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Depletion-induced stress change causes the redistribution of stress field in reservoirs, which can lead to
the reorientation of principal stresses. Stress reorientation has a direct impact on fracture propagation of
infill wells. To understand the effect of stress reorientation on the propagation of infill well's fractures, an
integrated simulation workflow that combines the reservoir flow calculation and the infill well hydraulic
fracturing modeling is adopted. The reservoir simulation is computed to examine the relationship be-
tween the extent of stress reversal region and reservoir properties. Then, the hydraulic fracturing model
considering the altered stress field for production is built to characterize the stress evolution of sec-
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Keywords:
Infill well ondary fracturing. Numerical simulations show that stress reorientation may occur due to the decreasing
Depletion of the horizontal stresses in an elliptical region around the parent well. Also, the initial stress difference is

Hydraulic fracture
Stress reorientation
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the driving factor for stress reorientation. However, the bottom hole pressure, permeability and other
properties connected with fluid flow control timing of the stress reorientation. The decrease of the
horizontal stresses around the parent well lead to asymmetrical propagation of a hydraulic fracture of
the infill well. The study provides insights on understanding the influence of stress reorientation to the
infill well fracturing treatment and interference between parent and infill wells.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

1. Introduction

Infill well fracturing technology is able to improve the reser-
voir's production efficiency. Figuring out the stress change caused
by parent well's fracturing process and subsequent production is
important for implementing infill well fracturing. The opening of
the fracture and decrease of the pore pressure alter the stress field
around the wellbore and fractures. Consequently, the direction of
the maximum and minimum horizontal stressed is deviated from
the original trend and the fracture propagation is influenced. Thus,
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it is vital to explore the mechanism behind the fracture propagation
under the effect of stress reorientation. This topic is first studied by
Mack and Elbel (1994) who find that along with the production,
stresses within the depletion region decrease and the stress com-
ponents in the direction parallel to the fracture decrease faster than
the stress components in the direction perpendicular to the frac-
ture. A reorientation theory is summarized based on this finding.
This theory is improved by Siebrits et al. (1998) who bring up the
concept of stress reversal region and analyze the influence of
various reservoir properties by using a 3D simulation model.

The concept of stress reversal region is illustrated in Fig. 1. At the
beginning, the direction of the maximum horizontal stress (0hmax)
is parallel to the initial vertical fracture plane. During production,
the stress parallel to the hydraulic fracture plane decreases faster
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Fig. 1. Concept of stress reversal region (modified from Siebrits et al., 1998).

than the stress in the direction perpendicular to it. Therefore, this
alteration makes it possible to overcome the initial horizontal stress
contrast between the minimum horizontal stress (¢hmin) and epmax-
As aresult, the stress reversal region develops around the fractures.
In this case, refracturing at the same place could create a new
fracture which initially propagates orthogonally to the initial frac-
ture. Once it extends beyond the “isotropic point” at which the
stresses in the two perpendicular directions are equal, the
maximum principal stress switches back to its original direction,
causing the secondary fracture to rotate back to be parallel to the
initial fracture. The refracturing treatment makes use of this phe-
nomenon so that the new fractures might intersect the region with
more residual oil and higher fluid pressure (Elbel and Mack, 1993;
Zhang and Dontsov, 2018). However, this phenomenon does not
always occur in the field. The stress reorientation depends on many
factors including the initial horizontal stress contrast, permeability,
production rate and pore pressure drawdown (Li et al., 2006; Tan
et al,, 2020; Zeng et al., 2015; Zhai and Sharma, 2007; Zhu et al,,
2021). In order to better understand the hydraulic fractures’ devi-
ation within the altered stress field, Berchenko and Detournay
(1997) defined two dimensionless quantities: stress deviator and
dimensionless time to minimize the number of independent pa-
rameters. Many simulation models are built to analyze the rela-
tionship among these factors and the extent of the stress reversal
region, but few considered the coupled poroelastic mechanical ef-
fect on the stress reorientation (Aghighi et al,, 2009; Chen and
Teufel, 2001; Lin et al., 2020; Roussel, 2011). The opening of a
propped fracture has been proved to be a source of the stress
reorientation as well (Warpinski and Branagan, 1989). Roussel and
Sharma (2010) discussed the effect of poroelastic stress and stress
induced by mechanical opening of hydraulic fractures together
instead of independently and found that they are dependent on
each other in a complex way, rather than being simply additive.
One of the applications of the stress reorientation analysis is for
infill well optimization. The key to a successful infill well fracturing
is to make as large fracture surface area as possible and to penetrate
less into the depleted zones. There are numerous previous works
that focus on the fracture propagation within the perturbed stress
field (Bruno and Nakagawa, 1991; Gao et al., 2019; Li et al., 2017;
Zhang et al., 2015). All these studies demonstrate that non-uniform
pore pressure field does affect the initiation and propagation pro-
cess of hydraulic fractures. Recently, Gupta et al. (2012) uncovered
that reservoir depletion from parent wells can have detrimental
impacts on fracture propagation of infill wells, and subsequently
lowers the well productivity. In particular, in the case of low hori-
zontal stress anisotropy, the intermediate stress direction is shown
to reorient parallel to the infill well, potentially leading to
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longitudinal fractures. Not only production from offset wells im-
pacts fracture propagation in the infill region, but stimulation of the
infill well has also been shown to affect production in the offset
wells, either positively or negatively (Ajani and Kelkar, 2012; Gupta
et al., 2012). In some cases, production in the offset wells may even
be completely suppressed. Safari et al. (2017) proposed to take
advantage of the in-situ stress changes to prevent interference
between the wells. Within the stress reversal region, direction of
the maximum principal stress is deviated, which means that the
infill well fractures may be deviated away from the preexisting
wells.

There is an extensive documentation of the pressure interfer-
ence in shales aiming to achieve economic benefit of increased
production from the infill well (Ajani and Kelkar, 2012; Sahai et al.,
2012). But in the case of infill drilling, hydraulic connection might
not be the limiting factor. Whether poroelastic stress interference
plays a bigger role than fluid flow interference depends largely on
the value of the in-situ stress contrast. In cases featuring large in
situ horizontal anisotropy, stress reversal is unlikely to occur and
fluid flow interference is then likely to dominate. Studying of the
impact of pressure-induced stress changes on fracture propagation
direction is by no means of recent interest (Berchenko and
Detournay, 1997). In tight gas plays, poroelastic stress interfer-
ence has been previously investigated and applied to the refrac-
turing of vertical wells (Roussel, 2011; Roussel and Sharma, 2010;
Siebrits et al., 1998; Tan et al., 2021; Tang et al., 2019; Warpinski
and Branagan, 1989; Yi et al., 2020).

Nevertheless, prediction of the behavior of hydraulic fractures
within the perturbed stress field is a challenging task. The main
objective of this study is therefore to investigate the propagation
process of the fractures within the nonuniform stress field. How-
ever, it is common not to simulate the hydraulic fracturing process
and production with the same model because these two processes
have different nature and occur at different time scales. Therefore,
the following workflow that combines the advantages of finite
difference method and distinct element method is applied in this
study. It is possible to obtain the stress field which has already been
altered by the depletion in reservoir model by using finite differ-
ence method and model the hydraulic fracturing process by using
the distinct element method with the input of the altered stress
field. Thus, this study contains two parts and the first step is to
examine the relationship between the extent of stress reversal re-
gion and reservoir properties. A set of dimensionless parameters is
introduced to quantify the impact of mechanical properties, pro-
duction parameters and geometry of the fractures to the stress
reorientation. The sensitivity analysis of these variables is per-
formed to illustrate the best practice of the infill well fracturing
treatment. Then, the fracture propagation from a horizontal infill
well and its sensitivity to stress reorientation is investigated. This
work provides some insights on understanding the influence of
stress reorientation to the infill well fracturing treatment and
interference between parent and infill wells.

2. Model setup
2.1. Numerical scheme

The finite difference method code FLAC3D is used to calculate
the temporal and spatial evolution of the stress field in the vicinity
of injection/production wells, which is able to simulate the rock
deformation induced by pore pressure change(ltasca Consulting
Group Inc, 2011). Two main mechanical processes are included in
this simulation: (1) the effective stress varies with the pore pres-
sure, which affect the response of the rock, and (2) the fluid pres-
sure reacts to volumetric deformations of the rock. The following
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equations considering Darcy's law, the fluid mass balance, me-
chanical constitutive laws and pore pressure are given to describe
the hydro-mechanical coupling.

The fluid transport in a porous material is described by Darcy's
law:

a0
Yox k

qi=—k (1)

(P - Pkagk>

where ¢; is the specific discharge vector, P is pore pressure, py is
fluid density, g is gravity vector. i (j, k) take the values 1, 2, 3. kf} is
apparent mobility coefficient, which is a function of fluid
saturation.

The fluid mass balance is formulated as:

(2)

where gy is the volumetric fluid source intensity. { is the variation of
fluid content or variation of fluid volume per unit volume of porous
material.

The balance of momentum has the form:

(3)

where oj; is stress, 1; is velocity, t is time. p = @p¢ + pq is the bulk
density, ¢ is porosity, and pq is the density of the dry porous
material.

The variation of fluid volume is determined by P and ¢ (me-
chanical volumetric strains). The response equation for the pore
fluid is expressed as:

10P_of
M ot ot
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where M is Biot modulus, and « is Biot coefficient.
The elastic relations (constitutive law) that relate effective
stresses to strains are formulated as (small strain):

a,-jfag+a(1>7p°)5,-j:2(;é,-jm+ <1<£G>ékk5,j4t (5)

3

Where &;; is the strain rate, ¢ is the Kronecker delta, At is time step.
K and G are bulk modulus and shear modulus of the porous ma-
terial, respectively. The superscript © refers to the initial state.

The relation between strain rate and velocity gradient
(compatibility equation) is:

1oy o
= | 4+
2 aX] ax,-

(6)

&jj

The three-dimensional distinct element code 3DEC is employed
in this study for the hydraulic fracturing modeling of an infill well,
which is suitable for modeling a discontinuous medium that con-
sists of blocks and discontinuities (Cundall, 1988; Hart et al., 1988;
[tasca Consulting Group Inc, 2016). In this study, the rock mass is
modeled as an assemblage of deformable rock blocks. Each indi-
vidual block is discretized into an internal mesh consisting of
tetrahedral zones that is used for finite difference calculations,
while the joints represent interactions between the rock blocks
through their boundaries. An explicit time stepping algorithm is
employed for the mechanical calculation. At each time step, the
constitutive equations are solved to calculate the stress in the
whole domain. With the updated nodal force based on the updated
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stresses, the equations of motion are solved at all grid points to
calculate velocities that are utilized to obtain the new strain rates.
The integration of the equations of motion provides the new block
positions and contact displacement increments. The joint forces are
then updated based on the joint constitutive laws and applied to
the blocks in the next time step. The fluid flow through the joints is
modeled by the two-way hydro-mechanical coupled analysis in
which the joint aperture and hydraulic conductivity depend on the
mechanical deformation of the rock blocks, while the fluid pressure
also affects the mechanical deformation of the rock blocks. The
propagation of fluid-driven fractures is implemented by breaking
the joints along the predefined joint plane in either tensile or shear
mode (Huang et al. 2019, 2020; Yin et al., 2020; Zhang et al., 2019;
Zhang and Mack, 2017).

2.2. Model geometry

A reservoir production model is built to get the altered stress
field by using FLAC3D. The model is implemented in three di-
mensions and contains a rectangular hydraulic fracture. The model
configuration is illustrated in Fig. 2 and the reservoir properties that
are used for the base case are summarized in Table 1.

The model consists of three layers including two bounding
layers and one reservoir layer as the pay zone. The two bounding
layers have the same heights and the layer of the reservoir has a
variable height since the thickness of the pay zone may influence
the extent of the stress reversal region (Siebrits et al., 1998). The
reservoir properties are taken from the field case of Ordos Basin,
China. The mechanical properties (Ep, vp) of the layers bounding the
reservoir are different from the properties of the pay zone layer (Ej,
vp). The flow is restricted to the reservoir layer by applying an
extremely low permeability in the two bounding layers. The whole
model is assumed to be elastic, homogeneous and isotropic except
that the permeability is different in the horizontal and vertical di-
rections. The boundary conditions for the model are illustrated in
Fig. 3 and can be summarized as:

@ Fixed pore pressure at the face of the fractures

@ Constant stress applied along the outer boundary of the
domain: 0, = 0y, Oxx = Chmax Oyy = Ohmin

® The outer boundary of the model is impermeable

@ Fixed bottom hole pressure for production

Considering the effect of boundary, the predefined hydraulic
fractures are placed at a distance from the boundary equal to at
least three times of the half fracture length in order to avoid the
impact of boundary condition on the extent of the stress reversal
region. Constant in-situ stresses are applied at the outer boundary
of the model. The bottom of the model is fixed. The hydraulic
fracture is created by firstly splitting the grid points along the
specified fracture surface and then by applying pressure to the two
fracture surfaces. Consequently, a rectangular fracture volume is
formed. Then, beam elements are used as proppant to make sure
that the fractures remain open during depletion.

The in-situ stresses in the hydraulic fracturing model are defined
by importing the stress field calculated by reservoir model. The
reservoir and surrounding rock matrix in the hydraulic fracturing
model are assumed to be elastic, homogeneous, and isotropic. Fig. 4
shows the 3D model constructed for the fracture propagation
analysis. The properties used in the hydraulic fracturing model are
the same as the ones used in the reservoir model. The hydraulic
fracturing model has smaller dimensions compared with the model
in the reservoir model in order to assure that the altered stress field
from the reservoir model can cover the whole region. The hydraulic
fracturing model contains one infill and one parent well. The two
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Fig. 2. The configuration of reservoir production model, a with a single hydraulic fracture, b with two hydraulic fractures.

Table 1

Geomechanical and reservoir properties for computation of the stress evolution due to depletion.
Parameters Value Parameters Value
Depth, m —1600~-1840 Young's modulus, GPa 20.1
Horizontal permeability, m? 1.90 x 10716 Poisson's ratio 0.16
Vertical permeability, m? 1.90 x 10721 Biot coefficient 0.783
Bottom hole pressure, MPa 10 Porosity 0.108
Minimum horizontal stress, MPa 27.52 Pore pressure, MPa 15.14
Maximum horizontal stress, MPa 28.66 Viscosity, Pa-s 0.00104
Vertical stress gradient, MPa/m 0.024

wells are parallel to each other and have a distance of 170 m be-
tween them. The fracturing fluid is assumed to be incompressible.

2.3. Dimensionless parameters

The former research has proven that there are typically 4 types
of dimensionless parameters affecting reservoir's stress reor-
ientation: dimensionless time, dimensionless stress deviator,
dimensionless fracture height ratio and dimensionless shear
modulus ratio (Berchenko and Detournay, 1997; Roussel, 2011;
Siebrits et al., 1998).

It has been well known that the stress reorientation phenome-
non is influenced by many parameters, such as the reservoir geo-
mechanical properties, wellbore pressure, horizontal stress
contrast, and the bounding layer properties. In order to minimize

Uw=‘7hmm

IREER R

L=

240m
160 m

9
¥
I

SRR

Ohmax

Hydraulic fracture

rrrrres

ttrttt

the number of relevant variables, Berchenko and Detournay (1997)
defined two dimensionless parameters: 7, the dimensionless time;
11, the ratio of the initial deviation stress to the difference between
initial reservoir pressure and well pressure.

Dimensionless time:

_Act_4k t Akt (7)
L SLE a(14v)(1-2v)
ML\ CEP +——1)F

where 7 is the dimensionless time, c is the fluid diffusivity, t is time,
Lys is the half length of the hydraulic fracture, k is permeability, u is
fluid viscosity, ¢ is porosity, S is hydraulic storage, v is Possison's
ratio, and E is the Young's modulus.

C,=0,

RENRREN

Y Pay zone
A

o i —— ——
hmax
160 m 240m
—>x

LI O

(b)

|
f T

Fig. 3. a Boundary conditions for the reservoir model (XY-plane) and b geometry of a vertical fracture in the reservoir model (XZ-plane).
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N Infill well
Y
X \/
Fig. 4. The configuration of the hydraulic fracturing model.
Dimensionless stress deviator:
H_S_O_ So _ Ohmax — %hmin (8)

o P Sy — py|

where II is the dimensionless stress deviator, Py is the initial
reservoir pore pressure, and P, is the bottom hole pressure. Sy is
far-field stress deviator. g+ is characteristic stress. When bottom
hole pressure is kept constant, P« equals difference between far-
field pressure and bottom hole pressure.

For 2D geometry, it is concluded that the production induced
stress is scaled by the dimensionless stress deviator and depends
only on the dimensionless time. But for the case of 3D geometry,
two new dimensionless parameters are introduced. The numerical
results by Siebrits et al. (1998) show that the layer bounding the
reservoir affects stress reorientation. Thus, Roussel (2011) proposed
two additional parameters to take into account the influence of the
reservoir height and the mechanical characteristics of the bounding
layers.

Dimensionless fracture height ratio:

e

Y—Lf 9)

where v is the dimensionless fracture height ratio, hris the height of
hydraulic fracture, Lt is the length of hydraulic fracture.
Dimensionless shear modulus ratio:

_Gb

ﬁ—Gp (10)

where § is the dimensionless shear modulus ratio, Gy, is the shear
modulus of bounding layer, G, is the shear modulus of pay zone.
Initial maximum and minimum stresses both decrease during
production due to depletion of the reservoir. Since the maximum
stress decreases faster, at some distance from the fracture along the
y-axis the maximum and minimum stresses become equal. This
corresponds to the isotropic point, whereby the extent of stress
reversal region is defined by the distance Lys from the fracture to the
isotropic point. Position of the isotropic point varies with the
dimensionless time. And it is also clear that this distance is related
to the fracture length. Therefore, it is better to use a dimensionless
quantity to define the extent of the stress reversal region:
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Ly¢

/I_hf

(11)

and it is defined as a function of stress deviator II, dimensionless
fracture height ratio v and dimensionless shear modulus ratio (.

3. Numerical results of stress reorientation

Fig. 5 illustrates a typical stress reorientation pattern and pro-
vides a better perspective to the extent of the stress reversal region.
Fig. 5 shows a top view (z = 0) of the simulation model, in which the
well has been producing for 7 = 100 with the parameters specified
in Table 1. The white dashed contour line agrees with the demon-
stration model of Siebrits et al. (1998) (Fig. 1), but outside of the
elliptical reversal region, there are still two wings, which represent
a difference from the former research. The occurrence of stress
reorientation comes from two aspects: mechanical stress reor-
ientation and poroelastic stress reorientation, which will be dis-
cussed respectively in the following sections.

3.1. Mechanical stress orientation

Creation of a hydraulic fracture generates an additional stress
that is mostly perpendicular to the fracture face. Fig. 6 shows di-
rection of the maximum horizontal principal stress after fracture
opening and clearly demonstrates that open fractures can signifi-
cantly alter the stress contrast and cause the direction of maximum
horizontal principal stress to rotate 90° in the vicinity of the frac-
ture. This phenomenon is called mechanical reorientation. For
mechanical reorientation, the appearance of stress reversal region
is caused by opening of the hydraulic fracture. The net pressure is
directly applied on the face of the fracture and, as stated before, the
hydraulic fracture is assumed as two planes. Therefore, the stress
around the fracture increases and the stress parallel to the net
pressure increase much more compared to the stress perpendicular
to the direction of net pressure. As a result, the stress reversal re-
gion appears and because the change of stress is caused by the force

Isotropic point

Reversal
region

Hydraulic
fracture

Fig. 5. Contour of the maximum horizontal stress direction after 7 = 100 of production
(90° represents the direction that is perpendicular to the fracture and 0° represents the
direction that is parallel to the fracture. The white lines indicate the direction of
maximum horizontal stress).
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applied on the fracture planar face, the stress reversal region is
nearly rectangular. However, poroelastic reorientation is induced
by the decrease of pore pressure and, after years’ production, pore
pressure field distributes in elliptical form. Thus, the stress reversal
region is nearly elliptical, as shown in Fig. 5.

The rotation angle of the maximum horizontal principal stress is
90° in this reversal zone, except the tip of the fracture. This is
because the magnitude of the shear stress is small, as indicated in
Fig. 7. Consequently, directions of the horizontal principal stresses
are along the x-axis and y-axis. Thus, it is found that within this
reversal zone the maximum horizontal stress is along the y-axis
and the minimum horizontal principal is along the x-axis. On the
other hand, the stresses in the direction parallel to the fracture (oxx)
and perpendicular to the fracture (oyy) can represent the impact of
mechanical reorientation. So, it is convenient to use the differences
of oyy and oxx along the y-axis to quantify the degree of stress
reversal. The generated stress contrast decreases as the distance
from the fracture increases and the point at which the generated
stress contrast equals to zero is the isotropic point.

Extent of stress reorientation depends on the mechanical
properties of reservoir and is more significant if the difference
between the initial maximum and minimum horizontal principal
stresses is small. At the beginning of depletion, Fig. 8a shows that
the additional force (Ppet) that is applied on the rock in the direction
normal to the fracture face increases gyy and its influence on oy is
much smaller. Compressive stresses and strains have a negative
sign in the model. So, if the increase of ayy is sufficiently large, the
generated stress contrast will overcome the initial horizontal stress
contrast to create a zone with abs(gyy)>abs(oxx). Therefore, the
smaller the horizontal stress contrast is, the easier this alteration
will be accomplished. In addition to the initial horizontal stress
contrast, the reservoir's mechanical properties also affect stress
reorientation. As shown in Fig. 8b, a bigger stress contrast is
generated in a reservoir with a lower Poisson's ratio. A low Pois-
son's ratio implies that the deformation in the direction parallel to
the fracture is small compared to the deformation perpendicular to
the fracture. Besides, Poisson's ratio also influences the production
process which will be discussed in the next section.

The extent of the stress reversal region is directly proportional
to the fracture's dimensions. Several height values are tested in
order to determine the relationship between the two variables.
Fig. 9 show that as the value of h¢/h; (h; equals the reservoir height)

Hydraulic
fracture

L.,

(a)

Petroleum Science 19 (2022) 296—308

Fig. 7. Contour of the shear stress around a single propped-open fracture.

increases, the generated stress contrast increases too. However, the
fracture heights are different in Fig. 9a, but the height ratios are all
equal to 1.0. Even if the height of the fracture increases for the
constant height ratio, the generated stress contrast keeps the same
value.

3.2. Poroelastic stress reorientation

Production from the reservoir generates nonuniform pore
pressure in the formation and also alters the stress field due to the
poroelastic effect. This phenomenon is called poroelastic stress
reorientation. Our investigation aims to answer why stress reor-
ientation happens and how this altering stress field evolves
through time.

First, the depletion induced pore pressure gradient is mainly
responsible for this phenomenon (Fig. 10). This nonuniform pore
pressure field makes the stress field all decrease and the horizontal
stresses in the direction perpendicular to the fracture and in the

B s

Hydraulic
fracture

(b)

Fig. 6. a Direction of the maximum horizontal principal stress around a single propped-open fracture. b Direction of the minimum horizontal principal stress around a single

propped-open fracture.
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-0.2 T
-150 -100 150

Fig. 8. a The stress change induced by the opening of a hydraulic fracture, b effect of Poisson's ratio to the mechanical stress reorientation.

direction parallel to the fracture decrease in different speed. Based
on Hooker's law and Biot's poroelasticity theory (Biot, 1955), it's
convenient to get the relationship between increment of stress and
pore pressure,

G;(X E 1-v v v £x
o | = | v 1—-v v e (12)
yy _ y
Cf AEnd=20 1, 1 ] e

7z

Assuming that the vertical stress o,, = —ay does not change, it is
easy to get the following relationship,

Aoxx 1 E 1—-v v v
Ao —adP |1 | =———"———|v 1-v v
0 o 1 (1+v)(1 - 2v) v v 1-—v
ASX
x | dey
Adeg

(13)

After solving the above equations, we obtain,

E
Adoxx = adP + A+ 0 =20 [(1 = v)dex + vdey + vde;]
E
doyy = adP + ET D) [vdex + (1 — v)dey + vde;)
(14)
E
A”XX*A”yy:m(Aé‘x*AEy) (15)

According to Eq. (14), the induced stress consists of two parts.
One part is the change of pore pressure and the other part is
deformation caused by the change of effective stress. The two
components have opposite effect on the rock mass. The decrease of
pore pressure is like unload to decrease the stress around the
fracture. However, the deformation induced by fluid flow makes
the rock mass more compacted, which means the effective stress
arises. Especially, the deformation in the direction parallel to the
fracture is different than that in the direction perpendicular to the
fracture. Fig. 11 shows the contour of the difference of strain in-
cremental (Aexx—Aeyy) around a single fracture at different time.
There is an elliptical region that satisfies the condition (Aexyx>Aeyy).
In other words, in this region the horizontal stresses in the direc-
tion parallel to the fracture decrease faster or increases slower than
the horizontal stresses in the direction perpendicular to the frac-
ture. Consequently, a stress reversal region occurs.

h=16m, h/h,=0.5
he=32m, hy/h,=1.0

— — h=60m, h/h,=1.0

0.8

Aoy — Aoy, MPa

h/h,=0.5
hi/h,=0.75
h/h=1.0

0.8 4

Fig. 9. a Generated stress contrast for different fracture heights and ratios of fracture height to reservoir height. b Generated stress contrast for different height ratios (hg/h; = 0.5,

0.75,1.0).
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Fig. 10. Contour of the pore pressure for a single fracture producing for 7 = 100.

Second, the expansion of this reversal region is time dependent. It
can be seen from Fig. 12a that the extent of the stress reversal region
slightly decreases at early production time. This phenomenon can be
explained by the action of opposing effects on the stress distribution
between poroelastic and mechanical stress reorientation in the
stress reversal region. Mechanical effect reorients stresses by
applying more force to the fractures and, on the contrary, production
induced stress reorientation is due to unloading (Fig. 13). Therefore,
the maximum principal stress is redirected when the production
begins, which causes the stress reversal region to shrink (Fig. 12b).
The maximum stress will be fully reoriented within a fairly short
time of production. Whereafter, the stress reversal region grows back
with time. For large production times, poroelastic stress reor-
ientation reaches a saturation plateau, so that there is a maximum
value for the extent of stress reversal region during production.

Except the case in Fig. 12a, it has been studied that for different
values of the stress deviator, fracture dimensions and dimension-
less shear modulus ratio, the stress reversal region will have
different sizes. The dimensionless time 7 and ratio A are used to
illustrate the change of the stress reversal region extent over time.
Fig. 14 demonstrate the evolution of the stress reversal region
versus dimensionless time for different values of stress deviator. It
is apparent from the results that the smaller deviator is, the larger
the stress reversal region will be. However, the weight of all factors
in the stress deviator can be different. The sensitivity of the extent
of stress reversal to other parameters is thus smaller compared to
the stress contrast. Therefore, for a stress reorientation to occur, a
small initial horizontal stress contrast is necessary. The smaller the
initial stress contrast is, the easier for the production induced stress
will be to overcome the difference between the initial minimum
and the maximum horizontal principal stresses.

As discussed previously, the stress deviator strongly affects the
extent of the stress reversal region. Nevertheless, the factors
included in the stress deviator have different impact on the curves
of the dimensionless time versus extent of the stress reversal re-
gion. Fig. 15 shows that the magnitude of the depletion induced
horizontal stress contrast firstly increases and subsequently stabi-
lizes and remains constant. As the initial horizontal stress contrast
increases, the decrease of the curves can be slower or for large
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production times the curves can be almost flat.

Pressure drawdown not only influences the extent of the stress
reversal region, but also has effect on the timing of the occurrence
of the maximum extent of the stress reversal region. One dimen-
sional flow is known to be a good approximation for the flow in the
middle of the fracture. In this case, solution for the diffusion
equation that governs the pressure disturbance is,

X

+ P,
\/4Ct) 0

From the above equation, it is clear that different values of
bottom hole pressure (or AP) can lead to different time instants, at
which certain pressure disturbance magnitude reaches a point x. In
addition, different mobility values also affect the saturation time of
the isotropic point. This explains why the extent of the reor-
ientation region will expand quicker when the mobility is higher
(Fig. 16).

One of the aims of infill well optimization is that the stress
reversal region can protect the parent well from the interference
caused by the infill well. Thus, as the stress reversal region becomes
larger, it is more likely that the protection can be achieved.

P:AP-erfc( (16)

3.3. The case of multiple fractures

The impact of fracture spacing to stress reorientation is also
investigated for a multi-fracture scenario. To simplify the problem,
the fractures are considered to be parallel to each other. Fig. 17
show a single production well with two hydraulic fractures.
Fig. 17a demonstrates that the two fractures are spaced at a distance
that is equal to one half of the fracture length while the spacing in
Fig. 17b equals to one eighth of the fracture length. Based on the
maximum horizontal principal stress trajectories shown in Fig. 173,
one can observe that the stress reversal region of these two frac-
tures is separated. The gap between the two stress reversal regions
makes it possible that the infill well fractures can propagate and
intersect the producer well. Due to effect of stress shadow, the
stress reversal region of each fractures reduces compared to the
single fracture case.

As shown in Fig. 17b, because the spacing between the two
fractures is reduced, a continuous stress reversal region forms,
which can deviate away the approaching infill well fractures.
Therefore, an appropriate spacing of the fractures can help pro-
ducer to form a stress shield against the secondary fractures from
those infill wells.

4. Numerical results of infill well fracturing

The distinct element method is used to simulate the fracture
propagation process under the effect of stress redistribution in the
infill well fracturing treatment. As discussed previously, the frac-
ture propagation is not only affected by the variations of stress field,
but it is also influenced by the fracturing fluid and the injection
schedule. Since the main goal of this study is to explore the impact
of stress reorientation on fracture propagation, the properties of
the reservoir are assumed to be constant except that the stress field
after production is different in each simulation. The perturbed
stress field is calculated in the reservoir model and imported into
the hydraulic fracturing model.

Fig. 18 illustrates different time instants of infill well facture
propagation with the well spacing of 170 m (Fig. 4), which includes
the effect of stress reorientation. All the results show that when the
fracture penetrates into the production zone, the width of the
opening crack increases immediately and finally forms an asym-
metric fracture which propagates away from the infill well along
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Fig. 11. Contour of the difference of strain incremental (Aexx—Aeyy) around a single fracture, after 7 = 0, 50 and 100 of production.
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Fig. 12. a The extent of the stress reversal region for A versus
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Fig. 13. Stress distribution curve for 7 = 0 and 7 = 100.
the x-axis. This is because the production causes an elliptical region

with lower oy, similar to the situation of fracture height growth
into a low stress zone (Zhang and Dontsov, 2018). The small value of
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7 with IT = 0.0423, 8 = 1 and y = 0.2, b reversal region's evolution from hydraulic fracture's opening to 160 h'

the closure stress makes the wing of the hydraulic fracture located
in the depleted zone to be longer than the one located in the
undepleted zone.

5. Discussion

One way to avoid the appearance of asymmetric fracture
propagation is to adjust the inter-well spacing. Spacing the wells
further away decreases pressure gradients and subsequently the
risk of occurrence of asymmetric fractures in the infill well. As
Fig. 19 demonstrates, after the infill well is placed 310 m away from
the parent well rather than 170 m, the infill well fracture propa-
gates more symmetrically compared to the last case. Nevertheless,
some pitfalls can be identified quickly. First, altered stress field's
range is significantly impacted by time, as illustrated in Fig. 14. So,
the infill well drilling timing is connected to the parent well shut-
ting time. Also, infill drilling is mainly considered in cases where
well placement was initially dictated by leasing constraints. As it
turns out, well spacing is not an easy parameter to adjust. But then
other geomechanical considerations related to inter-well stress
interference during stimulation would predominate as a result of
the reduced well spacing (Roussel, 2011; Roussel and Sharma, 2010,
2012; Siebrits et al., 1998).
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Fig. 14. a The extent of the stress reversal region for 4 versus 7 with different IT, 6 = 1 and y = 0.2. b The extent of the stress reversal region for A versus 7 with different bottom hole

pressure and different II, § = 1 and y = 0.2.
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Fig. 15. The stress contrast along y-axis at different times.

Another way to decrease pressure gradients responsible for
stress decrease or reversal in the infill region would be by shutting-
in the producing offset wells for some period of time before infilling
(Gupta et al., 2012) or pre-loading the parent well as a defensive
approach (Whitfield et al., 2018). While we have already verified
the high sensitivity of stress induced by pore pressure decrease to
the pressure drawdown, it is still unclear how long of a shut-in or
pre-loading period would be required to reverse the direction and
magnitude of the principal horizontal stresses back to their in-situ
state and make the extent of the stress reversal region shrink. But
considering the low permeability of shale reservoirs, it becomes
uncertain that if the potential benefit from the stress redistribution
would certainly prevail against the value lost from delaying pro-
duction in the offset wells. Future work will be conducted to
address these questions.

The onset time of stress reversal has large implications on the
optimization of the moment when infill operations should be carried
on. We already saw that past this time, asymmetric propagation of
fractures initiated from the infill well, and consequently the volume
of reservoir contacted by the stimulation, will be negatively affected.
Production impacts not only the direction of principal horizontal
stresses, but also the value of the horizontal stress contrast.
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Fig. 16. The extent of the stress reversal region for 1 versus 7 for different values of
permeability.

Previous studies showed that interactions between hydraulic
and natural fractures are largely influenced by the stress regime in
which the induced fracture propagates (Tang and Wu, 2018; Zhang
et al., 2017). If the difference between minimum and maximum
horizontal stresses is small, an induced fracture will have a larger
tendency to branch-out when intersecting natural fractures, thus
forming more complex fracture networks. There is a window of
opportunity for improved stimulation efficiency if fracturing the
infill well around (ideally slightly before) the time when principal
horizontal stresses switch directions. As a result, infill operations
should not be considered as an after-thought but instead an inte-
gral part of the field development plan right from the start, taking
into consideration both the risk of fracturing an infill well past the
onset time of stress reversal, and the opportunity for improved
fracture complexity if stimulation takes place before that critical
time.

6. Conclusions

This paper provides a case study to explore the time de-
pendency of stress reorientation, as well as its behavior on problem
parameters, such as threshold value of the horizontal stress
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Fig. 17. Contour of the stress reorientation angle after production (7 = 100) around two propped-open fractures a with fracture spacing equal to half of the fracture length, and b
with fracture spacing equal to one eighth of fracture length.
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Fig. 18. Top: contour of the infill well fracture aperture at different time instants of injection; bottom: contour of YY-stress at different time instants of injection.
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Fig. 19. Top: contour of the infill well fracture aperture at different time instants of injection, bottom: contour of YY-stress at different time instants of injection. The infill well

spacing is increased to 310 m, compared with the model in Fig. 18.
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contrast, the influence of stress deviator, dimensionless shear ratio,
dimensionless fracture size and mechanical properties of the
reservoir. The reservoir simulation is computed using the finite
difference method, which considers both poroelastic effect and
mechanical effect on the stress redistribution. The increase of
pressure drawdown by decreasing bottom hole pressure and
increasing mobility can expand the stress reversal region. The value
of the initial horizontal stress contrast is the primary factor for
stress reorientation.

Fracture propagation during stimulation of the infill well is
studied using the distinct element method. Results show that the
decrease of the horizontal stresses around the parent well lead to
asymmetrical propagation of a hydraulic fracture of the infill well.
The width of the fracture in the vicinity of the parent well is also
much larger compared to the width near the infill well. The
asymmetrical propagation of the infill well hydraulic fracture
confirms that it is necessary to consider the temporal and spatial
effects when optimizing the completion of the infill well
treatments.
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