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Restimulation of previously hydraulically-fractured wells can restore productivity to near original levels.
Understanding the stress state resulting from the original hydraulic fracturing and subsequent depletion is vital
for a successful refracuring treatment. The stress obliquity in the vicinity of the wellbore, due to production from
a previously introduced hydraulic fracture, promotes a new concept – that of altered-stress refracuring which
allows fractures to propagate into previously unstimulated or understimulated areas and therefore enhancing
recovery. In this study, a coupled poromechanical model is used to deﬁne stress redistribution and to deﬁne
optimal refrac timing as deﬁned by maximizing the size of the stress reversal region. Key factors include the time
dependency of the stress reorientation, the threshold stress ratio σh max /σh min and the inﬂuences of
permeability anisotropy/heterogeneity, pressure drawdown and rock-ﬂuid properties. The results show that
stress reorientation develops immediately as the reservoir begins to produce. This stress reversal region extends
to a maximum extent before retreating as the direction of the maximum principal stress gradually returns to the
initial state. The optimal refrac timing and the size of the stress reversal region are positively correlated with
pressure drawdown and Biot coeﬃcient, negatively correlated with stress ratio σh max /σh min ratio and
Poisson’s ratio and ambiguously correlated with permeability anisotropy. Permeability magnitude and porosity
have no inﬂuence on the size of the resulting zone but are negatively and positively correlated to the timing,
respectively. Permeability heterogeneity has no inﬂuence on the size nor the timing. Coupled ﬂuid ﬂow and
damage-mechanics simulations follow fracture propagation under the eﬀect of stress redistribution during
refracturing treatments. These results deﬁne the evolving path of secondary refracture as it extends
perpendicular to the initial hydrofracture and ultimately turns parallel to the hydrofracture as it extends
beyond the stress-reversal region. This discrete model conﬁrms the broader ﬁndings of the continuum model.

1. Introduction
After hydraulic fracturing, hydrocarbon production results in a
decrease in pore pressure, which in turn results in anisotropic changes
in the stress ﬁeld in the vicinity of the wellbore. Mack and Elbel (Mack
and Elbel, 1994; Elbel and Mack, 1993) ﬁrst demonstrated that
production from a fractured well results in the stresses surrounding
the fracture decreasing over time as the reservoir depletes. This
decrease is greater in the direction parallel to the fracture than normal
to the fracture. This work was extended by Siebrits (Siebrits et al.,
2000) who introduced the concept of a stress reversal region (Fig. 1)
and investigating the evolution of the stress redistribution around a
producing fracture using a 3D numerical simulator to examine the
dimensions of the stress reversal region as a function of various
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reservoir properties. In a tight gas reservoir, the stress redistribution
allows refracturing to propagate into the undepleted or less depleted
region where elevated pore pressures have not been signiﬁcantly
depleted - allowing production to signiﬁcantly increase. Productioninduced stress reorientation has been monitored using seismic methods (Sayers, 2004) and reorientation of hydraulic fractures as a result
of stress redistribution has already been conﬁrmed by surface tiltmeter
measurements in the Barnett Shale (Weng and Siebrits, 2007; Wolhart,
2001), the Daqing oilﬁeld (Liu et al., 2008) and the Codell formation of
the Wattenberg ﬁeld in Colorado (Wolhart et al., 2007). Field tests
conducted to verify refracturing reorientation in the Barnett Shale
show a signiﬁcant increase in production (Siebrits et al., 2000). Labscale tests have also demonstrated that a fracture can reorient itself as
the stress ﬁeld changes (Liu et al., 2008).
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fc0 [MPa] Compressive strength
ϴ [°]
Internal friction angle
P [MPa] Pore pressure
E0 [MPa] Elasticity modulus of an REV before the initiation of
damage
E [MPa] Elasticity modulus of an REV after the initiation of
damage
D
Damage variable
εt0
Maximum tensile strain
εc0
Compressive principal strain
k0 [m2] Initial permeability
αk
Damage-permeability coeﬃcient
k [m2]
Permeability
μ [Pa∙s] Viscosity
E [Pa]
Young’s modulus
ρs [kg/m3] Rock density
ρf [kg/m3] Fluid density
ʋ
Poisson’s ratio
α
Biot coeﬃcient
ɸ
Porosity
cf [1/Pa] Fluid compressibility
pres [MPa] Initial reservoir pressure
pwf [MPa] Bottomhole ﬂowing pressure
σmax [MPa] Maximum principal stress
σmin [MPa] Minimum principal stress
w [mm] Fracture maximum width

Nomenclature
Notation deﬁnition
σ [MPa] Cauchy stress tensor
ε
Strain tensor
C [MPa] Elasticity matrix
αB
Biot-Willlis coeﬃcient
pf [MPa] Fluid pore pressure
I
Unit matrix
ζ [kg]
Increments in ﬂuid content
εvol
Volumetric strain
M [MPa] Biot modulus
S
Storage coeﬃcient
v [m/s] Darcy velocity
∇p [MPa/m] Pore pressure gradient
T [s]
Time
Qm [kg] Source of mass
ρav [kg/m3] Average density of ﬂuid and solid matrix
g [m/s2] Gravitational acceleration
u [m/s] Flow velocity
τ
Dimensionless time
Lf [m]
Fracture half-length
σ1 [MPa] Maximum principal stress
σ3 [MPa] Minimum principal stress
ft0 [MPa] Uniaxial tensile strength

optimal time creates a new fracture which ﬁrst initiates and then
propagates perpendicular to the initial fracture. This potentially
penetrates the minimally depleted or undepleted formation. At the
isotropic point (Fig. 1), where the stresses in the x- and y-directions are
equal, the fracture turns in a direction parallel to the initial fracture. In
the following, the size of the stress reversal region is characterized by
the parameter Lf’ which represents the distance from the wellbore to
the isotropic point as shown in Fig. 1.
This stress reorientation is dependent on many factors, including
stress anisotropy, permeablity anisotropy, production rate/pressure
drawdown and fracture toughness, among others (Zhai and Sharma,
2007; Singh et al., 2008). Some case studies identify the basic behavior
of the reservoir stress ﬁeld during production or injection as a proxy for
refrac reorientation (Chen and Lawrence, 2001; Hagemann et al.,
2012), but few consider the coupled poroelastic and mechanical eﬀects
(Roussel, 2011) (Hagemann et al., 2012; Zhou et al., 2015). This study
examines the optimal refrac-time and the evolution of the dimensions
of the stress reversal region under various reservoir conditions by
considering the coupled eﬀects of poroelasticity. Key factors include the
time dependency of the stress reorientation, threshold of the stress
ratio σh max /σh min for the presence of the stress reversal region, the
inﬂuences of permeability anisotropy/heterogeneity, pressure drawdown and rock-ﬂuid properties. These processes are examined in the
following to illuminate best practices for refracturing. Finally, fracture
propagation during the refrac treatment, considering, accommodating
stress redistribution, rock damage and ﬂuid ﬂow. This is used to
conﬁrm the mode of fracture propagation during the treatment and to
conﬁrm results from the continuum analysis deﬁning the conditions
when refracturing may be successful.

Fig. 1. Stress reversal region concept (Siebrits and Elbel, 1998).

The concept of a stress reversal region (also known as: stress
reorientation, stress obliquity or stress redistribution) is illustrated in
Fig. 1. The stress reversal region relies on an initially small diﬀerence
between the maximum and minimum horizontal stresses – this is often
true for tight gas reservoirs (Aghighi et al., 2009). The direction of the
maximum horizontal stress is aligned parallel to the initial fracture.
During the depletion of the reservoir, the stresses reorient due to the
change in pore pressure (Biot, 1955). During production, the reservoir
will ﬁrst experience linear ﬂow towards the fracture with this later
switching to radial ﬂow (Fig. 1). The stress reduction will be higher in
the direction parallel to the initial fracture (Siebrits and Elbel, 1998).
Therefore it is possible that the initial small stress diﬀerence can be
overcome. As a result, a stress reversal region will develop around the
fracture as shown (grey ellipse) in Fig. 1 and a secondary fracture may
propagate orthogonal to the initial fracture. As production continues
the stress reversal region expands (Elbel and Mack, 1993). The
magnitude of induced stress diﬀerences around the fracture ﬁrst
increase and subsequently decrease due to the propagation of a zone
of extension/dilation. Therefore the optimal timing for the refracture
treatment must be identiﬁed to maximize recovery. Refracturing at the

2. Model development
Stress reversal in the region around a fractured well results from
the propagation of the original hydraulic fracture with the pore
pressure drawdown eﬀects superposed. In this paper, the coupling
between both phenomena is explored to examine the extent and time
dependency of the stress reversal region around the fractured produc151
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Table 1
Typical values for the properties of shale gas reservoirs (Roussel, 2011).
Permeability, k
Viscosity, μ
Young’s Modulus, E
Rock Density, ρs
Fluid Density, ρf
Poisson’s Ratio, ʋ
Biot Coeﬃcient, α
Porosity, ɸ
Fluid Compressibility, cf
Initial reservoir pressure, pres
Bottomhole Flowing Pressure, pwf
Maximum Principal Stress, σmax
Minimum Principal Stress, σmin
Fracture Maximum Width, w

1e-18 [m2]
2e-5 [Pa s]
3.45e10 [Pa]
2500 [kg/m3]
136.7 [kg/m3]
0.3
0.7
0.05
2.9e-8 [1/Pa]
28 [MPa]
7 [MPa]
31.7 [MPa]
31 [MPa]
4 [mm]

equation for ﬂow in poroelastic media as
Fig. 2. Reservoir geometry.

ρS

tion well under various reservoir conditions.

(1)

(2)

(3)

2.1.2. Continuity equation
Darcy’s law is required to describe ﬂuid ﬂow in the poroelastic
material as
(4)

where v is the Darcy velocity, k is the permeability, μ is the viscosity
and ∇p is the pore pressure gradient.
When Darcy’s law is combined with the continuity equation

∂ρ
+ ∇∙(ρv ) = 0
∂t

ρav = (1 − ϕ) ρs + ϕρf

(8)

The reservoir model accommodates the following assumptions: 1),
temperature is assumed to be constant; 2), the wellbore ﬂows at
constant pressure pwf; 3), the reservoir produces with no-ﬂow/no ﬂuid
inﬂux boundaries at the exterior; 4), there is a single ﬂuid which is gas;
5), the “hydraulic” fracture has inﬁnite conductivity.
The model is implemented in 2-D on a rectangular cell
(1 m×0.75 m) containing an elliptical fracture (a=0.12 m, b=2 mm)
and a central wellbore (r=5 mm) (Fig. 2). The domain is scaled to
minimize execution time with all properties reported in non-dimensional quantities. The analyses follow the statement of Roussel and
Sharma (2010), who proposed that the boundaries have no impact on
the dimensions of the stress reversal region if the distance from the
fracture to the boundaries is at least three times the fracture half-length
(Roussel and Sharma, 2010). COMSOL Multiphysics is used for this
coupled model and meshing is auto-calibrated for ﬂuid dynamics. The
completed mesh consists of 3306 elements.
Berchenko and Detournay (Berchenko and Detournay, 1997)
developed dimensionless parameters that minimize the number of
independent parameters and simplify the type-curves calculation.
These dimensionless parameters can be applied to any reservoir
properties and fracture geometries. In order to investigate the time
dependency of the size of stress reversal region, dimensionless time τ is
used for time mapping and is deﬁned as

This deﬁnition allows the storage coeﬃcient to be measured directly
or calculated from basic material properties in the case of an ideal
porous material.

k
v = − ∇p
μ

(7)

3. Model implementation

where εvol is the volumetric strain, and Biot modulus M is the inverse of
the storage coeﬃcient S which can be deﬁned through the following
equation under constant volumetric strain:

εvol

(6)

where ρav is the average density of ﬂuid and solid matrix and g is the
gravitational acceleration, u is the ﬂow velocity and the second term on
the right hand-side of Eq. (7) is the inertial term - set to zero, since in
the laminar regime viscous forces dominate. ρs and ρf are the densities
of the solid and the ﬂuid phase, respectively, and ɸ is porosity of the
porous medium.

where σ is the Cauchy stress tensor, ε is the strain tensor, C is the
elasticity matrix, αB is the Biot-Willlis coeﬃcient, pf is the ﬂuid pore
pressure and I is the unit matrix.
A second constitutive equation relates the increment in ﬂuid
content ζ to volumetric strain and incremental pore pressure. The
ﬂuid pore pressure is proportional to the dilation of the porous matrix
and the change of the ﬂuid content:

1
∂ζ
=
M
∂p

∂εvol
∂t

∂ 2u
∂t 2

−∇∙σ = ρav g − ρav

2.1.1. Constitutive equation
Two constitutive equations govern poroelastic response. The ﬁrst
describes the relations between stress, strain, and pore pressure:

S=

+ ∇∙(ρv ) = Qm − ραB

2.1.3. Mass balance equation
Solid deformation can be represented through Navier’s equations
for a solid in equilibrium under gravitational load as

The coupled ﬂuid-ﬂow/mechanical behavior in an isothermal linear
poroelastic material is governed by the relations between pore pressure
pf , Darcy’s velocity v, stress tensor σ, strain tensor ε, and the increment
in ﬂuid content ζ (Biot, 1955).

pf = M (ζ − αB εvol )

∂t

where Qm is the source of mass.

2.1. Governing equation

σ = Cε − αB pf I

∂pf

τ=

(5)

where ρ is the ﬂuid density, t is the time. Then it yields the governing
152

4kt
⎛
μL f2 ⎜cf ϕ +
⎝

αB (1 + υ)(1 − 2υ) ⎞
⎟
(1 − υ) E
⎠

(9)
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Fig. 3. Evolution of stress reversal region at A) τ=0; B) τ=0.07; C) τ=0.39; D) τ=9.6 (optimal timing); E) τ=47.5; F) τ=100.

where k is the average reservoir permeability [m2], t is the production
life [s], Lf is the fracture half-length [m], μ is the ﬂuid viscosity [Pa∙s], cf
is the ﬂuid compressibility [1/Pa], ɸ is the porosity, αB is the Biot
coeﬃcient, ʋ is the Poisson’s ratio, E is the Young’s modulus [Pa].
Reservoir conditions used in the simulation for the base case are
listed in Table 1. Displacement is permitted along the fracture faces
where a constant stress is imposed. This stress is equal to the net
pressure pnet (which is considered as zero in this model) plus the
minimum principal stress σmin. This uniform stress boundary condition

applied on the fracture face is the pressure required for the proppant to
retain the fracture open. No ﬂow boundaries with constant stress
conditions (σmin in y-direction and σmax in x-direction) are applied
normal to the “block” face (Fig. 2). Wellbore and fracture face ﬂow at
constant bottomhole ﬂowing pressure pwf .
4. Results and discussion
Parametric studies explore the time dependency of stress reorienta153
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Fig. 4. Lf’/Lf vs. τ for diﬀerent σh max /σh min ratio.

Fig. 7. Lf’/Lf vs. τ for permeablity anisotropy.

Fig. 5. Lf’/Lf vs. τ for diﬀerent permeability.

Fig. 8. Heterogeneous permeability distribution in the reservoir.

Fig. 6. Lf’/Lf vs. time for diﬀerent permeability.

tion, threshold stress ratio σh max /σh min for the presence of the stress
reversal region (stress anisotropy), the inﬂuences of permeability
anisotropy/heterogeneity, pressure drawdown and rock-ﬂuid properties on the evolution of the stress reversal region. Dimensionless time τ
and the ratio Lf’/Lf (Fig. 1) are used to quantify the size of the stress
reversal region over the logarithm of time scale. The direction of the
maximum principal stress with a deviation of more than 45° from the
initial state is considered as the criterion for the occurrence of stress
reorientation.
Fig. 3 shows the evolution of the distribution of the direction of the
maximum principal stress with dimensionless time τ. The stress
reversal region develops immediately as the reservoir begins to produce
and reaches its maximum extent when the ﬂow around the fracture
transits from linear ﬂow to radial ﬂow – this is conﬁrmed from the

Fig. 9. Lf’/Lf vs. τ for permeability heterogeneity.

pressure surface proﬁle (ﬁgures not shown). After reaching a maximum
extent, the stress reversal region shrinks and the direction of the
maximum principal stress gradually returns to its initial state (is
parallel to the existing fracture). As apparent in Fig. 3D, τ=9.6 is the
optimal timing to refrac in that Lf’, the proxy for the size of the stress
reversal region, reaches a maximum dimension.

154
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Fig. 13. Lf’/Lf vs. τ for diﬀerent porosity.

Fig. 10. Lf’/Lf vs. τ for diﬀerent pressure drawdown.

Fig. 14. Lf’/Lf vs. time for diﬀerent porosity.

Fig. 11. Lf’/Lf vs. τ for diﬀerent Poisson’s ratio.

Fig. 12. Lf’/Lf vs. τ for diﬀerent Biot coeﬃcient.
Fig. 15. The constitutive law of rock under conditions of uniaxial stress.

4.1. Eﬀect of stress anisotropy

tion. The optimal timing to refrac is also postponed when this ratio
becomes approaches 1. For the base case examinated in this study, the
optimal time to refrac is when τ=9.6 where Lf’/Lf is 0.85.

The stress reversal region concept relies on an initially small
diﬀerence between the maximum and minimum horizontal stresses,
which often holds true for tight gas reservoirs (Aghighi et al., 2009).
The diﬀerence between minimum (σh min ) and maximum (σh max )
principal stress used for the base case in this study is 0.7 MPa (σh max /
σh min=1.022) (Table 1). Several σh max /σh min ratios are tested in
order to determine the threshold for the presence of stress reorientation (Fig. 4). Fig. 4 shows that this threshold value is ~1.1. At this peak
ratio a very small stress reversal region is quickly developed and then
immediately vanishes. Apparent from Fig. 4, the closer the σh max /
σh min ratio approaches to 1, the more signiﬁcant the stress reorienta-

4.2. Eﬀect of permeability magnitude
For the base case the permeability k is chosen as 1e-18 m2
(Table 1). Two other cases with permeability 0.1 and 10 times that of
the base case are examined to investigate the eﬀect of permeability
magnitude. Figs. 5 and 6 show the length ratio Lf’/Lf with dimensionless time τ and production time t for these diﬀerent permeabilities.
Although permeability magnitude has no inﬂuence on the optimal
155
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refrac timing on the dimensionless time scale (Fig. 5), because the
eﬀect is normalized by Eq. (9), there is signiﬁcant diﬀerence on the true
production time scale for diﬀerent values of permeability (Fig. 6). The
pressure gradient in the reservoir has to exceed a speciﬁc value in order
to have a higher stress reduction in the direction parallel to the initial
fracture to overcome the initial small stress diﬀerence. In reservoirs
with higher permeabality, the pressure gradient spreads out faster and
so does the stress reversal region. Fig. 6 implies that a small
permeability has an extended optimal refrac timing. The multiples
between the optimal refrac timing of each case is the reciprocal of the
multiples between the permeability of each case. However permeability
magnitude has no eﬀect on the size of resulting stress reversal region as
all three cases show the same Lf’/Lf value.

Table 2
Parameters related to damage model.
Initial uniaxial compressive strength fc0
Initial uniaxial tensile strength ft0
Damage-permeability eﬀect coeﬃcient αk

115.0 MPa
11.5 MPa
5.0

4.3. Eﬀect of permeability anisotropy
The eﬀect of permeability anisotropy is analyzed following the same
procedure. Two cases are investigated and compared to the base case
which has an isotropic permeability. The permeability is ten times
greater in the x-direction for the ﬁrst case and for the second case the
permeability is ten times greater in the y-direction. The anisotropic
permeability aﬀects the shape of the evolving drainage area that is
stretched in the direction of higher permeability (conﬁrmed by the
pressure surface proﬁle and ﬁgures not shown). Fig. 7 indicates that a
refrac treatment is most eﬃcient if the reservoir permeability is greater
in the direction perpendicular to the initial fracture (kx/ky=1:10) and
vice versa least eﬃcient for the opposite condition (kx/ky=10:1).
Permeability anisotropy is positively correlated to the size and negatively correlated to the timing if the permeability is greater in the
direction perpendicular the initial fracture, however it is negatively
correlated to the size and positively correlated to the timing if the
permeability is greater in the direction parallel to the initial fracture.
4.4. Eﬀect of permeability heterogeneity
The true heterogeneity of reservoirs may also aﬀect the success of
resfracs, and is examined here. The reservoir is divided into a grid with
50×50 blocks. The geostatistical function in Matlab is used to assign a
heterogeneous permeability for each grid block. The generated permeabilities vary between 5.05e-19 m2 and 1.50e-18 m2 with an average of
1e-18 m2 and standard deviation of 2.9e-19 m2. These data are
imported into COMSOL Multiphysics and distributed to individual
meshes based on the coordinates by an interpolation function (Fig. 8).
Fig. 9 shows that this level of permeability heterogeneity has no
inﬂuence on the size of resulting stress reversal region nor optimal
refrac timing.
4.5. Eﬀect of pressure drawdown
Sensitivity analysis is also conducted on the impact of the magnitude of pressure drawdown. Fig. 10 shows that a larger pressure
drawdown provides favorable conditions for a successful refracturing
as suggested by a high Lf’/Lf value. To the contrary, a higher bottomhole ﬂowing pressure pwf limits the stress reorientation to the
immediate vicinity of the wellbore with an early optimal refrac timing.

Fig. 16. Work ﬂow of fracture propagation simulation using a rock damage model.

Fig. 17. Model set up for refracturing modeling.
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Fig. 18. Fracture propagation during the refracturing treatment under the eﬀect of stress redistribution (Case 1). (A: Pinj=45 MPa; B: Pinj=55 MPa; C: Pinj=65 MPa; D: Pinj=75 MPa; E:
Pinj=85 MPa; F: Pinj=95 MPa) (Figures are zoomed out for magniﬁcation.).

4.8. Eﬀect of porosity

This is purely due to the production-induced stress reorientation which
results from poroelasticity eﬀect and also due to the choice of the
parameter that deﬁnes the bounds of the stress reversal region.

Typical average values for the porosity of sedimentary rocks
(Barrell, 1914) are of the order: shale, 0.082; sandstone, 0.148;
limestone, 0.053; and all sedimentary rocks, 0.085. Additional data
since the publication of Barrell's summary indicate that the average
value of 0.082 for the porosity of shale may be low. Based on the data
above, a range of porosity from 0.02 to 0.1 is examined to investigate
the eﬀect of porosity. Figs. 13 and 14 show the values of Lf’/Lf over
dimensionless time τ and production time t under diﬀerent porosities.
Although porosity has no inﬂuence on the optimal refrac timing on the
dimensionless time scale (Fig. 13), since its eﬀect is normalized by Eq.
(9), there is signiﬁcant diﬀerence on the real production time scale for
diﬀerent values of porosity (Fig. 14). Fig. 14 implies that larger porosity
contributes an extended optimal refrac timing. The multiples between
the optimal refrac timing of each case is the reciprocal of the multiples
between the porosity of each case. However porosity has no eﬀect on
the size of stress reversal region.

4.6. Eﬀect of Poisson’s ratio
For a penny-shaped fracture where its height equals length,
Poisson’s ratio does not aﬀect the resulting stress contrast since
stresses are independent of Poisson’s ratio (Sneddon, 1946).
However in most cases where fracture height is smaller than fracture
length, Poisson’s ratio will play a part. Fig. 11 shows that a propped
fracture creates a greater stress contrast in its vicinity with a low
Poisson’s ratio in that a low Poisson’s ratio indicates that the
deformation in the direction parallel to the fracture is small compared
to the deformation normal to the fracture – from this a larger stress
contrast develops.
4.7. Eﬀect of Biot coeﬃcient

5. Fracture propagation under the eﬀect of stress
redistribution

Examining the sensitivity to variations in the Biot coeﬃcient
(Fig. 12) shows that there is a positive correlation between Biot
coeﬃcient and the size of the stress reversal region. A reservoir with
a large Biot coeﬃcient shows a slightly delayed optimal refrac timing.
As Biot coeﬃcient approaches zero, there should be no poroelastic
eﬀect and hence no consequent stress reversal with time.

A coupled model of rock damage and ﬂuid ﬂow is used to simulate
the fracture propagation under the eﬀect of stress redistribution during
the refracturing treatment. The nonlinear stress-strain relation of rock
under uniaxial tension and compression can be simpliﬁed as a
157
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⎧0
⎪
⎪
⎪1 −
D=⎨
⎪
⎪1 −
⎪
⎩

piecewise function (Fig. 15) (positive for compression). Tension or
shear damage is initiated when the stress state of a representative
elementary volume (REV) satisﬁes the maximum tensile stress criterion or the Mohr–Coulomb criterion respectively, which are shown as
follow (Zhu and Tang, 2004):

⎧
⎪ F1 = −(σ3 − αp ) − ft 0 = 0
⎨
1 + sin θ
⎪
⎩ F2 = (σ1 − αp ) − 1 − sin θ (σ3 − αp ) − fc0 = 0

⎛ εc0 ⎞2
⎜ ε ⎟ F2 = 0
⎝ 1⎠

and

F2 < 0

and dF1 > 0
and dF2 > 0

(12)

where εt0 and εc0 are maximum tensile and compressive principal
strain, respectively. In the numerical implementation of Eq. (11), the
potential for tensile damage is examined ﬁrst with the maximum
tensile stress criterion, and only the REVs that are not damaged in
tension will be examined for subsequent damage in shear with the
Mohr–Coulomb criterion.
After damage initiates, the elastic modulus changes (Eq. (11)) and
impacts permeability as damage evolves. The permeability evolution
with damage is a complex process and here we describe this relation as
the exponential function

(10)

where F1 and F2 are two damage threshold functions; σ1 and σ3 are the
maximum and minimum principal stress, respectively; ft0 and fc0 are
the uniaxial tensile and compressive strength, respectively; ϴ is the
internal friction angle, p is the pore pressure and α is the Biot
coeﬃcient.
The elasticity modulus of a REV may be considered to decrease
monotonically with the evolution of damage as

E = (1 − D ) E0

F1 < 0
⎛ εt 0 ⎞2
⎜ ε ⎟ F1 = 0
⎝ 3⎠

k = k 0 exp(αk D )

(11)

(13)

where k0 is the initial permeability and αk is a constant selected here as
equal to 5 and deﬁned as the damage-permeability coeﬃcient to
indicate the eﬀect of damage on the permeability.
A coupled model of rock damage and ﬂuid ﬂow results from
combining Eqs. (1)–(7), (10)–(12) where the Young’s modulus and
permeability are functions of the damage. The complete set of coupled

where E0 and E are the elasticity modulus of an REV before and after
the initiation of damage, respectively; D is the damage variable that
varies from 0 to 1. Based on the constitutive law shown in Fig. 15, the
damage variable can be deﬁned as

Fig. 19. Fracture propagation during the refracturing treatment under the eﬀect of stress redistribution (Case 2). (A: Pinj=31 MPa; B: Pinj=36 MPa; C: Pinj=41 MPa; D: Pinj=45 MPa; E:
Pinj=47 MPa; F: Pinj=56 MPa) (Figures are zoomed out for magniﬁcation.).
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Fig. 20. Fracture propagation during the refracuring treatment under the eﬀect of stress redistribution (Case 3). (A: Pinj=51 MPa; B: Pinj=54 MPa; C: Pinj=59 MPa; D: Pinj=62 MPa; E:
Pinj=69 MPa; F: Pinj=80 MPa) (Figures are zoomed out for magniﬁcation.).

and basal boundaries to represent the symmetry. Far ﬁeld stresses σmin
and σmax are applied on the top and right boundaries. All boundaries
are zero ﬂux except for the borehole where the ﬂuid is injected as an
increasing hydraulic pressure p with time. The geometry is divided into
a grid of 5000*1875 REVs. Initial hydraulic pressure in the borehole is
26 MPa and the pressurization rate is 1 MPa/s. The problem domain is
discretized into 51,492 triangle elements with a reﬁned size around the
borehole where the fracture is expected to be formed. The values for
properties of reservoir and fracturing ﬂuid are shown in Table 1. The
parameters related to the damage model are listed in Table 2.
Several cases are investigated and the results are shown in Figs. 18
and 19. In the ﬁrst case (Fig. 18), the stress applied on the initial
fracture face is the same as the minimum principal stress and the ratio
between the maximum and minimum principal stress in the reservoir is
1.022, which is the value used for the prior base case. Results show that
during the refracturing treatment, the second fracture grows perpendicular to the initial fracture, conﬁrming the existence of the stress
redistribution. However due to the mechanical eﬀect resulting from the
stress applied on the initial fracture face, no isotropic point is observed.
In the second case (Fig. 19), the stress applied on the initial fracture
face is 0.7* minimum principal stress and the ratio between the
maximum and minimal principal stress in the reservoir is also 1.022.
Results show that the second fracture initiates and propagates normal
to the initial fracture. An isotropic point is also observed where the
fracture turns paralleled to the initial hydrofracture beyond this
isotropic point.

Table 3
Summary of the effects of different factors.

σh max /σh min
Permeability Magnitude
Permeability Anisotropy
Permeability Heterogeneity
Pressure Drawdown
Poisson’s Ratio
Biot Coeﬃcient
Porosity

Stress reversal region size

Optimal refrac timing

(−)
N/A
(+)/(−)
N/A
(+)
(−)
(+)
N/A

(−)
(−)
(−)/(+)
N/A
(+)
(−)
(+)
(+)

(+) means positive correlation; (−) means negative correlation; N/A means no effect.

equations is solved by the ﬁnite element method. The damage variable
and changes in the damage-induced elastic modulus and permeability
are calculated and updated as the loads increase. The workﬂow is
summarized as follows (Fig. 16) (Wang et al., 2015):
The above workﬂow is implemented in the code COMSOL
Multiphysics with MATLAB scripting. Taking advantage of the half
symmetry, the problem geometry is a rectangular region containing a
half borehole located along the base as shown in Fig. 17. The initial
values of stress and pore pressure of this study are identical to those in
the stress reversal simulation when the stress reversal eﬀect is optimal
and the dimensionless time, τ, is equal to 9.6. The boundary conditions
are shown in Fig. 17. This problem can be analyzed by assuming plane
strain conditions and transient ﬂuid ﬂow. A roller is applied on the left
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In the third case (Fig. 20), the stress applied on the initial fracture
face is the same as minimum principal stress and the ratio between the
maximum and minimum principal stress in the reservoir is 1.1, which
is the threshold to have a stress reversal region. Results show that the
second fracture initiates and propagates normal to the initial fracture.
An isotropic point is also observed and the fracture turns parallel to the
initial massive hydrofracture (initial treatment) beyond this isotropic
point.
6. Conclusion
This study examines the optimal refrac timing and the dimensions
of the stress reversal region under diﬀerent reservoir conditions using a
coupled poroelastic-mechanical model. Key factors including the time
dependency of the stress reorientation, threshold of the stress ratio
σh max /σh min for the presence of the stress reversal region, the
inﬂuences of permeability anisotropy/heterogeneity, pressure drawdown and rock-ﬂuid properties control the evolution of the stress
reversal zone. Results, summarized in Table 3, show that the size of the
stress reversal region and optimal refrac timing are positively or
negatively correlated to the parameters examined in the study.
Fracture propagation during the refracturing treatment is examined
using a coupled model of rock damage and ﬂuid ﬂow. Results show that
the second fracture initiates and propagates perpendicular to the initial
fracture and indeed turns parallel to the initial hydrofrac beyond the
isotropic point, conﬁrming the existence of a stress reversal region.
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