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Summary

Waterflooding has been an effective improved-oil-recovery (IOR)
process for several decades. However, stress induced by water-
flooding has not been well studied or documented. Water injection
typically increases reservoir pressure and decreases reservoir
temperature. The increase in reservoir pressure and decrease in
reservoir temperature synergistically reduce the effective stress.
Because of such decrease in stress, existing healed natural frac-
tures can be reactivated and/or new fractures can be created. Simi-
lar effects can enhance hydrocarbon recovery in shale reservoirs.

In this paper, we calculated the magnitude of water-injection-
induced stress with a coupled flow/geomechanics model. To eval-
uate the effect of water injection in the Bakken, a numerical-simu-
lation study for a sector model was carried out. Stress changes
caused by the volume created by the hydraulic fracture, water
injection, and oil production were calculated. The Hoek-Brown
failure criterion was used to compute rock-failure potential.

Our numerical results for a waterflooding example show that
during water injection, the synergistic effects of reservoir cooling
and pore-pressure increase significantly promote rock failure,
potentially reactivating healed natural macrofractures and/or cre-
ating new macrofractures, especially near an injector. The rock
cooling can create small microfractures on the surface of the ma-
trix blocks. In shale oil reservoirs, the numerical experiments
indicate that stress changes during water injection can improve oil
recovery by opening some of the old macrofractures and creating
new small microfractures on the surface of the matrix blocks to
promote shallow water invasion into the rock matrix. Furthermore,
the new microfractures provide additional interface area between
macrofractures and matrix to improve oil drainage when using sur-
factant and CO2 enhanced-oil-recovery techniques. These positive
effects are particularly important farther away from the immediate
vicinity of the hydraulic fracture, which is where much of the
undrained oil resides.

Introduction

Waterflooding has been an effective IOR process for decades.
However, stress induced by changes in pressure or temperature
during waterflooding is typically overlooked or not adequately
reported. Water injection changes the stress field in the reservoir
and the surrounding rocks by changes in pore pressure and reser-
voir temperature. For instance, the change in stress within a reser-
voir can be estimated with the following equation for isotropic
rock.

rh � ap ¼ t
1� t

ðrv � apÞ þ E

1� t2
ðeh þ teHÞ

þ E

1� t
½bðT � T0Þ� � � � � � � � � � � � � � � � � ð1Þ

In Eq. 1, rh and rv are the minimum horizontal and vertical
stresses, respectively; a is Biot’s coefficient; b is the linear thermal

expansion; � is Poisson’s ratio; p is pore pressure; T is tempera-
ture; T0 is initial temperature; and eh and eH are the strain in the
minimal- and maximal-horizontal-stress directions, respectively.

The first term on the right side of Eq. 1 is the contribution
from the vertical stress to the effective-horizontal-stress change.
The second term is the contribution of the horizontal mechanical
strain, and the last term is the contribution from the thermal strain.
By use of the classical uniaxial-strain assumption, we drop the
second term of Eq. 1, which yields the following equation:

rh � ap ¼ t
1� t

ðrv � apÞ þ E

1� t
½bðT � T0Þ�: ð2Þ

With Eq. 2, we can derive the following equations, which rep-
resent the change in effective stresses as a function of the change
in pore pressure and reservoir temperature:

ðr0h � r0h0Þ ¼ �
t

1� t
aðp� p0Þ þ

E

1� t
bðT � T0Þ ð3Þ

ðr0v � r0v0Þ ¼ �aðp� p0Þ; ð4Þ

where p0 is the initial reservoir pressure, r0h ¼ rh � ap, and
r0h;0 ¼ rh;0 � ap0.

As for an application of Eq. 3, consider the following example.
Suppose we inject cold water into a reservoir such that the
increase in pore pressure is 1,000 psia, whereas the decrease in
temperature within the drainage volume of the well is 50�F. The
data pertinent to this problem are the following: a¼ 0.8, �¼
0.2, E ¼ 2:83� 106 psi (18 GPa), and b ¼ 5:56� 10�6 �F�1

(10�5K�1).
The change in effective horizontal stress because of pore-pres-

sure increase of 1,000 psia is �200 psia, and the effect of cooling
by 50�F is �912 psia, for a net effective-horizontal-stress change
of �1,112 psia. The effective-vertical-stress change is �800 psi.
The Mohr diagram, Fig. 1, shows that the synergistic effects of
reservoir cooling and pore-pressure increase promote rock failure,
potentially reactivating healed natural fractures and creating new
microfractures.

A recent waterflood pilot test in the Viewfield Bakken by Cres-
cent Point Energy (Wood and Milne 2011) indicates improved oil
production. The first pilot test included four horizontal producers
and one horizontal injector, drilled parallel to each other with
well spacing of approximately 656 ft (200 m) (Fig. 2a). The first
pilot saw a robust production response through the latter part of
2008 and into much of 2009, as shown in Fig. 2b. After reaching
a peak production rate of approximately 550 B/D, production
declined by approximately 25% over the next 2 years. This
decline rate is a great improvement over the 70-to-75% rate
decline in the first year of a typical declining rate in the Viewfield
Bakken wells (Wells 2011).

Crescent Point Energy also conducted a tracer test. The results
indicated immediate water breakthrough to the offset producers.
This is not a surprise because injected water tends to flow through
the fracture networks created by hydraulic fracturing, displacing
the oil toward the production well, and bypassing tight shale ma-
trix, rapidly reaching producers.

We believe that water-injection-induced stress enhances per-
meability of existing healed natural fractures and creates new
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microfractures penetrating into tight matrix rock. These micro-
fractures create flow paths for hydrocarbons inside the matrix,
thus improving the fracture/matrix interface area and increasing
hydrocarbon production from the matrix. In addition, the princi-
pal mechanism of oil displacement by waterflooding is mainly
by viscous displacement of oil from the microfractures and
possibly with a little contribution from the matrix. The theoreti-
cal support for this conclusion will be provided in a future
publication.

Because waterflooding appears to be a viable IOR technique,
in this paper, we further examine the role of waterflood-induced
stress to improve oil recovery. We calculate the magnitude of

water-injection-induced stress with a coupled flow/geomechanics
model.

In addition to the preceding engineering analysis, we present a
numerical model to describe how waterflooding improves oil re-
covery in shale reservoirs. In support of our numerical-modeling
study, published experimental data relating to the waterflood-
induced stress will be presented and discussed.

Thermal Stimulation in Geothermal Reservoirs

Thermal stimulation has been reported as a successful stimulation
technique for geothermal reservoirs (Siratovich et al. 2011). We
speculate that this mechanism is also a key to success in a cold-water
injection in Bakken. A typical thermal stimulation is conducted by
injecting cold water into hot reservoir rock. Three mechanisms are
considered for the success: the reopening of old fractures by thermal
contraction, the creation of new fractures from temperature-induced
stress exerted on reservoir rocks, and the cleaning of debris or min-
eral deposits from open fractures (Axelsson et al. 2006).

Siratovich et al. (2011) thoroughly review thermal-stimulation
application in a number of geothermal fields worldwide. The stim-
ulation could be conducted right after a well is drilled or long af-
ter production, and often is cyclic. The treatment could be
performed in a short period ranging from hours to days. Thermal
cycling with rapid cooling and heating of the wellbore (by inject-
ing cold water and stopping injection) shows positive results
enhancing near-wellbore permeability (Kitao et al. 1990; Bjorns-
son 2004). Siratovich et al. (2011) also conducted experiments to
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Fig. 2—Waterflooding Pilot Test No. 1 in the Viewfield Bakken by Crescent Point Energy Corporation: (a) well configuration and (b)
oil-production and water-injection profiles (Wood and Milne 2011).
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Fig. 1—Mohr diagram for stress change during water injection.
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verify that temperature-induced stress can create fractures in a
volcanic-rock specimen. The experiment was carried out by heat-
ing the specimen to 300 to 650�F and immediately submerging
the specimen in a 68�F water bath. Newly created fractures
observed on the specimen indicate that temperature-induced stress
could create new microfractures (Fig. 3a).

Moreover, numerical studies (Ghassemi and Zhang 2004;
Ghassemi et al. 2007; Tarasovs and Ghassemi 2012) also illustrate
the role of temperature-induced stress to create new fractures.
Cold-water circulation in hot fractured rock induces thermal con-
traction and creates tension near main fractures. Once the induced
stress exceeds the rock strength, secondary fractures can propa-
gate from the main fractures (likely perpendicular to them) into
matrix rock (Fig. 3b).

We speculate that water-induced microfractures could occur
during water injection in the Bakken. These induced microfrac-
tures can enhance oil recovery by increasing macrofractures/
matrix interface area, thus improving oil production from tight
Bakken reservoirs. However, the Bakken reservoir temperature is
not as high as that of the aforementioned geothermal reservoirs; it
would take a longer period to see the effect of the thermal stimu-
lation. This is consistent with the observations from the water-
injection pilot test by Crescent Point Energy. The company indi-
cated that the improvement from water injection could be detected
several months to 1 year after starting injection (Wells 2011).

The Research Objective

The objective of this study is to investigate the role of pressure
increase and temperature decrease during water injection in the
stress redistribution in conventional and unconventional reservoirs
and the tendency of water-induced microfractures to form in the
Bakken. A coupled flow/geomechanics model is used to calculate
pore-pressure- and temperature-induced stress in the reservoirs. In
this paper, we conduct two simulation studies: five-spot pattern
waterflooding in a conventional reservoir and water injection in a
multistage hydraulic-fractured horizontal well in the Bakken.

Mathematical Model for Coupled Flow and
Geomechanics

A coupled flow and geomechanics model is used to describe fluid
flow, heat transfer, and rock deformation in the formations. This
model is built on the basis of the governing equations preserving
physical laws (including conservation of mass, momentum, and
energy) and constitutive laws (such as Darcy’s law, porothermo-
elasticity, and infinitesimal strain theories). In this paper, we
extend the work by Charoenwongsa et al. (2010) to capture a me-
chanical anisotropic system. Detailed implementation can be found
in Charoenwongsa et al. (2010).

Elements of the model include the pore-pressure equation,
water-saturation equation, temperature equation, rock-displace-
ment equation, and stress/strain relation.

Pore Pressure Equation.

�r �~vw �r �~v/ þ q̂t

¼ ð1� evÞ/ ct
@p/

@t
� bfl;t

@T

@t

� �
� /

@ðr �~uÞ
@t

; � � � � � � ð5Þ

where ~v is Darcy velocity; q̂ is sink and source term per unit vol-
ume; subscripts o and w represent the oil and water phases,
respectively; ev is volume matrix strain; / is porosity; ct is total
compressibility; bfl;t is total thermal expansion of fluid; t is time,
~u is the rock displacement vector defined as ~u ¼ ½u; v;w�T , and
u; v; and w are rock displacement components in the x-, y-, and
z-directions, respectively.

Water Saturation Equation.

�r �~vw þ q̂w

¼ ð1� evÞ/ Swðcw þ c/Þ
@p

@t
� Swbfl;w

@T

@t
þ @Sw

@t

� �

� /Sw
@ðr �~uÞ

@t
: � � � � � � � � � � � � � � � � � � � � � � � � � ð6Þ

where c/ and cw are pore and water compressibility, respectively.

Temperature Equation.

� r � ðcp;wqw~vw þ cp;oqo~voÞðT � TnÞ
� �

þ r � ðkTrTÞ
þ ðcp;wqwqwÞðTinj � TnÞ
� �

¼
/ðcv;wqwSw þ cv;oqoSwÞ
þð1� /Þcsqs

� �
@T

@t

�3bKbT0

@ðr �~uÞ
@t

;

� � � � � � � � � � � � � � � � � � � � � � � ð7Þ

where q is density; cp is constant pressure heat capacity; cv is con-
stant-volume heat capacity; subscripts o and w represent the oil
and water phases, respectively; cs is heat capacity of solid, and Kb

is drained bulk modulus.

Rock Displacement Equation. X-Direction.

@
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@x
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@v
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@w

@z
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@y
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þ @
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¼ �a
@po

@x
� fw
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@x
� ð fwcw þ focoÞ

@D

@x

� �

�bðC11 þ C12 þ C13Þ
@T

@x
� � � � � � � � � � � � � � � � � � � ð8Þ
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Fig. 3—Recent studies confirming thermal induced fractures in geothermal reservoirs: (a) an experimental study by Siratovich
et al. (2011) showing fracture creation during the experiment on Tjaldfell Tholeiitic basalt specimen by heating the sample to 400ºF
and immediately submerging it in a 70ºF water bath and (b) a numerical study by Ghassemi (2012) showing secondary fractures
created by cold-water injection in geothermal reservoirs.
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where Cij represents rock mechanical properties defined in a
strain/strain relation under drained conditions; detailed calculation
is given in Appendix A. pcwo represents capillary pressure of a
water/oil system, f is fractional flow, c is the pressure gradient,
and D is depth.

Y-Direction.

@
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@v
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þ @u

@y
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þ @

@y
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Z-Direction.
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The stress/strain relation is

Drx � aðp� p0Þ
Dry � aðp� p0Þ
Drz � aðp� p0Þ

Dsxy

Dsyz

Dszx

2
666666664

3
777777775
¼
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�

ex þ bðT � T0Þ
ey þ bðT � T0Þ
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exy

eyz

ezx

2
666666664

3
777777775
; � � � � � � � ð11Þ

where Dri is normal stress change on the i-direction, Dsij is shear
stress change in the i, j plane, ei is normal strain on the i-direction,
and eij is shear strain on the i, j plane.

For the strain definition, we use the small strain definition,
which is mathematically expressed by

ex ¼
@u

@x
ey ¼

@v

@y
ez ¼

@w

@z

exy ¼
1

2
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� �
:

� � � � � � � � � � � � � � � � � � � ð12Þ

Water-Injection-Induced Stress

Cold-water injection reduces effective stress in reservoirs in two
ways, which is evident by reviewing Eq. 1. This equation clearly
indicates that the effective stress is reduced when pore pressure
increases. Second, the effective stress is reduced when the reser-
voir cools, which causes rock matrix to contract (volumetric
strain). The latter effect is similar to cooling a steel rod with two
ends fixed where the volume change caused by thermal contrac-
tion creates internal strain in the rod, thus decreasing the stress as
well as the effective stress.

To study water-injection-induced stress, we modeled water-
flooding in a 160-acre, 50-ft-thick five-spot pattern. Thus, we
show the results for only a quarter of this five-spot reservoir seg-
ment with injector-to-producer spacing of 1,867 ft. Cold water is
injected into the reservoir for 1 year. A coupled fluid-and-heat-
flow/geomechanics model based on the work of Charoenwongsa
et al. (2010) was used to calculate stress change in the reservoir.
Fig. 4 shows the model configuration with overburden, underbur-
den, and sideburden boundaries. Detailed reservoir data are pre-
sented in Appendix B.

Table 1 shows the simulation results for pressure, temperature,
and effective-stress changes at various locations. Here, stress
change is calculated as the change from the initial condition. Nega-
tive stress change indicates reduction of the effective stress. We
can see that temperature reduction after 1 year of injection is con-
fined to a range up to 300 ft from the injection well. Thus, the tem-
perature change is relatively slow compared with the pore-pressure
change. The contribution of each term on the right side of Eq. 1 to
the effective-horizontal-stress change is shown in Table 1. We can
clearly see that the stress change at the vicinity of the injector is
dominated by thermal strain because of the temperature decrease.
The thermal-strain effect reduces farther away from the injector
because the temperature reduction occurs only near the injector.

The stress profiles are plotted as the Mohr circle, shown in Fig.
5a, including the Mohr-Coulomb failure envelope with a 100-psi
cohesion and a friction angle of 30� for healed natural fractures.
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On this plot, the intersection of a stress profile and the failure enve-
lope indicates a possible reactivation of healed natural fractures.
We can see that the maximum stress reduction is near the injector,
where the maximum temperature reduction takes place. The stress
and temperature changes become less pronounced farther away
from the injector.

Fig. 5b shows a comparison between pore pressure-induced
and temperature-induced stress changes at 200 ft from the injec-
tor. The pore-pressure increase raises the total stress and causes a
slight mechanical strain in the system. This increase reduces
effective stress and shifts the Mohr circle to the left. The induced
strain creates shear stress and slightly enlarges the Mohr circle.
The temperature decrease causes negative strain or tension in the
system, and creates significant shear stress caused by the mechan-
ical strain contrast in vertical and horizontal directions. Ulti-
mately, this reduction widens notably and shifts the Mohr circle
to the left. Both the pore-pressure increase and the temperature
decrease move the Mohr circle toward the failure envelope. In
other words, both effects synergistically promote rock failure.

Numerical Simulation of Water Injection in a
Sector Model of the Bakken

To evaluate the effect of water injection in a typical Bakken reser-
voir, a numerical-simulation study for a sector model was carried
out. The model represents a reservoir section between a horizontal
water injector and an oil producer in the middle Bakken formation.
Both wells are assumed to be stimulated by a set of multistage hy-
draulic fractures, with well spacing of 650 ft, fracture half-length
of 150 ft, and fracture spacing of 400 ft (Fig. 6a). A typical aver-
age hydraulic-fracture width, in shale formation, of 0.2 in. is
assumed. The model is initialized when the hydraulic-fracturing
job has been completed. Thus, the fracture network created by the
hydraulic-fracturing process exists at the start of water injection.

For simplicity, we assume that the fractures network, created as
a result of hydraulic fracturing, is parallel with the principal-stress
coordinate axes, as shown in Fig. 6c. We realize that the most
accurate way to simulate the fractures network is to model the frac-
tures at an angle approximately 20 to 30� from the principal-stress
axes. Our approach simplifies computation but it does not detract
from the main objective of the research. Fundamentally, we are
more interested to know to what extent the pore-pressure and tem-
perature change in the fractures/matrix system affects the stress
redistribution in the reservoir. Furthermore, our representation of
the microfractures network is amenable to logarithmic-grid distri-
bution, which leads to accurate numerical results (Fig. 6d). Macro-
fractures were represented by a set of high-permeability orthogonal
grid cells with conductivity of 1.0 md-ft in conductivity, compared
with 0.002 md-ft for the adjacent matrix grid array.

In this paper, we did not include the mineralization process
during water injection. But we suspect that cooling of the forma-
tion brine should lead to some mineral precipitation, which can be
included in the future research effort.

Overburden and underburden layers are included to capture
stress redistribution because of mechanical strain (Fig. 6b). The
effect of fracture-face displacement is modeled by applying rock
displacement at the boundary of the model, where the hydraulic
fractures are. The other lateral and bottom boundaries are assumed
zero-displacement, and the surface boundary is modeled by con-
stant-stress boundary (Fig. 6c).

Reservoir and rock-mechanics properties and the initial reser-
voir conditions are taken from the literature and are summarized
in Appendix B (Nottenburg et al. 1978; Ye 2010; Kurtoglu et al.
2011; Wang and Zeng 2011). The Bakken reservoir parameters
from various authors reported in Appendix B are widely different.
Nonetheless, because the main rock-mechanics properties are
taken from Wang and Zeng (2011), we used the information from
the latter for consistency.
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Fig. 5—Simulation results of stress changes after 1 year of injection: (a) effective-stress profile at several locations and (b) com-
parison between temperature- and pore-pressure-induced stress at 200 ft away from the injector.

TABLE 1—SIMULATION RESULTS OF INDUCED PRESSURE, TEMPERATURE, AND STRESS

Change

At the

Injector

200 ft Away

From the

Injector

300 ft

Away From

the Injector

Pressure changes, p–p0 (psi) 895.7 734.9 666.3

Temperature change, T–T0 (�F) �114.7 �31.7 �7.3

Effective-stress change in vertical direction, r0v � r0v0 (psi) �1,395 �626 �456

Mechanical strain in x-direction 0.000172 �3.6�10�5 �5.2�10�5

Mechanical strain in y-direction 0.000172 �3.6�10�5 �5.2�10�5

Effective-stress change in horizontal direction, r0h � r0h0 (psi) �4,365 �1,621 �653

Effect of the effective-vertical-stress change on the horizontal-stress change (psi) �465 �209 �152

Effect of the horizontal mechanical strain on the horizontal-stress change (psi) 689 �144 �208

Effect of the thermal strain on the horizontal-stress change (psi) �4,588 �1,269 �293
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The middle Bakken is modeled by an isotropic material model,
but the upper and lower Bakken are transversely anisotropic mate-
rial. Ye (2010) shows that the mechanical properties of the middle
Bakken can be represented as an isotropic material, but the upper
and lower Bakken are transversely anisotropic in the principal
directions parallel and perpendicular to the bedding. Vernik and
Landis (1996) describe the Bakken formation as a sequence of
thin layers where silty kerogen-depleted shale layers alternate
with kerogen-rich coal-like layers.

Rock Failure

Rock failure occurs when shear stress circle crosses the Mohr-
Coulomb or Hoek-Brown failure envelope. Pore-pressure increase
and temperature decrease create stress redistribution in the reser-
voir-rock matrix, which could induce shear failure. Although tem-

perature decrease has the tendency to create tensile failure, the
combination of pore-pressure and temperature change would
induce shear failure. In this paper, we used the Hoek-Brown fail-
ure envelope as the criterion for shear failure.

When shear failure occurs, it induces a microseismic event for
a fast-slip failure (Zoback et al. 2012). On the other hand, a slow-
slip failure could take place but will not create a detectable micro-
seismic event. The shear failure is likely to create a large perme-
ability enhancement. Zoback et al. (2012) reported that the main
parameters controlling fast- and slow-slip failures are rock me-
chanical properties and fracture orientation. High clay and/or or-
ganic-material content tends to create a ductile behavior, which is
likely to deform rather than break. Thus, shear failure in a high-
clay-content (more than 30%) formation is likely to produce slow
slip, leading to no detectable microseismic signal.

The Hoek-Brown failure criterion is given as (Parry 2004)

r01N ¼ r03N þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mr03N þ Q

q
; ð13Þ

where r01N and r03N are normalized maximum and minimum stress
defined as r01=rc and r03=rc, respectively; rc is unconfined com-
pressive strength; m is Hoek-Brown fitting parameter; Q is rock
quality ranging from 0 for jointed rock masses to 1.0 for intact
rock; and rc is equal to r1 when r3 is zero.

By rearranging Eq. 13, we can define a new parameter to char-
acterize rock failure:

HB ¼ r01N � r03N �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mr03N þ 1

q
; ð14Þ

where HB is the rock-failure indicator for the Hoek-Brown crite-
rion. A positive HB indicates rock failure.

Hoek-Brown failure criterion can be plotted on the Mohr dia-
gram with equations described by Parry (2004):

sN ¼ ðcot/0i � cos/0iÞ
m

8
; ð15Þ

where sN is the normalized shear stress defined as s=rc and /0i is
the instantaneous friction angle given as
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/0i ¼ tan�1 4hcos2 30� þ 1

3
sin�1h�3=2

� �
� 1

	 
�1=2

h ¼ 1þ 16ðmr0nN þ 1Þ
3m2

:

We used a published triaxial test for the middle Bakken forma-
tion (Wang and Zeng 2011) to calibrate the model (Fig. 7). The
matched parameter, m, is 12.57. This model was used to analyze
the simulation results in the next section.

Simulation Results

Fig. 8 shows the simulated pressure and water-saturation distribu-
tions during water injection. One month after injection, pressure

increases mainly in the fracture network. Later, pressure propa-
gates into tight shale matrix. However, the saturation map indi-
cates that injected water flows overwhelmingly through the
fracture network because the shale matrix is so tight and only mini-
mal water can penetrate into the matrix block. In addition, the
injected water reaches the producer before 1 month after injection.
This is consistent with observations in the Crescent Energy Point
(Wells 2011) field pilot experiments.

Fig. 9 depicts the temperature profiles and the vertical-stress
change. Temperature reduction occurs at the vicinity to the frac-
ture network near the injector because energy flux from the reser-
voir causes injected water to heat up, thus there is less cooling
effect when it flows deep into the reservoir. After 1 year of injec-
tion, the cooling effect takes place inside the tight shale matrix
although the injected water cannot penetrate into the matrix, as
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evidenced in the water-saturation profiles. This cooling effect is
dominated by heat conduction, which gradually transfers energy
from inside the shale matrix to the fracture network.

The vertical-stress profile indicates that the temperature
change exerts much more effect on the stress change than does
the pore-pressure change. This is because pressure-change magni-
tude is relatively small as the reservoir is injected and produced
simultaneously. On the other hand, the temperature difference
between the injected water and the reservoir is significant and can
cause extensive stress change.

Fig. 10 shows the rock displacement and stress change in the
minimum-horizontal-stress direction perpendicular to the hydrau-
lic fractures. The hydraulic-fracture-face displacement causes rock

displacement and mechanical strain. It increases the effective stress
caused by compaction. The stress-change magnitude is relatively
small compared with that of pressure and temperature because the
typical fracture width of a hydraulic fracture in shale reservoirs is
narrow. In this modeling study, we assume the fracture width of 0.2
in., which caused a stress buildup of a few hundred psi. After 1
year, the cooling effect creates contraction, thus reducing the com-
paction. We can see that the temperature change influences the
stress change in the minimum-horizontal-stress direction.

Rock-failure indication calculated from Eq. 6 is plotted in Fig. 11.
The positive failure indication illustrates rock-failure potential. It
can be seen from the plot that the failure potential revolves around
the area where the cooling effect takes place. The results confirm
the crucial effect of temperature-induced stress on water injection
process in the Bakken.

Improved Hydrocarbon Recovery by Water
Injection in Shale Reservoirs

Water injection significantly reduces effective stress, especially
with cold-water injection into deep or high temperature forma-
tions such as the Bakken, as discussed in the previous section.
The reduction could improve hydrocarbon recovery in three re-
spects. First, it could maintain or even improve permeability of
existing natural fractures. Second, it could create new microfrac-
tures penetrating from the fracture surface into a tight matrix
block, creating flow paths and help produce hydrocarbons from
the matrix. Finally, injected water could displace hydrocarbons in
newly created microfractures.

The proposed process is shown in Fig. 12. Initially (Fig. 12a),
liquid hydrocarbon situates inside both fracture and shale matrix,
where fractures provide main flow paths and matrix contains the
majority of hydrocarbons. Once water injection starts (Fig. 12b),
the injected water flows only through fracture networks. This was
observed in the tracer-testing results during water injection in the
Bakken, where Crescent Point Energy found immediate water
breakthrough during the test.

The injected water helps maintain pore pressure inside natural
fractures and lower temperatures (Fig. 12c) in the matrix sur-
rounding the fractures, thus reducing effective stress on the frac-
tures. Fig. 13 shows laboratory results (Cuisiat et al. 2002) for
permeability of fractures as a function of stress. The reduction of

Time                                Rock displacement in the direction                                                Stress change in the direction  
                                    perpendicular to hydraulic fracture, psi                                        perpendicular to hydraulic fracture, ft 
                                          
1 month        

1 year         

A
lo

ng
 h

or
iz

on
ta

l 
w

el
l, 

ft

Along hydraulic fracture, ft
0 100 200 300 400 500 600

0

100

200

Hydraulic fracture

Hydraulic fracture

v: –0.006 –0.003 0 0.003 0.006

A
lo

ng
 h

or
iz

on
ta

l 
w

el
l, 

ft

Along hydraulic fracture, ft
0 100 200 300 400 500 600

0

100

200

Hydraulic fracture

Hydraulic fracture

Syy: –8000 –6000 –4000 –2000 0

                

A
lo

ng
 h

or
iz

on
ta

l 
w

el
l, 

ft

Along hydraulic fracture, ft
0 100 200 300 400 500 600

0

100

200

Hydraulic fracture

Hydraulic fracture

A
lo

ng
 h

or
iz

on
ta

l 
w

el
l, 

ft

Along hydraulic fracture, ft
0 100 200 300 400 500 600

0

100

200

Hydraulic fracture

Hydraulic fracture
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effective stress yields fracture-permeability enhancement and vice
versa. It is worth mentioning that typical production in shale res-
ervoirs with natural depletion yields high production-rate decline
at early production stages, which could be caused by fracture-per-
meability reduction as pore pressure in fractures is depleted.

The cooling effect induces contraction and creates tension at
the vicinity of fractures. Once the stress on the surface of matrix
exceeds its strength (Fig. 12d), microfractures are formed from the
fracture surface into the matrix block. This could happen months
after injection because temperatures gradually change during
water injection. These microfractures create flow paths for hydro-
carbons inside the matrix, thus improving the fracture/matrix inter-
face area and increasing hydrocarbon production from the matrix.

Fig. 14 shows the experiment conducted by Groisman and Kaplan
(1994), in which they investigated the formation of fractures dur-
ing desiccation. During the process, the specimens lost their water
content and contracted, creating tension and forming fractures.
The process is generally applicable to the cooling effect that
occurs during water injection in shale reservoirs.

Moreover, shale material is prone to failure when exposed to
temperature variation. Fig. 15 shows the experiment conducted by
Fu et al. (2004). They observed the influence of heterogeneity on
fracture creation during temperature elevation. The results indi-
cated that heterogeneity promotes fracture creation during temper-
ature alterations. Different materials have different thermal-
expansion properties. Raising or reducing temperature creates
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Cooled formation
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Fig. 12—Enhanced-hydrocarbon-recovery sites resulting from cold-water injection in shale reservoirs: (a) initial condition, (b)
early water-injection period where injected water flows only through the fracture network, (c) shale matrix block cooled, and (d)
microfractures caused by temperature-induced stress.
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strain contrasts between the two connected materials. This mis-
match strain can create internal shear stresses and promote fracture
creation. Shale is typically heterogeneous and comprises different
materials, such that it is prone to mismatched strains, creating frac-
tures during temperature changes.

Conclusions

We developed a practical numerical model that can be used to study
the effect of pore-pressure change and temperature change during
water injection on stress redistribution in the reservoir and the sur-
rounding rocks. Such stress changes have many implications, some
of which are summarized in the following conclusions.

In conventional waterflooding, reservoir cooling and pore-
pressure increase synergistically promote rock failure, potentially
reactivating healed natural macrofractures and/or creating new
macrofractures, especially near an injector. The rock cooling can
create small microfractures on the surface of the matrix blocks.

In shale oil reservoirs, the numerical experiments indicate that
stress changes during water injection can improve oil recovery by
opening some of the old macrofractures and creating new micro-
fractures perpendicular to the surface of the matrix blocks to pro-
mote shallow water invasion into the rock matrix. Then, oil will
be produced from the matrix by countercurrent flow into the frac-

tures, where water will displace the oil from the fractures toward
the production wells.

The new microfractures provide additional interface area
between macrofractures and matrix to improve oil drainage with
surfactant and CO2 enhanced-oil-recovery techniques. These posi-
tive effects are particularly important farther away from the im-
mediate vicinity of the hydraulic fracture, where much of the
undrained oil resides.

Nomenclature

cp ¼ constant pressure heat capacity
cs ¼ heat capacity of solid
ct ¼ total compressibility, 1/psi
cv ¼ constant volume heat capacity
c/ ¼ pore compressibility, 1/psi
Cij ¼ rock mechanical properties defined in strain/strain rela-

tion under drained condition
D ¼ depth, ft
f ¼ fractional flow, dimensionless

Kb ¼ drained bulk modulus, psi
m ¼ Hoek-Brown fitting parameter, dimensionless
p ¼ pore pressure, psi
q̂ ¼ sink and source term per unit volume, 1/d
Q ¼ rock quality, dimensionless
S ¼ phase saturation, dimensionless
t ¼ time, days

T ¼ temperature, T, �R
T0 ¼ initial temperature, �F
~u ¼ rock displacement vector defined as~u ¼ ½u; v;w�T

u; v; w ¼ rock-displacement components in the x-, y-, and z-
directions, ft

~v ¼ Darcy velocity, ft/d
a ¼ Biot’s poroelastic constant or effective-stress coeffi-

cient, dimensionless
b ¼ coefficient of linear thermal expansion, 1/�F

bfl;t ¼ coefficient of total thermal expansion of fluid, 1/�F
c ¼ pressure gradient, psi/ft

Dri ¼ normal stress change in i-direction
Dsij ¼ shear stress change in i, j plane

ei ¼ normal strain on i-direction
eij ¼ shear strain on i, j-plane
ev ¼ volume matrix strain, dimensionless
q ¼ density, lbm/ft3

r ¼ stress, psi
r0 ¼ effective stress, psi
rc ¼ unconfined compressive strength, psi
t ¼ Poisson’s ratio, dimensionless
/ ¼ porosity, dimensionless
/0i ¼ instantaneous friction angle, degrees

       (a)                                                    (b)                                              (c)    

Fig. 14—Pictures of an experiment conducted by Groisman and Kaplan (1994) to investigate fracture creation during desiccation.
The pictures show the influence of the bottom friction on the size and pattern of created fractures: (a) glass plate, uncoated; (b)
bottom coated with 2 mm of grease; and (c) bottom coated with 6 mm of Vaseline. In our case, created microfractures could be sim-
ilar to (a) creating small fractures with tight fracture spacing. This is because surface of matrix is under tension caused by cooling
effect; its interior, however, is still at its initial condition.

Fig. 15—A picture of an experiment conducted by Fu et al.
(2004) to investigate the influence of heterogeneity on fracture
creation during temperature elevation. Fractures typically form
between two different materials because the strain mismatch of
the two materials can create internal shear stress and promote
fracture creation.
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Subscripts

o ¼ oil phase
w ¼ water phase
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Appendix A—Mechanical Properties

Isotropic material can be understood as
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where G is shear modulus and k is the Lamé coefficient.
In orthotropic material, the Young’s modulus, shear modulus,

and Poisson’s ratio are direction dependent. For such material,
Eq. 13 takes the form
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where Ei is Young modulus in the i-direction, tij is Poisson’s ratio
in the i, j plane, and Gij is shear modulus in the i, j plane.

Appendix B—Input Data for Numerical-Simulation
Studies

See Tables B-1 and B-2.

TABLE B-1—FIVE-SPOT WATERFLOOD MODEL

Parameter Value Unit Parameter Value Unit

Rock properties Rock-mechanics properties

Porosity 0.2 — Elastic modulus 3�106 psi

Vertical permeability 10 md Poisson’s ratio 0.25 —

Horizontal permeability 50 md Shear modulus 106 psi

Biot’s constant 0.8 —

Thermal properties Linear thermal expansion 10�5 �F�1

Rock heat capacity 0.21 Btu/(lbm-�F)

Rock thermal conductivity 35 Btu/(D-ft-�F) Initial reservoir conditions

Rock density 170 lbm/ft3 Initial pressure 2,700 psi

Initial temperature 200 �F

Well control Initial water saturation 0.25 —

Injected temperature 80 �F

Injection rate 500 B/D 160-acre spacing for full pattern

Quarter of five-spot, injector/producer distance is 1,867 ft

TABLE B-2—A SECTOR MODEL OF WATER INJECTION IN THE BAKKEN

Parameter Value Unit Parameters Value Unit

Well Control Fluid Properties

Injected temperature 80 �F Oil

Total injection rate 1,040 B/D API gravity1 42 �API

Sector injection rate 40 B/D Viscosity1 0.36 —

Maximum injection pressure 5,000 psi Heat capacity 0.6 Btu/(lbm-�F)

Total production rate 1,040 B/D Heat conductivity 8.0 Btu/(D-ft-�F)

Sector production rate 40 B/D Water —

Minimum production pressure 1,000 psi Viscosity 0.5 —

Heat capacity 1.0 Btu/(lbm-�F)

Heat conductivity 9.0 Btu/(D-ft-�F)

Middle Bakken Rock Properties

Flow Properties Rock-Mechanics Properties

Porosity1 0.08 — Elastic modulus3 4.5�106 psi

Effective permeability1 0.05 md Poisson’s ratio3 0.30 —

Matrix permeability 0.001 md Shear modulus5 1.7�106 psi

Fracture permeability 150 md Biot’s constant3 0.8 —

Linear thermal expansion 10�5 �F�1

Thermal Properties

Heat capacity 0.21 Btu/(lbm��F) Initial Conditions

Thermal conductivity2 16.8 Btu/(D-ft-�F) Initial pressure3 4,500 psi

Density 170 lbm/ft3 Initial temperature1 240 �F

Initial water saturation 0.25 —

Initial Stress Conditions

Vertical stress3 8,000 psi

Maximum horizontal stress3 6,800 psi

Minimum horizontal stress3 6,000 psi

Underburden and Overburden Rock Properties

Flow Properties Rock-Mechanics Properties in Horizontal Direction

Porosity 0.01 — Drained elastic modulus4 4.5�106 psi

Total permeability 0 md Poisson’s ratio4 0.30 —

Shear modulus5 1.7�106 psi

Thermal Properties Biot’s constant 0.8 —

Heat capacity 0.21 Btu/(lbm-�F) Linear thermal expansion 10�5 �F�1
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TABLE B-2 (continued)—A SECTOR MODEL OF WATER INJECTION IN THE BAKKEN

Parameter Value Unit Parameters Value Unit

Thermal conductivity2 16.8 Btu/(D-ft-�F)

Density 170 lbm/ft3 Rock-Mechanics Properties in Vertical Direction

Elastic modulus3 6.8�106 psi

Poisson’s ratio3 0.18 —

Shear modulus 1.7�106 psi

Biot’s constant 0.8 —

Linear thermal expansion 10�5 �F�1

1 Kurtoglu et al. (2011)
2 Nottenburg et al. (1978)
3 Wang and Zeng (2011)
4 Ye (2010)
5 Calculated from other mechanical properties.
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