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Hydraulic fracturing performance, affected by multiple factors, was essential to the economic exploitation of oil and gas in
heterogeneous unconventional reservoirs. Multifactor analysis can gain insight into the fracturing response of reservoirs and in
turn optimize the treatment design. Based on characterizations of the geological setting of a heterogeneous glutenite reservoir,
the hydraulic fracture (HF) initiation and propagation process, as well as the stimulated reservoir volume (SRV), were simulated
and analyzed using a coupled hydraulic-mechanical-damage model. The Weibull distribution was employed to describe rock
heterogeneity. The numerical model was verified with microseism (MS) interpretation results of HF geometry. A multifactor
analysis and optimization workflow integrating response surface methodology, central composite design (CCD), and numerical
simulations was proposed to investigate the coupling effects of multiple geomechanical and hydrofracturing factors on SRV and
identify the optimum design of fracturing treatment. The results showed that the horizontal stress difference and injection rate
were the most significant factors to control the SRV. Increasing the injection rate and reducing fluid viscosity may contribute to
improving the SRV. It is more difficult to increase the SRV at higher horizontal stress difference than at lower horizontal stress
difference. The multifactor analysis and optimization workflow introduced in this work was a practical and effective method to
control the HF geometry and improve the SRV. This study provided a deep understanding of the hydraulic fracturing
mechanism and possessed theoretical significance for treatment design.

1. Introduction

Glutenite reservoirs are widely distributed throughout the
world, including the Los Angeles Basin in North America,
the Argentine basin in South America, and the Bohai Bay
Basin in eastern China [1, 2]. The tight heterogeneous glute-
nite reservoirs are typically characterized by high variable
lithology, low/ultralow permeability, poor porosity connec-
tivity, and significant heterogeneity [3–5]. This type of reser-
voir is generally not suitable for commercial production
without hydraulic fracturing [6]. With the popularization of
hydraulic fracturing technology, the development of tight
glutenite reservoirs has attracted widespread attention in

recent years [7–11]. The tight heterogeneous glutenites of
Shengli Oilfield are located in Jiyang depression, Bohai Bay
Basin, eastern China. The exploration area is nearly
1500 km2, and the potential oil and gas reserves were found
to exceed 450 million tons [12]. The oil and gas development
of deep tight heterogeneous glutenites has become the focus
of fossil energy exploitation in Shengli Oilfield.

Both microseismic interpretation and production analy-
sis in Shengli Oilfield have shown that oil production and
ultimate recovery in tight glutenite reservoirs are mainly
associated with the hydraulic fracture (HF) complexity and
stimulated reservoir volume (SRV) [13]. Field operation
experiences indicate that simple biwing HFs are typically
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generated after fracturing in tight heterogeneous glutenites,
which may lead to a rapid decline in production and low oil/-
gas recovery. The geological characteristics of tight glutenite
reservoirs are different from other sedimentary reservoirs,
such as shale and coal, due to the existence of gravels and
the absence of a developed natural fracture system [14, 15].
It is relatively difficult to create complex HF or fracture net-
works in tight glutenite reservoirs. It is of great significance
for the economic development of tight heterogeneous glute-
nites to optimize hydraulic fracture (HF) geometry and
improving stimulated reservoir volume (SRV). With the
development of fracturing technology, Shengli Oilfield is no
longer satisfied with the traditional double-wing long frac-
tures and has attempted to optimize injection strategies to
create complex HFs and improve SRV. To achieve this, it is
necessary to understand the mechanism of hydraulic fractur-
ing and optimize the treatment parameters. The hydraulic
fracturing performance is jointly affected by geomechanical
properties, geological environment, and treatment parame-
ters. These factors can be classified into two categories:
uncontrollable factors (i.e., geomechanical properties and in
situ stress environment) and controllable factors (i.e., treat-
ment parameters) [16]. The geomechanical conditions, such
as in situ stress and mechanical properties of glutenites,
may be difficult to be changed, but we can improve fracture
complexity and maximize SRV by optimizing the treatment
parameters, such as injection rate and fluid viscosity. An
optimized hydraulic fracture design requires a comprehen-
sive understanding of the coupling effects of multiple con-
trolling factors on HF propagation and SRV and finds the
optimal combinations of geomechanical conditions and frac-
turing operations. Figure 1 shows the schematic diagram of
HF geometries and their corresponding SRVs in tight hetero-
geneous glutenites. Complex HF usually possesses a larger
SRV than simple HF [5, 17–21]. Multiple secondary frac-
tures, even tertiary fractures, generate on the main fractures
and eventually form complex HFs. Whether tight glutenites
can form complex HFs or not depends on geological factors
and fracturing operational factors [22–26].

Extensive studies have investigated the propagation
mechanism of HFs in tight heterogeneous glutenites based
on numerical simulations and laboratory tests. Li et al. [27]
simulated the hydraulic fracturing process using a 2D
numerical model and summarized five fracturing behaviors
when a fracture approaches a gravel particle, namely, termi-
nation, penetration, deflection, branching, and attraction.
Rui et al. [28] conducted 2D numerical simulations to inves-
tigate the influence of rock mechanical parameters and gravel
property on the hydraulic fracture propagation and indicated
that the HF geometry is controlled by reservoir physical and
mechanical parameters, in situ stress, and operational
parameters. Ju et al. [29] studied the hydraulic fracturing
behaviors of heterogeneous glutenites and their influencing
mechanisms using 3D numerical simulation based on
bonded particle models and suggested that gravels in hetero-
geneous glutenites inhibit crack propagation. Ma et al. [30]
investigated the growth law of HFs in glutenite reservoirs
based on laboratory experiments and examined the effects
of gravel size, horizontal differential stress, fluid viscosity,
and injection rate on the HF growth behaviors. However, in
these studies, the hydraulic fracture propagation under the
coupling effects of multiple factors was still not fully under-
stood. Moreover, most of the present researches studied the
hydraulic fracturing mechanisms in tight heterogeneous glu-
tenites at laboratory scales, while little researches studied
them in field scales. The conclusions drawn from experi-
ments and simulations in the laboratory scale cannot be
directly used in field operations due to the scale effects [8,
31–34]. Therefore, it is of great significance to carry out
field-scale numerical simulations to optimize the operational
parameters and provide guidance for fracturing design and
field operation.

In this paper, a coupled hydraulic-mechanical-damage
model was presented to simulate the hydraulic fracturing
process in tight heterogeneous glutenite reservoirs. The MS
interpretation results of HF in tight glutenites were used to
verify the validity and accuracy of the numerical model.
The central composite design (CCD) was adopted to design
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Figure 1: Schematic diagram of HF geometries and their corresponding SRVs in tight heterogeneous glutenites.
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the numerical experiments. The response surface methodol-
ogy was employed to establish the response surface in terms
of SRV with various hydrofracturing-related parameters,
based on which the coupling effects of five factors, including
brittleness index, tensile strength, horizontal stress differ-
ence, injection rate, and fluid viscosity on SRV, were ana-
lyzed. Finally, the SRV of tight heterogeneous glutenites
was optimized, and the optimal combinations of these influ-
ential parameters were obtained based on the acquired
response surface model. This study provided a practical
approach for multifactor analysis and SRV optimization in
unconventional reservoirs by integrating numerical model-
ing and optimization algorithm. The results had a theoretical
significance for understanding the mechanism of hydraulic
fracturing in tight heterogeneous glutenites.

2. Geologic Setting

The tight heterogeneous glutenites of Shengli Oilfield are
located in Jiyang depression, Bohai Bay Basin, eastern China.
The exploration area is nearly 1500 km2, and the potential oil
reserves were found to exceed 450 million tons. In recent
years, the oil development of deep tight heterogeneous glute-
nites has become the focus of fossil energy exploitation in
Shengli Oilfield. The glutenite reservoir has a low porosity
with an average porosity of 7.69%. The reservoir is domi-
nated by gravel-bearing coarse sand and gravel-bearing
medium sand, with a particle size distribution range of
0.25~20mm and a particle size concentration distribution
range of 0.5~ 4.5mm, with an average value of about 1mm.
The glutenite contains mainly fine gravels, and the gravel
particle size is mostly concentrated between 2 and 4mm,
with an average content of about 15.1% and a maximum of
40%. The overall sorting property is poor to medium, the
roundness is subangular, particle support, linear contact is
the main one, and occasional point contact is seen. The
cementation type is mainly porous cementation, occasionally
conjunctival-porous cementation. Lithologically, the glute-
nite mainly consists of fine-grained lithic arkose. The mean
composition is 32% quartz, 16% feldspar, 35% plagioclase,
3% calcite, 6% dolomite, 5% clay, and minor anhydrite. The
gravel is mainly composed of quartz, feldspar, etc. The pores
between gravels are filled with unequal grain sand, which is
mainly mixed unevenly with medium sand, coarse sand,
and fine sand.

The tight heterogeneous glutenites in Shengli Oilfield are
characterized by poor physical properties, low/ultralow per-
meability, and significant heterogeneity, which result in var-
ious challenges in reservoir development. Furthermore, the
burial depth of glutenite reservoirs is approximately between
3300m and 4050m, and in situ stress presents a high hori-
zontal stress difference, ranging from 7MPa to 11MPa,
which is not conducive to the formation of complex HFs.
To improve the glutenite oil development in the Bohai Bay
Basin, eastern China, it is important to understand the mech-
anism of hydraulic fracturing and optimize the treatment
parameters. How to maximize the SRV and improve the
range of the stimulated zone plays an important role in suc-
cessful economic oil production for tight glutenites.

3. Methodology

3.1. Numerical Simulation

3.1.1. Description of RFPA3D-Petrol Model. Numerical
modeling can overcome the limitations of the physical model
in simulation scales and costs and provide valuable insight
into the hydraulic fracturing process. To study the fracturing
response to multiple factors involved in hydraulic stimula-
tion in tight heterogeneous glutenites, a series of field-scale
numerical simulations are performed based on RFPA3D-
petrol software [35–37]. The reservoir heterogeneity, in addi-
tion to the stress-seepage-damage coupling, is considered to
simulate the evolution process and complex propagation
behavior of HF. An eight-node element was employed as
the fundamental element. The mechanical parameters of ele-
ments (such as Young’s modulus and strength properties) are
assumed to follow a Weibull distribution:

f uð Þ = m
u0

u
u0

� �m−1
exp −

u
u0

� �m

, ð1Þ

where u is the mechanical parameters of rock obtained from
laboratory tests, u0 is the mean value of the variable u, andm
is the degree of homogeneity, which is called the homogene-
ity index. A largerm indicates a more homogeneous material
and vice versa. f ðuÞ is the distribution density of the variable
u.

The stress and fluid-flow fields are obtained using the
Finite Element Method (FEM), and the coupling between
stress and fluid flow is governed by Biot’s constitutive theory.
The basic governing equations in RFPA3D are as follows:

Equilibrium equation : σij,j + Fi = 0 i, j = 1, 2, 3ð Þ,

Geometric equation : εij =
1
2 Ui,j +U j,i
� �

εv = ε11 + ε22 + ε33,

Constitutive equation : σeij = σij − αpδij = λδijεv + 2Gεij,

Fluid flow equation : k∇2p = 1
Q
∂p
∂t

− α
∂εv
∂t

,

Coupling equation : k σ, pð Þ = ξk0e
−β σii/3−αpð Þ,

ð2Þ

where σij and εij are the stress tensor and strain tensor of the
solid, respectively; εv is the volume strain; Fi and Ui are the
body force and displacement components, respectively; σeij
is the effective stress; α is the pore pressure coefficient; p is
the pore pressure; δij is the Kronecker delta; λ is the Lame
constant; G is the shear modulus of the solid; Q is Biot’s coef-
ficient; k is the permeability coefficient that varies with the
stress-damage evolution; k0 is the initial permeability coeffi-
cient; ξðξ ≥ 1Þ is an abrupt coefficient of the permeability,
which is induced by the rock element damage; and β is a cou-
pling coefficient that reflects the influence of the normal
stress on the permeability.

3Geofluids



As the damage evolves, Young’s modulus of the element
gradually decreases, as defined below:

E = 1 −Dð ÞE0, ð3Þ

where D is the damage variable and E0 and E are Young’s
modulus of the undamaged and damaged elements,
respectively.

When the tensile stress in the element reaches its tensile
strength, σ3 ≤ −f t0, the variable D of the element under uni-
axial tension can be expressed as

D =

0, ε > εt0,

1 − λεt0
ε

, εtu ≤ ε ≤ εt0,

1, ε ≤ εtu,

8>>><
>>>:

ð4Þ

where εt0 is the tensile strain at the elastic limit, as shown in
Figure 2(a). εtu is the ultimate tensile strain, which is defined
as εtu = ηεt0. η is the ultimate strain coefficient. λ is the resid-
ual tensile strength coefficient.

When the equivalent principal tensile strain �ε reaches the
threshold strain,εt0, under multiaxial stress states, the ele-
ment is assumed to be damaged in the tensile mode. �ε is
defined as follows:

�ε = −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ε1h i2 + −ε2h i2 −ε3h i2

q
, ð5Þ

where ε1, ε2, and ε3 are the three principal strains. < > is a
function defined as

xh i =
x, x ≥ 0,
0, x < 0:

(
ð6Þ

The variable D is then expressed as

D =

0, �ε > εt0,

1 − λεt0
�ε

, εtu ≤ �ε ≤ εt0,

1, �ε ≤ εtu:

8>>><
>>>:

ð7Þ

When the element is under uniaxial compression, the
constitutive law is shown in Figure 2(b). The Mohr-
Coulomb criterion is selected as the damage threshold to

describe the element damage under a compressive or shear
stress condition:

σ1 − σ3
1 + sin φ

1 − cos φ ≥ f c0, ð8Þ

where σ1 and σ3 are the principal stresses. φ is the internal
friction angle. f c0 is the uniaxial compressive strength. The
variable D under uniaxial compression can be expressed as

D =
0, ε < εc0,

1 − λεc0
ε

, ε ≥ εc0,

8<
: ð9Þ

where εc0 is the compressive strain at the elastic limit.
When the Mohr-Coulomb criterion is satisfied for the

strength of the element subjected to multiaxial stress, the
greatest compressive principal strain εc0 can be obtained as
follows:

εc0 =
1
E

f c0 +
1 + sin φ

1 − sin φ
σ3 − μ σ1 + σ2ð Þ

� �
, ð10Þ

where μ is Poisson’s ratio. Thus, the shear damage under tri-
axial stress conditions can be extended from Equation (10) as
follows:

D =
0, ε1 < εc0,

1 − λεc0
ε1

, ε1 ≥ εc0:

8><
>: ð11Þ

Young’s modulus of the damaged element under distinct
stress levels can then be obtained as per the previously
derived equations related to the damage variable D.

The fracture aperture is represented as a linear function
of the net pressure in the RFPA3D-petrol model:

w =
2pnethf 1 − υ2

� �
E

, ð12Þ

where w is fracture aperture, pnet is net pressure in the HF,
and hf is fracture height.

3.1.2. Model Setup. A field-scale numerical model is estab-
lished based on RFPA3D-petrol software as shown in

ft0

𝜀t0

ftr

𝜀tu
𝜀

𝜎

(a) The case under uniaxial tensile stress

fc0

fcr

𝜀c0 𝜀

𝜎

(b) The case under uniaxial compressive stress

Figure 2: Elastic-brittle damage constitutive law of element subject to uniaxial stress.
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Figure 3. It has 3 layers including 1 oil layer and 2 barrier
layers. The numerical model was established based on a ver-
tical well named Y-11 in Jiyang depression, Bohai Bay Basin,
eastern China, by Shengli Oilfield. The mechanical parame-
ters of different layers are shown in Table 1. In this simula-
tion, 2 barrier layers share the same mechanical parameters.

The dimension of the reservoir model is 420m × 200m ×
60m, and the model is divided into 5040000 FEM units. Its
mesh size, fracturing parameters, and boundary conditions
are listed in Table 2. The thickness of the oil layer is 20m.
To reduce the influence of boundary effect on fracture prop-
agation, the barrier layers with a thickness of 20m are set up
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Figure 3: The elastic modulus map of the numerical model.

Table 1: Mechanical parameters of different layers.

Parameter Symbol Unit Oil layer Barrier layers

Macroscopic elastic modulus Em GPa 33 28

Uniaxial compressive strength pm MPa 72 93

Homogeneity index m — 4 4

Compression-tension ratio — — 10 10

Friction angle φ ° 30 35

Poisson ratio ν 1 0.21 0.23

Permeability k m2 3e − 16 6e − 17
Porosity n % 12.1 0.1

Storativity Ss m-1 2e − 7 1e − 7
Residual strength coefficient λ — 0.1 0.1

Ultimate tensile strain coefficient ηt — 5 5

Ultimate compressive strain coefficient ηc — 200 200

Table 2: Mesh size, fracturing parameters, and boundary conditions of the numerical model.

Parameter Symbol Unit Value

Volume V m3 420m × 200m × 60
Element number nele — 5040000

Injection rate Q m3·min-1 8

Fluid density ρ kgm-1 1000

Fluid viscosity μ mPa·s 53

Coupling coefficient α — 1.8

Maximum horizontal stress σx/σh MPa 64

Minimum horizontal stress σy/σH MPa 57

Vertical stress σz/σv MPa 72
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above and below the oil layer, respectively. The vertical stress,
maximum horizontal stress, and minimum horizontal stress
of the reservoir are set to 72MPa, 64MPa, and 57MPa,
respectively, according to logging interpretation. The perfo-
ration section with a height of 2m is prefabricated in the cen-
ter of the model, which is used to inject fracturing fluid. The
viscosity of fracturing fluid is 0.023Pa·s, the injection rate is
8.0m3/min, and the total fluid volume is 480m3. The
mechanical parameters of different layers are derived from
experiment tests of 121 core samples drilled from well Y-11
[38]. The homogeneity index m is obtained by statistical
analysis of the uniaxial compressive strengths and elastic
moduli of glutenite cores. The hydraulic parameters and the
in situ stresses are interpreted from the well logging data of
well Y-11 [39].

3.1.3. HF Propagation and Model Validation. In RFPA3D-
HF, the hydraulic fracture geometry is reflected by the aper-
ture of elements. In the numerical simulation process, differ-
ent elements possess different apertures. The hydraulic
fractures are represented by full failure elements (damage
variable D = 1) and damage elements (damage variable 0 <
D < 1). The matrix is represented by elastic elements (D = 0
). The fracture geometry and aperture of elements at different
fracturing times are illustrated in Figure 4. It is shown that
the HF exhibits an X-shaped complex fracture geometry.
The fracture length is 218m, and the height is 32m. The
main fracture begins to bifurcate at a fracturing time of 10
minutes due to the strong heterogeneity of the glutenite for-
mation. The secondary fractures at both ends of the main
fracture are characterized by highly asymmetric propagation
originally. The secondary fractures continue to propagate
over time. At first, the two secondary fractures extend in
the same direction at a close range; the stress interference
between the fractures is quite severe. Thus, they are mutually
exclusive due to the stress shadow effects, which makes the
other one propagate far away from its path. As they continue
to propagate away from each other, the stress interference

between them is weakened, and their extension paths tend
to be parallel to the maximum principal stress.

According to the definition of SRV [40, 41], the value of
SRV is estimated by building up a three-dimensional geomet-
ric body to completely envelope the monitored MS events
and then calculating the volume of the geometric envelope.
Due to the geological uncertainty of tight glutenite reservoirs,
it is challenging to simulate accurate SRV in numerical
modeling. In our numerical model, the simulated SRV was
calibrated with the MS interpretation results with consider-
ation of the MS data uncertainty. The SRV for stage 2 of well
Y-11 is 229000m3. In our numerical model, the hydraulic
fracture is represented by full failure elements (damage variable
D = 1) and damage elements (damage variable 0 <D < 1).
When calculating SRV, the pressurized elements around the
hydraulic fracture are automatically searched and accumulated
in the model until the total number of these elements equals the
SRV of microseismic interpretation. Thus, the SRV for a certain
HF in the numerical model can be calculated, which will be used
to evaluate the hydraulic fracturing performance subsequently.
Figure 5 illustrates the 3D view of the fracture aperture and sim-
ulated SRV in the numerical model.

To verify the validity and accuracy of the numerical
model, the MS monitoring data of the HF of stage 2 in well
Y-11 in Shengli Oilfield were interpreted and analyzed.
Figure 6 illustrates the HFs and their corresponding SRVs
obtained from MS interpretation and numerical simulation.
For stage 2 of well Y-11, a total of 146 microseismic
events were detected during fracturing operations, and
the HF presents an X-shaped morphology, as shown in
Figure 6(a). Comparing Figures 6(a) and 6(b), it is obvious
that the HF obtained from numerical simulation is consis-
tent with the results of MS interpretation. The length and
height of HF interpreted from MS events are 223m and
36m, respectively. The geometric parameters of HFs
obtained from MS monitoring and numerical simulation
are quite close, which proves the validity and accuracy of
the numerical model.
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Figure 4: The X-shaped HF propagation process obtained from numerical simulation.
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3.2. Response Surface Methodology

3.2.1. CCD Experimental Design. The CCD experimental
design [42] was employed to obtain the mathematical rela-
tionship between various hydrofracturing-related factors
and SRV responses. The CCD experimental design is a
common experimental design method for response surface
analysis. It is suitable for multifactor and multilevel exper-
iments, which can effectively reduce the workload and
ensure the calculation accuracy simultaneously. A five-factor

five-level experimental design was employed in response sur-
face analysis. The response surface was calculated from the
results of numerical experiments. The hydraulic fracturing
performance is controlled by geological conditions and treat-
ment parameters. The reservoir tensile strength, brittleness,
and horizontal stress difference are the main geological factors
affecting hydraulic fracture geometry. As for treatment
parameters, the injection rate and viscosity of fracturing fluid
are the key parameters controlling fracture geometry. There-
fore, these five parameters were selected to perform the
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Figure 6: The comparison of the HF geometry and SRV obtained from MS interpretation and numerical simulation.
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Figure 5: The 3D view of the (a) HF geometry and (b) SRV obtained from numerical simulation.
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experimental design and SRV optimization. For CCD experi-
mental design, 5 levels of each parameter are usually needed.
The geomechanical and hydraulic parameters of the numeri-
cal model established in this work are consistent with the field
fracturing operation. The upper and lower limits of each
parameter are determined according to the field fracturing
operation. Based on this, five levels are selected between the
upper and lower limits of each parameter for CCD experimen-
tal design. According to the geological and hydrofracturing
parameters of the tight glutenite in well Y-11 of Shengli Oil-
field, each uncertain parameter is given a reasonable range
with five value levels, respectively, as listed in Table 3.

The definition of the brittleness index proposed by Rick-
man et al. [43] was used to quantify the glutenite brittleness
in numerical simulations. It was generalized as the following
equation:

BI = 1
2

E − Emin
Emax − Emin

+ ν − νmax
νmin − νmax

� �
, ð13Þ

where Emax and Emin are the maximum and minimum values
of Young’s modulus E, respectively. νmax and νmin are the
maximum and minimum values of Poisson’s ratio ν, respec-
tively. According to well logging data and core laboratory test
results of well Y-11, the following values were employed in
brittleness index calculation: Emax = 55MPa, Emin = 25MPa,
νmax = 0:30, and νmax = 0:15.

According to the principle of CCD optimal design, 50
groups of model tests were required for five-factor five-level
experimental design. Table 4 shows the 50 combinations of
these parameters generated by the CCD experimental design.
The parameters of each case are input into the numerical
model for hydraulic fracturing established in Section 3.1.2;
then, the HF geometry and corresponding SRV can be
obtained. Table 4 also lists the response value of SRV for each
case. The data listed in Table 4 will be used for sensitivity
analysis, multifactor analysis, and SRV optimization
subsequently.

Figure 7 shows the numerical simulation results of the
partially selected 9 run cases in Table 4. The HFs exhibit dif-
ferent morphologies under different geological and fractur-
ing conditions. Multiple secondary and tertiary fractures
can be observed in the HFs of Case 9, Case 12, Case 15, and
Case 31. The common feature of these four cases is that the
large injection rate is employed. However, for Case 20, a sim-
ple biwing HF is created due to the small injection rate.
Therefore, it can be preliminarily concluded that a large

injection rate is beneficial to the formation of complex HFs.
From Case 9, Case 12, Case 14, Case 17, and Case 42, it can
be seen that even if the horizontal stress difference is high
(11MPa~13MPa), it is still possible to create complex HFs.
The HF geometry and corresponding SRV are affected by
the coupling effects of various factors. Understanding the
mechanism of hydraulic fracturing under the influence of
multiple factors is of great significance to the optimization
of fracturing design.

3.2.2. RSM Setup. To enhance the productivity and ultimate
recovery of tight heterogeneous glutenites, the response sur-
face methodology is employed to optimize the fracturing
treatment parameters and improve the HF complexity and
SRV. Response surface methodology is a statistical-based
mathematical method, which is commonly used in modeling
and analysis of engineering problems. The basic principle of
response surface methodology is to establish an approximate
explicit function between the output response (SRV) and the
input variables (influencing factors) and analyze the sensitiv-
ity of output response (SRV) to multiple input variables
(influencing factors). Figure 8 shows the schematic diagram
of the response surface. It can effectively reduce the numeri-
cal calculation workload and ensure the result accuracy
simultaneously. Moreover, once an accurate response surface
model (RSM) is established, the significance of factors and
their interactions can be quantified. Meanwhile, the optimal
SRV and its corresponding parameters can be easily
obtained, as shown in Figure 8. In this paper, the SRV was
taken as the optimization objective to search the correspond-
ing parameters and optimize the design of treatment
parameters.

Figure 9 shows the workflow of the RSM-based multifac-
tor analysis and SRV optimization for tight heterogeneous
glutenite reservoirs. Five factors, including mechanical prop-
erties (brittleness index and tensile strength), geological envi-
ronment (in situ stress), and treatment parameter (injection
rate and fluid viscosity), are considered in the response sur-
face analysis. The workflow is aimed at sensitivity analysis
of SRV, multifactor analysis, and SRV optimization by inte-
grating RSM, CCD experimental design, and numerical
modeling.

Generally, the polynomial functions are often used as the
response surface. The statistical approach was employed to
select an appropriate model as the response surface, among
the linear function, two-factor interaction function, qua-
dratic function, and cubic function. The results are listed in
Table 5. It can be seen that the quadratic function is

Table 3: Value levels of different parameters for CCD experimental design.

Parameter Coded symbol Unit Level -2 Level -1 Level 0 Level 1 Level 2

Brittleness index A — 0.15 0.30 0.45 0.60 0.75

Tensile strength B MPa 3 5 7 9 11

Horizontal stress difference C MPa 5 7 9 11 13

Injection rate D m3/min 4 6 8 10 12

Fluid viscosity E mPa·s 3 28 53 78 103
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Table 4: CCD experimental design for the numerical simulation cases.

Run A (BI) B (T) (MPa) C (HSD) (MPa) D (IR) (m3/min) E (FV) (mPa·s) SRV (m3)

1 0.6 5 11 6 78 173751

2 0.3 5 11 10 78 186716

3 0.3 5 7 6 78 210852

4 0.45 7 9 8 53 223992

5 0.3 5 7 6 28 252678

6 0.6 5 11 10 78 199153

7 0.6 9 11 10 28 214317

8 0.3 5 7 10 28 307224

9 0.6 9 11 10 78 194971

10 0.6 5 7 10 78 271889

11 0.45 7 9 8 3 250824

12 0.3 9 11 10 78 208920

13 0.6 9 7 6 28 247717

14 0.6 5 11 10 28 237263

15 0.45 7 9 12 53 318294

16 0.45 3 9 8 53 220928

17 0.45 7 13 8 53 173216

18 0.3 9 7 10 28 291938

19 0.3 5 11 6 78 161220

20 0.45 7 9 4 53 192264

21 0.45 7 9 8 53 238992

22 0.3 9 7 10 78 251072

23 0.45 7 9 8 53 223992

24 0.6 9 7 10 78 271496

25 0.3 5 7 10 78 265012

26 0.6 9 11 6 28 198490

27 0.45 7 9 8 103 180620

28 0.3 9 7 6 28 236669

29 0.6 5 7 6 28 255033

30 0.3 9 7 6 78 211866

31 0.6 9 7 10 28 315737

32 0.45 7 9 8 53 223992

33 0.45 7 9 8 53 223992

34 0.45 11 9 8 53 204572

35 0.3 5 11 10 28 211851

36 0.3 9 11 10 28 213919

37 0.6 9 11 6 78 179018

38 0.6 9 7 6 78 240270

39 0.3 5 7 10 78 279644

40 0.45 7 9 8 53 223992

41 0.15 7 9 8 53 207008

42 0.3 5 11 6 28 179522

43 0.45 7 9 8 53 223992

44 0.3 9 11 6 78 145813

45 0.6 5 7 10 28 318080

46 0.45 7 9 8 53 223992

47 0.3 9 11 6 28 169840

48 0.45 7 5 8 53 299884

49 0.6 5 11 6 28 185501

50 0.75 7 9 8 53 233064
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suggested, and the cubic function is aliased. Therefore, the
quadratic polynomials with crossing terms are used to
describe the mathematical relationships between the SRV
and the uncertain factors:

Y = 〠
n

i=1
ωiix

2
i + 〠

n−1

i=1
〠
n

j=1
ωijxij + 〠

n

i=1
ωixi + ω, ð14Þ

where Y is the response value, xi and xij are the uncertain
variables, and ω,ωi,ωii, and ωij are the coefficients to be deter-
mined of the RSM.

According to the numerical results listed in Table 4, the
multivariate equations are established, and the coefficients
of the response surface function are solved by the least square
method. The equation of the RSM for SRV with coded sym-
bol is

SRV = 2:26e5 + 6611:21 × A − 2296:21 × B − 34401:17 × C

+ 23715:42 ×D − 14218:13 × E + 1613:22 × AB

− 94:07 × AC − 1890:92 × AD − 145:61 × AE

+ 1242:41 × BC − 974:37 × BD + 1809:90 × BE

− 4645:17 × CD + 3313:56 × CE − 2287:56 ×DE

− 1911:01 × A2 − 3732:51 × B2 + 2217:49 × C2

+ 6899:79 ×D2 − 2989:51 × E2,
ð15Þ

where A is the brittleness index, B is tensile strength (MPa),
C is horizontal stress difference (MPa), D is the injection rate
(m3/min), and E is fluid viscosity (mPa·s).

3.2.3. RSM Validation. To test and verify the reliability of the
acquired RSM, the normal probability plot of the externally
Studentized residuals is analyzed to check for normality of
residuals. The results are illustrated in Figure 10(a). It can
be seen that all the points fall on the straight line, meaning
the residuals are normally distributed.

The plot of “predicted SRV versus actual SRV” is shown
in Figure 10(b). The correlation coefficient of the mathemat-
ical model is 0.954, and the fitting degree is good. The
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Figure 7: The numerical simulation results of the partial 9 run cases in Table 4.
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acquired RSM is capable of providing accurately predicted
values of SRV, as compared with the actual values of SRV.
This means that the established RSM for SRV analysis is
reliable.

4. Results and Analysis

4.1. Sensitivity Analysis. To quantitatively analyze the factors
affecting HF geometry and SRV, the analysis of variance
(ANOVA) method is adopted for sensitivity analysis using
the numerical experimental results in CCD experimental
design. The results of ANOVA are listed in Table 6. The
model F value of 47.3 indicates that the model is significant.
In statistics, p value was usually used to evaluate the signifi-
cance of parameters. Taking 5% as the threshold before test-
ing, when the p value was more than 5%, it was considered
that the observed data is inconsistent with the zero hypothe-
sis; the zero hypothesis should be rejected, and its opposite
hypothesis should be accepted. When the p value is less than
0.001, the parameters are extremely significant. When the p
value was more than 0.05, the parameters are not significant.
In this case, factors of A, C, D, and E are significant terms.
The influential order of these five factors is C ðhorizontal
stress differenceÞ >D ðinjection rateÞ > E ðfluid viscosityÞ > A
ðbrittleness indexÞ > B ðtensile strengthÞ. The horizontal

stress difference is the most sensitive factor, followed by the
injection rate. This implies that horizontal stress difference
and injection rate are the most dominant factors to hydraulic
fracturing performance. This conclusion is consistent with
King [44], Nagel et al. [45], and Wang et al. [46]. The hori-
zontal stress difference determines the HF propagation path
and final morphology. Under high horizontal stress differ-
ence, HF tends to propagate along with the maximum hori-
zontal stress; deflection and bifurcation behavior are
significantly limited. Besides, HF is prone to pass through
natural discontinuities, thus significantly decreasing its com-
plexity. On the contrary, low horizontal stress difference is
beneficial to the formation of complex HFs. With a low injec-
tion rate, fluid is prone to leak off into the natural discontinu-
ities, and the pressure can rise above the confining stress
without inducing new hydraulic fractures. The net pressure
in HFs increases with the increase of the injection rate, result-
ing in that the HF tends to connect more natural discontinu-
ities due to the increase of the pressurization rate. In this case,
the HF complexity may increase.

4.2. Multiple Factor Analysis. To reveal the coupling effects of
multiple geomechanical and hydraulic parameters on the HF
propagation and resulting SRV, multiple factor analysis is
conducted based on the acquired RSM. The influence of

Multiple factor evaluation and SRV optimization

Geological
environment 

In situ
stress 

Design of
experiments 

Response
surface model Numerical modelling

(i)
(ii)

(iii)

Sensitivity analysis
RSM based multiple factor analysis
SRV optimum design

Brittleness
index

Tensile
strength

Treatment
parameters 

Injection
rate 

Fluid
viscosity 

Mechanical
property 

Figure 9: The workflow of the RSM-based multifactor analysis and SRV optimization for glutenites.

Table 5: Statistical approach to select the RSM model for SRV.

Source Sequential p value Lack of fit p value Adjusted R2 Predicted R2

Linear <0.0001 0.0136 0.9156 0.9001

2FI 0.4498 0.0124 0.9159 0.8839

Quadratic 0.0010 0.0613 0.9497 0.8948 Suggested

Cubic 0.2232 0.0726 0.9602 0.6949 Aliased
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interaction between two factors on SRV is analyzed by fixing
the values of other factors to zero levels. The 3D response
surface and 2D contour map are drawn according to the

regression equation, as illustrated in Figures 11–14. The
response surfaces all exhibit curved shapes, indicating the
nonlinear influential mechanism of these factors on SRV.
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Figure 10: Validation of the RSM model. (a) The normal plot of residuals and (b) predicted SRV versus actual SRV.

Table 6: ANOVA of response surface for SRV.

Source Sum of squares df Mean square F value p value

Model 85782693635.2 20 4289134681.8 47.3 0.0001 Significant

A (BI) 1699352244.5 1 1699352244.5 18.7 0.0003

B (T) 204709990.1 1 204709990.1 12.3 0.0340

C (HSD) 45947592466.4 1 45947592466.4 506.6 0.0000

D (IR) 21866665859.3 1 21866665859.3 241.1 0.0001

E (FV) 7848762991.7 1 7848762991.7 86.5 0.0002

AB 80383456.3 1 80383456.3 0.9 0.3543

AC 273343.0 1 273343.0 0.0 0.9571

AD 110249754.0 1 110249754.0 1.2 0.2794

AE 654923.6 1 654923.6 0.0 0.9332

BC 47595197.2 1 47595197.2 0.5 0.4756

BD 29324248.9 1 29324248.9 0.3 0.5747

BE 101004299.1 1 101004299.1 1.1 0.3009

CD 666473821.5 1 666473821.5 7.3 0.0114

CE 338548304.8 1 338548304.8 3.7 0.0635

DE 161631189.8 1 161631189.8 1.8 0.1923

A2 116686135.2 1 116686135.2 1.3 0.2661

B2 445138750.0 1 445138750.0 4.9 0.0354

C2 157114793.6 1 157114793.6 1.7 0.1987

D2 1521126591.6 1 1521126591.6 16.8 0.0001

E2 285557410.8 1 285557410.8 3.1 0.0872

Residual 2630402476.7 29 90703533.7

Lack of fit 2326476838.3 21 110784611.3 2.9 0.061 Not significant

Pure error 303925638.4 8 37990704.8

Cor total 88413096111.9 49

12 Geofluids



Figure 11 shows that the SRV increases with the increase
of the injection rate and decreases with the increase of hori-
zontal stress difference. The highest red color is at an injec-
tion rate of 12m3/min and a horizontal stress difference of
5MPa. The results are inconsistent with Li et al. [15] and
Beugelsdijk et al. [47]. Additionally, at a lower injection rate
and a higher horizontal stress difference, the values tend to
be blue, indicating smaller SRV. The effects of the injection
rate and fluid viscosity on SRV are more significant under
lower horizontal stress difference than that under higher hor-
izontal stress difference. For example, when the injection rate
increases from 4m3/min to 12m3/min, the SRV increases
from 285000m3 to 421000m3 at a horizontal stress difference
of 5MPa, while the SRV increases from 160000m3 to
234000m3 at a horizontal stress difference of 13MPa. It is

more difficult to increase the SRV at higher horizontal stress
differences than at lower horizontal stress differences. None-
theless, the SRV can still be elevated within a certain range by
increasing the injection rate.

Figure 12 illustrates that the SRV decreases with the
increase of fluid viscosity and decreases with the increase of
horizontal stress difference. The highest red color is in the
fluid viscosity range of 3mPa·s~53mPa·s and at a horizontal
stress difference of 5MPa. At a higher fluid viscosity and hor-
izontal stress difference, the values tend to be blue, indicating
smaller SRV. Comparing the value of SRV in different condi-
tions, it can be concluded in Figure 11 that under lower hor-
izontal stress difference, the effect of fluid viscosity on SRV is
more significant than that under higher horizontal stress dif-
ference. Although low-viscosity fluid has a strong filtration
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Figure 11: Response surface curve of SRV showing the interaction between injection rate and horizontal stress difference.
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capacity and is helpful to create complex HFs, its sand-
carrying capacity is limited, which is not conducive to sup-
porting fractures. Therefore, fracturing fluid with a viscosity
of 28mPa·s~53mPa·s is recommended under low horizontal
stress difference, and fracturing fluid with a viscosity of
3mPa·s~28mPa·s is recommended under high horizontal
stress difference.

Figure 13 shows that the SRV increases with the increase
of the brittleness index and decreases with the increase of
horizontal stress difference. The highest red color is at a brit-
tleness index of 0.75 and a horizontal stress difference of
5MPa. Additionally, at a lower brittleness and a higher hor-

izontal stress difference, the values tend to be blue, indicating
smaller SRV. Many previous studies have shown that reser-
voir brittleness has a significant impact on the HF complex-
ity, and reservoirs with strong brittleness are more likely to
generate complex HFs. With the increase of horizontal stress
difference, it is difficult to create complex HFs even in brittle
glutenite reservoirs. Therefore, it is necessary to optimize the
treatment parameters, reasonably elevating the injection rate,
and lowering fluid viscosity might help.

Figure 14 shows that the SRV increases with the increase
of the injection rate and decreases with the increase of fluid
viscosity. The highest red color is at an injection rate of
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12m3/min and a fluid viscosity of 3mPa·s. The results are
consistent with Yao [48] and Zhou et al. [49]. Additionally,
at a lower injection rate and a higher fluid viscosity, the values
tend to be blue, indicating smaller SRV. It is also shown in
Figure 10 that the effect of the injection rate on SRV is more
significant than that of fluid viscosity, which is inconsistent
with the result of sensitivity analysis in Section 4.1.

4.3. SRV Optimization. In the process of hydraulic fracturing
operation, engineerings are usually concerned about how to
select the reasonable treatment parameters to obtain a maxi-
mum SRV for a tight heterogeneous glutenite under specific
geological conditions. As mentioned above, the RSM-based
numerical optimization can not only analyze the influence
of factors on HF complexity and SRV but also optimize them
by selecting the set of variables that leads to the maximum
SRV. The index of SRV indicates the overall response of the
tight heterogeneous glutenites subjected to hydraulic fractur-
ing. For a specific glutenite reservoir, the best HF configura-
tion corresponds to the largest SRV. Therefore, in this
section, the desirable HF geometry is obtained through SRV
optimization.

A total of 100 optimal solutions were generated after
response surface analysis. Table 7 lists the 25 out of 100 desir-
able solutions to show the optimal SRVs and corresponding
parameter combinations. In general, the tight glutenites with

strong brittleness, low tensile strength, and low horizontal
stress difference, combined with a large injection rate and
low-viscosity fracturing fluid, are beneficial to obtain the
maximum SRV.

Figure 15 shows the effects of various factors on the desir-
able solutions of SRV according to Table 7. The mechanical
properties of glutenites control the damage and failure mech-
anism during hydraulic fracturing. From Figures 15(a) and
15(b), the value of the brittleness index is set to close to the
maximum and the value of tensile strength is set to below
medium for the 25 desirable solutions. The strong brittleness
and low tensile strength may contribute to the formation of
complex HFs, thus increasing the SRV.

From Figure 15(c), the value of horizontal stress differ-
ence is set to close to the minimum for all the desirable solu-
tions. The horizontal stress difference is a critical factor
controlling the SRV. For deep tight glutenite reservoirs with
high in situ stress difference, the improvement of SRV by
optimizing the injection rate and fluid viscosity is limited.
The local in situ stress distribution can be modified by prein-
jection of low-viscosity fluid (e.g., slickwater) to artificially
lower the horizontal stress difference, to improve the HF
complexity and SRV [50, 51].

From Figures 15(d) and 15(e), the value of the injection
rate is set to close to the maximum, and the value of fluid vis-
cosity is set to below medium for all the desirable solutions.

Table 7: 25 out of 100 desirable solutions for SRV optimization.

Number A (BI) B (T) (MPa) C (HSD) (MPa) D (IR) (m3/min) E (FV) (mPa·s) SRV (m3)

1 0.57 5.37 5.38 11.42 57.46 369439

2 0.62 3.23 7.4 11.61 42.18 331242

3 0.53 7.55 5.18 11.51 48.53 375204

4 0.51 10.51 5.05 8.97 11.66 325712

5 0.48 4.56 5.21 9.41 34.19 330647

6 0.43 7.81 5.16 11.54 59.06 365943

7 0.6 5.98 5.41 8.03 7.4 330018

8 0.54 7.34 6.08 9.99 52.29 320311

9 0.56 6.31 5.35 9.31 4.41 356766

10 0.57 7.77 6.12 10.28 29.93 341022

11 0.43 7.34 5.36 9.84 20.51 353506

12 0.48 4.24 5.22 10.49 52.21 352337

13 0.38 7.99 5.75 10.07 30.94 337232

14 0.54 7.47 7.6 11.68 53.67 323797

15 0.73 7.7 5.38 7.98 25.03 318901

16 0.57 6.19 5.46 11.84 59.06 377211

17 0.49 5.88 5.19 9.21 6.33 357410

18 0.67 3.58 5.03 8.78 13.51 347520

19 0.39 5.34 5.46 11.84 59.06 376016

20 0.57 7.85 5.57 10.47 63.66 331249

21 0.4 8.49 5.47 10.51 43.99 343790

22 0.55 5.76 8.19 11.58 31.79 326107

23 0.44 6.49 5.4 10.44 74.22 323514

24 0.72 7.76 5.05 7.71 5.41 330651

25 0.37 3.81 7.03 11.62 53.39 333795
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The injection rate and fluid viscosity have a remarkable influ-
ence on SRV. The large injection rate and low-viscosity or
medium-viscosity fracturing fluid are required to obtain a
maximum SRV. As mentioned above, it is difficult to change

the mechanical properties and geological environment of
tight glutenites, but we can optimize the treatment parame-
ters to obtain a desirable SRV. The RSM-based SRV optimi-
zation discussed in this work may help. Once an accurate
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Figure 15: The effects of various factors on the desirable solutions of SRV.
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response surface was established, the treatment parameters
could be optimized according to geological conditions to
obtain a maximum SRV for tight glutenites. It should be
noted that other factors that may significantly affect HF mor-
phology and SRV, such as shear strength and reservoir thick-
ness, are not covered in this work. These matters will be
discussed in further study.

The multifactor analysis of SRV provided a deeper
understanding of the hydraulic fracturing mechanism and
SRV enhancement strategy. Firstly, on the basis of accurate

characterization of geological conditions, engineers can con-
duct SRV prediction and analysis using the response surface
method. Secondly, once an accurate response surface is
established, the treatment parameters (injection rate and
fluid viscosity) can be optimized ahead of the fracturing
operation. Thirdly, according to the different sensitivity of
SRV to treatment parameters under different geological con-
ditions (e.g., formation brittleness or in situ stress), appropri-
ate adjustments are made to the treatment parameters
according to the multifactor analysis results.
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Figure 16: The MS interpretation results of HFs of different fracturing stages for well Y-11 tight glutenites.
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5. Field Application

Using the numerical simulation and RSM-based SRV optimi-
zation method introduced in this paper, the treatment
parameters for stage 3, stage 4, and stage 5 of well Y-11 tight
glutenites in Shengli Oilfield are optimized. On the basis of
accurate characterization of geological conditions (such as
brittleness and in situ stresses) of the target layer, the hydrau-
lic fracturing process and the SRV are numerically simulated.
Then, the CCD experimental design is conducted, and the
response surface model is established. Within the framework
of the response surface model, the maximum SRV and its
corresponding treatment parameters can be calculated.
Therefore, the treatment parameters (injection rate and fluid
viscosity) can be optimized ahead of the fracturing operation.

The MS interpretation results of HFs of different fractur-
ing stages are shown in Figure 16. The SRVs of fracturing
stage 1 to fracturing stage 5 are 114000m3, 129000m3,
179000m3, 84000m3, and 151000m3, respectively. It can be
seen that the HFs of three fracturing stages all display com-
plex morphologies. Compared with stage 2, the fracture
widths of stage 3 and stage 5 increased, and the SRV
increased by 38.7% and 17.1%, respectively. As for stage 3,
the large horizontal stress difference of 10.8MPa limits the
HF complexity; however, the complex HF is generated after
optimization of treatment parameters. In conclusion, the
field application results show that the RSM-based SRV opti-
mization method is practical and effective in tight glutenite
reservoirs and has a good application effect.

6. Conclusion

In this paper, the response surface methodology combined
with a coupled stress-seepage-damage model was proposed
for multifactor analysis and SRV optimization in hydraulic
stimulation of tight heterogeneous glutenite reservoirs. The
proposed approach provided a valuable insight into the frac-
turing mechanism and SRV enhancement strategy in tight
heterogeneous glutenites, which was of innovative value for
fracturing design and treatment parameter optimization.
The conclusions are as follows:

(1) A three-dimensional coupled stress-seepage-damage
numerical model of hydraulic fracturing was pre-
sented to reproduce the complex HF evolution pro-
cess in tight heterogeneous glutenite reservoirs. The
numerical model was validated with the actual HF
of well Y-11 interpreted from MS monitoring data.
The numerical model was practical and effective for
simulating the complex HF propagation in tight
glutenites

(2) A multifactor analysis and SRV optimization work-
flow was proposed by integrating the response sur-
face method, CCD experimental design, and
numerical simulations. The analysis of variance
(ANOVA) method is adopted for sensitivity analysis
based on the established response surface. The influ-
ential order of the factors affecting the SRV in this

work was horizontal stress difference > injection rate
> fluid viscosity > brittleness index > tensile strength

(3) The coupling effects of five factors on SRV were ana-
lyzed. The effects of the injection rate and fluid vis-
cosity on SRV are more significant under lower
horizontal stress difference than that under higher
horizontal stress difference. It is more difficult to
increase the SRV at higher horizontal stress differ-
ences than at lower horizontal stress differences.
Nonetheless, the SRV can still be elevated within a
certain range by increasing the injection rate and
decreasing the fluid viscosity

(4) The optimal design solutions for tight heterogeneous
glutenites were obtained by SRV optimization. Once
an accurate response surface was established, the
treatment parameters could be optimized according
to geological conditions to obtain a maximum SRV
for tight glutenites
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