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Abstract
A 3D explicitly coupled geomechanics and multiphase compositional model is developed with an embedded discrete fracture 
model (EDFM) and finite element method (FEM) to simulate the spatiotemporal stress evolution in a multilayer unconven-
tional reservoir with complex fracture geometry. Different scenarios with and without interlayer geomechanical heterogeneity 
are studied to provide rules of thumb for infill drilling under the impacts of reservoir permeability, fracture penetration, dif-
ferential stress, and rock stiffness. With a five-layer reservoir model setup—two parent wells located in the middle layer and 
the top and bottom layers being potential targets, numerical results show that (a) higher reservoir permeability aggravates 
the stress reorientation and reduces the magnitude of minimum horizontal stress (Shmin) in both the production and potential 
targets; (b) fracture penetration has negligible influence on the stress evolution in the top and middle layers but speeds up the 
stress reversal in the bottom layer; (c) larger differential stress retards the orientation change of maximum horizontal stress 
(SHmax) more significantly in the bottom layer than in the top layer; (d) increasing rock stiffness of the top and bottom layers 
accelerates the stress reversal in these layers while an opposite response is observed in the middle layer.

Highlights

•	 A novel 3D coupled geomechanics and multiphase com-
positional model is developed to investigate multilayer 
stress interference.

•	 The complex fracture geometry is characterized by an 
embedded discrete fracture model (EDFM), and solid 
deformation is captured by the finite element method 
(FEM).

•	 The mechanisms of stress reorientation or stress redis-
tribution spreading towards the top and bottom potential 
pay zones of stacked formations are proposed.

•	 Different scenarios with and without interlayer geome-
chanical heterogeneity are investigated to provide rules 
of thumb for the multilayer infill operations.

Keywords  Stress interference · Multilayer unconventional reservoir · Interlayer heterogeneity · Geomechanics · Infill 
drilling · Complex fracture geometry

List of Symbols
A	� Area, ft2

�	� Body force, ft s−2

�	� Strain–displacement matrix, ft−1

d	� Average distance, ft

�	� Stiffness tensor, psi
�	� Permeability tensor, mD
L	� Length, ft
nc	� Number of components, dimensionless
�	� Normal vector to a plane, dimensionless
Ni	� Number of moles of component i, mole
Np	� Number of phases, dimensionless
�	� Shape function vector, dimensionless
P	� Pressure, psi
qi	� Molar rate of component i, mole s−1

rw	� Wellbore radius, ft
Shmin	� Minimum horizontal stress, psi
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SHmax	� Maximum horizontal stress, psi
Sj	� Saturation of phase j, fraction
�	� Prescribed traction on the boundary, psi
T 	� Transmissibility factor, mD-ft
�	� Displacement vector, ft
�j	� Velocity of phase j, ft s−1

�s	� Velocity of solid phase, ft s−1

V 	� Volume, ft3

wf	� Fracture aperture, ft
xij	� Mole fraction, fraction
�	� Biot–Willis coefficient, dimensionless
�j	� Specific gravity of phase j, lbf ft−3

�	� Kronecker delta, dimensionless
�	� Strain tensor, dimensionless
�j	� Viscosity of phase j, cp
�j	� Molar density of phase j, mole ft−3

�	� Mass density, lbm ft−3

�	� Total stress tensor, psi
�	� Reservoir porosity, fraction
�∗	� True porosity, fraction
�j	� relative mobility of phase j, cp−1

1  Introduction

Infill-well development has become a primary technique to 
increase hydrocarbon production for unconventional res-
ervoirs (Miller et al. 2016; Lindsay et al. 2018; Guo et al. 
2019). Extensive infill drilling in the producing layer, how-
ever, has caused too-close well spacing and severe frac-
ture hits (King et al. 2017; Cipolla et al. 2018). Hence for 
multilayer unconventional reservoirs, placing an infill well 
(i.e., child well) in adjacent potential layers is preferred to 
enhance the ultimate recovery while mitigating the undesira-
ble parent–child well interference (Sangnimnuan et al. 2019; 
Pei et al. 2021). Meanwhile, the performance of infill wells 
largely depends on the effectiveness of infill-well comple-
tion, which is mainly governed by the local principal stresses 
near the wellbore (Roussel et al. 2013; Safari et al. 2017; 
Suppachoknirun and Tutuncu 2017). Thus, a comprehen-
sion of the parent-well production induced 3D stress evolu-
tion under various geologic conditions is necessary for infill 
drilling in the field practice.

Many previous works focused on studying depletion-
induced stress changes in single-layer reservoirs (Weng 
and Siebrits 2007; Gupta et al. 2012; Marongiu-Porcu et al. 
2016; Pei et al. 2020). Based on the typical liquid-rich shale 
reservoir dataset, Roussel et  al. (2013) investigated the 
occurrence and timing of SHmax reorientation between two 
fractured-horizontal wells following a period of production. 
They suggested completing infill wells prior to the onset 
time of stress reversal (i.e., a rotation of the local principal 

stress direction by 90°) to ensure child fractures propagate 
more transversely and create a larger stimulated reservoir 
volume (SRV). Safari et al. (2017) also captured the stress 
alteration induced by tightly spaced horizontal-well produc-
tion. Their main finding is that the perturbed stress field 
could significantly curve infill-well fractures, and the curv-
ing extent depends on bottomhole pressure, infill timing, 
stimulation design, etc. When the above studies mainly con-
sidered the depletion of uniform biwing fractures, Guo et al. 
(2018) simulated the magnitude and orientation change of 
principal stresses under nonuniform fracture geometries. In 
the meantime, Sangnimnuan et al. (2018) incorporated the 
nonplanar and slanted fracture geometry into their coupled 
flow and geomechanics simulation to evaluate the stress 
reorientation under different boundary conditions, fracture 
geometries, and differential stresses.

With the popularity of multilayer reservoir development, 
some studies on 3D stress evolution are underway (Defeu 
et al. 2019; Sangnimnuan et al. 2019). For example, Ajisafe 
et al. (2017) employed an integrated reservoir and geome-
chanics model to investigate the production-associated spa-
tiotemporal stress changes in a layered Delaware basin shale 
reservoir. As cross-layer stress interference was observed, 
they suggested landing child-well in an adjacent layer to 
avoid significant production loss. Likewise, Lin et al. (2018) 
integrated the reservoir simulation with geomechanics cal-
culation to model the stress redistribution and hydraulic 
fracturing process in a multizone Montney formation. Li 
et al. (2020) also performed a field-scale geomechanical 
simulation to help identify the root cause of poor child-well 
performance in a stacked play of the Anadarko Basin. They 
found that the production-induced stress sink would attract 
infill-well fractures and cause severe fracture hits even with 
a staggered well layout. Although studies regarding stress 
evolution have progressed from 2 to 3D, their focus is more 
on a specific shale formation and lacks a comprehensive 
study of the stress responses under various reservoir and 
geomechanical settings.

In this work, we develop a 3D explicitly coupled geome-
chanics and multiphase compositional model with an 
embedded discrete fracture model (EDFM) and finite ele-
ment method (FEM) to simulate the stress interference in 
a stacked unconventional reservoir. Different scenarios 
with and without interlayer geomechanical heterogeneity 
are investigated to cover a broad range of reservoirs and 
provide rules of thumb for the multilayer infill operations. 
Moreover, the mechanisms of stress reorientation or stress 
redistribution spreading towards the top and bottom potential 
pay zones have been systematically analyzed. The findings 
deliver an extensive understanding of the 3D stress evolution 
process and suggest the optimal strategy for infill drilling in 
the adjacent potential layers.



2967Investigation of Parent‑Well Production Induced Stress Interference in Multilayer…

1 3

2 � Mathematical Model

2.1 � Multiphase Flow Model

Based on the strong form of the conservation statement 
(Lake 1989), the mass conservation equation for component 
i in a unit control volume is

where Wi is the accumulation rate of component i, �i is the 
net flux of component i, and Ri is the source term of compo-
nent i, and nc is the number of components.

Traditional fluid-flow models commonly assume a sta-
tionary solid phase, but in a deformable environment, we 
need to consider the deformation and movement of solid 
particles (Verruijt 1995; Pan 2009). There are mainly two 
different points: (1) the media porosity is changeable with 
time, so the true porosity ( �∗ ), defined as the pore volume 
to the bulk volume in the deformed configuration, other 
than traditional reservoir porosity ( � ) should be used; (2) 
the solid phase is moveable, so the macroscopic interstitial 
velocity ( �∗ ), i.e., the real velocity of the fluid phase in the 
porous media, is different from the Darcy velocity ( � ) by a 
solid velocity term. Upon these, we have the expressions for 
Wi , �i , and Ri as

 where Np is the number of phases, �j is the molar density of 
phase j, Sj is the saturation of phase j, xij is the mole fraction 
of component i in phase j, qi is the molar rate of component 
i, Vb is the bulk volume of a gridblock.

Substituting Eq. (2) into Eq. (1) gives

The mass balance equation of the solid phase is

where D
Dt
(⋅) is the material derivative, and it is defined as 

D

Dt
(⋅) =

�

�t
(⋅) + �s ⋅ ∇(⋅).

The macroscopic interstitial velocity of phase j, �∗
j
 , is 

related to the solid velocity �s as

(1)
�Wi

�t
+ ∇ ⋅ �i − Ri = 0, for i = 1, 2,… , nc + 1,

(2)Wi =

Np∑
j=1

[
�∗

(
�jSjxij

)]
, �i =

Np∑
j=1

[(
�jxij

)
�∗
j

]
, Ri =

qi

Vb

,

(3)Vb

�

�t

Np�
j=1

�
�∗

�
�jSjxij

��
+ Vb∇ ⋅

⎧⎪⎨⎪⎩

Np�
j=1

��
�jxij

�
�∗
j

�⎫⎪⎬⎪⎭
− qi = 0, for i = 1, 2,… , nc + 1,

(4)
D�∗

Dt
= (1 − �∗)∇ ⋅ �s,

(5)�∗
j
= �∗Sj�s + �j,

After substituting Eqs. (4)–(5) into Eq. (3), we obtain the 
mass conservation equation in a deformable porous media as

where �v is the volumetric strain,N∗
i
 is the number of moles 

for component i per pore volume, N∗
i
=

Np∑
j=1

�jSjxij , and the 

Darcy velocity of phase j is written as

where krj is the relative permeability of phase j, �j is the 
viscosity of phase j, � is the permeability tensor, Pj is the 
pressure of phase j, �j is the specific gravity of phase j, and 
D is the depth from the datum plane.

If the small strain theory is assumed, i.e., ‖‖𝜀v‖‖ ≪ 1 , 
the third term in Eq. (6) can be ignored; also, the mate-
rial derivative can be approximated by its partial deriva-
tive, D

Dt
(⋅) ≈

�

�t
(⋅) , when the solid velocity is negligibly 

small. Applying these two assumptions and substituting 
Darcy’s law into Eq. (6) arrives at the final mass conserva-
tion equation

where Ni is the number of moles for component i per bulk 

volume, Ni = �

Np∑
j=1

�jSjxij , � is the reservoir porosity corre-

lated with true porosity as � = �∗(1 + �v).
We assume the fluid volume is a function of pressure and 

molar number, and the pore volume depends on pressure 
only (Chang 1990). The volume balance implies the volume 
occupied by all phases is equal to the total pore volume, thus

(6)
Vb

D
��
1 + �v

�
�∗N∗

i

�
Dt

+ Vb∇ ⋅

⎧
⎪⎨⎪⎩

Np�
j=1

��
�jxij

�
�j
�⎫⎪⎬⎪⎭

− Vb�v

D
�
�∗N∗

i

�
Dt

− qi = 0, for i = 1, 2,… , nc + 1,

(7)�j = −
krj

�j

� ⋅

(
∇Pj − �j∇D

)
,

(8)

Vb

�Ni

�t
−Vb∇ ⋅

⎡
⎢⎢⎣

Np�
j=1

�jxij

krj

�j

� ⋅

�
∇Pj − �j∇D

�⎤⎥⎥⎦
− qi = 0, for i = 1, 2,… , nc + 1,

(9)Vt

(
P,�i

)
= Vp(P),
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 where Vt is the total fluid volume, P is the pressure of 
the reference phase (usually oil phase), �i is a vector of 
the molar number for each component, and Vp is the pore 
volume.

Differentiating both sides of Eq. (9) with respect to time, 
applying the chain rule, and substituting Eq. (8) in the result-
ing equation gives the pressure equation as

where Pc2j is the capillary pressure between phase j and the 
reference phase, V ti is the partial derivative of the total fluid 
volume to the molar number of component i,

2.2 � Geomechanics Model

Consider a continuum body Ω with a fracture discontinuity 
Γf , as shown in Fig. 1. Based on linear momentum balance, 
the static equilibrium equation of the whole system can be 
written as

where � denotes the total stress tensor, � is the total mass 
density, and � is the body force.

(10)

Vb

��

�t
−

�Vt

�P

�P

�t
− Vb

nc+1∑
i=1

Vti∇ ⋅

Np∑
j=1

(
�jxij

krj

�j

� ⋅ ∇P

)

= Vb

nc+1∑
i=1

V ti∇ ⋅

Np∑
j=1

[
�jxij

krj

�j

� ⋅

(
∇Pc2j − �j∇D

)]
+

nc+1∑
i=1

V tiqi,

(11)V ti =

(
�Vt

�Ni

)

P,Nk(k≠i)
,

(12)∇ ⋅ � + �� = 0,

Biot’s theory (1941, 1955) is commonly used to describe 
the poroelastic effect in linear isotropic poroelastic material. 
In this work, it is adopted to approximate the mechanical 
deformation of the reservoir rock. With negative compres-
sive stresses as the sign convention, the stress–strain relation 
is expressed as

where � is the stiffness tensor, � is the strain tensor, � is the 
Biot–Willis coefficient, � is the Kronecker delta, (⋅)0 is the 
property at the reference state, and p is the effective average 
pore pressure,

Since small strain theory is assumed, the strain tensor is 
written as the symmetric gradient of the displacement vector

where � is the displacement vector, � =
(
ux, uy, uz

)T.
Combining Eqs. (12)–(15) obtains the final system of 

geomechanical governing equations. The essential and natu-
ral boundary conditions of the fractured porous media are 
defined as

where � is the prescribed displacement on the displace-
ment boundary Γu , � is the prescribed traction on the trac-
tion boundary Γt,� is the outward unit normal vector to the 
external boundary �Ω where Γu ∩ Γt = 0 and Γu ∪ Γt = �Ω , 
pf is the fluid pressure in the fracture, and �f is the unit nor-
mal vector to the internal boundary Γf with �f = �−

f
= − �+

f
.

Once the unknowns ( � , � , � ) in the geomechanics model 
are solved, the coupling parameters from the geomechanics 
calculation to the fluid-flow model, such as porosity and 
permeability, need to be updated. The formulation of the true 
porosity, �∗ , is directly derived from the solid mass balance 
in Eq. 4 (Chin et al. 2000; Haddad and Sepehrnoori 2017). 
In addition, the gradient of solid velocity, 

(
∇ ⋅ �s

)
 , can be 

expressed in terms of the volumetric strain, �v , as

Substituting Eq. (17) into Eq. (4) and integrating both 
sides from time 0 to t arrives at

(13)� − �0 = � ∶ � − �
(
p − p0

)
�,

(14)p =

Np∑
j=1

SjPj,

(15)� =
1

2

(
∇� + ∇T�

)
,

(16)

� = �, on Γu

� ⋅ � = �, on Γt

� ⋅ �f = −pf ⋅ �f, on Γf,

(17)∇ ⋅ �s = ∇ ⋅

��

�t
=

�(∇ ⋅ �)

�t
=

��v

�t
,

Fig. 1   A sketch of a fractured porous media and the associated 
boundary conditions
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where �0 is the reservoir porosity at the reference state.
From the definition of volumetric strain, we obtain the 

relation between the reservoir porosity and true porosity as

The reservoir permeability can be related to different 
state variables, such as fluid pressure, porosity, mean nor-
mal stress, shear stress, and axial strain (Raghavan and Chin 
2002; Zhang et al. 2007; Wang and Sharma 2019). Here, 
we update the reservoir permeability based on the change 
of true porosity

where k and k0 are the permeability in a specific direction 
(i.e., x-, y-, or z-direction) at current and reference states, �∗ 
and �∗

0
 are the current and reference true porosity, and m is 

the empirical power-law exponent after David et al. (1994).

3 � Numerical Model

3.1 � Discretization Scheme

The finite volume method (FVM) is used to discretize the 
multiphase compositional model with EDFM incorporated 
to characterize the fluid flow through complex fractures. The 
basic idea of EDFM (Li and Lee 2008; Moinfar et al. 2014; 
Xu et al. 2017) is to discretize the reservoir with structured 
grids, introduce additional grids for fracture segments, and 
connect non-neighboring cells by the definition of non-
neighboring connections (NNCs). As shown in Fig. 2, each 

(18)�∗ = 1 −
(
1 − �0

)
e−�v ,

(19)� = �∗
(
1 + �v

)
,

(20)k = k0

(
�∗

�∗
0

)m

,

fracture is cut into small segments by the boundaries of 
matrix gridblocks, and the fracture gridblocks have the same 
grid size as the matrix cells in the computational domain. 
For each fracture cell, the volume of the fracture segment 
is calculated from

where Sseg is the area of the fracture segment perpendicular 
to the fracture aperture and wf is the fracture aperture. The 
pore volume of the fracture cell is assigned as

where �f is the effective porosity of the fracture cell and Vb 
is the bulk volume of cell assigned to the fracture segment.

In the discretized form, the mass flux of phase j between 
two cells in a NNC pair (i.e., matrix–fracture connection or 
fracture–fracture connection) can be generalized as

 where �j is the mass density of phase j, �j is the relative 
mobility of phase j, TNNC is the NNC transmissibility factor, 
and ΔΦj is the potential difference between two cells.

Three types of NNCs are defined in EDFM to represent 
the flow communication between physically connected but 
non-neighboring cells (Sepehrnoori et al. 2020). The trans-
missibility factors between matrix and fracture segment, 
Tf - m , between fracture segments in an individual fracture, 
Ts

f - f
 , and between intersecting fracture segments, T i

f - f
 , can be 

expressed as

(21)Vf = Ssegwf,

(22)�f =
Ssegwf

Vb

,

(23)Qj = �j�jTNNCΔΦj,

(24)Tf - m =
2Af

(
� ⋅ �f

)
⋅ �f

df - m
,

Fig. 2   Illustration of a physical domain and b computational domain 
for fractured porous media with EDFM. Three fracture cells (4, 5, and 
6) are introduced to represent Fracture 1, and one fracture cell (7) is 
introduced for Fracture 2. The blue arrows represent the matrix–frac-

ture connection, the yellow arrows represent the fracture–fracture 
connection in an individual fracture, and the magenta arrow repre-
sents the fracture–fracture connection of two intersecting fractures
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where Af is the area of the fracture segment on one side, 
df - m is the average normal distance from the matrix to frac-
ture, kf is the fracture permeability, Ac is the common area 
for two neighboring segments, ds1 and ds2 are distances from 
the centroids of segments 1 and 2 to the common face, kf1 
and kf2 are the permeability of fracture segments 1 and 2, 
wf1 and wf2 are the aperture of fracture segments 1 and 2, 
Li is the intersection length of two fracture segments, and 
df1 and df2 are the weighted average of the normal distance 
from the centroids of the fracture segments 1 and 2 to the 
intersection line.

The effective well index, WIf , models the well-fracture 
intersections (Moinfar et al. 2013) as

where L is the length of the fracture segment, H is the height 
of the fracture segment, and rw is the wellbore radius.

The geomechanics model is discretized using the finite 
element method (FEM) with linear hexahedron elements. 
To derive the weak form of the equilibrium equation, we 
multiply Eq. (12) by an admissible test function �� in the 
Sobolev space, integrate the product over the computational 
domain, and apply the divergence theorem

where � is the vector of Dirac delta function defined as 
� = (1, 1, 0)T for 2D problems and � = (1, 1, 1, 0, 0, 0)T for 
3D problems, and [[�]] = �+ − �− is the displacement jump 
over fracture faces.

In this work, hydraulic fractures are assumed well-
propped by high-concentration or high-strength proppants, 
so the fracture aperture change becomes negligible and 
barely affects the stress evolution (Sangnimnuan et al. 2018; 
Liu et al. 2020). Hence, the last term in Eq. (28) is neglected 
at this stage, and the fracture effect on the matrix deforma-
tion will be reflected through pore pressure changes of the 
matrix gridblocks intersected by the fracture segments. The 
dynamic change of fracture aperture under poorly propped 

(25)Ts
f - f

=
Ts

f1
Ts

f2

Ts

f1
+ Ts

f2

, Ts

f1
=

kfAc

ds1
, Ts

f2
=

kfAc

ds2
,

(26)Ti
f - f

=
Ti

f1
Ti

f2

Ti
f1
+ Ti

f2

, Ti

f1
=

kf1wf1Li

df1
, Ti

f2
=

kf2wf2Li

df2
,

(27)WIf =
2�kfwf

ln
�
0.14

√
L2 + H2

�
rw

� ,

(28)

∫Ω

∇�� ∶ � ∶ �dΩ − ∫Ω

∇�� ∶ �p�dΩ = ∫Ω

�� ⋅ ��dΩ

+ ∫Γt

�� ⋅ �dΓ + ∫Γf

[[��]]pf ⋅ �fdΓ,

conditions, which is beyond the scope of this work, will be 
considered in our future model development.

The displacement unknown ( � ) and strain unknown ( � ) 
in Eq. (28) can be approximated by multiplying the nodal 
values and shape functions as

where � is the shape function vector, � is the strain–dis-
placement matrix, and � is the nodal displacement vector.

By substituting Eq. (29) back into Eq. (28), we obtain the 
discretized geomechanics model as

where 

3.2 � Solution Procedure

In this work, an explicitly coupling approach is implemented 
to solve our 3D coupled geomechanics and multiphase com-
positional model. As shown in Fig. 3, both flow and geome-
chanics models are initialized with their original inputs at 
time zero. For each timestep, the gridblock pressure is solved 
implicitly where EDFM is incorporated to represent com-
plex discrete fractures. The mass conservation equation is 
then solved explicitly for the overall molar concentration of 
each component. Flash calculations compute the phase com-
positions using the Peng–Robinson equation of state (Peng 
and Robinson 1976), then evaluate phase saturations from 
phase molar amounts and molar densities. Once the flow 
problem is solved, the updated pressure and saturations are 
transferred to the FEM-based geomechanics model to cal-
culate the nodal displacement values. The strain and stress 
tensors in each element are then computed by mapping the 
nodal displacements to the grid center with a group of shape 
functions. Finally, the reservoir porosity and permeability 
are updated based on the resultant volumetric strain and 
returned to the fluid-flow model for the next timestep simula-
tion. The coupling procedure is repeated until the maximum 
simulation time is reached. To be noted, as small timesteps 
are applied to ensure the stability and convergence of the 
implicit–pressure, explicit–concentration algorithm, the 
explicitly coupled procedure presented in this work is still 

(29)� = ��, � = ��,

(30)�� −� = �,

(31)� = ∫Ω

�T��dΩ,

(32)� = ∫Ω

�T�p�dΩ,

(33)� = ∫Γt

�T �dΓ + ∫Ω

�T��dΩ,
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comparable to some iteratively coupled methods (Haddad 
and Sepehrnoori 2017).

4 � Validation

4.1 � McNamee–Gibson Problem

The McNamee–Gibson problem (1960a, b) describes the 
plane strain consolidation in a poroelastic half space. Table 1 
summarizes the parameters used in this validation problem. 
A uniform load is applied instantaneously over a strip of 
width 2a, which leads to immediate changes in the pres-
sure and deformation fields. Because of the symmetry of 
the domain with x = 0, only the right half of the plane is 
considered in the simulation. The geometry and boundary 

Fig. 3   Flow diagram of explicitly coupled geomechanics and multiphase compositional model

Table 1   Parameters used in the McNamee–Gibson problem

Parameter Value Unit

Porosity 0.2 –
Permeability 1000 mD
Young’s modulus 1.0 GPa
Poisson’s ratio 0 –
Biot–Willis coefficient 1 –
Fluid viscosity 1.0 mPa s
Load q 1.0 psi
Load range a 3.28 ft

Fig. 4   Grid mesh and boundary conditions for the McNamee–Gibson 
problem
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conditions are shown in Fig. 4. A nonuniform grid mesh is 
used with fine grids over the loading region and coarse grids 
away from the x centerline. The zero normal displacement 
is applied on the left and right edges, and the bottom edge 
is fixed in both x- and z-direction. The fluid is only allowed 
to flow out from the top boundary, and other boundaries are 
impermeable.

The detailed analytical solution is provided in “Appendix 
A”. Figure 5 compares numerical and analytical solutions for 
excess pore pressure and consolidation settlement at differ-
ent locations. Initially, the Skempton effect, i.e., pore pres-
sure generation because of the load q, is observed due to the 
extremely short, undrained loading process. After a while, 
the Mandel–Cryer effect, which refers to an instant increase 
of the pore pressure at the middle of the domain, is captured 
by our model from the two-way coupling between fluid flow 
and solid deformation. For example, an approximately 10% 
rise in the excess pore pressure is observed for point (x = 0, 
z = a) at � = 0.08 . The surface settlement varies with x-loca-
tion due to the imposition of a strip load over a limited width 
a. The closer to the symmetry plane (x = 0), the larger the 
consolidation settlement. Our model produces rather similar 
results when compared with the analytical solutions at both 
early and late times, which verifies our coupled flow and 
geomechanics model.

4.2 � Single‑Fracture Problem

A single-fracture model is built to validate the imple-
mentation of EDFM in our coupled model. The local grid 
refinement (LGR) serves as the benchmark in this part. 

The reservoir dimensions are 410 ft × 410 ft × 80 ft. In the 
EDFM model, a uniform 41 × 41 × 1 matrix grid is used. 
The fracture has a width of 0.01 ft and a conductivity of 
100 mD-ft. In the LGR model, the parent cells containing 
the fracture segment are refined into 5 × 1 × 1 subgrids. The 
fracture width is equal to the dimension of the center refine-
ment, which is 0.01 ft. Zero normal displacement boundary 
conditions are applied to the lateral and bottom edges, except 
for the top boundary in the z-direction with a 4,000 psi trac-
tion stress. More details about the model parameters can be 
found in Table 2.

Fig. 5   Comparison of numerical and analytical solutions for the McNamee–Gibson problem for a excess pore pressure and b consolidation set-
tlement. p

0
 is the initial excess pore pressure induced by the Skempton effect, and � is the dimensionless time defined as � = ct

/
a2

Table 2   Parameters used in the single-fracture problem

Parameter Value Unit

Matrix porosity 0.1 –
Matrix permeability 0.1 mD
Fracture aperture 0.01 ft
Fracture permeability 10,000 mD
Young’s modulus 6.89 GPa
Poisson’s ratio 0.3 –
Biot–Willis coefficient 1 –
Fluid viscosity 1.0 mPa s
Initial pressure 3000 psi
Bottomhole pressure 1000 psi
Total stress in x direction 3400 psi
Total stress in y direction 3500 psi
Total stress in z direction 4000 psi
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Fig. 6   Comparison between LGR and EDFM after 50 days of produc-
tion for a pressure distribution (contours) and orientation of SHmax 
(white lines) for LGR; b pressure distribution (contours) and orien-

tation of SHmax (white lines) for EDFM; c Sxx distribution (contours) 
for LGR; d Sxx distribution (contours) for EDFM; e Syy distribution 
(contours) for LGR; f Syy distribution (contours) for EDFM
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A comparison between LGR and EDFM is shown in 
Fig. 6 for pore pressure with SHmax orientation, total stress 
in the x- and y-direction. Owing to the elliptical depletion 
area around the fracture, the stress change rates in x- and 
y-direction are different, resulting in the reorientation of the 
local principal stresses. The initial orientation of SHmax is in 
the y-direction, and it rotates toward the x-direction around 
fracture tips after 50 days of production. There is nearly 
no difference in the total stress distribution between LGR 
and EDFM models. Higher Sxx occurs at the top and bot-
tom regions to support pressure depletion in the x-direction, 
whereas higher Syy occurs at the left and right areas to sup-
port pressure depletion in the y-direction. Also, the oil rate 

and average pressure calculated from the EDFM match well 
with LGR results, as shown in Fig. 7. The good agreement 
in pressure distribution, stress field, and production profile 
confirms the validity of implementing EDFM in our coupled 
model.

5 � Case Studies

A five-layer fractured reservoir model is established follow-
ing a dataset in Sangnimnuan et al. (2019). As shown in 
Fig. 8, the reservoir dimensions in the x-, y-, and z-direction 
are 600 ft, 2000 ft, and 160 ft, respectively, meshed into 30, 
50, and 7 gridblocks in each direction. Vertically, the pro-
duction target is discretized into 3 rows, while other targets 
are each discretized into 1 row. Table 3 lists detailed layer 
thickness, porosity, permeability, and type. Two horizon-
tal wells with a 1000 ft distance in-between are drilled in 
the middle production layer. Each well has four nonplanar 
hydraulic fractures that are simulated with stress shadow 
effect included using an in-house hydraulic fracture model 
(Wu and Olson 2015; Wang et al. 2020; Wang and Olson 
2021). The prospective infill well will be staggered either 
in the top or bottom potential layer. A two-phase fluid flow 

Fig. 7   Comparison of a oil rate and b average pressure between LGR and EDFM

Fig. 8   3D reservoir geometry with two well segments and boundary 
conditions

Table 3   Rock properties of different layers

Formation Thickness, ft ϕ, fraction km, nD Type

Top layer 30 0.1 500 Potential
Interlayer 20 0.05 10 Interlayer
Middle layer 60 0.1 500 Production
Interlayer 20 0.05 10 Interlayer
Bottom layer 30 0.1 500 Potential
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(i.e., oil and water) is modeled, and Peaceman’s model is 
used to calculate the flux between the horizontal wellbore 
and the hosting gridblock. The reservoir has an 8000 psi 
overburden stress from the top, zero normal displacement on 
the lateral and bottom boundaries, and no-flow boundaries at 
all faces. Table 4 summarizes the properties of the reservoir 
model. In our 10-year simulation runs, the initial timestep is 
set as 1e−5 days, and the automatic timestep strategy (Mehra 
et al. 1982; Chang 1990) is employed with an upper bound 
of 2 days.  

In the first part, we keep the homogeneity among the top, 
middle, and bottom layers but change the reservoir perme-
ability and fracture penetration to investigate their impacts 
on the stress evolution. Since microseismic and log data 
indicate that many stratified unconventional reservoirs honor 
different mechanical properties among layers (Thiercelin and 
Plumb 1994; Ferrill et al. 2014; Yue et al. 2019), the het-
erogeneity of differential stress and rock stiffness over depth 
is included in the second part to determine their effects on 
the stress interference of a multilayer reservoir. As shown 
in Fig. 9, we choose an observation line L along the infill 
location and an observation point P at the center of the 
infill region to track the spatial and temporal stress changes, 
respectively. Although line L and point P are only marked on 
the middle production layer in Fig. 9, we also project these 
specific locations vertically to the top and bottom targets for 
stress evolution analysis. The optimal infill strategy can be 
determined by monitoring the orientation and magnitude of 
SHmax and Shmin, respectively.

5.1 � Effect of Reservoir Permeability

In this section, the effects of reservoir permeability (km) on 
stress evolution and infill drilling are investigated. We keep 
the interlayer permeability at 10 nD and vary the perme-
ability of the top, middle, and bottom targets simultane-
ously from 100 to 1000 nD. The fractures are constrained 
within the middle production target. Figure 10 provides a 
comparison between 200 and 700 nD cases for the orienta-
tion and magnitude changes after 5 years of production. The 
orientation change of SHmax in the 200 nD case is mainly 
constrained within the top potential and middle production 

Table 4   Summary of reservoir parameters

Parameter Value Unit

Reservoir depth 8000 ft
Initial reservoir pressure 6000 psi
Bottomhole pressure 2000 psi
Oil viscosity 1.0 mPa s
Water viscosity 0.8 mPa s
Water saturation 0.2 –
Young’s modulus 30 GPa
Poisson’s ratio 0.3 –
Biot–Willis coefficient 0.9 –
Fracture conductivity 150 mD-ft
Fracture spacing 50 ft
Inner-fracture half length 190 ft
Outer-fracture half length 310 ft
Initial stress in x direction 6700 psi
Initial stress in y direction 7000 psi
Initial stress in z direction 8000 psi

Fig. 9   a Well and fracture 
configuration in the produc-
tion layer and b location of 
prospective infill well in the top 
and bottom potential layers. The 
observation line L along the 
infill location and the observa-
tion point P at the center of the 
infill region are marked in the 
production layer but projected 
vertically to the top and bottom 
targets for stress evolution 
analysis
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targets, as shown in Fig. 10a. In contrast, Fig. 10b shows 
the orientation change of SHmax in the 700 nD case has 

propagated throughout all three target layers. Besides, a 
lower permeability leads to slower but more even pressure 

Fig. 10   Comparison between km = 200 nD and km = 700 nD after 5 years for a orientation change of SHmax at km = 200 nD, b orientation change 
of SHmax at km = 700 nD, c magnitude distribution of Shmin at km = 200 nD, and d magnitude distribution of Shmin at km = 700 nD

Fig. 11   a Orientation change of SHmax and b magnitude variation of Shmin along prospective infill line at 5 years of parent-well production under 
different reservoir permeabilities
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depletion in adjacent potential layers. Thus, we notice an 
expanded area of stress reorientation in the top layer of the 
200 nD case as compared to the 700 nD case. On the other 
hand, a high reservoir permeability results in significant 
pressure drops over the SRV-projected region in adjacent 
layers, which would greatly reduce the magnitude of Shmin, 
as in Fig. 10c and d. Within the SRV and SRV-projected 
region, the drainage rate along the x-direction is much faster 
than that along the y-direction (i.e., the initial direction of 
SHmax) at late times, and it is more significant in the high-
permeability reservoir. Therefore, the stress in the y-direc-
tion maintains the maximum horizontal stress most of the 
time, and barely any SHmax reorientation in the fractured area 
can be observed.

At 5 years of parent-well production, the orientation 
change of SHmax is analyzed along with the prospective infill 
lines, as shown in Fig. 11a. For the 200 nD case, a signifi-
cant orientation change of SHmax only occurs in the top layer 
(i.e., solid blue line), and the orientation change of SHmax 
in the middle and bottom layers is limited under 20◦ (i.e., 
solid red and green lines). The larger orientation change of 
SHmax is attributed to the faster depletion along the top-layer 
infill line under the gravity effect. It also corresponds to a 
lower magnitude of Shmin along with the prospective infill 
well (i.e., solid blue line), as shown in Fig. 11b. When the 
reservoir permeability is increased to 700 nD, all three lay-
ers experience a greater SHmax reorientation or even SHmax 
reversal. The range affected by stress rotation is 300 ft and 
150 ft, respectively, along the infill line in the top and bot-
tom layers. Also, increasing reservoir permeability by 500 
nD leads to a 120 psi Shmin drop at the top-layer center, but 
only a 50 psi drop at the bottom-layer center. These results 
indicate that a high reservoir permeability will induce more 

significant stress reorientation for all layers and a relatively 
larger Shmin drop in the top layer.

To achieve a satisfactory infill-well completion, we 
should follow two things: (1) fracturing the infill well prior 
to the critical time of stress reversal (CTSR) as a 90° of 
stress reorientation at the infill location inhibits the trans-
verse propagation of child fractures; (2) monitoring the tem-
poral evolution of Shmin to avoid undesirable fracture growth 
toward depletion-induced stress sink. Figure 12a summa-
rizes the influence of reservoir permeability on the CTSR 
from five tested cases—CTSR at the layer center goes down 
exponentially as the reservoir permeability increases, and 
the top layer always has an earlier stress reversal than the 
two other layers. The findings suggest that stress reorienta-
tion should be emphasized when infill drilling is needed in a 
high-permeability reservoir. Moreover, if the infill well is to 
be placed in the top layer, rigorous stress modeling is recom-
mended before actual field operations. Figure 12b shows the 
Shmin change over time at the top- and bottom-layer center. 
Although there is no significant variation of Shmin before 
the CTSR, a higher permeability leads to much faster stress 
depletion. In addition, the top layer corresponds to a much 
smaller Shmin as compared to the bottom layer.

5.2 � Effect of Fracture Penetration

Weak bedding interfaces or stress barriers trigger the 
hydraulic fracture penetration into adjacent layers (Cai 2013; 
Tang et al. 2018; Mehrabi et al. 2021). In the previous cases, 
fractures are perfectly contained by the production layer. In 
the following cases, the fracture height (hf) varies from no 
penetration to 10 ft upward penetration, 20 ft upward pen-
etration, 10 ft downward penetration, and 20 ft downward 
penetration. Other parameters remain the same, as presented 

Fig. 12   a Effect of reservoir permeability on CTSR and b temporal variation of Shmin. All values are evaluated at the layer center
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Fig. 13   Orientation change of SHmax at the top and bottom layers for a, b hf = 20 ft (upward penetration) and c, d hf = − 20 ft (downward penetra-
tion) after 3.5 years. Top view: (a, c); bottom view (b, d)

Fig. 14   a Orientation change of SHmax and b magnitude variation of Shmin along prospective infill line at 3.5 years of parent-well production 
under different fracture penetrations
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in Tables 3 and 4. Figure 13 shows the orientation change of 
SHmax at the top and bottom layers of the 20 ft upward and 
downward penetration cases, respectively. After 3.5 years 
of production, no stress reversal occurs in the bottom layer 
of the 20 ft upward penetration case, as shown in Fig. 13b. 
In contrast, Fig. 13d shows the 20 ft downward penetration 
case gives some stress reversal along the prospective infill 
line in the bottom layer. Moreover, a comparison of Fig. 13a 
and c indicates that an upward fracture penetration expands 
the stress reversal to the SRV-projected region in the top 
layer. However, both cases hold a similar severity of SHmax 
reorientation along with the prospective infill location at the 
top layer.

Figure 14a shows the orientation change of SHmax along 
the prospective infill line for the 20 ft upward and downward 
penetration cases. Although the fracture penetration direc-
tion is opposite, the top and middle layers of the two cases 
experience nearly the same orientation change along the 
observation line at 3.5 years of parent-well production (i.e., 
solid/dashed blue lines and solid/dashed red lines). The bot-
tom layer undergoes more obvious SHmax reorientation with 
downward penetration than the upward one. For example, 
the orientation change of SHmax at the bottom-layer center 
is almost 90° (i.e., dashed green lines) with a downward 
penetration. Figure 14b presents the magnitude variation 
of Shmin under the different scenarios of fracture penetra-
tion. Because the fracture penetration is constrained within 
the extremely tight interlayer, the higher hydraulic fracture 
does not significantly change the magnitude of Shmin over the 
production and potential targets. Thus, fracture penetration 
may not cause a considerable change in the magnitude of 
Shmin, but could induce a significant difference in the stress 
reorientation.

The influence of the fracture penetration on the CTSR at 
the layer center is shown in Fig. 15a. Varying the extent of 
fracture penetration, i.e., 10 ft and 20 ft, and the direction of 
fracture penetration, i.e., upwards and downwards, has neg-
ligible influence on the CTSR of the top and middle layers. 
This is understandable since the total fracturing area within 
the middle layer keeps the same, and the fluid drainage from 
the top layer is largely gravity-assisted. Meanwhile, either 
with upward or downward penetration, the CTSR of the 
bottom layer is shortened as the greater fracturing volume 
promotes the bottom-layer depletion. However, penetrating 
downwards does cause a much earlier occurrence of stress 
reversal in the bottom layer. Figure 15b shows the temporal 
change of Shmin at the layer center. A tiny increase in Shmin 
in the top layer and a small decrease in Shmin in the bottom 
layer are observed as the fracture penetration shifts from 
upwards to downwards. Owing to the early occurrence of 
stress reversal or possible fracture hits, parent-well fracture 
penetration should be carefully considered if an infill well 
will be drilled and completed in the bottom potential target.

5.3 � Effect of Differential Stress

The difference between the maximum and minimum hori-
zontal stresses, i.e., differential stress (DS), is a key param-
eter determining the speed of stress reorientation and 
redistribution. In this section, the interlayer geomechanical 
heterogeneity is introduced by keeping DS of the middle 
layer and two interlayers as 300 psi and varying that of the 
top and bottom layers simultaneously from 200 to 400 psi. 
Other geomechanical parameters, as listed in Table 4, remain 
the same throughout the entire reservoir. Figure 16 shows 
the orientation change of SHmax after 3 years of production 
when the DS of the top and bottom layers are 250 psi and 

Fig. 15   a Effect of fracture penetration on CTSR and b temporal variation of Shmin. All values are evaluated at the layer center
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Fig. 16   Orientation change of SHmax at the top and bottom layers for a, b DS = 250 psi and c, d DS = 350 psi after 3 years. Top view: (a, c); Bot-
tom view (b, d)

Fig. 17   a Orientation change of SHmax and b magnitude variation of Shmin along prospective infill line at 3 years of parent-well production under 
different differential stresses



2981Investigation of Parent‑Well Production Induced Stress Interference in Multilayer…

1 3

350 psi, respectively. With a smaller DS in the top and bot-
tom layers, a dumbbell-shaped SHmax reorientation area is 
observed from the front view in Fig. 16a. Accordingly, as 
shown in Fig. 16b, stress reversal even occurs along the 
prospective infill line in the less-depleted bottom layer. If 
the DS of the top and bottom layers is larger than that of 
the middle production layer, we observe a rectangle-shaped 
SHmax reorientation area over the top and middle layers from 
the front view of Fig. 16c. However, Fig. 16d indicates that 
only a small extent of SHmax reorientation is induced in the 
bottom layer under higher differential stress. All the find-
ings conclude that differential stress determines not only the 
spatial distribution of the SHmax orientation change but also 
the degree of the SHmax reorientation.

The orientation change of SHmax and the magnitude vari-
ation of Shmin are plotted along the prospective infill line 
for the 250 psi and 350 psi cases. At 3 years of parent-well 
production, as in Fig. 17a, the bottom layer of the 250 psi 
DS case presents nearly the same extent of SHmax reorienta-
tion as the middle layer does (i.e., solid red and green lines). 
With a 350 psi DS in the top and bottom layers, the SHmax 
reorientation in the top and middle layers are rather similar 
(i.e., dashed blue and red lines). In contrast, only a minor 
orientation change of SHmax occurs in the bottom layer (i.e., 
dashed green line), which is mainly because the relatively 
weak drainage in the bottom layer makes it hard to overcome 
the in-situ horizontal stress contrast. A comparison of the 
Shmin magnitude indicates that larger differential stress will 
lead to a higher residual of Shmin around the center of that 
specific layer, as shown in Fig. 17b. Varying DS of the top 
and bottom layers from 250 to 350 psi, we observe a 100 psi 
increase of Shmin at the top-layer center but a negligible 20 
psi increase in the bottom layer. Hence, the differential stress 

affects the SHmax orientation change more in the bottom layer 
and the Shmin magnitude more in the top layer.

Figure 18a shows the CTSR change under various dif-
ferential stresses for the top, middle, and bottom targets. 
Since the middle production layer holds a constant fracturing 
volume and differential stress throughout all tests, there is 
no change of CTSR at the central point of the middle layer. 
However, the CTSR of the top layer shows an approximately 
linear increase as the differential stress gets larger, whereas 
an exponential increase is observed for the bottom layer. 
This phenomenon indicates that the interlayer DS heteroge-
neity has more influence on the CTSR of the bottom layer 
than that of the top layer. Moreover, higher differential stress 
results in a much larger Shmin after the stress reversal occurs, 
as shown in Fig. 18b. Thus, for horizontal infill drilling in 
the bottom layer, we need to proceed carefully if the differ-
ential stress is relatively low in that layer.

5.4 � Effect of Rock Stiffness

In this section, we change the rock stiffness, which is rep-
resented by Young’s modulus (E), of the top and bottom 
targets between 20 and 40 GPa while keeping other layers 
constant at 30 GPa. When Young’s modulus of the top and 
bottom layers is 20 GPa, most of the SHmax reversal is con-
strained within the middle production layer after 3 years, as 
shown in Fig. 19a. However, as in Fig. 19b, when Young’s 
modulus of the potential targets increases to 40 GPa, severe 
orientation changes of SHmax occur in both the top and bot-
tom layers, and there is nearly no stress reorientation in 
the middle layer. The reason why production and poten-
tial targets respond differently to the variation of Young’s 
modulus can be concluded as two aspects: (1) depleting the 
stiffer, unstimulated potential targets induces less noticeable 

Fig. 18   a Effect of differential stress on CTSR and b temporal variation of Shmin. All values are evaluated at the layer center
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Fig. 19   Comparison between E = 20 GPa and E = 40 GPa after 3 years for a orientation change of SHmax at E = 20 GPa, b orientation change of 
SHmax at E = 40 GPa, c magnitude distribution of Shmin at E = 20 GPa, and d magnitude distribution of Shmin at E = 40 GPa

Fig. 20   a Orientation change of SHmax and b magnitude variation of Shmin along prospective infill line at 3 years of parent-well production under 
different rock stiffnesses
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compaction compared to the softer rock; thus, the poros-
ity and permeability of a stiffer rock tend to retain, lead-
ing to much faster fluid drainage and more severe SHmax 
reorientation; (2) for the middle production target, no 
change in Young’s modulus is introduced; however, more 
fluid from the top and bottom stiffer layers will flow into 
the middle layer, resulting in slower pressure depletion and 
smaller stress variation. Figure 19c and d further confirm 
these illustrations. The higher Young’s modulus causes a 
relatively smaller Shmin magnitude over the entire domain, 
which verifies the above-mentioned faster pressure drop due 
to the higher residual permeability of a stiffer formation. A 
slightly higher Shmin over the SRV-projected region in the 40 
GPa case is also observed because of the two-way coupling 
between fluid flow and solid deformation.

As shown in Fig. 20a, the middle layer in the 20 GPa case 
shows the most significant SHmax orientation change at 3 years 
of parent-well production, followed by the top and bottom lay-
ers. However, when Young’s modulus of the potential targets 
increases to 40 GPa, apparent SHmax reorientation is observed 
in these layers (dashed blue and green lines) along the pro-
spective infill line. In contrast, the orientation change becomes 
limited in the middle production layer (dashed red line), which 
is consistent with the 3D field map analysis. Figure 20b shows 
the spatial variation of Shmin magnitude in each layer. Under 
most conditions, a stronger SHmax reorientation corresponds 
to a smaller Shmin. However, even the SHmax orientation change 
is small in the production target of the 40 GPa case, local 
principal stresses in the middle layer still decrease much faster 
than those in the bottom layer due to a much quicker pressure 
depletion created by hydraulic fractures.

Upon a set of sensitivity analyses, the impact of Young’s 
modulus on the layer-center CTSR is summarized in Fig. 21a 
for the top, middle, and bottom targets. We observe that the 

CTSR of the top and bottom layers are negatively related to 
Young’s modulus, whereas the CTSR of the middle layer 
shows a positive correlation with the potential layers’ stiff-
ness change. As discussed at the beginning of this section, 
these phenomena are attributed to the multilayer pressure 
and stress interactions. Although the top and bottom lay-
ers share a similar trend regarding the CTSR change, stress 
reversal tends to occur earlier in the top layer. The magnitude 
change of Shmin over time is shown in Fig. 21b. Increasing 
Young’s modulus of the potential targets does incur some 
Shmin drop, i.e., 270 psi at the top-layer center and 160 psi at 
the bottom-layer center, at the end of the simulation. Owing 
to more significant stress reorientation and depletion, we 
should be more cautious about placing a horizontal infill 
well in a stiffer top target.

6 � Conclusions and Suggestions

In this work, we developed a 3D explicitly coupled geome-
chanics and multiphase compositional model to simulate 
the stress interference associated with parent-well produc-
tion in multilayer unconventional reservoirs. The complex 
fracture geometry under stress shadow effect was incorpo-
rated in our coupled model with EDFM, and FEM captured 
the depletion-induced solid deformation. The impacts of 
reservoir permeability and fracture penetration on stress 
responses of the top and bottom targets were investigated 
under geomechanical homogeneous conditions, and the 
impacts of differential stress and rock stiffness were studied 
for geomechanical heterogeneous conditions. We monitored 
the orientation change of SHmax and the magnitude variation 
of Shmin to provide comprehension of the multilayer stress 
interference. Moreover, rules of thumb were provided to help 

Fig. 21   a Effect of Young’s modulus on CTSR and b temporal variation of Shmin. All values are evaluated at the layer center
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with the infill operations in adjacent potential layers. The 
main findings include:

(a)	 Stress reorientation induced by parent-well production 
not only occurs within the production target but also 
vertically propagates towards adjacent layers, and the 
extent of stress reversal depends on the relative decline 
rate of x- and y-direction stresses in each layer;

(b)	 The orientation and magnitude change of principal 
stresses follow a similar trend in all layers under geome-
chanical homogeneous conditions, whereas the interlayer 
geomechanical heterogeneity may induce different stress 
responses between the production and potential targets;

(c)	 A higher reservoir permeability results in greater SHmax 
reorientation and lower Shmin along with the prospective 
infill location. The top layer always shows an earlier 
occurrence of stress reversal as compared to the middle 
and bottom layers. Detailed stress modeling is strongly 
recommended if a horizontal infill well is placed in the 
top layer of a high-permeability reservoir;

(d)	 The extent and direction of fracture penetration have a 
negligible influence on the orientation and magnitude 
change of principal stresses in the top and middle lay-
ers. However, the bottom-layer CTSR is shortened, no 
matter with upward or downward penetration. Penetrat-
ing downwards will cause an earlier stress reversal in 
the bottom layer as compared to penetrating upwards;

(e)	 As the differential stress of potential targets increases, a 
linear increase of the CTSR is observed in the top layer 
and an exponential rise in the bottom layer. Moreover, 
higher differential stress leads to a larger residual of 
Shmin although it keeps nearly unchanged before the 
CTSR. Horizontal infill drilling in the bottom layer 
should be conducted with care if the differential stress 
is relatively low in that layer;

(f)	 Varying the rock stiffness (i.e., Young’s modulus) of 
potential targets causes a negative correlation with the 
CTSR in these layers and a positive correlation with 
the CTSR in the middle layer. The impact of Young’s 

modulus on the orientation change of SHmax follows a 
similar trend in the top and bottom layers, but a more 
significant Shmin drop occurs in the top layer.

Appendix A

The McNamee–Gibson problem is solved using Laplace and 
Fourier transformations (1960a, b). The analytical solutions 
for excess pore pressure and consolidation settlement are 
provided as follows.

•	 Excess pore press ( p)

 where

where G is the shear modulus, G = E∕2(1 + �) ; � is an aux-
iliary elastic constant, � = (1 − �)∕(1 − 2�) ; e is the dilation 
of the soil skeleton, e = −

(
�ux∕�x + �uz∕�z

)
 ; and ux , uz are 

the horizontal and vertical displacement, respectively.

•	 Consolidation settlement 
([
uz − uz,t=0

]
z=0

)

For special case � = 1 , i.e., the Poisson’s ratio of the 
medium is equal to zero, the consolidation settlement can 
be simplified as

(34)p(x, z) = 2G

(
�S

�z
− �e

)
,

(35)

2G
�S

�z
=

�

2� − 1

∞∫
0

K(x, �)e−�z

�
1 + erf

�
�
√
t

�
+

� − 1

�
e
−

2�−1

�2
�2t
erfc

�
� − 1

�
�
√
t

��
d�,

(36)

2G�e =
�

2� − 1

∞∫
0

K(x, �)e−�z

�
e
−�z

erfc

�
z

2
√
t

− �
√
t

�

+
� − 1

�
e
−

2�−1

�2
�2t+

�−1

�
�z
erfc

�
� − 1

�
�
√
t +

z

2
√
t

��
d�,

(37)K(x, �) =
2

��
cos(x�)sin�,

(38)
�
uz(x) − uz(x)t=0

�
z=0

=
1

2G

�

2� − 1

∞∫
0

1

�
K(x, �)

�
erf

�
�
√
t
�
−

� − 1

�

�
1 − e

−
2�−1

�2
�2t
erfc

�
� − 1

�
�
√
t

���
d�,

(39)
�
uz(x) − uz(x)t=0

�
z=0

=
1

2G

�
t

�

�
erf

�
1 + x

2
√
t

�
+ erf

�
1 − x

2
√
t

��
+

1

2�

⎡
⎢⎢⎢⎢⎣

(1 + x)Ei

�
−
(1 + x)2

4t

�

+(1 − x)Ei

�
−
(1 − x)2

4t

�
⎤⎥⎥⎥⎥⎦
,
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We choose a as the characteristic length and a2
/
c as the 

characteristic time to convert the pressure and displacement 
formulations into dimensionless form, where c is the coef-
ficient of consolidation defined as c = 2G�k∕�.
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