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Abstract: Minimum principal stress is a key factor governing the hydraulic fracturing behaviors in
shale oil reservoirs. Due to the existence of stress heterogeneity, the hydraulic fracture growth and
footprints can be affected, and the hydraulic fracturing efficacy can be consequently altered. This
phenomenon is especially common during the development of shale oil reservoirs associated with
continental sedimentary facies. This study uses a numerical workflow to analyze the effect of stress
heterogeneity on hydraulic fracture growth. The numerical workflow consists of an open-source
planar hydraulic fracturing model and a derived coupled flow and geomechanics model, which
can address the effect of minimum principal stress heterogeneity on hydraulic fracturing. Two
types of stress heterogeneity are considered: stress heterogeneity caused by legacy production in the
horizontal direction and stress heterogeneity caused by high-stress interlayers in the vertical direction.
Simulation results indicate that stress heterogeneity in the horizontal and vertical directions leads
to asymmetric fracture growth horizontally and vertically. The corresponding fracture footprints
and widths also become asymmetric accordingly. Thin interlayers cannot fully limit the fracture
growth, and the fracture height growth can still penetrate through. When the high-stress interlayers
are thick enough, the fracture cannot penetrate through them vertically, while the corresponding
fracture growth is no longer highly sensitive to the thickness of the interlayer.

Keywords: in situ stress; geomechanics; hydraulic fracture; numerical simulation; heterogeneity

1. Introduction

The successful development of shale oil reservoirs in many fields around the world
has demonstrated that the use of hydraulic fracturing techniques can help to improve
production efficiency [1–3]. The successful and efficient establishment of hydraulic
fracture networks in shale reservoirs is the key to commercial and sustained hydrocarbon
productivity [4]. If the fracturing design is not carefully optimized, unwanted fracture
networks can be obtained, and the resultant production performance can be limited [5,6].
Shale oil reservoirs are usually associated with marine facies and continental facies [7,8].
During the development of shale oil reservoirs associated with continental facies, it is
sometimes more difficult to obtain economic production due to the existence of thin
interlayers. These thin interlayers are usually characterized by stress heterogeneities
that impact the growth of hydraulic fractures, especially in the vertical direction, and
limit the depletion in hydrocarbon-bearing layers [9]. Multiple wells and multi-stage
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fracturing are often used in such reservoirs to improve productivity. To optimize this
process, it is important to understand the interaction between hydraulic fractures and
stress heterogeneities in the reservoir.

The existence of bedding layers and interlayers in shale reservoirs introduces het-
erogeneities and largely affects the propagation behaviors of hydraulic fractures [10–14].
Based on a finite element simulation using F-RFPA, it is suggested that the initiation,
propagation, roughness, and breakdown pressure are all largely affected by the existence
of heterogeneities [15]. Oparin et al. [16] analyzed the varying breakdown pressure in
multiple stress regimes and indicated that the use of open-hole logs and uniaxial com-
pressive strength data helped to understand the stress heterogeneity in a Saudi Arabian
case study. In an analysis of hydraulic fracturing growth in a lacustrine shale oil reservoir
where stress heterogeneity is strong, the brittleness index and the b-value are considered
key parameters controlling fracture length and the complexity of the geometry of fracture
networks [17]. They also presented another study [18] where a 3D model was implemented,
and the interface opening and fracture height containment effects were quantified. They
indicated that there is an interfacial sliding distance caused by the horizontal interface.
Stress heterogeneities are associated with the presence of faults, and stiff interlayers can
restrict the growth of hydraulic fractures as these layers have more intense stress [19].
Zia and Lecampion [20] proposed a planar 3D hydraulic fracture simulator. It solves the
growth of fluid-driven fractures, and the effect of fracture containment implemented by
interlayers’ stress heterogeneity is fully considered. Li et al. [10] and Li and Wu [11] pre-
sented a model for fracture height growth honoring the effect of bedding layers in shale
formations, and they quantified the shear slippage effect on height growth speed. In an
experimental investigation, the hydraulic fracture propagation patterns in interbedded rock
samples were analyzed. Three patterns of hydraulic fracture initiation and propagation in
the interbedded heterogeneity are identified, and fractures initiated in sandstone layers are
more likely to penetrate through the interfaces; the transitions zones in layered formations
can limit the height growth of fractures [21,22]. Chang and Hou [23] investigated the
fracture propagation behaviors in a continental shale oil reservoir in northwestern China
where the effects of interlayers and heterogeneous in situ stress cannot be ignored. A
1 MPa stress difference can lead to extended fracture height growth near the perforation
cluster, while stress differences of 3 MPa and 5 MPa strictly contain the fracture height
within certain layers. Chen et al. [24] and Ren et al. [25] both emphasized the importance
of using well logs in the determination of optimum perforation locations. They indicated
that the integration of geology, geomechanics, and fracture modeling can improve the
efficacy of well completion in interlayered payzones. In glutenite formations with strong
heterogeneity and lithology variability, Huang et al. [26] concluded that the negative effect
of heterogeneity on fracture propagation in formations with large gravels and low gravel
strengths is limited.

Except for stress heterogeneities caused by interlayers and stiff layers, stress het-
erogeneities can also be caused by the poromechanical behaviors in the reservoir due to
depletion and injection of fluids through wellbores. Fluid injection and production are very
common in the development of hydrocarbon-bearing layers [27]. Based on poromechanics,
pore pressure changes can lead to complex geomechanical responses, such as displacement
and changes in normal and shear stresses [28]. As a result, fluid injection and produc-
tion associated with petroleum engineering lead to stress heterogeneities as well [29–32],
and this type of dynamic stress evolution during the exploitation of hydrocarbons is also
investigated in the literature. Several coupling methods for the porous media flow prob-
lem and the geomechanics problem are compared, and it is noted that the full coupling
method can preserve numerical accuracy and stability [33]. Roussel et al. [34] quantified
the heterogeneous stress distribution caused by horizontal well depletion and proved
that depletion-induced stress heterogeneities can alter the growth patterns of hydraulic
fractures. Safari et al. [35] further presented a workflow to calculate the stress alterations
caused by poromechanics, and they indicated that the resultant curved hydraulic fracture
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paths can be controlled or mitigated by adjusting the operation schedules in the horizontal
wells. Effects of rock mechanical properties and depletion volume on the heterogenous
stress evolution in the reservoir are also quantified in a series of studies, and it is found
that it is possible for the total stress to increase in the early stage even when there is strong
pressure depletion, and loading fluids in produced wells can help to mitigate the stress
heterogeneity caused by poromechanical effects [36].

Since the stress heterogeneity caused by the existence of interlayers and depletion/injection-
induced geomechanical behaviors has impacts on the hydraulic fracturing paths and ge-
ometries, it is meaningful to carry out a qualitative analysis of these effects on hydraulic
fracture propagation patterns. In this study, a numerical workflow is implemented for
a typical shale oil reservoir associated with continental facies, where an open-source 3D
planar fracture simulator PyFrac and a derived finite element model for coupled flow and
geomechanics are involved. The effects of interlayers and the production of neighboring
wells are specifically analyzed. This study provides a reference for hydraulic fracturing
designs in the fields, especially in shale oil reservoirs characterized by thin interlayers and
multiple-well development.

2. Methodology

In this study, a numerical workflow is employed. The workflow consists of two
sections: an open-source planar fracture simulator and a derived finite element model for
coupled flow and geomechanics. Specifically, the open-source planar fracture simulator is
from Zia and Lecampion [20], where a typical linear elastic hydraulic fracture problem for a
3D planar fracture is considered, and the coupled flow and geomechanics model considers
single-phase porous media flow and linear elasticity. The workflow is based on elasticity
and poroelasticity.

The methodology of hydraulic fracturing modeling is based on an existing open-
source simulation package based on Python. The fracture surfaces are governed by traction-
separation-based criteria, and the opening and sliding behaviors can be quantified. Relevant
parameters include fluid pressure, viscosity, rock strength, and permeability. The model
solves the governing equations iteratively, and modeling parameters are changed as the
fracture propagates through the rock.

The planar hydraulic fracture simulator solves the elastic deformation and the opening
model fracture under quasi-static momentum balance. The fracture width or the normal
displacement discontinuity is solved. A typical lubrication approximation for the fluid
flow inside the fracture is used in the simulator, where a slightly compressible fluid is
considered. The leak-off effect is described by Carter’s model. The numerical solution to
the model is based on the implicit level set algorithm [20,37,38].

In the fracture model, based on the derivation from Zia and Lecampion [37], the
evolution of the area of a planar fracture in a homogeneous and isotropic material can be
represented as:

T(x, y, t)− σ0(x, y) = − E′

8π

∫
A(t)

w(x′, y′, t)dA(x′, y′)[
(x′ − x)2 + (y′ − y)2

]3/2 (1)

where T and σ0 are the normal components of the traction and the far-field compressive
stress. The fracture opening of w is non-negative. Intrinsic fracture roughness is also used
in the fracture criterion. The contact conditions of (w− wa) > 0 and (T − p)(w− wa) > 0
jointly govern whether the fracture is mechanically open.

The fluid flow within the fracture is described by mass conservation and the lubri-
cation approximation:

∂w
∂t

+ c f w
∂p
∂t

+∇·q + vL = Q(x, y)δ(x, y) (2)
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where vL and q are the fluid velocity for the leaking out and the fluid flux in the fracture,
respectively. The leak-off velocity can then be written as:

vL =
2CL(x, y)√
t− t0(x, y)

(3)

In the equation above, CL is the widely used term for Carter’s leak-off coefficient, and
it is related to the properties of the fracturing fluid and the rock.

The coupled flow and geomechanics model for the modeling of fluid injection/production-
induced stress heterogeneity is achieved through a typical poroelastic assumption [27,39]. A
single-phase fluid is considered in this problem. The mass balance and fluid flow diffusivity
are written as:

∂(φρ)

∂t
+∇·(ρu) = s (4)

where φ represents the porosity; ρ represents the density; t represents the time during
injection or production; u is the flow velocity; and s is the sink and source term, where the
sink indicates production and the source indicates injection of fluid.

Since the fluid flow in the porous media is slow, it can be approximated as Darcy’s
flow [40]:

u = − k
µ
(∇p + ρg) (5)

where k represents the permeability and µ represents the viscosity, and the entire term
represents mobility; p is the fluid pressure in the porous media. g represents the effect
of gravity.

Similar to the fluid flow model in the fracture in the fracture simulator, a slightly
compressible fluid assumption is also used. Compressibility is written as:

c =
1
ρ

∂ρ

∂p
(6)

The poroelastic theory is employed to couple the fluid flow problem and the geome-
chanical problem. The momentum balance equation is written as:

∇·σ = 0 (7)

where σ represents the stress tensor. The total stress term considers pore pressure, Biot’s
coefficient, and effective stress.

The planar 3D fracture model has been validated with the penny-shaped fracture
propagation in a homogeneous medium and with the analytical PKN solutions [20]. The
coupled flow and geomechanical model have been validated with Mandel’s problem and
McNamee-Gibson’s problem. The simulation results are matched against the two analytical
solutions to the pressure changes induced by solid deformation [39].

3. Results and Discussion

In this section, the effect of stress heterogeneity on the fracture propagation behaviors
is numerically analyzed in a synthetic shale oil reservoir, and the types of stress hetero-
geneity considered in this study include the heterogeneity caused by the coupled flow and
geomechanical behaviors and the one caused by the existence of interlayers.

Simulation cases are designed based on realistic scenarios in a continental shale
reservoir in eastern China. The target layers are characterized by significant stress contrasts
and strong interlayering. Multiple payzones are located within a depth range of 200 m,
indicating that thin payzones and interlayers are significantly stacked. In such cases, the
placement of perforation clusters should be carefully determined since it directly affects
whether the stimulated fractures can vertically penetrate through interlayers containing
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the perforated layer. Additionally, legacy production-induced stress heterogeneities also
have an impact on newly stimulated hydraulic fractures.

Two sets of simulation scenarios are considered in the numerical analysis. In the first
case, the effect of depletion-induced heterogeneities is quantified. This case is focused
on the variation and heterogeneity in the horizontal direction. The original stress field is
strictly uniform, and the heterogeneity is caused by the depletion of a nearby producing
well. After the depletion-induced stress heterogeneity is established, the hydraulic fracture
propagation process in a new location is studied. In the problem setup, the depletion
location is 25 m outside the right boundary, and the new hydraulic fracture initiation
location is at the center of the domain. The distance is, therefore, 50 m between the new
fracture initiation and the legacy production. In this problem, although the stress field
is horizontally heterogeneous due to depletion effects, other rock mechanical and rock
physical parameters are uniform. These parameters include permeability, porosity, Young’s
modulus, Poisson’s ratio, and density of the formation rock. In the second case, the stress
heterogeneity in the vertical direction is studied. In this case, the heterogeneity is no longer
caused by depletion. It is caused by the presence of an interlayer with a stress magnitude
other than the rest of the domain. Its presence can contain the height growth and lead to
heterogeneous propagation profiles. In this case, the hydraulic fracture is initiated at the
center of the domain. A certain thickness is assigned to the interlayer. Uniform modeling
parameters are assigned to the interlayer and to the rest of the domain. Figure 1 shows the
setup of the two problems.
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3.1. Effects of Stress Heterogeneity Caused by Coupled Flow and Geomechanics

Legacy production can alter the stress field. As a result, the value of the minimum
horizontal stress can be affected, and stress heterogeneity is induced. Fracture propagation
from new wells is consequently affected. In this study, the legacy production in a horizontal
well and its induced coupled flow and geomechanics response in the reservoir are simulated.
Then, hydraulic fracturing in a new well 50 m away in the same layer is simulated. Thus,
the effect of stress heterogeneity caused by parent well production can be quantified.

The simulation parameters are in Table 1. The permeability is 0.05 mD, and the
porosity is 8%. The initial pressure in the reservoir is 20 MPa, and the bottom hole pressure
during the legacy production in the old well is 10 MPa. The Young’s modulus of the rock
is 27 GPa, and the Poisson’s ratio is 0.25. The density of the rock is 2600 kg/m3. The
minimum horizontal principal stress is 30 MPa, and the maximum horizontal principal
stress is 35 MPa. Figure 2 records the pressure drops and stress changes in the reservoir
during 24 months of legacy production in the old horizontal well. The stress changes
presented here are the minimum horizontal principal stress, as it is a key factor governing
the propagation behaviors of hydraulic fractures. The results indicate that the pressure
drop is largely affected by the production time. Two years of production largely depletes
the reservoir. It is also noticed that the left boundary (x = 0 m) is not significantly affected
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by the old well production 50 m away. Comparatively, it is noted that the distribution of
the minimum horizontal principal stress has similar patterns. This is because the pressure
distribution is highly correlated with the total stress distribution, and the magnitude of
effective stress changes is not as significant as the magnitude of pressure decreases. Based
on the numerical results, it can be deduced that when a new fracture starts to propagate
from the left boundary of the domain, the minimum principal stress governing the opening
fracture of the rock changes as the fracture propagates, and the resultant fracture geometry
is affected. Since the early-stage depletion causes effective stress increases in reservoir
areas not significantly depleted, the area near the left boundary can endure slight increases
in total stress. This phenomenon can also lead to the asymmetric propagation of the two
wings of a newly propagated fracture.

Table 1. Simulation parameters in the first simulation case.

Simulation Parameter Value

Permeability 0.05 mD

Porosity 8%

Initial pressure 20 MPa

Production pressure in the nearby well 10 MPa

Young’s modulus 27 GPa

Poisson’s ratio 0.25

Rock density 2600 kg/m3

Minimum horizontal principal stress 30 MPa

Maximum horizontal principal stress 35 MPa
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Figure 2. One-dimensional pressure and minimum horizontal principal stress changes caused by the
legacy production in the old well.

After the calculation of the pore pressure profiles and the minimum horizontal princi-
pal stress, hydraulic fracture propagation from the new well is considered. The 3D planar
fracture growth is obtained by the hydraulic fracturing simulator.

The fracture propagation behaviors at four different depletion stages (6 months,
12 months, 18 months, and 24 months) are investigated. Thus, the relationship between
the stress heterogeneity caused by legacy production and the new well hydraulic frac-
turing can be quantified. In the simulation of the hydraulic fracture growth, the rock’s
mechanical properties are the same as the modeling of the coupled flow and geomechanics
process. A plane strain consideration is employed in the modeling process. The minimum
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horizontal principal stress distributions are obtained from the previous coupled flow and
geomechanics simulation. A constant pumping rate of 0.002 m3/s is used.

In Figure 3, the fracture footprints after 1 s, 10 s, 20 s, and 30 s of fracturing are plotted
at four distinct time steps. Note that, compared to Figure 2, only the 0~25 m section is
considered, and the legacy production location in Figure 2 is not included in the fracture
simulation domain in Figure 3. They are 6 months, 12 months, 18 months, and 24 months
of legacy production in a neighboring well. The vertical coordinates on the right represent
the confining stress values in the domain. The results indicate that the stress heterogeneity
introduced by the legacy production leads to asymmetric fracture geometries. The half-
lengths of the left wings are not identical to the right wings. Although the initial fractures
are elliptical, the heterogeneous stress field affects the propagation of fractures, and fracture
footprints are not elliptical during the fracture growth. The minimum stress is not strictly
monotonically changing as the depletion is not significant near the new fracturing location.
In the results for 12 months and 18 months of legacy production, the fractures on the right
wings are actually inhibited by the increased stress near the new fracturing location. This
is because the legacy production from the location 50 m away has not induced significant
depletion at the new fracturing location while deformation is already accumulated. This
effect is not observed in the results after 6 months and 24 months of legacy production
since more monotonically decreasing patterns for the minimum stress are obtained in these
two cases.
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Figure 3. Fracture footprints obtained after 6 months, 12 months, 18 months, and 24 months of legacy
production. At each time step, the fracture footprints are shown for 1 s, 10 s, 20 s, and 30 s after
fracturing. Footprints extending with time correspond to the results at 1 s, 10 s, 20 s, and 30 s.

Figure 4 shows the width of the fractures after 6 months of legacy production. In
this figure, the contour plot is the fracture profile with fracture width marked with
different colors. The dotted curves are fracture width values along the horizontal line at
four different fracture propagation times. The fracture width from the top view and the
width profiles along the line y = 0 m at 1 s, 10 s, 20 s, and 30 s are also shown. During
the simulation, the maximum width reaches 0.46 mm. At the beginning of fracture
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propagation, the profile of the fracture width is relatively symmetric. At fracturing time
steps of 10 s, 20 s, and 30 s, the width profiles become more asymmetric due to the effect
of stress heterogeneity. At 30 s, the maximum width is no longer located at the center
of the domain. The maximum width location moves to the right as there is a decrease
in Shmin. It is also observed that the width increases are more drastic in the right wings.
The contour plot in Figure 4 shows the fracture width distribution obtained by the 30 s
fracturing. The boundary of the fracture footprint has relatively small widths, while the
central area of the fracture has greater widths.

Figure 4. Fracture width from the top view and along the line y = 0 m for fracture footprints obtained
after 6 months of legacy production.

Figure 5 shows the fracture width profiles for the hydraulic fracturing behavior
after 12 months of legacy production at a neighboring location. Due to the increase in the
minimum principal stress in the right half of the domain, it can be noted that the fracture
widths on the right are generally narrower than those on the left. Higher minimum stress
makes it more difficult to propagate, and the resultant fracture widths are reduced. The
difference between the fracture width results in Figures 4 and 5 is in accordance with
the results in Figure 3. This comparison shows that the wings with longer half-lengths
tend to have greater widths. The maximum width location at the last time step is on the
left due to the effect of stress heterogeneity. The fracture width results obtained after
18 months of legacy production are shown in Figure 6. Similar to the results for fracturing
after 12 months of legacy production, the minimum principal stress here is also slightly
increased on the right due to the coupled flow and geomechanical effect. Therefore,
the half-lengths and fracture widths for the left wings are greater than the right wings.
The fracture width profiles obtained after 24 months of legacy production are shown in
Figure 7. After 24 months of legacy production, the effect of pressure depletion becomes
more significant, and the total stress increase caused by the compressive effective stress
increases is no longer significant at the fracture paths of the right wings of the fractures.
The maximum width occurs in the left half of the domain, indicating that the effect of
total stress increase still exists while its magnitude is no longer significant.

Figure 5. Fracture width from the top view and along the line y = 0 m for fracture footprints obtained
after 12 months of legacy production.
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Figure 6. Fracture width from the top view and along the line y = 0 m for fracture footprints obtained
after 18 months of legacy production.

Figure 7. Fracture width from the top view and along the line y = 0 m for fracture footprints obtained
after 24 months of legacy production.

Based on the fracture footprint results and the fracture width profiles, it is noted that
the minimum stress values in the right half of the domain oscillate with legacy production
time. The maximum width occurs in the right domain for the 6-month legacy production
scenario, while it occurs in the left domain for the other three scenarios.

The temporal changes in the minor axis and major axis lengths of the fractures prop-
agated in different minimum principal stress scenarios are compared in Figure 8. The
changes in the minor axis represent the height of the fracture footprint versus fracturing
time. It focuses on the temporal change in the footprint in the minor axis. The minor axis
of the fractures (in the y direction) evolves in 30 s of hydraulic fracturing. In general, the
fracture propagates faster in the early stage and slower later on, and this is indicated by the
change in the slope of the curves.

3.2. Effects of Stress Heterogeneity Caused by the Presence of Interlayers

The previous section discusses the effect of stress heterogeneity caused by legacy
production and coupled flow and geomechanical behaviors on hydraulic fracturing in
a new location. In the previous section, the heterogeneous stress varies in the x (or the
horizontal direction). In this section, stress heterogeneity that varies in the y (the vertical)
direction is studied. This type of stress heterogeneity often exists in shale oil reservoirs
associated with continental facies where interlayers introduce varying minimum principal
stress magnitudes at different depths. In this study, a thin layer is located 1 m near the
fracturing point, and three interlayer thicknesses of 0.1 m, 0.5 m, and 1.0 m are simulated.
The resultant hydraulic fracture footprints and width profiles are obtained. The minimum
principal stress is 30 MPa, which is the same as the original minimum principal stress in
the previous section, and the minimum principal stress in the interlayer is 32 MPa. The
stress difference is 2 MPa. Simulation parameters are shown in Table 2.
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Figure 8. The temporal changes in minor axis and major axis lengths of the fractures propagated in
different minimum principal stress scenarios (6 months, 12 months, 18 months, and 24 months).

Table 2. Simulation parameters in the second simulation case.

Simulation Parameter Value

Interlayer location 1 m above the fracture initiation location

Minimum principal stress in the shale reservoir 30 MPa

Interlayer thicknesses considered in the case 0.1 m, 0.5 m, and 1.0 m

Minimum principal stress in the interlayer 32 MPa

Permeability 0.05 mD

Porosity 8%

Initial pressure 20 MPa

Young’s modulus 27 GPa

Poisson’s ratio 0.25

Rock density 2600 kg/m3

Figure 9 shows the comparison of fracture footprints at 1 s, 10 s, 20 s, and 30 s of
hydraulic fracturing with a pumping rate of 0.002 m3/s. The horizontal lines in the plots
represent the thin interlayer with a 2 MPa stress difference. The stress difference leads to
fracture height containment and affects the fracture geometries.

Figure 10 shows that the 0.1 m interlayer cannot effectively contain the vertical growth
of the hydraulic fracture, and the fracture footprints extend continuously from the be-
ginning. However, it is noted that the existence of the thin layer still inhibits vertical
growth, and the upper half of the fracture footprints are shorter than the lower half. It
indicates that a very thin interlayer cannot fully contain the fracture height to a certain
layer, while its existence can restrict the height growth to a certain degree. Compared to the
results in Figure 3, it can be noted that the vertical stress heterogeneity leads to symmetric
fracture footprints horizontally and asymmetric fracture footprints vertically, while the
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horizontal stress heterogeneity leads to relatively symmetric fracture footprints vertically
and asymmetric fracture footprints horizontally.
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Figure 10. Fracture width from the top view and along the line y = 0 m for fracture footprints when
the interlayer thickness is 0.1 m.

When the interlayer thickness increases to 0.5 m with a stress difference of 2 MPa,
the fracture containment effect becomes significant, and the fracture footprints are fully
restricted to the layer where the initial fracture is at. As a result, while horizontal symmetry
is obtained, the fracture footprints are vertically asymmetric. The difference in the fracture
footprints in the case with a 0.5 m interlayer and in the case with a 0.1 m interlayer indicates
that, as the thickness of the interlayer increases, the fracture containment effect increases. A
very thin interlayer cannot fully contain the fracture to a certain layer.

In the case with a 1.0 m thick interlayer, the fracture footprints are contained in
the original layer, and the fracture propagates symmetrically in the horizontal direction.
Compared with the 0.5 m interlayer case, the shapes of the fracture footprints are similar.
It means that when the interlay is thick enough to contain the vertical growth of a
fracture, the propagation behaviors below the interlayer are not quite sensitive to the
thickness of interlayers. Due to the influence of the interlayer, the fracture footprints are
no longer elliptical.

Figure 11 shows the fracture width profiles for fracture footprints when the inter-
layer is 0.1 m thick. Since the fracture height containment effect is not strong in this
scenario, the evolution and distribution of width profiles along the line y = 0 m are
similar to the typical elliptical fracture footprints. As the fracturing time increases, the
maximum width increases, and it is always located at the original fracturing point due
to symmetry. This is different from the cases with horizontal stress heterogeneity in
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the previous section. Figure 12 shows the fracture width results for the case with an
interlayer thickness of 0.5 m. As the thickness increases, the fracture height growth
upward is contained, and it is directly reflected by the changes in the fracture width
results. At the fracturing time of 1 s, the width at the original point is still increasing. The
fracture width at the center of line y = 0 m stops to increase from 10 s to 30 s. This means
that when the fracture growth in the vertical direction reaches the interlayer and stops
growing vertically, the width also stops increasing at the central point. However, the
other locations in line y = 0 m still endure width increases as fracturing time increases.
When the interlayer thickness increases to 1.0 m, the fracture width distribution and
width profiles in Figure 12 are similar to those in Figure 11. This again indicates that
when the interlayer is thick enough, the containment effect caused by vertical stress
heterogeneity does not affect the fracture growth pattern much.
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Based on the numerical results, it can be observed that the horizontal stress hetero-
geneity leads to asymmetric fracture growth, and the vertical stress heterogeneity leads
to the containment of the vertical growth of fractures. In hydraulic fracturing designs,
it is important to characterize the stress contrasts in multiple layers. In this numerical
analysis, when the interlayer thickness is equal to or less than 0.1 m, the containment
effect can be neglected. It can be assumed that the fracture obtained from a certain
layer can finally penetrate neighboring layers. However, when the interlayer is thicker
than 0.5 m, the fracture height cannot penetrate through interlayers. If the payzones are
located in multiple layers, perforations should be placed correspondingly, as it is likely
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that the stimulation through perforations in a single layer cannot result in a fracture that
connects multiple layers.

4. Conclusions

In this study, a numerical workflow is used to analyze the effect of stress heterogeneity
horizontally and vertically. The numerical workflow consists of a derived coupled flow
and geomechanics simulator and an open-source planar fracture simulator. The stress
heterogeneities in the horizontal direction and in the vertical direction are attributed to
legacy production and the existence of high-stress interlayers. The planar fracture growth
patterns in these stress heterogeneities are simulated and discussed. In conclusion:

(1) In a horizontally heterogeneous stress field caused by the coupled flow and geome-
chanics effect during legacy production, the hydraulic fracture footprints and width
profiles become asymmetric. The maximum width location can be skewed due to
asymmetric fracture growth. Legacy depletion of 6 months is enough to lead to
asymmetric fracture geometries in newly fractured wells.

(2) In a horizontally heterogeneous stress field, an elevated minimum principal stress
makes it difficult to obtain greater half-lengths and fracture widths. When the effect
of pressure depletion outweighs the effect of compressive effective stress increase, the
fracture tends to propagate more easily toward the legacy production direction.

(3) In a vertically heterogeneous stress field with the existence of high-stress interlayers,
the fracture height growth can be restricted. When the interlayer is thin enough, the
fracture still penetrates through the interlayer with vertical asymmetry in fracture
footprints. When the interlayer becomes thicker, the fracture cannot penetrate through,
and the fracture footprints become less sensitive to the thickness of interlayers. Based
on the analysis in this study, interlayers thinner than 0.1 m cannot contain the growth
of fracture height, and the placement of perforations in a certain can lead to fractures
connecting multiple adjacent layers. Interlayers thicker than 0.5 m can effectively
contain fracture height growth and placement of perforations in multiple layers is
required if stimulation is required in these layers. Note that this is based on the
geomechanical setup used in this analysis, and the change in geomechanics can result
in different observations.
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