divided into grids, and let us say that the number of broken grids is 7, and the volume
of grid destruction is V,, then SRV is the sum of all the damaged mesh; Fig. 5 is one-half of the three-dimensional
SRV schematic:

SRV = iVﬂb(i) (34)
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Fig. 5. The 3D SRV schematic diagram.

The calculation workflow

Based on elastic mechanics, seepage flow mechanics, the three-dimensional rock failure criteria, and material
conservation principle, the model can be calculated. The calculation process of the model is shown in Fig. 6. The
detailed calculation process is as follows:

1. Input basic geological parameters (initial reservoir permeability, initial reservoir pressure, cluster spacing, etc.)
and construction parameters (pumping rate, pumping time, etc.).

2. Based on the fracture extension model and the material conservation equation, the fluid pressure distribution in
the fracture, the length and width of fracture, and the fluid filtration loss through the fracture surface are obtained.

3. The distribution of fluid pressure in the crack, the length of the crack, and the height of the crack are used as the
boundary of the finite element method module (FEMM) on the stress field of the reservoir, and the distribution of the
geological stress after the interference can be obtained. Based on the change of ground stress, the normal stress and
shear stress on the three-dimensional rock fracture surface can be obtained.

4. Then, the amount of fluid filtration is used as the source term in the boundary of fluid diffusion equation; the
fracture fluid pressure is used as high pressure boundary; and the pore pressure distribution in the reservoir at any time
can be obtained by the finite difference method module (FDMM). By substituting the pore pressure into the three-
dimensional natural fracture damage criterion, it is possible to judge whether a tenor or shear failure on the natural
fracture surfaces has been induced.

5. Finally, elements of the tensile and shear failure are integrated, and the volume of the transformed reservoir can
be obtained.
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Fig. 6. The coupling program calculates the route.
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CASE STUDIES
The basic parameters

The region of SRV in the actual shale reservoir is a near-symmetrical space shape. In order to reduce the computation
and save the computation time, in this case only one-half of the whole model is taken. As shown in Fig. 1a, we chose
a section of horizontal well fracturing as an example. The length, width, and height of the area are 500m, 200m, and
100m, respectively. The establishment of the global coordinate system is also shown in Fig.1b. In order to improve the
calculation speed, the partition of the reservoir grid is divided by unequal spacing, and the grid encryption is carried
out near the hydraulic crack and injection point of the water, as shown in Fig.1b. The number of total grids in the
model is 56170. The basic parameters of the geological parameters and operation measures of the target reservoir are
shown in Table 1.

Table 1. Construction and reservoir parameters in the model.

Parameters Value Units Source

Pumping rate, O, . 15 m3/min Sun (2016)

Fluid viscosity, 10 mPa.s Sun (2016)

Total injection volume, V. 1500 m? Sun (2016)

Cluster spacing 30 m Sun (2016)

Number of clusters 3 - Sun (2016)

The size of the reservoir, (height*width*length)  100x200x500 m Sun (2016)

Initial reservoir pressure, P, 30 MPa Ren et al. (2017)

Initial reservoir permeability, K, (i=Xx,y,z) 0.0001 mD Hu et al. (2016)

Reservoir porosity, 0.041 - Hu et al. (2016)

Natural fracture spacing, S, 0.4 m Nassir et al. (2014)

Rock compressibility, C. 4x1073 MPa! Hu et al. (2016)

Fluid compressibility, C, 8x10* MPa'! Sun (2016)

Initial fluid volume factor, B, 1.02 - Sun (2016)

Natural fracture approaching angle, 45 ° Ren et al. (2017)

Natural fracture dip angle, 79 ° Ren et al. (2017)

Basic friction angle, 30 °C Sun (2016)

Cohesive force, 0.5 MPa Nassir et al. (2014)

Shear dilation angle, 3 °C Hossain et al. (2002)

Shear stiffness, K| 10000 MPa/m Hossain et al. (2002)

Normal stiffness, K| 20000 MPa/m Guo and Liu (2014)

Vertical principal stress, 55 MPa Ren et al. (2017)

Maximum horizontal principal stress, 50 MPa Sun (2016)

Minimum horizontal principal stress, 45 MPa Sun (2016)
DISCUSSIONS

The effect of stress interference

Based on the coupled FEMM of fluid pressure in the hydraulic fracture and reservoir geo-stress, the distribution
of geo-stress induced after 30min of fracturing is shown in Fig.7, combined with the geological parameters in table
1. Fig. 7a, Fig. 7b, Fig. 7c, and Fig. 7d, respectively, represent that the stress induced in the reservoir is zero before
fracturing, the induced stress distribution in the maximum horizontal principal stress direction after fracturing, the
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induced stress distribution in the minimum horizontal principal stress direction, and the induced shear stress. It can be
seen from Fig. 7 that the geological stress in the reservoir is greatly changed due to the fluid pressure in the hydraulic
fracture, and the increase of the minimum principal stress and the maximum principal stress in the reservoir near the
crack is greater. Considering the induced stress, the distribution of shear failure and tensile failure areas at 30 minutes
after fracturing is obtained. As shown in Fig. 8, the area of shear failure areas in both horizontal and vertical sections
is larger than the tensile failure areas.
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Fig. 7. The distribution of induced stress in the process of fracturing.

Based on the basic parameters in Table 1, we have obtained the relationships between tensile failure volume, shear
failure volume, and time with the induced stress and without the induced stress, as shown in Fig. 9a. Meanwhile, the
relationship between SRV and injection time can also be obtained, as shown in Fig. 9b. In Fig. 9a, compared with the
case without considering the induced stress, the tensile failure volume is smaller when the induced stress is taken into
account. But the shear failure volume is much larger considering the induced stress. Taken together, it can be seen
from Fig. 9 that the SRV considering stress interference is larger than that without stress interference, but it is less than
two-dimensional SRV with stress interference (Hu, 2017). According to formulae (19) and (20), when the principal
stress increases, the normal stress and shear stress on the natural fracture surface will also increase. Compared to the
case where stress interference is not considered, the increase in the normal stress will increase the difficulty of the
tensile failure of natural fractures. But the increase of shear stress has the advantage of natural fracture slip and shear
failure. And in a two-dimensional model, the height of SRV is equal to the height of the reservoir. However, in the
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three-dimensional model, pore pressure dissipates in the vertical direction, and the height of SRV will be a variable
value, not equal to the height of reservoir, especially in the early stage of fracturing and the edge of SRV. This results
in the difference between two- and three-dimensional models. In Fig. 9, TF and SF denote tensile failure and shear
failure, respectively.
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Fig. 8. Section profile of tensile failure and shear failure area in 30 minutes of fracturing.
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Fig. 9. Effect of induced stress on SRV.

Three-dimensional SRV extension process

Based on the FEMM and the FDMM, plugging in the basic parameters in Tab.1, the stimulated reservoir volume
coupled geological stress has been calculated. In order to verify the correctness of the simulation results, we obtained
the field micro-seismic data for comparison, as shown in Fig.10. As you can see from Fig. 10, the simulated SRV
region reflected by the increase of permeability is the same as the fracture network area reflected by micro-seismic
cloud data. Therefore, the results of this model can be recognized.

The initial permeability of the reservoir is shown in Fig. 11a, which is one-quarter of the fracturing stimulated
area along the x-y plane and the horizontal well. In order to fully display the three-dimensional SRV and permeability
distribution, after the fracturing 25 minutes the SRV in height direction and permeability, respectively, are shown in
Fig. 11b and Fig. 11c. These two diagrams are a quarter of the area, which is cut along the z - y plane and the middle
perforating. As can be seen from Fig. 11a, the permeability of the shale reservoir matrix before fracturing is very low,
only 0.0001mD. From Fig. 11b and Fig. 11c it can be seen that the shape of the permeability distribution and the SRV



Qiang Wang, Yongquan Hu, Jinzhou Zhao and Lan Ren 57

are approaching semicircle after transforming. Meanwhile, the increased permeability is highest near the injection
point and reduced along the radial direction gradually. By comparing with the permeability of the unmodified area, the
permeability of the modified area is far greater than that of the unmodified zone.

Fig. 10. The micro-seismic data of the x-y center plane is compared with the improvement
permeability after fracturing.

Fig. 11. Initial state and height direction result graph.

In order to fully reflect the three-dimensional change process of SRV during the fracturing process, the SRV maps
of the 10 min, 40 min, and 100 min are shown in Fig. 12a, Fig. 12b, and Fig. 12c. At the same time, the relationship
between SRV and injection time under the different approach angle (10°-50°) conditions is given, as shown in Fig.
13. It can be seen from Fig. 12 that the overall transformation volume is increasing with the increase of time. And the
increase velocity of SRV along the y-axis (fracture expansion direction) is greater than that along the x-axis, so the
overall length of the SRV is greater than its width after work. In this case, the SRV length is about 350 m, width 150 m
or so. Since the shale reservoir has basically no influence on cover layer and the barrier layer, the SRV extends faster
in the height direction. At the time of 35min, the shale reservoir of 100m thickness has been completely transformed.
As can be seen from Fig. 13, with the increase of injection time, SRV increases under different approximation angle
conditions. But as the approximation angle increases, the SRV decreases.

22

Fig. 12. The SRV 3D expansion process.
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Fig. 13. The relationship between SRV and injection time at different dip angles.

The key effect of volume fracturing on shale gas productivity is that the low permeability of the original reservoir
is increased. Therefore, the improvement of permeability after fracturing is the key index to characterize the stimulated
volume. Fig. 14 is the distribution of reservoir permeability after fracturing. When the natural fractures are opened
by the fluid pressure in the natural fractures, the permeability of reservoir has been greatly improved. In this case, the
spatial distribution of natural fractures tends to be in the y direction, and the Ky tensor obtained by the coordinate
system is the largest. In Fig. 14, the stimulated permeability has Ky>Kx>Kz, while the values of Kxy, Kyz, and Kxz
are relatively close. Because of the spatial distribution of natural fractures and the size of principal stress, the value
of Kz is the smallest.

Fig. 14. Reservoir permeability distribution after hydraulic fracturing.

The effect of injection fluid volume

Fig. 15c represents the effect of the total injection fluid volume on the SRV volume in the same condition as other
parameters (Dip angle is 79° and approaching angle is 35°). Fig. 15c¢ represents that the total volume of SRV also
increases with the injection fluid volume increasing, indicating that the injection fluid volume is one of the important
factors affecting SRV size. As the volume of injected fluid increases in Fig. 15a, the length and width of SRV also
increase. And with the increase in the injected fluid volume, the height of the SRV increases first and then maintains
100 m, as shown in Fig. 15b. This is because when the injected fluid volume reaches a certain amount, the 100
m thickness reservoir is completely penetrated by hydraulic fracture, and the reservoir near the hydraulic crack is
completely transformed. Fig. 16a and Fig. 16b represent the permeability distribution cloud map of the transformed
area under the condition that the injection fluid volume is 550m?® and 1100m?, respectively, and its shape is similar to
the shape of SRV. Comparing these two figures, we can find that the length and width of the reconstructed area after
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the injected volume of 1100m? are greater than the length and width of the modified volume of the injected volume of
550m3. Therefore, the injection fluid volume is one of the important factors affecting SRV size.
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The influence of natural fracture space distribution

Fig. 17b represents the influence of natural fracture approaching angle on SRV under the condition of the horizontal
principal stress difference (SMPa) and the total injection fluid (1500m?). It can be seen that the SRV decreases with
the increase of the approaching angle of the natural fractures, and the SRV decreases rapidly when the approaching
angle is close to 35°. The effect of natural fracture approaching angle on the length and width of SRV is shown in Fig.
17a. As the approaching angle increases, the length of SRV increases gradually, and the width decreases gradually.
When the approaching angle is close to 35°, rate of change has accelerated. Fig. 18b also shows the influence of
natural fracture dip on SRV under the condition of SMPa with 1500m? of injected fluid and horizontal principal stress
difference. With the increase of natural fracture dip angle, the SRV will increase, and the rate of change is reduced.
In Fig. 18a the length of SRV gradually increases with the increase of the dip angle of natural fractures, and the width
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decreases gradually. When the angle is less than 40°, length and width of SRV change quickly, and after more than
40° change slowly. From Fig.15b, it can be seen that when the fluid volume is close to 400m?, the reservoir of 100m
thickness has been penetrated by the transformed region. In this case, the total volume of the injected fluid is 1000m?,
and the height of SRV is already 100m, so the influence of approaching angle and dip angle on SRV is mainly reflected
in length and width. When the natural fracture approaching angle is 25° and 55°, respectively, the distribution of the
stimulated permeability is shown in Fig. 19. It can be seen that, in the case of main stress o, > o}, > 0,, the smaller
the approaching angle of the natural crack is and the larger the dip angle is, the more easily the shale reservoir is
transformed. Therefore, the approaching angle and dip angle of natural fractures are the important factors for SRV.
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Qiang Wang, Yongquan Hu, Jinzhou Zhao and Lan Ren 61

The effect of horizontal principal stress difference

Fig. 20b represents the effect of horizontal principal stress difference on SRV in the case of the injection fluid
volume of 1500 m?, the approaching angle of 35°, and the dip angle of 79°. The SRV decreases with the increase
of horizontal principal stress difference. Fig. 20a indicates the effect of horizontal principal stress difference on the
length and width of SRV. The length of SRV increases with the increase of horizontal principal stress, while the width
of SRV decreases with the increase of horizontal principal stress. Since the SRV height has reached 100m and remains
unchanged, there is no further discussion. Fig.21 a is the permeability distribution cloud map of the improved shale
reservoir under the stress difference of SMPa. Fig. 21b is a distribution cloud map obtained under the condition of
stress difference 2MPa. Comparing these two clouds, it can be proved that the higher the horizontal principal stress
difference is, the longer the SRV length is, and the smaller the width is, the smaller the SRV is. Therefore, the low
horizontal principal stress difference is conducive to the transformation of shale reservoir. So the horizontal principal
stress difference is another key factor affecting SRV.
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Fig. 21. Influence of horizontal principal stress difference on transformation permeability.

CONCLUSIONS

Based on stress interference of FEMM, the three-dimensional rock failure criterion, the total permeability tensor,
and the 3D fluid diffusion equation of FDMM, a mathematical model for predicting the SRV by hydraulic fracturing
is established. The change process of the SRV size and the reservoir permeability dynamically have been simulated,
and the influence factors of SRV have been analyzed, including injection volume, natural fracture distribution, and
horizontal principal stress. Finally, the following conclusions are drawn:

1) Compared with no consideration of stress interference, the difficulty of tensile failure on natural fractures near
the hydraulic fracture increases with the influence of fluid pressure in hydraulic fractures, but shear failure is more
likely to occur. The total SRV will be larger considering the induced stress.

2) When hydraulic fracturing technology is used in the shale gas reservoir to improve the production, the tensile or
shear failure of natural fractures near the hydraulic fracture occurs firstly. As the fluid is injected, the damage area is
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gradually extended. The direct result of failure is that the permeability of the shale reservoir with low permeability is
greatly improved, which creates conditions for later production. Therefore, the fundamental expression of SRV is that
the permeability of the stimulated area is greatly increased.

3) During the fracturing process, the total volume of injected fluid has an important influence on the size of SRV.
The larger the injection volume is, the larger the length and width of SRV and the SRV size are. Meanwhile, the
magnitude of the horizontal principal stress difference has a great influence on SRV. The larger the horizontal principal
stress difference is, the smaller the SRV size and its width are, but the larger the length is. Therefore, the larger the
total injection fluid volume is and the smaller the horizontal principal stress difference of the target layer is, the more
favorable it is to increase the SRV size.

4) The approaching angle and dip angle of natural fractures have a critical influence on the size of SRV. Under the
condition that the principal stress is o, > o}, > g,, the SRV and its width decrease and its length increases when the
approaching angle increases. At the same time, when the dip angle increases, the SRV and length of SRV increase,
while its width decreases. Therefore, under the condition of this principal stress, the smaller the approaching angle is,
the more favorable it is to increase the volume of SRV.
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