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a b s t r a c t

To investigate the height growth of multi-cluster fractures during variable fluid-viscosity fracturing in a
layered shale oil reservoir, a two-dimensional finite element method (FEM)-discrete fracture network
(DFN) model coupled with flow, stress and damage is proposed. A traction-separation law is used to
describe the mixed-mode response of the damaged adhesive fractures, and the cubic law is used to
describe the fluid flow within the fractures. The rock deformation is controlled by the in-situ stress,
fracture cohesion and fluid pressure on the hydraulic fracture surface. The coupled finite element
equations are solved by the explicit time difference method. The effects of the fracturing treatment
parameters including fluid viscosity, pumping rate and cluster spacing on the geometries of multi-
fractures are investigated. The results show that variable fluid-viscosity injection can improve the
complexity of the fracture network and height of the main fractures simultaneously. The pumping rate of
15 m3/min, variable fluid-viscosity of 3-9-21-36-45 mPa s with a cluster spacing of 7.5 m is the ideal
treatment strategy. The field application shows that the peak daily production of the application well
with the optimized injection procedure of variable fluid-viscosity fracturing is 171 tons (about 2.85 times
that of the adjacent well), which is the highest daily production record of a single shale oil well in China,
marking a strategic breakthrough of commercial shale oil production in the Jiyang Depression, Shengli
Oilfield. The variable fluid-viscosity fracturing technique is proved to be very effective for improving
shale oil production.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Following shale gas, shale oil has become another alternative
resource with large development potential in China. Shale oil res-
ervoirs have obvious laminated structures with bedding planes,
which results in variable in-situ stress and interbedded layer
properties. To achieve a commercial well production rate, it is
desirable to form the stimulated reservoir volume (SRV) covering
multiple shale layers. However, the thin limestone interlayers
embed in the organic-rich pay layer, shielding the hydraulic
Zhu).

y Elsevier B.V. on behalf of KeAi Co
fractures to cross through limestone interlayers and connect to
multiple pay layers. The microseismic monitoring results showed
that the height of hydraulic fractures was much lower than the
production-expected value, even if the pumping rate was rose to
the best of field injection ability. Research has shown that the
fracture growth in fracturing treatment is largely determined by
fracturing fluid viscosity. Guo et al. (2019) illustrated that lower
fluid viscosity is favorable to formation of shear fracture and larger
length of fracture. Zhu et al. (2019) found that hydraulic fractures
are easier to propagate to the interlayers under the condition of
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Fig. 1. Schematic of fracture geometry of variable fluid-viscosity fracturing.
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high fluid viscosity. Inspired by these findings, in this paper, we
proposed a new technique called variable fluid-viscosity fracturing
to implement the effective growth of hydraulic fractures in layered
reservoir. However, so far, the effect of variable viscosity on the
height growth behavior of hydraulic fractures has not been thor-
oughly studied. Therefore, it is a challenge to choose the appro-
priate treatment scheme under the condition of variable viscosity
fracturing fluid.

In the past decades, many numerical methods have been
developed to simulate the propagation behavior of fractures during
hydraulic fracturing, including DFN (Zhu et al., 2021), FEM (Lu et al.,
2015; Zhu et al., 2015, 2016), extended finite element method
(XFEM) (Zeng et al., 2018), phase field method (PFM) (Miehe et al.,
2015; Guo et al., 2018), element partition method (EPM) (Zhang
et al., 2013, 2016; Wang and Zhang, 2020), boundary element
method (BEM) (Rahman et al., 2002; Hossain and Rahman, 2008)
and displacement discontinuity method (DDM) (Shou and Napier,
1999; Li et al., 2021). However, the methods have defects in
dealing with interaction of multiple fluid-driven fractures. DDM is
difficult to predict the close-spacing fracture behavior in in-
homogeneity and anisotropy rock mass. XFEM has limitations for
depicting the geometry of fracture network due to the complex
local enrichment function. DEM treats rock mass as a combination
of discrete blocks and can indirectly characterize the macro me-
chanical parameters of rock mass. FEM is suitable for heteroge-
neous materials with complex constitutive behavior and can solve
the intersection and propagation of multiple fractures without
utilizing enrichment shape function. However, FEM cannot capture
the formation of new discontinuous structures during the fracture
process.

By for, plenty of research focused on the effect of bedding planes
on fracture height growth. Based on numerical simulations (Wang
et al., 2015; Guo et al., 2017; Weng et al., 2018; Tang et al., 2019;
Aimene et al., 2019; Xie et al., 2020) and laboratory investigations
(Li et al., 2014, 2018; Bunger et al., 2015; Zou et al., 2017), they
realized that bedding planes can greatly affect the ultimate fracture
geometries. It is indicated that the existence of bedding planes can
cause the hydraulic fractures to stop propagating, initiate shear
fractures or create offsets along the interfaces (Zhang et al., 2007;
Tang et al., 2018; Ju et al., 2019; Zhou et al., 2020). Although these
results have revealed the interaction mechanism between hy-
draulic fractures and bedding planes to a certain extent, there are
relatively few models that can quantitatively characterize the
fracture geometries.

In this paper, a two-dimensional FEM-DFN model is developed
to seek the interaction mechanism of hydraulic fractures and
bedding planes and optimize appropriate fracturing treatment
parameters for variable fluid-viscosity fracturing. Based on the
model, numerical simulations around the height growth of multi-
cluster fractures and the formation of the complex fracture
network are presented. This paper is organized as follows.

Firstly, the principle of variable fluid-viscosity fracturing and
modeling method is introduced in Section 2. Then, a model for
describing the propagation of two-dimensional multi-cluster frac-
tures is established and the results of the model are compared with
the analytical model in Section 3. The effect of fracturing fluid
viscosity, pumping rate and cluster spacing on fracture geometries
and total fracture length is investigated in Section 4. Finally, the
optimization results have been applied to a typical horizontal well
in the Shengli Oilfield. The microseismic monitoring results of the
well reveal that variable fluid-viscosity fracturing can effectively
improve the height of the main fractures and the complexity of the
fracture network. And the production data after fracturing show
that the technique is conducive to improve well production.
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2. FEM-DFN modelling method for the interaction and
propagation of multi-cluster fractures

2.1. Brief introduction to variable fluid-viscosity fracturing
technique

The horizontal bedding planes are widely distributed in shale oil
reservoir, which make great difficulty for hydraulic fractures to
connect multiple producing layers in fracturing treatment. Due to
the limitation of field conditions, the adjustment of fluid viscosity is
a more realistic way to improve the fracturing effect. Field appli-
cation revealed that hydraulic fractures are difficult to cross
through the bedding planes with low viscosity fracturing fluid.
However, increasing the viscosity of fracturing fluid will greatly
reduce the activated shear fractures, which is unfavorable to in-
crease the complexity of fracture network. To solve this problem,
we propose a new fracturing technique called variable fluid-
viscosity fracturing. Fig. 1 shows the whole propagation process
of the hydraulic fractures in height direction. Firstly, the low-
viscosity fracturing fluid is used in the early stage of the variable
viscosity fracturing treatment. The fractures are inclined to prop-
agate in the horizontal direction, which can effectively improve the
complexity of the fracture network in the fracturing layer. Then, the
viscosity of fracturing fluid is increased gradually and the height
direction changes into the dominant direction of fracture propa-
gation. Finally, when the viscosity of fracturing fluid increases to a
certain extent, the fracture could cross through the bedding planes,
which ensures that the main fracture has sufficient height to con-
nect with other pay layers.

2.2. Mathematical model

In this paper, we developed a FEM-DFN model to simulate the
fracture geometries during variable fluid-viscosity fracturing. As
shown in Fig. 2, the rockmass is discretizedwithmeshes comprised
of 3-noded triangular elements. And it is assumed that the ele-
ments are impervious. Then, the joint elements are inserted be-
tween arbitrary two adjacent triangular elements. The initial
aperture of the joint elements is given to represent the perme-
ability of the rock mass. The hydraulic fractures can growth along
any possible paths within the constraints imposed by the mesh
topology. Finally, the joint elements have been generated (the blue
elements in Fig. 2). When the fluid flow into the elements, the
permeability increases with the increase in the aperture of the joint
elements. As a consequence, the seepage within fractures can be
considered.

The dynamic equation during fracture propagation can be
expressed as:



Fig. 2. Matrix element discretization and joint element inserting.

Fig. 3. Fluid flow in the joint element.
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M€xþC _xþ KðxÞ þ FintðxÞ � FextðxÞ � FcðxÞ ¼ 0 (1)

whereM is the mass matrix of all nodes; C is the damping matrix of
all nodes; K is the stiffness matrix; FintðxÞ is the vector of the in-
ternal load on fracture surface; FextðxÞ is the vector of external load;
FcðxÞ is the vector of the contact forces; x is the vectors of nodal
displacement; _x is the vectors of nodal velocity; and €x is the vectors
of nodal acceleration.

The damping matrix C is given by:

C¼mI (2)

where m is the constant damping coefficient; and I is the unit ma-
trix. According to the single-degree-of-freedom point spring sys-
tem, the constant damping coefficient is determined as (Munjiza,
2004):

m¼2h
ffiffiffiffiffiffi
rE

p
(3)

where h is the length of the element; r is the density of the rock
mass; and E is the elastic modulus of the rock mass. The stress and
strain of the matrix elements are calculated by finite element
method and the contact between adjacent matrix elements is
addressed with discrete element method. So, the governing equa-
tions can be divided into two parts and solved separately:

M€xþC _xþ KðxÞ ¼ FextðxÞ (4)

H
vp
vt

þ FintðxÞ ¼ FextðxÞ (5)

where H is the concentrated volume matrix; and p is the vector of
nodal pressure.

In our model, implicit difference solution is used to solute the
governing equations to ensure the solution convergence. For each
node, the velocity at time t þ 1 is determined as:

_xtþ1 ¼ _xt þ €xtDt (6)

where Dt is the integration time step. Then, the updated nodal
position is obtained as:

xtþ1 ¼ xt þ _xtþ1Dt (7)

In addition, the nodal pressure at time t þ 1 is determined as:
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ptþ1 ¼ pt þ
vp
vt

Dt (8)

2.2.1. Fluid flow within fractures
As shown in Fig. 3, when a joint element breaks, the joint

element becomes the flow channel within the fractures. When the
fluid flows into the joint element, the fluid pressure is applied onto
the fracture surfaces. The fluid is assumed to be incompressible,
and cubic law is used to calculate the flow rate fromNode 6 to Node
5:

q ¼ � a3

12vf

Dp
L

(9)

where q is the flow rate; a is the average aperture of the joint
element; vf is the kinematic viscosity of the fluid; L is the length of
the joint element; and Dp is the pressure difference between Node
6 and Node 5.

And the total pressure difference between Node 6 and Node 5 is
given by:

Dp ¼ p6 � p5 þ rwgðy6 � y5Þ (10)

where p6 and p5 are the fluid pressure at Node 6 and Node 5; rw is
the fluid density; and y6, y5 are the vertical coordinates of Node 6
and Node 5, respectively.

2.2.2. Constitutive model of joint element
In the calculation domain of FEM, the cohesive zone model

(Dugdale, 1960; Barenblatt, 1962) is used to simulate the fracture
process. It considers that there is a zone called fracture process
zone (FPZ) in the fracture tip when the fracture is broken. The joint
elements may yield and break in Mode I (tensile mode), Mode II
(shear mode) or Mode I-II (mixed mode) under the in-situ stresses.

According to the model proposed by Hillerborg et al. (1976), the
normal stress of the Mode I fracture increases linearly until it rea-
ches a critical value st in the initiation stage (Fig. 4). At this time, the
corresponding normal displacement is op, the normal stress of the
joint element can be expressed as:



Fig. 4. Non-linear behavior of fractures with three modes.
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s¼2ost
�
op o< op (11)

where s is the normal stress of the joint elements; o is the normal
displacement of the joint elements; st is the tensile strength of the
rock; and op is the normal displacement of the joint elements when
the normal stress on the fracture surface is equal to the tensile
strength. Then, when the cohesive stress exceeds the tensile
strength, the fractures begin to enter the damaged stage, and the
model proposed by Munjiza (2004) is used to describe the rela-
tionship between the stress and displacement. The normal stress of
the joint element can be expressed as:

s¼
h
2o

.
op �

�
o
�
op

�2i
st op < o < or (12)

where or is the critical normal displacement when the fracture is
broken. After that, the normal stress on the fracture surface de-
creases to 0.

Similar to Mode I fracture, the tangential stress of the Mode II
fracture increases linearly until it reaches a critical value ts (Fig. 4).
In the initiation stage, the tangential stress of the joint element can
be expressed as:

t¼ sts=sp s< sp (13)

where t is the tangential stress of the joint elements; ts is the shear
strength of the rock; s is the tangential displacement of the joint
elements; and sp is the tangential displacement when the
tangential stress on the fracture surface is equal to the shear
strength. According to the slip-weakening model proposed by Ida
(1972), during the damaged stage of Mode II fracture (sp � s< sr),
the tangential stress is always equal to the shear strength. It is
noted that the shear strength is a dynamic variable that follows
Mohr-Coulomb criterion. In this paper, the normal stress is used to
obtain the value of the shear strength, so there is:

ts ¼
�
cþ s,tan4i s< st
cþ st,tan4i s � st

(14)

where c is internal cohesion of the rock; 4i is the internal friction
angle of the rock. As the joint elements sustain further slip beyond
sr, the fracture is broken and the tangential stress becomes equal to
a purely frictional resistance tf . And tf can be defined as:

tf ¼ s,tan4f (15)

where 4f is the friction angle of the joint element.
Apart from Mode I and Mode II, fractures may occur mixed

Mode I-II behavior. Although the normal displacement o and
tangential displacement s may be less than or and sr respectively,
the total displacement can be quite large. Because the shear
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strength of Mode I fracture is related to normal stress, when the o
and s satisfy the following coupling relationship, the mixed failure
of the joint elements occurs:

�
o� op
or � op

�2
þ
�
s� sp
sr � sp

�2
� 1 (16)

In this paper, fracture energy is used to characterize the com-
plete failure of fractures. The tensile fracture energy and shear
fracture energy can be expressed as:

8>><
>>:

GI ¼
ðor
op

sðoÞdo

GII ¼
ðsr
sp

h
sðrÞ � tf

i
dr

(17)

where GI is the tensile fracture energy and GII is the shear fracture
energy. And a quadratic energy criterion is used to judge the
complete failure of fractures (Hutchinson et al., 1991):

D¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
GI

GIC

�2

þ
�
GII

GIIC

�2
s

(18)

where GIC and GIIC are the critical tensile fracture energy and crit-
ical shear fracture energy, respectively; and D is the fracture
damage index with a value between 0 and 1. When D increases to 1,
the normal and tangential stress of the joint elements reduce to 0.
2.2.3. Deformation of the rock mass
In addition to the in-situ stress, in the process of the fracture

propagation, the rock mass (that is, the fracture surface) is also
subjected to the cohesive stress and fluid pressure exerted by the
fluid. So, under the combined action of the above stresses, the rock
will deform. In this paper, the rock is assumed to only occur elastic
deformation. According to Hooke's law, the stress and strain rela-
tionship of the rock can be expressed as:

s¼DeðuÞ (19)

where s is the total stress; D is the elastic parameter matrix; eðuÞ is
the linear strain; and u is the node displacement.

Meanwhile, the stress balance equation of the rock mass is:

�V,s ¼ 0 (20)

Under the initial conditions, only the pre-applied in-situ stress is
applied to the rock mass, so the initial stress and strain state is:
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�
st¼0 ¼ s0
txy;u¼0 ¼ 0 (21)

where s0 is the initial in-situ stress; and txy is the tangential strain.
The displacement boundary is used for the outer boundary

condition of the model:�
ux ¼ 0jx¼x0 ; ux ¼ 0jx¼xside
uy ¼ 0jy¼y0 ; uy ¼ 0jy¼yside

(22)

where xside is the geometry boundary in the x direction, and yside is
the geometry boundary in the y direction.
2.3. Model verification

It is generally believed that two dissipative processes exist in the
propagation of the fluid-driven fracture: fracturing of the rock
Fig. 5. The mesh model for verification.

Table 1
The input parameters for model verification.

Pumping rate,
m2/s

Pumping
time, s

Fluid viscosity,
mPa s

Elastic modulus,
GPa

Poisson's
ratio

0.001 10 1 26 0.2

Fig. 6. Comparison between the FEM
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(toughness) and dissipation in the fracturing fluid (viscosity). The
energy dissipated in viscous flow is dominated under the geo-
mechanical conditions of deep oil and gas reservoirs, even if the
fluid viscosity is low. A viscosity-dominated KGD analytical model
is chosen to verify our FEM-DFN model. Since the plane-strain
fracture of the KGD model is symmetrical, we established a sym-
metrical model with a size of 120 mm � 120 mm accordingly
(Fig. 5). The flow in the rock matrix is ignored and only the elastic
deformation of rock is considered. A precast fracture with a length
of 20mm is set at the center of themodel. The input parameters are
shown in Table 1.

The numerical solutions are compared with the analytical so-
lutions in terms of net pressure and fracture width. The analytical
expressions of the KGD model are listed in the literature of
Detournay (2004). Fig. 6 compares the results calculated by FEM-
DFN model and the 2D analytical solution separately. A good
agreement can be obviously observed between them, which could
verify the accuracy of our model to the fracture propagation
problem.

3. Numerical results and discussion

3.1. The FEM-DFN model for intersection and propagation of multi-
cluster fractures of Shahejie shale oil reservoir

The Jiyang Depression, located in the northeastern Shandong
Province and the south eastern Bohai Bay Basin, is extremely rich in
shale oil resources (Fig. 7). The Shahejie (Es) Formation is the main
source rock layer in the Jiyang Depression, and is further divided
into four members (Es1-4). The main lithology of Shahejie Forma-
tion is calcareous mudstone which includes a large number of
laminated limestone interlayers (Fig. 8). In order to investigate the
mechanism of fracture height growth, a two dimensional model
including nine small layers in height direction is established and
the parameters of the layers are shown in Table 2.

Fig. 9 shows the fracturing numerical model with a size of
80 m � 50 m. Four clusters are arranged on the horizontal wellbore
and the cluster spacing is 10 m. In the model, bedding planes are
mechanically modeled as discontinuous bedding fractures. The
input parameters are shown in Table 3.

3.2. Adaptability analysis of variable fluid-viscosity fracturing

The fracture growth in fracturing treatment is largely deter-
mined by fracturing fluid viscosity. In this subsection, variable
-DFN and the analytical results.



Fig. 7. The location of the Jiyang Depression in Bohai Bay Basin (modified from He et al., 2016).

Fig. 8. The main lithology of Shahejie Formation.

Table 2
The layer parameters in the model.

No. Thickness,
m

Lithology Minimum
horizontal stress,
MPa

Vertical
stress,
MPa

Elastic
modulus,
GPa

Poisson's
ratio

1 8 Mudstone 66.0 81.0 33.22 0.214
2 3 Limestone 64.0 81.5 40.55 0.202
3 6 Mudstone 68.4 82.0 33.22 0.214
4 3 Limestone 72.5 82.5 40.55 0.202
5 10 Mudstone 65.0 83.0 33.22 0.214
6 3 Limestone 64.8 83.5 40.55 0.202
7 6 Mudstone 66.7 84.0 33.22 0.214
8 3 Limestone 69.0 84.5 40.55 0.202
9 8 Mudstone 67.0 85.0 33.22 0.214

Fig. 9. The geometric model of fracture height growth in a layered reservoir.

Table 3
The parameters of the basic model.

Object Parameter Value

Rock mass Normal stiffness, GPa/m 300
Shear stiffness, GPa/m 5000
Tensile strength, MPa 3
Shear strength, MPa 50
Normal fracture energy, J/m2 10
Shear fracture energy, J/m2 500
Density, kg/m3 2500
Friction coefficient 0.6

Bedding planes Normal stiffness, GPa/m 300
Shear stiffness, GPa/m 3000
Tensile strength, MPa 0.3
Shear strength, MPa 5
Normal fracture energy, J/m2 3
Shear fracture energy, J/m2 10
Friction coefficient 0.4
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Table 4
Fracturing fluid type and viscosity.

Case number Fracturing fluid type Fracturing fluid viscosity, mPa s

1 Constant viscosity 4
2 Constant viscosity 42
3 Variable viscosity 4-10.5-21-33-42
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fluid-viscosity fracturing and conventional fracturing are compared
to investigate their adaptability in the layered reservoir of Shengli
Oilfield. As shown in Table 4, three viscosities (including variable
viscosity and constant viscosity) have been selected in order to
compare their difference in the height growth of multi-cluster
fractures. And constant viscosity fracturing fluid includes low vis-
cosity and high viscosity, and their values are the upper and lower
limits of variable viscosity fracturing fluid, respectively. In the
simulations, the pumping rate is 13 m3/min, the cluster spacing is
10 m and the cluster number is 4.

Fig. 10 shows the model displacement field under different
viscosities. It can be intuitively observed that the hydraulic frac-
tures tend to propagate along the bedding planes when the fluid
viscosity is 4 mPa s. It makes the fractures propagate farther in the
direction of the minimum horizontal principal stress, but there are
more non-activated areas between adjacent clusters. As the vis-
cosity increases to 42 mPa s, it becomes easier for fractures to cross
through the bedding planes directly. And when the variable vis-
cosity is used, the propagation pattern of themulti-cluster fractures
is between that with the viscosity of 4 and 42mPa s. In addition, the
fracture width of variable viscosity is generally wider than that of
constant viscosity.

To further compare the differences among the three cases, the
fracture geometries are obtained (Fig.11). In Fig. 11, the propagation
path of the hydraulic fractures and the interaction with bedding
Fig. 10. The model displacement field with c
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planes can be identified accurately. When the hydraulic fractures
propagate along the height direction, it mainly forms tensile frac-
ture; while when the hydraulic fractures encounter the bedding
planes, a large number of shear fractures form in the bedding
planes and their vicinity. The mixed existence of tensile fractures
and shear fractures can form a complex fracture network in the
reservoir. Comparing different clusters under the same viscosities,
it can be observed that there are obvious differences in fracture
length and width, which indicates the interference between each
cluster.

In addition, Lf , Lt and Ls in Fig. 11 represent the total fracture
length, tensile fracture length and shear fracture length, respec-
tively. When the viscosity is 42 mPa s, the leak-off of the fracturing
fluid to the bedding planes decreases, the increase in fluid pressure
within the bedding planes slows down, and the resistance to shear
slip increases, which makes it easier for the hydraulic fractures to
cross through the bedding planes. It can be seen that the case with
high viscosity fluid has themaximum tensile fracture length among
the three cases. When a variable viscosity fracturing fluid is used, it
is difficult for the hydraulic fractures to cross through the bedding
planes in the low viscosity stage. Therefore, the fluid pressure is
more used to increase the fracture width and activate natural
fractures. Then, in the high viscosity stage, the fracture becomes
easier to cross through the bedding planes. As a result, a complex
fracture network combined with main fractures with sufficient
height and complex branch fractures can be formed by the use of
variable viscosity fracturing fluid.
3.3. Parametric analysis of growth of multi-cluster fractures

In this section, we did sensitivity analysis of fracturing fluid
viscosity, pumping rate and cluster spacing, and investigated their
impacts on the geometry of multi-cluster fractures and fracture
onstant viscosity and variable viscosity.



Fig. 11. The fracture geometries with constant viscosity and variable viscosity (The blue, red, and black lines represent tensile fractures, shear fractures and bedding planes,
respectively).

Table 5
Different combination schemes of fluid viscosity.

Case number Viscosity, mPa s The degree of viscosity difference

1 5-12-21-30-39 Small
2 4-10.5-21-33-42 Medium
3 3-9-21-36-45 Large
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length.

3.3.1. Fracturing fluid viscosity
The viscosity of fracturing fluid often has a range value in the

fracturing treatment. Especially for high-viscosity fracturing fluids,
the range is larger. Therefore, it is necessary to change the viscosity
of each fluid in variable fluid-viscosity fracturing and investigate its
effect on height growth of multi-cluster fractures. As shown in
Table 5, from Case 1 to Case 3, the difference value of fracturing
fluid viscosity in each stage gradually increases. Other required
parameters are consistent with those in Section 3.2.

Previous research indicates that the stress interference between
multi-fractures could make the width of the inner fractures smaller
and the width of the outer fractures larger. However, it can be
observed in Fig. 12(a) that the fracturewidth of cluster 1 and cluster
2 is larger than that of cluster 3 and cluster 4. This is because in the
layered reservoir, the geometry of multi-fractures is affected by the
2803
stress interference between fractures and the distribution of
bedding planes. This phenomenon of uneven propagation among
multiple clusters is still obvious in the case of medium viscosity
difference (Fig. 12(b)). When the viscosity difference in different
stages is large (Fig. 12(c)), a more uniform fracture width can be
observed. In order to more effectively compare the differences
between the three cases, the fracture geometries are also obtained.

As shown in Fig. 13, only when the viscosity difference is large
can each cluster have ideal fracture height at the same time. In high
viscosity stage, larger fluid viscosity makes it easier for fractures to
obtain stronger crossing ability in the height direction. Moreover,
the fracture has maximum total length at high viscosity difference.
This indicates that appropriately large viscosity difference in
different viscosity stages is the better treatment strategy for vari-
able fluid-viscosity fracturing. Comparing the three cases, the vis-
cosity of 3-9-21-36-45 mPa s is better for the height growth of
multi-cluster fractures.

3.3.2. Pumping rate
It is clear that different pumping rates provide different pres-

sures within fractures to overcome the resistance encountered the
bedding planes. In other words, different pumping rates can result
in different fracture geometries. The pumping rate in the fracturing
treatment of shale oil well in the Shengli Oilfield is about 13e15m3/
min. So, in our simulations, the pumping rate is taken as 11, 13, 15,



Fig. 12. The model displacement field with fracturing fluids of different viscosities.

Fig. 13. The fracture geometries with fracturing fluids of different viscosities.
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Fig. 14. The model displacement field under different pumping rates.

Fig. 15. The fracture geometries under different pumping rates.
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Fig. 16. The fracture length under different pumping rates.
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and 17 m3/min in four cases. The other parameters keep the same
as the basicmodel. Themodel displacement field of the four cases is
shown in Fig. 14. The results illustrate that a higher pumping rate
contributes to a larger fracture height in general. The larger pore
pressure makes it easier for the hydraulic fractures to cross through
the bedding planes.

The fracture geometries can show the differences under
different pumping rates clearly (Fig. 15). When hydraulic fractures
encounter bedding planes, they basically stop propagating directly
under pumping rate of 11 m3/min. So, it is difficult for main frac-
tures to wake bedding planes so as to generate shear fractures.
With the gradual increase in pumping rate, more fractures can
continue to propagate along the bedding planes, which makes the
total fracture length increase markedly. When the pumping rate
reaches 17 m3/min, part of the fractures can propagate to the model
Fig. 17. The model displacement field
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boundary. However, by comparing the fracture length under the
four pumping rates (Fig. 16), it can be observed that although the
increase in pumping rate can increase the total fracture length,
when the pumping rate is higher than 15 m3/min, the increase
range becomes smaller.
3.3.3. Cluster spacing
Cluster spacing markedly affects the strength of stress interfer-

ence during the propagation of multi-cluster fractures. The cluster
spacing in the fracturing treatment of shale oil reservoir in the
Shengli Oilfield is about 6e16 m. In our simulations, the cluster
spacing is taken as 15, 10, 7.5, and 6 m in four cases. And in order to
keep the stage length constant, the cluster numbers of the four
cases are 3, 4, 5, and 6, respectively. The other parameters keep the
same as the basic model. The model displacement field of the four
cases is shown in Fig.17.When the cluster spacing is 15m, the three
clusters can propagate to the model boundary on one side of the
wellbore almost in a balanced way. With the decrease in the cluster
spacing, the stress interference among clusters increases markedly,
which leads to the limitation of the fracture width of some clusters.
When the cluster spacing reduces to 6 m, the overall fracture width
becomes worse compared with the large cluster spacing.

Fig. 18 shows the fracture geometries of multi-cluster fractures
with the given cluster spacings. The fractures mainly propagate on
one side of the wellbore under the condition of cluster spacing of
15 m. On this side, the fractures can cross through the bedding
planes or continue to propagate in the height direction at the end of
the bedding planes. However, the complexity of fracture network in
the model is relatively small. With the decrease in the cluster
spacing, the average flow rate in each fracture decreases, which
leads to the limited growth of fracture height and the smaller
fracture width. As the cluster spacing decreases from 15 to 6 m (the
number of clusters increases from 3 to 6), the tensile fracture length
with different cluster spacings.



Fig. 18. Fracture geometries with different cluster spacings.

Fig. 19. The fracture length with different cluster spacings.

Table 6
The fluid parameters of the application well.

Fracturing fluid type Viscosity, mPa s Proportion of pumping time, %

Slickwater 3 29
Low viscosity fluid 9 21
Medium viscosity fluid 21 28
High viscosity fluid 36 8
Gel 45 14
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and the total fracture length first decrease and then increase
(Fig. 19), which illustrates that small cluster spacing can increase
the complexity of formation fracture network. However, small
cluster spacing is not conducive to the fracture growth in the height
direction. So, in order to take both the fracture height and the
complexity of the fracture network into account, the cluster spacing
of 7.5 m is the best choice in our simulations.
2807
4. Field application

4.1. Fracturing parameters of the application well

According to the optimization results, a field application has
been implemented in a typical shale oil horizontal well whosemain
producing layer is Es4 member. The well has a total depth of
5364 m and a horizontal section length of 1694 m. It has 31 frac-
turing stages and each stage is 31e69 m with 4e6 clusters. The
actual pumping rate is 14e16 m3/min. The variable viscosity in-
jection procedurewas applied to thewell and the parameters of the
fracturing fluids are listed in Table 6.



Fig. 20. The field injection pressure curves during variable fluid-viscosity fracturing of
the application well, stage 15.

Fig. 21. The processed field microseismic events of the application well.
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4.2. Results of hydraulic fracturing treatment

Fig. 20 shows the pressure curves in the fracturing treatment of
thewell, stage 15. In Fig. 20, the stage I, II, III, IV, and V represent five
fracturing fluids, respectively. The microseismic monitoring results
of the well shows that the length, width, and height of the fracture
network of the fracturing stage are 306, 64, and 36 m, respectively
(Fig. 21). The SRV of the stage is 47.12 � 104 m3. The above data
shows that the variable fluid-viscosity fracturing has achieved the
dual purpose of improving the complexity of fracture network and
fracture height.

The peak oil production of the application well after fracturing
treatment reached 171 t/day (2.85 times that of the adjacent well),
which is the highest daily production record of a single shale oil
well in China, marking a strategic breakthrough of commercial
shale oil production in the Jiyang Depression, Shengli Oilfield. After
half a year of production, the average oil production could still
stably maintain at about 28 t/day. The results illustrate that the
variable fluid-viscosity fracturing can greatly improve the well
production of shale oil reservoir.
5. Conclusions

A FEM-DFN model is developed to investigate the interaction
and propagation of multi-cluster fractures during variable fluid-
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viscosity injection in layered shale oil reservoirs. The main con-
clusions include:

(1) Compared with conventional constant fluid-viscosity frac-
turing, variable fluid-viscosity injection can simultaneously
ensure the complexity of the fracture network and the height
of the main fractures. And appropriately large viscosity dif-
ference in different viscosity stages can give better play to the
advantages of variable fluid-viscosity fracturing. The viscos-
ity of 3-9-21-36-45 mPa s is better for the height growth of
multi-cluster fractures.

(2) High pumping rate is more conducive to the growth of the
main fractures and the activation of natural fractures. How-
ever, considering the cost of fracturing treatment, controlling
the pumping rate at about 15 m3/min could be the better
treatment strategy in field application.

(3) Large cluster spacing can make main fractures grow better,
but it is not conducive to improving the complexity between
adjacent fractures. While small cluster spacing can make the
interference between fractures too large, resulting in uneven
propagation of multi-cluster fractures. Considering the
complexity and uniform propagation of multi-cluster frac-
tures, the cluster spacing of 7.5 m is a better choice in this
study.

(4) Based on the optimized treatment parameters, variable fluid-
viscosity fracturing has carried out in an oil shale well in the
Shengli Oilfield. The results illustrate that the variable fluid-
viscosity technique can greatly improve the stimulated
reservoir volume and production of shale oil well.
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