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Commercial production from hydrocarbon-bearing reservoirs with low permeability usually requires the use of horizontal well
and hydraulic fracturing for the improvement of the fluid diffusivity in the matrix. The hydraulic fracturing process involves
the injection of viscous fluid for fracture initiation and propagation, which alters the poroelastic behaviors in the formation
and causes fracturing interference. Previous modeling studies usually focused on the effect of fracturing interference on the
multicluster fracture geometry, while the related productivity of horizontal wells is not well studied. This study presents a
modeling workflow that utilizes abundant field data including petrophysical, geomechanical, and hydraulic fracturing data. It is
used for the quantification of fracturing interference and its correlation with horizontal well productivity. It involves finite
element and finite difference methods in the numeralization of the fracture propagation mechanism and porous media flow
problems. Planar multistage fractures and their resultant horizontal productivity are quantified through the modeling
workflow. Results show that the smaller numbers of clusters per stage, closer stage spacings, and lower fracturing fluid
injection rates facilitate even growth of fractures in clusters and stages and reduce fracturing interference. Fracturing modeling
results are generally correlated with productivity modeling results, while scenarios with stronger fracturing interference and
greater stimulation volume/area can still yield better productivity. This study establishes the quantitative correlation between
fracturing interference and horizontal well productivity. It provides insights into the prediction of horizontal well productivity
based on fracturing design parameters.

1. Introduction

Wells in low permeability reservoirs bearing hydrocarbons
typically have low productivity as it is hard for hydrocarbons
to efficiently flow. Therefore, horizontal wells and hydraulic
fractures are often used to enhance the contact between the
wellbore and the matrix [1–6]. Since multistage and multi-
cluster hydraulic fracturing facilitates the establishment of
complex fracture networks, this type of fracturing technique
is widely used in the development of unconventional reser-
voirs such as shale oil reservoirs [7–9]. However, due to

the stress changes induced by hydraulic fracture initiation
and propagation, multistage and multicluster hydraulic frac-
turing is affected by stress interference, and the geometry of
the fracture network can be negatively impacted. It can lead
to nonuniform hydraulic fracture growth and unevenly dis-
tributed fracture networks [9]. As fracture quality is directly
related to horizontal well productivity, it is meaningful to
quantitatively understand the relationship between hydrau-
lic fracturing stress interference and horizontal well produc-
tivity. In order to quantify the relationship between stress
interference in hydraulic fracturing and the production
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performance of the fractured horizontal well, it is important
to describe the fracture mechanics during hydraulic fractur-
ing and the fluid flow in porous media during horizontal
well depletion.

To build an efficient and reliable modeling method for
the temporal and spatial evolution of stress, hydraulic frac-
ture width and path, pressure, and hydrocarbon production,
adequate modeling techniques should be employed. In geo-
logic media, multiphase fluids flow in the porous media.
Hydrocarbon-bearing reservoirs are usually characterized
by rock heterogeneity, where fractured and unfractured
media play an important role in the evaluation of pressure
and stress evolutions [10, 11]. In such problems, the coeffi-
cient matrices in multiple time steps in the numerical system
are usually huge, and the use of compositional and multi-
phase flow models and multiporosity assumptions further
increases the complexity and leads to higher computational
costs [12–14]. Therefore, the accurate modeling of the stress
interference and the multistage fractured horizontal well
productivity should be specifically investigated.

Hydraulic fracturing involves the use of high-pressure
fluid injection into the reservoir to break the rock, forming
fractures with high conductivities. This makes it easier for
reservoir fluids to flow into the wellbore, thereby increasing
oil and gas production. This process can activate natural
fractures and increase the complexity of fracture networks.
To understand and optimize hydraulic fracturing parame-
ters, researchers have proposed many mathematical models
for the simulation of hydraulic fractures. The early
researches generally assumed simplified fracture geometries
using the 2D plane strain assumption. The widely used
Khristinaovic–Geertsma–de Klerk (KGD) model and
Perkins–Kern–Nordgren (PKN) model calculate fracture
geometries in two-dimensional planes, and fracture width
distributions are calculated as a ratio of length to height
[15–18]. 2D and 3D models were then derived, and the effect
of in-situ stress and fluid flow was incorporated [19–21].

Industrialized exploitation of shale gas and shale oil res-
ervoirs requires more sophisticated models describing the
process of multistage and multicluster hydraulic fracturing.
In this process, it is necessary to take into account the effect
of the evolution of stress fields as there are interstage and
intercluster interferences. As a result, hydraulic fractures
with nonuniform half-lengths can be generated. Nonplanar
and asymmetric fracture geometries can be generated under
the influence of stress interference as well [22, 23]. The inter-
ference between simultaneously growing fractures can be
intensified by decrease fracture spacing, and a minimum
spacing should be determined for good fracturing quality
[24]. Optimized hydraulic fracture-related parameters
including fracturing timing and cluster location were deter-
mined in a reservoir-geomechanics-fracturing workflow
where the effect of production-induced stress state changes
is also considered [25, 26]. In addition to numerical model-
ing, triaxial tests are usually used in the lab to physically
understand the fracturing initiation and propagation process
[27, 28]. Monitoring techniques are also developed to better
understand the shape and geometry of fractures in shale res-
ervoirs [29, 30].

After the establishment of hydraulic fractures in the hor-
izontal well, numerical simulation techniques are used to
compute the fluid flow from the low permeability reservoir
to the wellbore [31]. Stress sensitivity was sometimes
incorporated in reservoir simulators, and the production
prediction was affected by poroelasticity. Typically, the con-
sideration of geomechanical effects tends to decrease the
predicted production [32, 33]. In another reservoir simula-
tion model, Moradi et al. [34] pointed out that changes in
fracture aperture significantly alter the simulated production
rates.

Previous studies usually focused on the stress interfer-
ence phenomenon during the propagation of multiple
hydraulic fractures, and the quantitative impact of this phe-
nomenon on the horizontal well productivity has not been
thoroughly investigated. This study employs hydraulic frac-
turing modeling and reservoir simulation techniques and
proposes a modeling workflow quantifying the relationship
between stress interference and horizontal well productivity.
Parametric studies are also conducted to investigate the stage
and cluster parameters on horizontal well productivity. This
workflow provides a reference for the optimization of
hydraulic fracturing parameters based on fracturing quality
and horizontal well productivity modeling.

2. Methodology

In the methodology, a combined modeling workflow con-
sisting of hydraulic fracturing modeling and porous media
flow is presented. Finite element methods are used to
establish the numerical models. Fracture propagation, geo-
mechanical response, and fluid flows are all considered.

The momentum balance in the stress tensor is used to
describe the rock deformation.

∇ ⋅ σ = 0: ð1Þ

The boundary condition for the rock deformation prob-
lem has three types. They are the stress boundary, the pres-
sure boundary, and the displacement boundary:

σ ⋅ n =�t forΓt , ð2Þ

σ ⋅ n = −pn forΓ+
p ∩ Γ−

p , ð3Þ

u = �u for Γu , ð4Þ
where n represents the unit normal vector, Γt represents the
traction boundary, Γ+

p ∩ Γ−
p denotes the pressure boundary,

and Γu represents the displacement boundary.
The Poiseuille’s law is employed to compute the incom-

pressible fracturing fluid flow in fractures as follows:

qt = −
w3

12μ
∂p
∂l

: ð5Þ

In Equation (5), w is the width of fracture at location l; p
is the pressure; μ is the viscosity; qt is the flow rate [35].
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Then, a lubrication equation can be used to characterize the
mass balance in the fracture flow as follows:

∂w
∂t

+
∂qf i
∂s

+ qts = 0, ð6Þ

where w is the fracture width, qf i is the flow rate, and qts is
the fluid loss in the fracture flow.

The fluid leak-off into the host rock can be calculated by
the following:

qts = c pi − ptð Þ, ð7Þ

where c is the leak-off coefficient, pi is the pressure in the
fracture, and pt is the pressure in the formation.

In the fracture mechanism, the normal and shear stresses
are depicted by the traction-separation method as follows:

tn =
1 −Dð ÞTn, Tn ≥ 0,
Tn, Tn < 0,

(

ts = 1 −Dð ÞTs,
tt = 1 −Dð ÞTt ,

ð8Þ

where tn, ts, and Tt represent the normal and shear compo-
nents for stresses; D represents the damage. Once the frac-
ture is initiated, the damage factor gradually increases and
the fracture propagation can be described [36].

A two-phase black oil model is used to calculate the pro-
duction in the hydraulically fractured horizontal well. The
mass balance equations are as follows:

∂ ρoϕsoð Þ
∂t

+∇ ⋅ ρovoð Þ = ρoqo, ð9Þ

∂ ρwϕswð Þ
∂t

+∇ ⋅ ρwvwð Þ = ρwqw, ð10Þ

where so and sw are saturation values for oil and water, ρo
and ρw are densities for oil and water, ϕ is porosity, q is
the sink/source term, and t is time. The terms of ∂ðρoϕsoÞ/
∂t and ∂ðρwϕswÞ/∂t describe the accumulation of oil and
water flows in porous media. ∇⋅ ðρovoÞ and ∇⋅ ðρwvwÞ terms
represent the fluxes.

Darcy’s law is widely used for fluid flows in porous
media with low flow rates. It is used in this model as
follows:

vo = −
kkro
μo

∇po − ρog∇Hð Þ, ð11Þ

vw = −
kkrw
μw

∇pw − ρwg∇Hð Þ, ð12Þ

where kr is the relative permeability, μ is the viscosity, v is
the velocity, k is the permeability, g is the gravitational
acceleration, and H is the depth. In this model, it is assumed
that the hydraulic fracture network is fully propped and a
fracture permeability is prescribed to denote the fracture
conductivity.

Putting Darcy’s law and the mass balance together,

∂ ρoϕsoð Þ
∂t

+∇ ⋅ −ρo
kkro
μo

∇po − ρog∇Hð Þ
� �

= ρoqo, ð13Þ

∂ ρwϕswð Þ
∂t

+∇ ⋅ −ρw
kkrw
μw

∇pw − ρwg∇Hð Þ
� �

= ρwqw,

ð14Þ

where more detailed forms of fluid flow diffusivity are
obtained.

In the two-phase black oil model, the relationship
between water and oil saturations and the initial sink/source
rates can be written as follows:

so + sw = 1,

qo t = 0ð Þ = qw t = 0ð Þ = 0:

8>><
>>: ð15Þ

Based on the assumption of slightly compressible fluids
in the reservoir, the compressibility water and oil can be
defined as Cw = 1/ρw∂ρw/∂pw and Co = 1/ρo∂ρo/∂po.

As a result, the flow diffusivities in Equations (12) and
(13) can be extended as follows:

soϕco
∂po
∂t

+ ρoϕ
∂ 1 − swð Þ

∂t
− ρo∇ ⋅

kkro
μo

∇po − ρogð Þ
� �

= 0,

ð16Þ

swϕcw
∂po
∂t

+ ρwϕ
∂sw
∂t

− ρw∇ ⋅
kkrw
μw

∇po − ρwgð Þ
� �

= 0:

ð17Þ

Neglecting capillary pressure terms, Equations (16) and
(17) become the following:

swϕCw + 1 − swð ÞϕCo½ � ∂po∂t
+∇

⋅ −
kkrw
μw

∇po −
kkrw
μw

∂pc
∂sw

+ kkro
μo

∇po −
kkro
μo

ρog −
kkrw
μw

ρwg
� �� �

= 0,

ð18Þ
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For numerical treatment, a matrix form can be obtained
as follows:

ϕswcw + ϕ 1 − swð Þcw 0

ϕswcw ϕ

" # ∂po
∂t

∂sw
∂t

2
6664

3
7775+∇ ⋅ −1ð Þ

�

kkro
μo

+ kkrw
μw

0

kkrw
μw

0

2
66664

3
77775

∇po
∇sw

� �
+∇ ⋅

−
kkro
μo

ρog −
kkrw
μw

ρwg

−
kkrw
μw

ρwg

2
66664

3
77775 = 0:

ð19Þ

Initial conditions and boundary conditions are needed to
solve the porous media flow problem.

An initial condition is as follows:

po t = 0ð Þ = pini: ð20Þ

The boundary condition is as follows:

v ⋅ n = 0 on ∂Ω , ð21Þ

where v is a velocity tensor. Equation (21) represents a no-
flow boundary condition for the flow problem.

3. Modeling Study

A synthetic scenario in the development of a shale oil reser-
voir is established for the numerical study. Modeling param-
eters in the synthetic case are based on a realistic field in
Junggar Basin, northwestern China [37]. Table 1 records
the modeling parameters related to hydraulic fracturing

while Table 2 shows the parameters for the modeling of frac-
tured horizontal well production in reservoir simulation.

In the modeling workflow, the fracturing and production
from a segment in the horizontal wellbore are considered. In
the base case, totally four stages are hydraulically fractured
in the horizontal wellbore. In each stage, there are three frac-
ture clusters. A fracturing fluid injection rate of 12m3/min
per stage is used. The base case fracture stage spacing is
60m. In the parametric study for hydraulic fracturing, the
effects of stage number, cluster number, stage spacing, and
injection volume are quantified. Then, the horizontal well
production and pore pressure depletion in the reservoir cor-
responding to each hydraulic fracturing scenario are simu-
lated. Thus, the relationship between the stress interference
in hydraulic fracturing and the productivity can be quanti-
fied using this workflow.

In addition to the hydraulic fracturing modeling and
productivity modeling in the aforementioned base case, sev-
eral parametric studies are also carried out. In the paramet-
ric study for the effect of fracture stage and cluster, two
scenarios are considered. One scenario has two stages and
six clusters in each stage, and the other scenario has three
stages with four clusters in each stage. In the parametric
study for the effect of fracture stage spacing, another two
scenarios of 40m and 60m stage spacings are considered.
In the parametric study for the effect of fracturing fluid
injection rate per stage, two scenarios of 10m3/min and
14m3/min are modeled.

3.1. Hydraulic Fracturing Modeling. In this section, the
effects of fracture stage/cluster number, stage spacing, and
fracturing fluid injection rate on the propagation of the
hydraulic fracture networks are modeled. The resultant frac-
ture length, fracture width, fracture area, and fracture

Table 1: Parameters for the base case of hydraulic fracturing
modeling.

Parameter Value

Young’s modulus (GPa) 22.41

Poisson’s ratio 0.25

Overburden stress (MPa) 64

Initial maximum horizontal stress (MPa) 70

Initial minimum horizontal stress (MPa) 52

Differential stress (MPa) 18

Fracture number in one stage 3

Stage number in a horizontal well 4

Fracture spacing within one stage 15

Spacing between two stages (m) 60

Matrix permeability (m2) 1 × 10−16

Matrix porosity 0.1

Total injection rate (m3/min) 12

Fluid viscosity (mPa·s) 20

Leak-off coefficient (m/Pa·s) 1 × 10−13

Table 2: Parameters for the base case of reservoir simulation
modeling.

Parameter Value

Reservoir area (m2) 800000 (1000 × 800)
Pay zone depth (m) 100

Matrix permeability (m2) 1 × 10−16

Matrix porosity 0.15

Initial reservoir pressure (MPa) 22

Bottomhole pressure (MPa) 5

Water viscosity (mPa·s) 1

Oil viscosity (mPa·s) 25

Rock density (kg/m3) 2530

Oil density (kg/m3) 800

Water density (kg/m3) 1000

Constant oil compressibility (Pa-1) 1 × 10−8

Constant water compressibility (Pa-1) 1 × 10−8

Fracture permeability (m2) 1 × 10−14

Irreducible water saturation 0.1

Residual oil saturation 0.1
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volume are presented. The associated stress evolutions are
also discussed.

3.1.1. Fracture Stage and Cluster. Three scenarios of fracture
stage and cluster designs are modeled. Totally 12 clusters are
kept as a constant, while cluster numbers in each stage are 3,
4, and 6. Other fracturing parameters are kept the same.
Figure 1 shows the nonuniform hydraulic fractures in the
horizontal well with the three different stage and cluster
numbers. In general, the four-cluster design leads to the
most nonuniform hydraulic fracture growth in the wellbore,
with the two outer fracture clusters longer than the inner
fracture clusters. Note that the stage spacing is kept as
60m in all the scenarios. To better quantify the effect of
stage and cluster design on the nonuniform fracture lengths,
Figure 2 is plotted where the length of each individual frac-
ture cluster is presented as bars. In Figure 2, the labels A to D
represent the four fracture stages, and 1 to 3 represent the
clusters in a stage. Note that A represents the first fractured
stage while D is the last stage that is fractured in the multi-
stage fracturing job. Similarly, labels E to J represent the

six fracture stages in another design, where 1 to 2 are the
two clusters in each stage. K to M are the three stages in
the 4-cluster scenario. Based on the detailed fracture length
results, it is noted that when the cluster number exceeds
two in each stage, the inner fractures are always shorter than
the outer fractures. This indicates that the stress interference
in simultaneously growing clusters inhibits the growth of the
inner fractures and makes the outer fracture more competi-
tive in terms of fracture propagation [38]. The 2-cluster sce-
nario results in a more evenly distributed fracture length.
This indicates that reducing the clusters in each stage can
lower the stress interference effect on the heterogeneous
growth of fracture clusters. In this scenario, only two frac-
tures grow simultaneously each time. Therefore, the interfer-
ence between clusters is reduced, leading to a more uniform
growth of fractures. In the 4-cluster scenario, since four frac-
ture clusters are competing in the simultaneous growth, the
inhibition on the inner fractures becomes more noticeable.
Also, the average fracture lengths are the shortest in the 4-
cluster scenario.

Generally, the longest fracture length of an individual
fracture is obtained in the first stage in the 3-cluster scenario.
This indicates that the first stage is less affected by interstage
interference than the stages fractured later on. In addition, in
the 2-cluster, 3-cluster, and 4-cluster scenarios, it is noted
that the first stage has very symmetric fractures, indicating
that the interference does not take effect unless there are
sequentially fractured stages. The interstage stress interfer-
ence is the most significant in the 4-cluster scenario, as the
second and third stages have lower fracture lengths. These
results show that the interstage interference on hydraulic
fracturing interference increases with the cluster number in
each stage. However, it is noted that although reducing the
number of clusters in each stage helps to form uniform frac-
ture networks, it may increase the cost of the fracturing
operations and fracturing time.

Figure 3 presents the temporal evolution of fractured
volume and fracture area during the multistage fracturing
operation with different fracture stage and cluster designs.
This helps to improve the understanding of the correlation
between stage and cluster designs and fracture quality.
Step-by-step trends are obvious in these results, as stages
are sequentially fractured in the operation. The final frac-
tured volumes for the 3-cluster and 2-cluster scenarios are
very similar, while the selection of 4-cluster design leads to
the lowest fractured volume. This is direct evidence that
increased fracturing interference reduces the final fracture
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Figure 1: Fracture geometries of different stage and cluster numbers.
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network quality. Based on the fractured area results, the 2-
cluster scenario has the best fracture quality and the 3-
cluster scenario has the intermediate quality. Again, the
4-cluster scenario leads to the lowest fracture quality. Note
that the change from 3-cluster to 2-cluster design increases
the contact area between fractures and the low permeabil-
ity matrix, implying an improved fracturing performance.

3.1.2. Fracture Stage Spacing. In this section, the effect of the
fracture stage on the hydraulic fracture quality is investi-
gated. Three stage spacings of 40m, 60m, and 80m are stud-
ied while other fracturing-related parameters are the same as
the base case as in Table 1.

Figure 4 describes the fracture geometries from three dif-
ferent stage spacings. Note that the cluster spacing within
each stage is kept the same during the parametric study. In
general, when the stage spacing is reduced to 40m, a more
nonuniform fracture length pattern is observed. In contrast,
when the stage spacing is increased to 80m, a rather uniform
distribution of fracture length is obtained. However, it is
noted that the inner fracture growth is always inhibited by
fracturing interference even when the spacing is large. It
means that the inhibition on the inner fracture is caused
by intercluster interference instead of interstage interference.

Figure 5 records the comparison of fracture length of
each cluster in scenarios with different stage spacings. Since
all three scenarios have the same stage number of four, labels
A to D are used to represent the four stages and each stage
has three clusters. Based on the fracture length results, the
effect of stage spacing is not quite monotonic. The correla-
tion between stage spacing and fracture cluster length is
not clear.

Figure 6 shows the temporal changes in the fractured
volume and the fractured area during the 4-stage fracturing.
The fracturing of each individual stage leads to a sharp
increase in the fractured volume and area. The fractured vol-
ume results indicate that the 80m spacing leads to the great-
est volume while the 60m spacing has the lowest fractured
volume. The fractured area results show that the 40m spac-
ing leads to the highest fractured area.

3.1.3. Fracturing Fluid Injection Rate. The fracturing fluid
injection rate is a key parameter in designing the hydraulic
fracturing operations. It directly governs the amount of fluid
injected into the fractures, which are used to establish the net
pressure for fracture propagation. In this study, three fluid
injection rates of 10m3/min, 12m3/min, and 14m3/min are
simulated. Other parameters are the same as the base case.
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The geometries are shown in Figure 7. Compared to the
fracturing fluid injection rates 10m3/min and 12m3/min,
the fracturing fluid injection rate of 14m3/min leads to
a more nonuniform fracture geometry, and the nonuni-
form lengths are more significant between the first and
the second stages. This shows that an increase in injec-
tion rate leads to a more unevenly distributed fracture
network, and an increased injection rate corresponds to

an elevated fracturing interference between hydraulic frac-
turing stages.

Figure 8 shows the cluster-by-cluster comparison of frac-
ture length with various fluid injection rates. The correlation
between injection rate and fracture length is well in the first
stage (stage A). In the first stage, the longest fracture lengths
are obtained when the injection rate is 14m3/min, and the
fracture lengths decrease with the decrease in injection rate.
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The general trend is the same for stages B to D, while oscil-
lations in fracture length are observed. This is caused by the
nonuniform results obtained in the simulation for the frac-
ture mechanism.

In Figure 9, the stepwise increases in the fractured vol-
ume and area are plotted against fracturing time. In these
results, the correlation between the injection rate and the
fractured volume/area is clear. With the increase in frac-
turing fluid injection, the step-by-step fractured volume
and area and the final fractured volume and area both
increase. Since the total injection time is constant, a higher
fracturing fluid injection rate corresponds to a greater vol-
ume of fluid injected into the fractures for fracture initia-
tion and propagation.

Based on these parametric studies for the effect of frac-
ture stage/cluster design, stage spacing, and fracturing fluid
injection rate, stage spacing is less influential than stage/clus-
ter design and injection rate. The reduction of cluster num-
ber per stage and the increase in stage spacing help to
establish more evenly propagated fractures. The increase in

injection rate can elevate the interstage fracturing interfer-
ence by making the fracture lengths more uneven, while a
greater injection rate improves the overall fractured volume
and area.

The study in this section quantifies the hydraulic fracture
geometries in the horizontal well, and the effect of fracturing
interference is investigated in terms of fracture geometry.
However, the investigation of horizontal well productivity
requires results more than fracture geometry, and the
productivity-related parameters such as pore pressure and
hydrocarbon production should be quantified.

3.2. Productivity Modeling. In the previous section, fracture
geometry, fractured volume and area, and fracture length
are used as the variates to denote the effect of fracturing
interference. To further investigate the horizontal well pro-
ductivity, reservoir simulation techniques are used to calcu-
late the production of the horizontal well with different
hydraulic fracture geometries obtained in the previous frac-
turing modeling. Thus, the relationship between fracturing
interference and horizontal well productivity can be estab-
lished. In the modeling process, the fracture conductivity is
assumed to be constant in each fracture and it does not
change with time. The fracture conductivity is calculated as
the product of the fracture width and a constant permeabil-
ity value for the fracture. Modeling parameters are shown in
Table 2. Productivity over 2 years of production is reported.
Figures 10 and 11 compare the cumulative production of oil
over 2 years from horizontal wells with three different clus-
ter and stage designs, stage spacings, and fluid injection
rates.

In Figure 10, the use of six stages with two clusters in
each stage leads to the highest cumulative production. This
is because this strategy has the lowest fracturing interference,
and it can lead to even depletion within the low permeability
reservoir. The use of four stages with three clusters in each
stage (the base case) leads to intermediate cumulative pro-
duction performance. In contrast, the use of four clusters
in each stage results in a much lower cumulative oil produc-
tion curve. Combined with results in Figures 1 and 2, it is
noted that the use of four clusters in a stage largely inhibits
the growth of fractures, especially for the two inner fractures
in each stage. In this scenario, the average fracture length is
the lowest, leading to lower production performance.

In Figure 12, how stage spacing affects cumulative pro-
duction from a horizontal well is presented. In general, the
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effect of stage spacing is not as great as stage and cluster
design, and the differences in cumulative production results
are smaller. The base case of a 60m spacing yields the high-
est cumulative production, while the stage spacing of 40m
has the lowest cumulative production. Based on the observa-
tions in Figures 4 and 5, reducing the stage spacing to 40m
strengthens the fracturing interference and leads to uneven
fracture lengths, where the inhibition on the growth of cer-
tain fractures is also increased.

Cumulative oil productions from horizontal wells with
three fracturing fluid injection rates during the hydraulic

fracturing process are compared in Figure 11. Intuitively,
the highest injection rate corresponds to the greatest cumu-
lative production, and the lowest injection rate leads to the
smallest cumulative production, which is also correlated
with the fracture geometries and lengths in Figures 7 and 8.

Based on productivity modeling, the fracture geometry
and the horizontal well productivity can be generally corre-
lated: horizontal wells with longer fracture lengths and
weaker fracturing interference usually yield higher cumula-
tive production. However, the differences in horizontal well
productivity from multiple hydraulic fracturing design
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Figure 11: Cumulative oil production from horizontal wells with different fluid injection rates.
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scenarios cannot be directly quantified by hydraulic fractur-
ing modeling, and reservoir simulation has to be used to
obtain the detailed differences in cumulative oil production.

4. Discussion

Note that in this modeling study, planar hydraulic fractures
are considered while it is also possible to have nonplanar
hydraulic fractures generated in multistage hydraulically
fractured horizontal wells. Nonplanar fracture modeling
can better quantify the effect of stress interference on resul-
tant hydraulic fracture geometries. For example, curved frac-
tures with uneven lengths can be obtained using this
modeling technique. However, the focus of this study is on
the correlation between stress interference and horizontal
well productivity. As shown in Figure 13, hydraulic fracture
geometries directly govern the drainage area. After three
months of depletion, the pressure drop fronts are around
10m away from the fractures, indicating that the hydrocar-
bons within this area are being produced. Therefore, the frac-
ture length and the drainage area jointly govern the resultant
horizontal well productivity. In this workflow, the effects of
curvatures of nonplanar hydraulic fractures on horizontal well
productivity are weakened. In consequence, although planar
fracture modeling used in this study cannot characterize how
fractures are curved by stress interference, the obtained frac-
tures are unevenly distributed and the effects on fracture
lengths and the resultant drainage area are still honored.

5. Conclusion

In this modeling study, based on a numerical modeling
workflow, the relationship between the fracturing interfer-
ence during multistage hydraulic fracturing and horizontal
well productivity is established, which is the primary contri-
bution in the study. Using hydraulic fracture geometries to
quantify the effect of fracturing interference on productivity
is not comprehensive. Based on the modeled fracture geom-
etries including fracture length, fractured volume, and frac-
tured area, an estimate can be obtained for productivity.
However, quantitative understanding should be obtained
using a more comprehensive workflow including fracturing
modeling and productivity modeling. In conclusion,

(1) Reducing the cluster number within a stage, increas-
ing the spacing between two stages, and reducing the
fracturing fluid injection rate help to decrease the
negative impact of fracturing interference on multi-
stage and multicluster fracturing

(2) Fractured volume and fractured area are parameters
indicating the magnitude of the stimulated reservoir
volume/area. They are generally correlated with frac-
ture lengths. The temporal evolution patterns of
fractured volume and area are highly stepwise, which
corresponds to the sequentially fractured stages in
the field operation

(3) Productivity modeling results are generally corre-
lated with fracturing modeling results. However,

productivity modeling is capable of providing the
quantitative differences in cumulative production,
which directly shows the effect of fracturing interfer-
ence on horizontal well production performance

Nomenclature

σ: Stress tensor
n: Unit normal vector
�t: Traction boundary
p: Pressure, Pa
u: Displacement vector
w: Fracture width, m
μ: Viscosity, cP
so: Oil saturation
sw: Water saturation
ρo: Oil density, kg/m3

ρw: Water density, kg/m3

ϕ: Porosity
t: Time, s
v: Velocity, m/s
k: Permeability, m2

g: Gravitational acceleration, m/s2

Cw: Water compressibility, 1/Pa
Co: Oil compressibility, 1/Pa.
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