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Abstract
Hydraulic fracturing in horizontal well is the key technology for the commercial exploitation of shale gas reservoir. Stimulated
reservoir volume (SRV) is an important indicator to evaluate the fracturing performance.However, estimating the SRVhas been
a long-standing challenge due to its complex forming mechanism. Most current SRV estimation methods are either expensive
or time-consuming. This paper developed a 3Dmathematical model to estimate the SRV by simulating the fourmain processes
during shale fracturing—multiple hydraulic fractures propagation, formation stress variation, reservoir pressure lifting and
natural fractures failure. In this model, hydraulic fractures propagation is calculated by pseudo-three-dimensional model,
coupling with formation stress model; formation stress and reservoir pressure are obtained by displacement discontinuity
method and Green’s function approach, respectively; natural fracture failure criterion is derived from Warpinski’s theory.
This model not only considers the stress interference effect of multiple fractures, but also subdivides the SRV into shear-SRV
and tensile-SRV according to the failure type of natural fractures network. This model was first implemented to a pilot well
in the FL gas field in southwest China to estimate a SRV that matches well with the on-site monitoring microseismic signals.
Then, this model was applied to FL gas field on a large scale to evaluate the overall fracturing effects. Finally, a sensitivity
studywas conducted to analyze the impact of engineering parameters on the SRV. This research explores an efficient method to
estimate the SRVwithout high cost or complicated process and provides the theoretical basis and guidelines for pre-fracturing
design and post-fracturing evaluation in shale gas reservoir.
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List of symbols
(Ann)i j Plane-strain, elastic-influence coefficient matrix

representing thenormal stress at element i induced
by normal-displacement discontinuity at element
j; i, j ∈ {1, 2, . . ., N }

(Ant)i j Plane-strain, elastic-influence coefficient matrix
representing thenormal stress at element i induced
by shear-displacement discontinuity at element
j; i, j ∈ {1, 2, . . ., N }
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(Atn)i j Plane-strain, elastic-influence coefficient matrix
representing the shear stress at element i induced
by normal-displacement discontinuity at element
j; i, j ∈ {1, 2, . . ., N }

(Att)i j Plane-strain, elastic-influence coefficient matrix
representing the shear stress at element i induced
by shear-displacement discontinuity at element
j; i, j ∈ {1, 2, . . ., N }

cL Filtration coefficient (m/s0.5)
E Young’s modulus of formation rock (Pa−1)
⇀

f Force vector imposed on the unit area of fracture
surface (Pa)

Fi Derivatives functions, i ∈ {3, 4, 5, 6},
G Formation shear modulus (Pa−1)
hf Fracture height (m)
hr Thickness of reservoir (m);
hrD Dimensionless thickness of reservoir
K0 Zeroth-order Bessel function
Kf Friction coefficient of natural fracture
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KIC Fracture toughness (Pam0.5)
km Average permeability of matrix system (D)
kmx x-Directional permeability of matrix system (D)
L Arbitrary reference length (m)
L f Fracture half-length (m)
M Number of hydraulic fractures
N Number of discontinuous fracture elements
ni Component of

⇀
n, i ∈ {x, y, z}

NIL An even number between 6 and 18
p Current reservoir pressure (Pa)
p0 Initial reservoir pressure (Pa)
pf Fluid pressure in fracture (Pa)
pf,i Fluidpressure in fracture, i ∈ {1, 2, . . . M} (m3/s)
pfnet Net pressure in fracture (Pa)
pnf Fluid pressure in natural fracture (reservoir pres-

sure) (Pa)
q̃ Filtration rate per unit area (m/s)
q Flow rate in fracture (m3/s)
Qi Inlet flow rate of each fracture i ∈ {1, 2, . . . M}

(m3/s)
Qpump Pump rate (m3/s)
s Laplace transform variable
St Tensile strength of natural fracture (Pa)
t Time (s)
u Defined function(
ûn

)
i Normal strain of element i in local coordinate,

i ∈ {1, 2, . . . N } (m)(
ût

)
i Shear strain of element i in local coordinate, i ∈

{1, 2, . . . N } (m)

Wf Fracture width (m)
xD Dimensionless x value
xwD Dimensionless x value at perforation point
yD Dimensionless y value
ywD Dimensionless y value at perforation point
zw z value at cluster point (m)
α Integration variable
δ Kronecker delta
�p Pressure increment field in the real domain (Pa)
� p̄ Reservoir pressure increment in Laplace domain

(Pa)
�pi Pressure increment, induced by fluid leak-off

from fracture i, i ∈ {1, 2, . . . M} (Pa)
�σi j Components of induced stress tensor, i, j ∈

{x, y, z} (Pa);
θ Approaching angle of natural fracture (◦)
ϕ Dip angle of natural fracture (◦)
μ Viscosity of fracturing fluid (Pa s)
ν Poisson ratio
σi j Components of current formation stress tensor,

i, j ∈ {x, y, z} (Pa)
σ

(0)
i j Components of original formation stress tensor,

i, j ∈ {x, y, z} (Pa)

⇀
⇀
σ Formation stress tensor (Pa)
(σn)i Normal stress on element i in local coordinate,

i ∈ {1, 2, . . . N } (Pa)
(σt)i Shear stress on element i in local coordinate, i ∈

{1, 2, . . . N } (Pa)
σn Normal stress imposed on fracture surface (Pa)
στ Shear stress imposed on natural fracture (Pa)
τ Start time of filtration in fracture (s)
τo Cohesive strength of natural fracture (Pa)

1 Introduction

In the last decade, as shale gas reservoir has been explored
in many countries, global petroleum industry places great
importance on this unconventional resource. However, with
the ultra-low permeability and low porosity, vertical well
drilling followed by conventional hydraulic fracturing is not
well performed in the shale gas reservoir [1,2]. Because of
the brittleness of shale rock, fortunately, a large number of
natural fractures are existing in the reservoir, which can be
effectively stimulated by multistage fracturing in horizontal
wells [3–5]. This technique can dramatically increase shale
gas production and improve the economic efficiency [6,7].

During multistage hydraulic fracturing, the horizontal
well is segmented into several stages and pumps a large
amount of slickwater into reservoir at a high flow rate in each
stage. It aims at creating hydraulic fractures and stimulating
surrounding natural fractures [8]. Those hydraulic fractures
and stimulated natural fractures are interwoven into an acti-
vated fractures network, in which the reservoir permeability
is substantially increased, and consequently, the gaswell pro-
duction soars [9].

The activated fractures network is often referred to as
“stimulated reservoir volume (SRV)” [10]. So far, numer-
ous field data have shown a significant positive correlation
between SRV and shale gas production [11,12]; therefore,
estimating the SRV is becoming indispensable for pre-
fracturing design and post-fracturing evaluation in shale gas
reservoir. Currently, there are several ways to estimate SRV,
which could be divided into two categories: direct mea-
surement and numerical simulation. Direct measurement
methods include microseismic monitoring [13,14] and tilt-
meter measurement [15,16]; numerical simulation methods
include wire-mesh modeling [17,18] and discrete fracture
modeling (DFM) [19–23]. These estimation methods have
different advantages and disadvantages: Microseismic mon-
itoring is accurate but costs too much, tiltmeter measurement
is cheap but sometimes inaccurate, especially for deep reser-
voir, wire-mesh modeling is convenient to use but somehow
oversimplified, DFM is comprehensive but too complicated,
its 3D simulation program usually runs in hours even days.
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Thus, a reliable, economical and time-saving SRV estimation
method is desiderated for the hydraulic fracturing in horizon-
tal shale gas wells.

This paper established a SRV estimation model by sim-
ulating four key processes during shale gas reservoir frac-
turing: (1) multiple hydraulic fractures propagation; (2)
reservoir pressure lifting; (3) formation stress variation; and
(4) natural fractures failure. In this model, hydraulic frac-
tures are treated as discrete elements, while natural fractures
network is treated as continuous medium, so that the compu-
tational burden and computation time can be greatly reduced.
Thismodelwas applied to the FL shale gas field in southwest-
ern China to validate its feasibility and reliability. Finally, a
sensitivity study was conducted to analyze the influence of
engineering parameters on the SRV.

2 Mathematical Model

The SRV estimation model comprises three modules and
one criterion: hydraulic fracture propagation module, for-
mation stress module, reservoir pressure module and natural
fracture failure criterion. The model assumptions include:
(1) hydraulic fractures propagate in the vertical plane; (2)
fracturing fluid is non-Newtonian fluid; (3) reservoir perme-
ability/porosity is not stress dependent.

2.1 Hydraulic Fracture Propagation

For each fracturing stage in horizontal well, there might be
multiple hydraulic fractures initiating from different perfo-
ration clusters and propagating simultaneously. Establish a
Cartesian coordinate system as Fig. 1 (x-axis: minimum hor-
izontal stress; y-axis: maximum horizontal stress; z-axis:
vertical stress).
(1) Fracture flow

Slick water—an incompressible non-Newtonian fluid—
is the most common fracturing fluid used in shale gas well
fracturing [24]. For the slick water flow in hydraulic fracture,

Fig. 1 Single stage of horizontal well fracturing with three clusters

the pressure drop equation along fracture length is simplified
from the Navier–Stokes equations [25]:

dpfnet (y)

dy
= 2n

′+1k′
(
2n′ + 1

n′

)n′

×
(

q (y)

Hf (y)

)n′

[Wf (y)]−(2n′+1) (1)

where k′ is the fluid-consistency factor, Pa s; n′ is the
fluid power-law index, Pa s; q(y) is the flow rate in frac-
ture at y,m3/s;Wf(y) is the maximum fracture width at
y,m; Hf(y) is the fracture height at y,m; pfnet(y) is the
net pressure in fracture at y,Pa; σn(y) is the normal stress
imposed on fracture surface, Pa.

Equation 1 describes the relationship among net pressure
drop, flow rate, fluid property and fracture geometry. The
fracture net pressure can be obtained by inner pressure minus
minimum horizontal stress:

pfnet (y) = pf (y) − σmin (2)

where pf(y) is the fluid pressure in fracture at y, Pa; σmin is
the minimum horizontal stress, Pa.
(2) Fracture geometry

The geometry parameters of hydraulic fracture include its
height, width and length. Fracture height can be determined
by the fracture toughness and net pressure of fracture [21]:

Hf (y) = 2

π

(
KIC

pfnet (y)

)2

(3)

where KIC is the fracture toughness, Pam0.5.
In the classical elasticity theory, fracture width can be

derived by England and Green integral functions [26]:

Wf (y) = 2
(
1 − ν2

)
Hf (y) pfnet
E

(4)

where E is the Young’s modulus of formation rock, Pa−1; ν
is the Poisson ratio, dimensionless.

However, when multiple fractures propagate simultane-
ously, they will interfere with each other due to their stress
interference effect [27,28], so that the classic equation no
longer applies. In this case, multiple fracture widths are
obtained by displacement discontinuity boundary method
(DDM), see details in Sect. 2.2.
(3) Material balance

The material balance applies to both individual fracture
and multiple fractures. For individual fracture, the total flow
rate equals to the sum of fluid leak-off volume and fracture
volume increment:
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Fig. 2 Flow rate distribution in horizontal wellbore and hydraulic fractures

∫ t

0
qfdt =

∫ Lf

0

∫ t

0

2Hf (y) cL√
t − τ (y)

dtdy +
∫ Lf

0
HfWfdy (5)

where τ(y) is the start time of leak-off in fracture at y, s; cL
is the filtration coefficient, m/s0.5; t is the time, s.

For multiple fractures, the total pumping rate is equal to
the sum of inlet flow rate of each fracture:

Qpump =
M∑

i=1

Qi (6)

where Qpump is the pump rate, m3/s; Qi is the inlet flow
rate of each fracture, m3/s; M is the number of hydraulic
fractures.
(4) Initial and boundary conditions

The initial and boundary conditions of fracture propaga-
tion include:

{
L f |t=0 = 0
qf |y=0 = Q

(7)

where Q is the inlet flow rate of fracture, m3/s; L f is the
fracture half-length, m;

By combining the solution conditions in Eqs. (5)–(8), the
geometry of hydraulic fracture can be solved by coupling
Eqs. (1)–(3) and (14)–(15) with implicit finite difference
method (FDM) [29].
(5) Flow rate distribution

Generally, there are 2–5 perforation clusters for fracture
initiation in each fracturing stage, so that multiple hydraulic
fractures will propagate simultaneously. Because of the flow
friction of fracturing fluid inwellbore and hydraulic fractures

(Fig. 2), the inlet flow rate of each hydraulic fracture might
be different.

According to Kirchhoff’s second law, the pressure at well-
bore heel is equal to the sum of wellbore friction pressure
drop, perforation friction pressure drop, and the pressure of
hydraulic fracture inlet [30]:

pheel = pfi,i + �ppf,i +
i∑

j=1

�pw, j (8)

where

�ppf,i = 0.135
q2i ρ

n2pf,i d
4
pf,iα

2
pf,i

(9)

�pw, j = 128μ

πd4w

i∑

j=1

Lw, j q
n′
w, j (10)

where pheel is the pressure at horizontal wellbore heel,
Pa; �ppf ,i is perforation friction pressure drop of fracture
i,Pa;�pw, j is wellbore friction pressure drop of segment
j,Pa; qpf is flow rate at perforation, m3/s; npf is perforation
number; dpf is perforation diameter, m;α is flow coefficient
of perforation, commonly ranged from 0.8 to 0.85, dimen-
sionless; ρ is fracturing fluid density, kg/m3;μ is fracturing
fluid viscosity,mPa·s; Lw, j is the length ofwellbore segment
j,m; dw is wellbore diameter, m.
The flow rate in each wellbore segment is:

qw,j = qT −
j−1∑

i=1

qi (11)
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where qw, j is the flow rate of wellbore segment j , m3/s; qT
is total flow rate, m3/s; qi is the inlet flow rate of hydraulic
fracture i,m3/s.

According to material balance, one equation can be set
up:

qT −
N∑

i=1

qi = 0 (12)

According to pressure drop formula, N equations can be
set up:

pfi,i + �ppf,i +
i∑

j=1

�pw, j − pheel = 0 (i ∈ 1 ∼ N )

(13)

As above, there are N + 1 nonlinear equations, and there
are N + 1 unknown parameters (i.e., q1, q2, . . . , qN , pheel).
Therefore, the inlet flow rate of each fracture can be solved
by building the Jacobian matrix and then applying Newton
iteration method.

2.2 Formation Stress

Ashydraulic fractures propagate underground, induced stress
will be triggered due to the rock deformation, and then, the
original formation stress changes accordingly. Based on the
elastic mechanics theory, Crouch [31] proposed the displace-
ment discontinuity boundary method (DDM) to describe
induced stress variation in infinite elastic materials. This
method is especially useful for infinite continuous medium
with displacement discontinuity structure such as fracture
and cavity [32,33].

Establish the global x−y Cartesian coordinate system as
Fig. 3, and discretize all hydraulic fractures into N discon-
tinuous displacement elements. Then establish the local ξ−ζ

coordinate system for each element, and the ξ -axis and ζ -axis
are, respectively, parallel and normal to the tangential direc-
tion of each discrete element.

According to DDM, the stress equilibrium equations for
all discrete fracture elements can be written as:

(σt)i =
N∑

j=1

(Att)i j
(
ût

)
j +

N∑

j=1

(Atn)i j
(
ûn

)
j (14)

(σn)i =
N∑

j=1

(Ant)i j
(
ût

)
j +

N∑

j=1

(Ann)i j
(
ûn

)
j (15)

where (σt)i and (σn)i are the shear stress and normal stress
on element i in local coordinate, Pa;

(
ût

)
j and

(
ûn

)
j are

the shear strain and normal strain on element i in local

Fig. 3 Multiple hydraulic fractures are discretized into N elements

coordinate, m; (Att)i j , (Atn)i j , (Ant)i j and (Ann)i j are the
plane-strain, elastic-influence coefficientmatrix representing
the normal/shear stress at element i induced by shear-
displacement/normal-displacement discontinuity at element
j , respectively; i, j ∈ {1, 2, . . ., N }.
Hydraulic fractures inner pressure could be obtained from

hydraulic fracture propagation module in Sect. 2.1. There
should be no shear stress but only normal stress on the
fracture surface, so the displacement discontinuity boundary
conditions are:

(σt)i = 0 (16)

(σn)i = −pfnet (y) (17)

By combining the boundary conditions, the stress equi-
librium Eqs. (14) and (15) can be solved simultaneously to
determine the shear and normal strain of each element—(
ût

)
i ,

(
ûn

)
i . That ûn is equal to the fracture width (Wf), and

it can be coupled into hydraulic fracture propagation module
(Sect. 2.1) to calculate other geometry parameters.

Then, the induced stress can be calculated by substituting(
ût

)
i and

(
ûn

)
i into following formulas:

�σxx = Gûn
2π (1 − ν)

[
2nlF3 +

(
n2 − l2

)
F4 + ζ (l F5 + nF6)

]

+ Gût
2π (1 − ν)

[
2n2F3 − 2nlF4 + ζ (nF5 − l F6)

]
(18)

�σyy = Gûn
2π (1 − ν)

[
2nlF3 +

(
n2 − l2

)
F4 − ζ (l F5 + nF6)

]

− Gût
2π (1 − ν)

[
2l2F3 + 2nlF4 + ζ (nF5 − l F6)

]
(19)

�σxy = Gûn
2π (1 − ν)

ζ (l F6 − nF5)

+ Gût
2π (1 − ν)

[
F4 + ζ (l F5 + nF6)

]
(20)

�σzz = ν
(
�σxx + �σyy

)
(21)
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where �σxx ,�σyy,�σzz and �σxy are the components of
induced stress tensor, Pa; G is the formation shear modulus,
Pa−1; F3−F6 are the derivative functions, dimensionless.
The coefficient matrices (Att)i j , etc., derivative functions
F3−F6 and transformation equation of global–local coor-
dinate are given by Coruch [31].

According to the linear superposition principle of stress
tensor, current formation stress can be obtained by superim-
posing the original formation stress over induced formation
stress:

⎡

⎣
σxx σxy σxz
σyx σyy σyz

σzx σzy σzz

⎤

⎦

=
⎡

⎢
⎣

σ
(0)
xx + �σxx σ

(0)
xy σ

(0)
xz + �σxz

σ
(0)
yx σ

(0)
yy + �σyy σ

(0)
yz

σ
(0)
zx + �σxz σ

(0)
zy σ

(0)
zz + �σzz

⎤

⎥
⎦

(22)

where σ
(0)
i j is the components of original formation stress

tensor, Pa; σi j is the components of current stress tensor, Pa;
i, j ∈ {x, y, z}.

2.3 Reservoir Pressure

Shale reservoir is often regarded as dual-porosity (matrix
+ natural fractures) medium with anisotropic characteris-
tics [34,35]. During fracturing, the fracturing fluid constantly
infiltrates from hydraulic fractures into surrounding forma-
tion and natural fractures, pressurizing the reservoir.

Establish a 3D Cartesian coordinate system as Fig. 4.
Assume the hydraulic fracture as a rectangular surface source
and then use Green’s function approach to derive the analyt-
ical equation of reservoir pressure increment in the Laplace
domain [36]:

� p̄ (x, y, z, s) = 2μHr

πkmhrDs

∞∑

n=1

1

n
sin nπ

Hf

2hr
· sin nπ

zw
hr

· sin nπ
z

hr

·
∫ +Lf/L

−Lf/L
q̃K0

[√

u + n2π2

h2rD

√(
xD − xwD − α

√
km/kmx

)2 + (yD − ywD)2

]

dα (23)

where � p̄ is the reservoir pressure increment in Laplace
domain, Pa; L is an arbitrary reference length, m; Hr is the
thickness of reservoir, m; hrD is the dimensionless thickness
of reservoir, dimensionless; kmx is the x-directional perme-
ability of matrix system, D; km is the average permeability
of matrix system, D; q̃ is the filtration rate per unit area, m/s;
s is the Laplace transform variable; α is the integration vari-
able, dimensionless; K0 is the zeroth-order Bessel function;
u is a defined function; zw is the z value at cluster point,

Fig. 4 A hydraulic fracture of horizontal well in the shale gas reservoir

m; xD is the dimensionless x value, dimensionless; yD is the
dimensionless y value, dimensionless; xwD is the dimension-
less x value at perforation point, dimensionless; ywD is the
dimensionless y value at perforation point, dimensionless.
The definitions of function u and dimensionless parameters
are given by Ozkan and Raghavan [36].

Through Stehfest [37] numerical inverse approach, the
reservoir pressure increment in Laplace domain can be trans-
formed into real domain:

�p (x, y, z, t) = ln 2

t

NIL∑

i=1

Vi� p̄

(
x, y, z,

ln 2

t
i

)
(24)

Vi = (−1)(NIL/2+i)

×
min(i,NIL/2)∑

k=[(i+2)/2]

kNIL/2+1 (2k)!
(NIL/2 − k)!k! (k − 1)! (i − k)! (2k − i)!

(25)

where �p(x, y, z, t) is the pressure increment field in
the real domain, Pa; NIL is an even number between 6
and 18.

According to the linear superposition principle of pres-
sure, when multiple hydraulic fractures coexist in the reser-
voir, current reservoir pressure field can be obtained by
superimposing the initial reservoir pressure field over pres-
sure increment field:
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Fig. 5 Stress analysis on natural fracture surface

p (x, y, z, t) = p0 (x, y, z, t0) +
M∑

i=1

�pi (x, y, z, t) (26)

where p is the current reservoir pressure field, Pa; p0 is the
initial reservoir pressure field, Pa; �pi is the pressure incre-
ment field, induced by fluid leak-off from fracture i , Pa.

2.4 Natural Fracture Failure Criterion

Because of the brittleness of shale formation, there are
often lots of natural fractures developed in shale gas reser-
voir, and most natural fractures tend to align along a single
axis [25,38]. As reservoir pressure and formation stress
change during hydraulic fracturing, some natural fractures
might occur shear failure (slipping) or tensile failure (open-
ing). These shear-failure and tensile-failure fractures would
interweave into activated fractures network, forming the
shear-SRV and tensile-SRV, respectively.

Previous natural fracture failure criterion only applies to
vertical fracturewithout considering its dip angle [39]. Based
onWarpinski’s [40] theory, we derived amore general failure
criterion for inclined natural fracture (Fig. 5).

Suppose the unit normal vector of the natural fracture
plane is:

⇀
n = ni ei = �nx ny nz 	 (27)

nx = sin (ϕ) · cos(θ), ny = sin (ϕ) · sin(θ), nx = cos (ϕ)

(28)

where ni is the component of unit normal vector
⇀
n, dimen-

sionless, i ∈ {x, y, z}; θ is the approaching angle of natural
fracture, ◦;ϕ is the dip angle of natural fracture, ◦; i ∈
{x, y, z}.

The force imposed on the unit area of fracture surface is:

⇀

f =
⇀
⇀
σ · ⇀

n = σi j ei e j · nkek = σi j nkeiδ
k
j = σi j n j ei (29)

where
⇀

f is the force vector imposed on the unit area of frac-

ture surface (Pa);
⇀
⇀
σ is the formation stress tensor, Pa; δ is the

Kronecker delta; i, j, k ∈ {x, y, z}.
Then, decompose the force along the normal and shear

direction of natural fracture plane to obtain its normal and
shear stress value, respectively:

σn = ⇀

f · ⇀
n = nkek · σi j n j ei = nkσi j n jδ

k
i = niσi j n j (30)

στ =
√

⇀

f · ⇀

f − σ 2
n =

√
σi j n j ei · σi j n j ei − σ 2

n

=
√

σi j n jσi j n j − σ 2
n (31)

where σn is the normal stress value imposed on natural frac-
ture, Pa; στ is the shear stress value imposed on natural
fracture, Pa.

Based on Warpinski’s theory, the tensile failure criterion
for fracture is:

pnf > σn + St (32)

And the shear failure criterion for fracture is:

στ > τo + Kf · (σn − pnf) (33)

where Kf is the friction coefficient of natural fracture, dimen-
sionless; pnf is the fluid pressure in natural fracture, equaling
to the current reservoir fluid pressure (p),Pa; St is the tensile
strength of natural fracture, Pa; τo is the cohesive strength of
natural fracture, Pa.

Given the reservoir pressure, formation stress and natural
fractures orientation, the failure state of natural fractures can
be predicted by Eqs. (32) and (33).

2.5 CalculationWorkflow

The SRVestimationmodel is established by integrating those
three modules (Sects. 2.1–2.3) and one criterion (Sect. 2.4).
The flowchart in Fig. 6 illustrates the calculation steps of this
model.

1. Input relevant data (e.g., reservoir parameters, geological
parameters, fracturing parameters, etc.) and establish a
3D Cartesian coordinate system;

2. Couple the HF propagation module and stress module
(coupling parameter:pf and Wf) to determine the HF
geometry parameters (Wf , hf , L f) and formation stress
distribution (σi j );
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Fig. 6 Workflow of numerical calculation

3. According to HF geometry and fluid filtration volume
during fracturing, calculate the reservoir pressure distri-
bution (p) through pressure module;

4. Substitute the formation stress (σi j ) and reservoir pres-
sure (p) into NF failure criterion to predict the NF failure
state and failure type (shear failure or tensile failure) at
any point of the reservoir and then save their coordinates
data;

5. Based on the coordinates data of all failure points, cal-
culate the shear failure volume (shear-SRV) and tensile
failure volume (tensile-SRV) by numerical volume inte-
gration, then regard the combination of shear-SRV and
tensile-SRV as the total-SRV;

6. Visualize the 3D SRV and determine whether current
time exceeds the fracturing operation time (tmax), if no,
move on to the next time step; if yes, end the calculation.

3 Field Application

In order to validate the feasibility and reliability of the SRV
estimation model, it has been applied to Fuling (FL) shale
gas field.

FL shale gas field is the first major commercial shale gas
reservoir outside of North America. It is located in Sichuan
Basin, southwest China, with proven gas reserves of more
than 99×109 m3 lying in lower PaleozoicWufeng and Long-
maxi marine shale layers [41]. Similar to those successful

Table 1 Geological and fracturing parameters of J–X well

Parameter Value(s) Unit

TOC 3.55% –

Brittle index 67.30% –

Thermal maturity 2.58% –

Thickness 38 m

Depth 2538–2576 m

Initial reservoir pressure 38 MPa

Porosity 0.051 –

Permeability of matrix system 0.05 mD

Permeability of NF system 25 mD

Maximum horizontal stress 61.5 MPa

Minimum horizontal stress 52.4 MPa

Vertical stress 58.5 MPa

Cohesive strength of NF 1 MPa

Tensile strength of NF 0.5 MPa

Friction coefficient of NF 0.4 –

Approaching angle of NF 37 ◦

Dip angle of NF 62 ◦

Young’s modulus 32 GPa

Poisson ratio 0.26 –

Viscosity of fracturing fluid 9 mPa · s
Pump rate 13 m3/min

Pump duration 123 min

Cluster spacing 30 m

Number of cluster 3 Number

NF natural fracture

shale gas fields in North America (e.g., Barnet Shale, Eagle
Ford Shale), horizontal well drilling followed by multistage
multi-cluster fracturing is the main development method to
increase gas production in this field.

3.1 SRV Analysis of Single Fracturing Stage

The SRV estimation model was first applied to the first frac-
turing stage of a pilot horizontal well (J–X) in FL shale gas
field; the geological and fracturing parameters that obtained
from field test and laboratory measurement are listed in
Table 1.

The hydraulic fractures geometry, reservoir pressure,
formation stress and SRVwere obtained by program compu-
tation, with a running time of 587.62 s.

During fracturing treatment, three hydraulic fractures
are propagated in the formation simultaneously. However,
because of the stress interference among hydraulic fractures,
interior fracture (fracture 2)widthwas suppressed, increasing
its inner pressure gradient as well as inlet pressure. Accord-
ing to the flow rate distribution equation (Eq. 8), the inlet flow
rate of interior fracture should be lower than exterior fractures
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Fig. 7 Fracture width versus fracture length (fractures 1–3: hydraulic
fractures from upstream to downstream)

(fractures 1 and 3). Consequently, the interior fracture prop-
agation was constrained. In this case, each hydraulic fracture
width is shown in Fig. 7. It shows that interior fracture width
(∼ 3.0 mm) is obviously less than exterior fracture width
(∼ 4.7 mm), and the exterior fracture half-length is ∼ 93 m,
while the interior fracture length is restricted to 56 m. Fur-
thermore, because of the flow friction of fracturing fluid in
wellbore, the inlet flow rate of upstream fracture (fracture 1)
is slightly higher than the downstream fracture (fracture 3),
making it slightly longer and wider.

Figure 8 shows the reservoir pressure and formation
stress distribution. Original formation stress, including nor-
mal stress (σx , σy) and shear stress (σxz), was dramatically
perturbed by hydraulic fractures, whose induced stress can
make natural fractures slip, triggering shear failure. Mean-
while, due to the fracturing fluid filtration, the pressure of
surrounding reservoir was elevated. High reservoir pressure
can counteract the normal stress on natural fractures surface,
triggering tensile failure.

According to calculation results, the shear-SRV and
tensile-SRV are 2.44× 106 and 1.98× 106 m3, respectively,
and their combination—total-SRV—is 2.92 × 106 m3 (see
in Fig. 9). In most cases, natural fractures need higher net
pressure to occur tensile failure than shear failure, so the
shear-SRV is usually larger than tensile-SRV. Furthermore,
because the natural fractures in this reservoir are not strictly
vertical (dip angle = 62◦), the shape of SRV is slightly tilted.

Microseismic monitoring has been applied in J–X well
to estimate the activated fractures network during hydraulic
fracturing.When natural fractures such as shear failure occur,
a series of micro-earthquake will be triggered and their
seismic waves will spread out underground. As these micro-
seismic signals are recorded by adjacent seismometers, the
shear failure locations can be pinpointed by seismic inversion
method. Therefore, we compared the calculated shear-SRV
contour with on-site monitoringmicroseismic signals, which
are shown in Fig. 10 fromdifferent perspectives, respectively.

Based on statistical analysis, 85.3% of microseismic sig-
nals reside within the contour of calculated shear-SRV.
Furthermore, the tilted state of SRV is consistent with the
non-axisymmetric distribution of microseismic signals as in
Fig. 8c. In summary, the calculated shear-SRV matches well
with monitoring microseismic signals.

3.2 SRV Estimation for SingleWell

Then, take the X2-HF well for an example to illustrate the
SRV estimation of a single well. X2-HF well is located in
the northeast of FL gas field, targeting in Wufeng formation
and Longmaxi formation with 1447 m horizontal interval.
The average depth of its fractured interval is 2561 m, max-
imum horizontal stress is 58−59MPa, minimum horizontal
stress is 52−53MPa, vertical stress is 63−64MPa, Young’s
modules is 32−37GPa, Poisson’s ratio is 0.22−0.25, many
vertical natural fractures are found in cores. In September
2013, this well was fractured in 15 separate stages (3 clus-
ters within each stage), it pumped 28, 650 m3 slickwater and
773.4 m3 proppants, including 100-mesh ceramic proppant,
40/70-mesh and 30/50-mesh coated sand, into the formation.
The specific fracturing parameters of each stage are listed in
Table 2.

Based on these fracturing data and SRV estimationmodel,
the SRVofX2-HFwellwas calculated. The SRVgeometry of
each fracturing stage is listed in Table 3. For single fracturing
stage, the average length, width, height and volume of SRV
are 334, 101, 75 m and 1.52 × 106m3, respectively.

Then, the SRV can be visualized in three dimension by
embedding its coordinates data into the geologic model of
FL shale gas field. According to the 3D SRV scatter diagram
in Fig. 11, the surrounding reservoir of X2-HF well has been
fully stimulated by multistage fracturing, with a total-SRV
volume of 19.5 × 106m3.

After the fracturing of X2-HF well, the productivity
test showed that its open-flow potential reached to 81.9 ×
104 m3/d, confirmed the effectiveness and efficiency of
hydraulic fracturing. The calculated SRVwas embedded into
a shale gaswell production simulationmodel, which is devel-
oped by [42], to predicate the gas production of fractured
X2-HF well. The simulation result accords with the field
production data (Fig. 12).

3.3 SRV Distribution in FL Shale Gas Field

So far, the SRV estimation model has been applied to 93
wells in FL shale gas field. According to the calculation
results, the SRV statistical histogram and distribution map
of 93 fractured horizontal wells are illustrated in Figs. 13
and 14, respectively.

Figure 13 indicates that the most wells’ SRV range from
(20−40)×106m3, guaranteed the commercial production of
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Fig. 8 Reservoir pressure and formation stress distribution

Fig. 9 3D diagram of stimulated reservoir volume (SRV)
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Fig. 10 Comparison of calculated shear-SRV (black line) and microseismic signal (red dots) a 3D, b x–y plane, c x–z plane, d y–z plane

Table 2 Fracturing parameters
of X2-HF well in FL shale gas
field

Stage Pump rate Fluid volume Proppant volume Fluid viscosity Cluster spacing
(m3/min) (m3) (m3) (mPa · s) (m)

1 14.00 1633.83 60.23 6.50 34, 29

2 14.00 1716.06 58.52 6.50 30, 30

3 14.00 1362.90 23.85 6.50 31, 32

4 12.10 2302.24 30.00 6.50 32, 33

5 12.30 1708.33 61.99 6.50 32, 31

6 13.00 1735.82 75.29 6.50 29, 31

7 12.30 1913.60 81.80 6.50 32, 32

8 12.10 1399.76 52.51 6.50 30, 50

9 12.10 1800.99 44.05 6.50 30, 30

10 13.40 2240.93 36.57 6.50 31, 30

11 12.10 2049.87 50.84 6.50 31, 29

12 12.10 1930.42 49.86 6.50 32, 33

13 12.20 1902.11 46.67 6.50 40, 31

14 12.10 1790.31 50.40 6.50 32, 30

15 12.40 1853.02 50.79 6.50 29, 30

shale gas. However, Fig. 14 shows that there are still unstim-
ulated regions left between adjacent wells, so it could drill
infill wells in these blank regions and reduce the well spac-
ing from 600 m now to ∼ 450 m to enhance the reservoir
recovery and improve the economic efficiency of FL shale
gas field.

4 Sensitivity Analysis

In order to optimize the future fracturing design in FL shale
gas field, a sensitivity study was conducted to analyze the
impact of several engineering parameters on the SRV, includ-
ing fracturing fluid volume, pump rate, hydraulic fractures
number, and perforation cluster spacing.
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Table 3 SRV geometry of each fracturing stage in X2-HF well

Stage SRV length SRV width SRV height SRV volume
(m) (m) (m) (106 m3)

1 338.97 97.46 76.86 1.36

2 356.94 104.74 76.17 1.44

3 315.09 72.31 76.21 0.99

4 344.56 100.29 73.53 1.94

5 323.36 100.26 73.32 1.43

6 329.03 98.31 74.60 1.47

7 379.83 113.11 76.55 1.68

8 333.74 55.61 75.67 0.86

9 332.31 111.34 75.35 1.59

10 360.57 109.33 76.95 1.91

11 339.37 113.70 76.95 1.71

12 328.83 110.17 74.56 1.72

13 325.17 108.94 73.73 1.69

14 294.38 112.72 76.29 1.53

15 315.86 112.88 76.40 1.60

Fig. 11 SRV coordinates data (white dots) of X2-HF well embedded
into geologic (porosity) model

The SRV with varying fracturing fluid volumes is plotted
in Fig. 15. It shows that the SRV increases with fracturing
fluid volume. The reason is thatmore fracturing fluidwill cre-
ate longer hydraulic fractures, resulting inmore fluid leak-off
to pressurize nearby reservoir. Consequently, more evident
pressure lifting makes the reservoir more vulnerable to be
stimulated with tensile failure. Therefore, larger fracturing
fluid volume is beneficial to enlarge the SRV.

The SRV with varying pump rates is plotted in Fig. 16.
It shows that the SRV increases with pump rate. The rea-
son is that the higher pump rate leads to higher net pressure
in hydraulic fractures, facilitating the formation stress distur-
bance. Consequently, more drastic stress changingmakes the
reservoir more vulnerable to be stimulated with shear failure.
Therefore, higher pump rate is preferred to enlarge the SRV.

The SRV with different hydraulic fractures number is
plotted in Fig. 17. It shows that there could be an optimal

Fig. 12 The production simulation result and field production data of
X2-HF well

Fig. 13 SRV statistical histogram for each well in FL shale gas field

fractures number to maximize the SRV. The reason is that
too few hydraulic fractures cannot trigger sufficient stress
interference effect to generate large stress disturbance zone,
resulting in an undersized SRV. On the other hand, too many
fractures will reduce the flow rate as well as net pressure
in each fracture; it also impedes the SRV expansion. In this
case, three hydraulic fractures can not only induce evident
stress interference but also generate adequate net pressure in
each fracture, leading to a maximum SRV.

The SRV with varying perforation cluster spacings is cal-
culated and plotted in Fig. 18. It shows that with the increase
in cluster spacing, the SRV increases first and then decreases.
When cluster spacing is too small, the SRV of each hydraulic
fracturewill excessively overlapwith each other. Conversely,
when cluster spacing is too large, the SRV of each hydraulic
fracture will completely separate with each other, leaving
unstimulated regions. Therefore, there should be an optimal
cluster spacing, whichmakes the SRVof each hydraulic frac-
ture is in a transition stage between excessively overlap and
completely separate, to maximize the SRV. In this case, the
optimal cluster spacing is 30 m.
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Fig. 14 SRV distribution in FL shale gas field

Fig. 15 Impact of fracturing fluid on the SRV

5 Discussion

The SRV estimation model was established by simulating
multiple fractures propagation and predicting the natural
fractures failure based on geo-stress and reservoir pressure
change during hydraulic fracturing in shale gas reservoir.
This model has considered some unique physical mecha-

Fig. 16 Impact of pump rate on the SRV

nisms that involved in the shale fracturing, includingmultiple
fractures propagation under stress interference, unequal flow
rate distribution among each hydraulic fracture, different fail-
ure types of natural fractures, etc. However, the model is
somewhat simplified in order to speed up its calculation pro-
gram, so some factors have not been considered in this paper
yet.
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Fig. 17 Impact of hydraulic fracture number on the SRV

Fig. 18 Impact of perforation cluster spacing on the SRV

For instance, multiple hydraulic fractures might not
always propagate in an ideal plane; because of the stress
interference effect, fracturesmight propagate awaywith each
other, resulting in non-planar propagation behavior. Conse-
quently, theSRVmight slightly extend itswidth (the direction
along wellbore) while shrink its length (the direction verti-
cal to wellbore). For such case, the cluster spacing between
neighboring fracturing stages should be enlarged accord-
ingly. Besides, according to some laboratory tests on core
permeability, the pore-pressure and geo-stress might affect
the matrix permeability of shale rock, and it could alter
the pressure transmission in reservoir, so the SRV would
be slightly different from our prediction. In addition, the
hydraulic fracture propagation module and formation stress
module are both based on linear elastics model, but the
mechanical characteristics of actual rock are not always
conformed to linear elastics behavior; especially in deep
reservoir, both pressure and temperature are high, so the plas-
tic characteristic of shale rock become more obvious, which
might impede the hydraulic fractures propagation as well as
the SRV expansion. Hence, the elastic–plastic model should
be employed to estimate the SRV in high-pressure and/or
high-temperature shale reservoir.

As above, all those factors might affect the fracture prop-
agation, formation stress, and reservoir pressure and then
eventually change the SRV. In our future research, we will
focus those factors, embed them into SRV estimation model,
and investigate their influence on SRV, thoroughly.

6 Conclusions

(1) For the hydraulic fracturing in horizontal shale gas well,
this paper establishes a 3D mathematical model for SRV
estimation by simulating the four key processes: mul-
tiple hydraulic fractures propagation, reservoir pressure
lifting, formation stress variation, and natural fractures
failure.

(2) For each fracturing stage with multiple perforation clus-
ters, several hydraulic fractures will propagate simul-
taneously, and the interior hydraulic fracture will be
restrained by stress interference from exterior frac-
tures. Meanwhile, as reservoir pressure and formation
stress change during hydraulic fracturing, some natural
fracturesmight occur shear or tensile failure. These shear-
failure and tensile-failure fractureswould interweave into
activated fractures network, forming the shear-SRV and
tensile-SRV, respectively.

(3) This model was first implemented to a pilot well in the
FL gas field in southwest China to estimate a SRV that
matches well with the on-site monitoring microseismic
signals. Then, this model was applied to FL gas field on
a large scale; the application results show that although
most horizontal wells have been effectively fractured
with desired SRV, there are still unstimulated regions left
between neighboring wells, so it could drill infill wells
in current well pattern and reduce the well spacing in the
future.

(4) Sensitivity analysis indicates that engineering param-
eters, including fracturing fluid volume, pump rate,
hydraulic fractures number, and perforation cluster spac-
ing, all have evident influence on the SRV. Hence, those
parameters should be carefully designed to maximize the
SRV and improve the fracturing performance.

(5) This research explores a convenient method to estimate
the SRV without high economical and computational
cost. Admittedly, some factors that might also affect
the SRV have not been considered in this paper and
required further research. Our future study will focus
on the non-planar fracture propagation, dependent per-
meability, elastic–plastic characteristics of shale rock to
further improve this SRV estimation model.
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