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Abstract: A considerable increase of seismicity has occurred in the USA in the last decade (2009–2020)
with an annual average of 345 M3+ earthquakes. Numerous field cases have shown that excessive
well pressure due to a high injection rate may have triggered seismic events. This study defines
conditions for inducing a seismic event by excessive injection in the well’s pressure that may cause
geomechanical damage to the rock. Introduced here is an analytical model and method for predicting
pressure increase during injection of produced water contaminated with oil. The model calculates
time-dependent advancement of the captured oil saturation causing the well’s injectivity damage and
pressure increase. Critical conditions for a seismic event are set by defining rock failure when well
pressure exceeds the fracturing pressure of the wellbore or when the increased pore pressure reduces
the effective normal stress at the “weak” interface inside the rock, computed with a geomechanical
model. This concept is demonstrated in three field case studies using data from geological formations
in areas of petroleum operations. The results confirm field observations of the initial rapid increase of
oil invasion and injection pressure that could only be controlled by reducing the rate of injection to
assure continuing long-time operation.

Keywords: injection wells; induced seismicity; produced water injection; injection pressure model;
rock slippage diagram

1. Introduction

In the United States, the estimated volume of water produced in oilfields is in the
range of 20 to 30 billion barrels (3.2–4.8 billion m3) per year [1,2]. The volume has increased
over the last decade due to maturing of conventional oil/gas fields and the development of
unconventional shale deposits [3–5]. In 2020, approximately 65% of the total oil production
in the US was from unconventional reservoirs as reported by the U.S. Energy Information
Administration (US EIA). Table 1 shows the effect of the “shale revolution” on US water
production [2].

Table 1. Comparison of oil, gas, and water production in the US before (2007) and after (2017) the
“shale revolution” [2].

Time
Category

Oil, Million bbl/yr
(Million m3/yr)

Gas, Million cf/yr
(Million m3/yr)

Water, Million bbl/yr
(Million m3/yr)

2007 1750 (278) 24,374,000 (69,016) 20,195 (3211)
2012 2264 (360) 29,730,220 (841,868) 21,181 (3368)
2017 3405 (541) 35,005,078 (991,235) 24,395 (3878)
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For unconventional reservoirs, the quantity of water used for hydraulic fracturing
could vary from 10,000 to 24,000 m3 per well (per the U.S. Environmental Protection Agency,
US EPA) [6]. After fracturing most of the injected water usually flows back to the surface and
the flow back water is typically injected into the subsurface with injection wells. (Although
a variety of methods including surface discharge, evaporation, offsite commercial disposal,
and beneficial reuse, etc. have been used to manage the produced water associated with oil
and gas production, the deep-well injection has been the main technology for managing
most of the produced wastewater for decades [7–9].) The hydraulic fracturing process has
created a new demand for wastewater disposal wells that inject waste fluids into deep
geologic formations [10].

It was observed that increasing volumes of wastewater injection correlate with an
increasing rate of seismic activity [11–13]. Figure 1 demonstrates a series of seismic events
in Oklahoma, Texas, New Mexico and Arkansas, etc. where most of these events in recent
years have been related to wastewater disposal associated with oil and gas production,
especially with the boom of unconventional resources [14]. In Oklahoma alone, more than
20 earthquakes of magnitudes 4.0 to 4.8 occurred since 2009, which include the largest
earthquake in the state’s history (magnitude 5.7) that occurred on 6 November 2011, near
Prague, causing damage to several structures nearby [11]. The number of earthquakes
with a magnitude exceeding M3.0 (magnitude 3.0) has increased dramatically since 2009:
from approximately 20/year between 1970 and 2000 to over 100/year between 2010 and
2013, even exceeding 500/year between 2014 and 2016. The rate peaked in 2015 with
1010 M3+ earthquakes. Although the rate has declined since 2015, there were still 130 M3+
earthquakes recorded in the same region in 2019. Some of them were particularly strong
and damaging such as the M5.8 Pawnee and M5.0 Cushing Oklahoma earthquakes that
occurred in 2016 [15–17].
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A causal relationship between water injection and seismicity has been also suggested.
Peña Castro et al. [11] reported a field case of water disposal-induced earthquakes in
Northern Oklahoma and its analogy to the M7.8 Ecuador earthquake (in 2016) resulting
from subsurface stress change due to water injection. In addition, Frohlich analyzed data
collected by a network of temporary seismographs deployed under the EarthScope USArray
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program in the Barnett Shale oilfield operations between November 2009 and September
2011 [18]. (The seismographs recorded strength and location of regional earthquakes larger
than M1.5.) He identified 67 earthquakes and located 24 epicenters in areas with one or
more injection wells.

Despite increasing evidence, a causal relationship between seismic events and wastew-
ater injection parameters (such as water quality, injection rate, and duration, etc.) is still not
entirely proven and is a subject of pending research studies. For example, only a small frac-
tion of the more than 30,000 U.S. wastewater disposal wells appears to be associated with
damaging earthquakes [19]. Field experience, however, has shown that when produced
water is injected into a deep formation the operation is hampered by a loss of injectivity
due to permeability impairment caused by the low quality of the water, which in turn leads
to an increase in injection pressure that may cause the formation failure such as fracturing
and interlayer or fault slippage [20].

Traditionally, in the USA, subsurface injection of produced water is regulated by the
Underground Injection Control (UIC) program of the Safe Drinking Water Act (SDWA)
administered by the Federal Government and the States [21]. Produced water injection
wells are classified as Class II wells and authorized by technical permit focused on the
protection of subsurface aquifers—Underground Sources of Drinking Water (USDW). The
protection clause sets a requirement for the maximum injection pressure that would prevent
the injected wastewater from breaking from the injection zone upwards to USDW. The
computations require geological data on the depths and distance from the well to USDW
and, particularly, identification of faults or dipping formations that could become a pathway
for moving the injected wastewater to USDW. However, the regulations do not address
another environmental concern resulting from the state of stresses in the injection zone that
controls its fracture resistance and the presence of faults and lithological structures with
pre-stressed “weak interfaces” that could slip against each other—All being a potential
source of a seismic event.

2. Research Gaps and Objectives

Numerous studies investigated the slippage potential of faults and fractures in dif-
ferent ways, including analytical calculation, numerical simulation, and semi-analytical
methods [22–24]. Most studies rely on the understanding of both the geological and me-
chanical properties of the faults and fractures in the formations. Fractures with different
orientations can be theoretically expected for different slip regimes. As pointed out by
Dvory and Zoback [25], stress conditions including orientation and magnitude can vary
at different scales, which is also critical to the fault slip potential analysis. Therefore, both
rock fracturing failure and slip failure due to water injection are investigated in this study.

Pressure increase during fluid injection has been actively investigated in recent decades
in response to increased oilfield production and growing demand for environmentally safe
operation [26]. Mathias et al. conducted a series of modeling studies to predict pressure
buildup in geologic formations for different boundary conditions [27,28]. Noirot et al.
demonstrated injection-related rock fracturing using downhole microseismic data from
water disposal wells in deep geologic formations. They developed analytical and numerical
models to investigate the interaction between pressure buildup and mechanical integrity of
the host formation and caprock [29]. Using numerical simulation models, they designed a
safe injection process by considering the acceptable limit of injection pressure increase due
to caprock integrity and formation fracturing. Lyu et al. studied the factors that control the
water injection pressure to prevent rapid water breakthrough in the water flooding process
when there are natural fractures in the reservoir [30]. They developed a model to determine
the limit of water injection pressure based on the opening pressure of natural fractures in
fractured low-permeability reservoirs. Abbaszadeh and Kamal studied the water injection
performance in numerous waterflooding projects [31]. They examined a two-bank system
with a step-change in saturation to consider the oil-water two-phase flow during the
injection process and then developed a method to calculate the pressure behavior around
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an injector with a region of variable saturations. Their method was successfully applied
to test water injectors in waterflooding operations. All of the above studies showed that
injection rate and near-wellbore pressure buildup should be carefully designed especially
by considering the geomechanical integrity of the host formation. However, they did not
consider the effect and fate of oil contamination in the injected water.

Coulibaly and Borden’s study admits that the injection rate-pressure behavior becomes
more complex when there are oil droplets in the injection water since the oil droplets could
form an in situ permeable reactive barrier in the near-well region [32]. As reported by
Khan et al. and Kondash et al. [33], in unconventional plays, oil concentration in produced
water may considerably vary—from 100 to 2000 ppm depending on the oil properties.
Although produced water is somewhat cleaned by removing the oil before subsurface
disposal, the injection of diluted oil/water mixture cannot be avoided as small oil droplets
suspended in water are difficult to remove. After the separation, a small oil concentration
(50~500 ppm) remains in the water to be injected into the host formation [34]. Injectivity
decline is commonly encountered in such operations, especially when raw produced water
is injected from wells with downhole oil-water separation, DOWS [35]. Field cases showed
that instant injectivity damage occurs when untreated produced water is injected and the
damage stabilizes with continuing injection [36]. It was also found that even very small oil
concentrations, as low as 100 ppm, could build a 10% residual oil bank around the wellbore
and reduce well injectivity by more than 70% [34,37]. Such a considerable reduction of
injectivity would lead to high bottomhole pressure around the well and cause rock failure
by fracturing or slippage at the rock’s weak interfaces (faults, joints, interlayers, etc.) [11,18].

In conclusion, the literature survey shows that most of the studies, to date, have
not quantified the effect of oil droplets in the injection water on the potential rock failure
resulting from local formation pressure increase due to oil deposition. Two-phase flow
of the oil/water mixture and capillary pressure contrast between oil and water control
oil deposition would damage rock permeability causing pressure increase. Most of the
injection well pressure models assume either linear flow or need complex numerical
algorithms/software tools to predict well’s pressure increase. This creates chellanges for
operators to use the models to evaluate the potential risk caused by wastewater injection in
their fields.

Therefore, the objective of this study is to develop an analytical model which can be
used by operators to predict (1) the injection pressure increase during the PWRI process
(resulting from oil saturation advancement and formation permeability damage), and
(2) assess the environmental risk of long-term injection of a large volume of produced
water by coupling the well pressure with geo-mechanical criteria for injection pressure-
induced seismicity.

3. Research Methodology

We begin with the formulation of a hypothetical mechanism of injection-caused seis-
micity by showing the relationship between the injection well’s hydraulics–bottomhole
pressure, and the host rock’s geomechanics–rock failure stress criteria. Then, we quantify
the hydraulics by explaining why oil droplets in the injection water can lead to rapid
injection pressure increase in the near-wellbore region. We introduce an analytical model
for water injectivity decline and pressure increase in the radial flow regime based on the
fundamental mechanisms. (To make the model easier to use in field practices, the injectivity
decline model is then transformed into a skin factor correlation, which predicts dynamic
flow behavior during the water injection process.) Finally, we quantify the geomechanics
by introducing a method for finding critical conditions for a seismic event resulting from
the loss of geostatic stress balance inside the host rock receiving the injected water.

3.1. Mechanisms of Injection-Caused Seismicity

Although earthquakes can be induced in many ways such as the filling up subsurface
reservoirs, oil and gas production, fluid injection, mining, geothermal energy extraction,
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and other operations, each of these activities fundamentally causes earthquakes due to
the same mechanism: a sudden release of stored elastic strain energy by frictional sliding
along preexisting faults due to the change of their stress conditions [14]. Observations and
numerical modeling showed that increased fluid pressure within faults is the main risk
factor whether injection well will trigger earthquakes [12–18]. A case history of injection-
induced seismicity demonstrated that elevating the pore pressure by hundreds of psi
could cause a previously quiescent area to become seismically active when the regions
are sufficiently prestressed [13,38]. Field cases showed that some earthquakes could be
triggered far away from the injector after years of injection, while others were observed
close to the injector shortly after the injection began. Depending on the distance between
the injector and fault, it may take more time for the fault to be activated by pressure from a
distant injector, while a close injector may promptly cause rock failure in the fault since
most pressure increase usually occurs close to the well and it can effectively change the
stress conditions in the nearby fault. Therefore, earthquakes could be triggered by two
types of rock failure: (1) Type I—the pore pressure exceeds the fracturing pressure of the
formation when the injection well is close to a fault, the fractures then cause fault failure
and induce earthquakes. In this case, we need to ensure the maximum pore pressure
around the injector be below the formation fracturing pressure to prevent rock failure and
seismic events, while the maximum pressure is the bottomhole injection pressure in the
water injection process; (2) Type II—the pore pressure exceeds the critical pressure that
causes shear failure along with a strained “weak” interface inside the rock. The slippage,
fracture (or both) would occur with an increase of pore pressure that reduces the effective
normal stress at the interface and results in shear failure.

Obviously, not all high-pressure injection wells trigger earthquakes. The forces respon-
sible for releasing the accumulated elastic strain energy in the rock should first raise the
existing state of stress to a near-critical level, i.e., shear failure of the rock. Therefore, seismic
events induced by fluid injection may not generate sufficient strain energy for release in
earthquakes but may act locally to reduce the effective frictional strength of faults and,
therefore, trigger earthquakes in areas where the state of stress and the accumulated elastic
strain energy are already near-critical levels during natural geologic and tectonic processes.
The Mohr-Coulomb model is the most common method for evaluating the shear failure
of the rock induced by increasing the pore pressure [13]. Using a compression-positive
convention, we assume that the onset of a seismic event resulting from slippage within the
rock’s structure (fault or interlayer surface) is adequately described by the friction criterion:

τcrit = τ0 + µ f (σn − p) (1)

where τcrit is the critical shear stress required to cause slippage of the fault; τ0 is the inherent
shear strength of the fault; µf is the coefficient of friction; σn is the normal stress acting
across the fault; p is the pore pressure. Figure 2 shows the principle of Mohr-Coulomb stress
analysis on a fault, where σ1 and σ3 are the maximum and minimum principal stresses on
the fault, respectively; τ is the shear stress on the fault; C is the location of Mohr circle; R is
the radius of the Mohr circle. Fault failure may happen when the Mohr circle intersects
with the shear stress line shown in Figure 2b.

Two parameters defining the strength of the slippage interface can be calculated as,

C =
σ1 + σ3

2
(2)

R =
σ1 − σ3

2
(3)

When water was injected to the formation comprising weak interface pore pres-
sure would increase thus reducing the maximum and minimum principal stresses at the
interface as, {

σ1_i = σ1 − p
σ3_i = σ3 − p

(4)
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where σ1_i and σ3_i are the reduced maximum and minimum principal stresses at the
interface. Thus, the corrected values of the parameters are,

Ci =
σ1 + σ3 − 2p

2
(5)

Ri =
σ1 − σ3

2
(6)
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Although the radius of the Mohr circle in Figure 2b is not affected by the pore pressure
increase, the circle moves leftwards thus meeting the shear failure conditions of Equation
(1) and initiating slippage at the interface. When injectors are close to the weak planes
in the rock structure the pore pressure in the rock may increase quickly with increasing
injection pressure. That is why the injection well’s hydraulics combined with geomechanics
could describe the critical condition for inciting seismic events. Field observations show
that injection pressure increases rapidly at the beginning of injection especially when there
are oil droplets in the injection water. Sections 3.2 and 3.3 focus on developing an analytical
model to predict the injection pressure increase due to oily water injection. Section 3.4
introduces a geomechanical model to predict slip rock failure in the injection process.

3.2. Analytical Modeling of Injectivity Decline

Most of the deep injectors in seismically active areas, such as Oklahoma and Texas,
are used to inject produced water from oil and gas extraction activities, especially with the
boom of unconventional resources development since 2009. Situations become complex
when injecting wastewater back into unconventional reservoirs due to the extremely tight
rock matrix and tiny pore throats (in nanometer-level), these tiny pore throats will create a
high capillary resistance which prevents water from penetrating the matrix, instead, the
injected water may flow to offset wells through fractures and reduce the productivity in
these wells. Additionally, most of the unconventional reservoirs are still in the primary
depletion stage, thus, water flooding has not been widely considered for (IOR) operations
currently, instead, most of the produced water from unconventional reservoirs was injected
into conventional formations for disposal.

Produced water in oilfields usually contains a certain amount of oil in four different
types based on droplet size: free oil, dispersed oil, emulsified oil, and soluble oil [39]. Both
experimental and theoretical work has shown that all four types of oil can cause severe
formation damage around injectors by oil droplet capture, especially when there is no
oil saturation in the formation at the beginning of injection [40]. The water permeability
damage caused by oil droplets invasion is believed to relate to the following process: oil
droplets are captured by rock matrix leading to an increase of oil saturation in the formation,
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which reduces the relative permeability of water, and water injectivity is impaired [37].
The loss of water injectivity causes a rapid increase of injection pressure in the near-
wellbore region. If there is a fault in this impacted region, it may slip due to this high
injection pressure.

Soo et al. conducted a series of experimental and theoretical works to study the
emulsion flow in porous media. They identified two mechanisms for oil droplets capture
in the rock: straining, where oil droplets clog the pore throats, and an interception—with
droplets captured by van der Waals colloidal forces, etc. [41,42]. The injectivity decline
model developed in this study considers the oil capture process as instant retention inside
the rock that is controlled only by the size of the rock-fluid interface and concentration of
oil in water. Similar to linear flow, oil droplets are transported by advection and dispersion,
captured by adsorption in radial flow. The following assumptions are made to derive the
mathematical expressions of the oily water injection process [43,44]:

1. The rock is homogeneous and no fines migration happens in the injection process;
2. The oil droplets and pore throats are log-normally distributed;
3. Oil droplet is the only contaminant, there are no solid particles in the injection water;
4. Oil droplets are stable and their sizes are constant in the water before being injected

into the rock;
5. The oily water is injected into the rock at a constant flow rate;
6. No oil is generated or disappeared in the process.

Using cylindrical coordinate shown in Figure 3, oil transport in the porous media can
be expressed as [4,40]:

Advective mass flux rate =
∂

∂r
(Cur∆θ∆zφ)∆r

Dispersive mass flux rate (Fick’s Law) = − ∂

∂r

(
Dr

∂C
∂r

∆θ∆zφ

)
∆r

Rate of capturing by adsorption (Langmuir Adsorption):
∂So

∂t
= α

(
1− So

Soe

)
C

where ur is the interstitial water velocity in r direction, m/s; ∆θ, ∆z, ∆r are the arc length,
height and radius of the controlled volume as shown in Figure 3, respectively, m; Dr is
the overall dispersive coefficient which represents the strength of dispersion in the porous
media, m2/s. In contrast to bulk fluid flow in the formation, more fundamental details
need to be considered for the flow of oil droplets. Dispersion is an important factor to
characterize the flowing dynamics of small droplets, it is the macroscopic outcome of the
actual movement of an individual oil droplet through the pores where various physical
and chemical phenomena take place [45–47]. In actual reservoirs, Lake pointed out that
dispersion is the mixing of oil and water caused by diffusion, local velocity gradients,
and mechanical mixing in pore bodies [46]. The dispersive coefficient represents the
rate of oil-in-water mixing-the larger the coefficient, the faster the mixing, and it is a
function of velocity: Dr = dur where d is a constant referred as dispersivity, which is a
measurement of heterogeneity of the porous media, m. In actual injection operations, the
dispersive coefficient decreases with injection distance following the reduction of velocity
in radial flow.

The mass balance equation for the oil phase can be expressed in the following equation
since there is no oil generated or disappeared in the injection process:

∂C
∂t

∆r∆θ∆zφ +
∂So

∂t
(1− φ)∆r∆θ∆z =

∂

∂r

(
∂C
∂r

dur∆θ∆zφ

)
∆r

− ∂

∂r
(Cur∆θ∆zφ)∆r (7)
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Figure 3. Controlled volume in cylindrical coordinate.

The following initial and boundary conditions can be used to solve Equation (7):
Initial condition, there is no oil in the formation before injection:

So = C = 0 at t = 0, r > rw (8)

Inner boundary condition, oil concentration is constant in the injection water before
entering the formation:

C = C0 at t > 0, r = rw (9)

Outer boundary condition, there is no oil in the formation at infinite length:

So = C = 0 at t > 0, r → ∞ (10)

Solving Equations (10)–(13), we can obtain the oil concentration and saturation in the
water and formation, respectively:

C =

C0er f c

(
r2
2 −

qt
2πhwφε√
4
3 dr3

)

er f c

(
r2
w
2 −

qt
2πhwφε√
4
3 dr3

w

) (11)

So =

αSoeC0er f c

(
r2
2 −

qt
2πhwφε√
4
3 dr3

)

ρo

[
er f c

(
r2
w
2 −

qt
2πhwφε√
4
3 dr3

w

)
+ αC0er f c

(
r2
2 −

qt
2πhwφε√
4
3 dr3

)] (12)

ε = 1 +
β(1− φ)

φ
(13)

For oily water flowing through the formation, the change of permeability and pressure
drop could be discretely depicted as shown in Figure 4. In such a case, we may compute a
series of permeabilities in the rock sections as shown in the following equation:

Kw_avg =
106qµwln re

rw

2πhw

1
∑n

i=1 ∆pi
(14)
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where rw and re are the radii of well and aquifer, m; Kwi is the water permeability in a
radial section from ri to ri+1, D; ∆pi is the pressure drop in a radial section from ri to ri+1,
kpa; Kw_avg is the average water permeability over the rock section, D; i is the subsection
index. The relative permeability concept to express water injectivity is as follows:

Iw =
qw

∆p
=

2 ∗ 10−6πhwKKrw

µwln re
rw

(15)

where Iw is the water injectivity index, m3/s/kpa; qw is the water injection rate, m3/s;
∆p is the pressure drop through the core, kpa; Kw is the effective water permeability, D;
K is the absolute permeability of the core, D; Krw is the relative permeability to water,
fraction; h is the length of injection completion, m; re is the radius of the aquifer, m. As only
Krw changes during the injection process, the water injectivity decline as a function of time
can be calculated by the following equation:

ID =
Krw_t

Krw_0
(16)

where ID is the dimensionless injectivity decline index, and subscripts 0 and t denote initial
and instant values, respectively. Relative permeability values can be obtained in various
ways. If core data are not available, Corey’s function might approximate the relative
permeability to water at different oil saturations as [48]: Krw = K∗rw

(
1−So−Swc
1−Swc−Sor

)nw

Kro = K∗ro

(
So−Sor

1−Swc−Sor

)no (17)

where K∗rw is the water relative permeability at residual oil saturation, fraction; K∗ro is the
oil relative permeability at connate water saturation, fraction; Swc is the connate water
saturation, fraction; Sor is the residual oil saturation, fraction; nw and no are the exponents
for water and oil relative permeabilities, respectively, dimensionless. Thus, once the oil
saturation is determined, the injectivity decline can be calculated.
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3.3. Skin Factor of Injectivity Decline

A skin factor has been used to describe the effects of formation permeability damage
or stimulation around the wellbore for decades. It provides a convenient way to consider
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the effects of altered permeability in the formation near the wellbore. Considering the
velocity change around the injection well, a radial composite model is used to describe the
water permeability reduction effect in the near-wellbore region. The dynamic change of
injectivity could be expressed in the following equation by including a skin factor:

Iw =
2 ∗ 10−6πhwK

µw

(
ln re

rw
+ S

) (18)

The oil saturation front moves forward with injection goes on, so the water permeabil-
ity is assumed to be reduced from the original value Kwi to the skin permeability Kws(t) in a
region from well radius rw to the outer boundary of the permeability altered rs(t) at time t,
where the dynamic skin factor is calculated as:

S(t) =

(
Kwi

Kws(t)
− 1

)
ln

rs(t)

rw
(19)

where subscript (t) means time t, Kwi is the original water permeability in each subsection
from ri to ri+1, D; ∆pi is the pressure drop in each subsection if measurable; rs(t) is the
radius of the oil invaded zone at time t, it is equal to the oil front position, m. The details
of computing the oil front position and skin factor are described by Jin (2013) [40]. When
the formation is damaged by oil, Kws(t) is smaller than Kwi and rs increases with injection
time. For an unfractured formation, the skin factor is always positive during the injection.
Both experimental and simulation studies showed that the oil saturation front moves in the
formation with a sharp interface [40–42]. Therefore, the radius of the skin zone is equal to
the position of oil saturation front determined with the model, and skin permeability can
be calculated using the following equation:

Kws (t) =
106qµwln

rs(t)
rw

2πhw

1
∑n

i=1 ∆pi
(20)

By including the skin factor, the pressure drawdown required to maintain a constant
injection rate is:

∆pt =
106qµw

2πhwK

[
ln

re

rw
+ S(t)

]
(21)

It is clear that higher pressure drawdown is required to inject the same amount of
water when the skin factor increases, which means greater injection pressure is needed
when the formation pressure is relatively stable, as shown in the following equation:

prw = pre +
106qµw

2πhwK

[
ln

re

rw
+ S(t)

]
(22)

As the result, the pressure in the near-wellbore region will increase quickly with the
rapid increase of skin factor when the injection water is contaminated by oil droplets. Using
Equations (19) and (22), the relationship between injection rate, pressure, and time can be
evaluated conveniently with the injectivity decline effect considered. A field case in the
Gulf of Mexico showed that injection wells may require frequent stimulation to maintain
the 7000 bpd (1113 m3/d) injection rate in a formation where permeability is 1000 md and
skin factor is 46 [49].

3.4. Geomechanical Model of Rock Failure

The potential risk of rock failure due to activation of slippage by water injection is
analyzed here by considering weak planes’ (joints) orientation and their strength in the rock
and the in situ stress conditions. Different joints can be theoretically expected for different
slip regimes. In a normal faulting regime, failure planes strike in the direction of maximum
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horizontal stress (SH) with dips comparable to the critical orientation. For the strike-slip
faulting regime, the failure fractures will propagate in the vertical direction and strikes will
generally bisect the SH and Sh (minimum horizontal stress) directions. Assuming joint
planes are uniform and have preferred orientations for the rock failure is controlled by the
required additional pore pressure for the slip of joints [50].

The Mohr-Coulomb failure criterion in Equation (1) is modified to investigate the
failure of fractures as,

|τ| = τs + σn
′ tan ϕ′ (23)

where τ is the shear stress, τs is the shear strength or cohesive strength, σn’ is the effective
normal stress and ϕ’ is the joint friction angle.

In Equation (23), the effective normal stress, σn, and shear stress, τ, on the planes of
weakness can be calculated by the following equations:

σn = l2σ1 + m2σ2 + n2σ3

τ =
√

l2m2(σ1 − σ2)
2 + n2m2(σ3 − σ2)

2 + l2n2(σ3 − σ1)
2 (24)

where l, m, and n are direction cosines of the angles between normal to a given plane to
the direction of three arbitrarily assumed principal stresses (σ1, σ2, σ3). In the case when
the three stresses are defined as vertical stress, σv, maximum horizontal stress, σH, and
minimum horizontal stress, σh, the model in Equation (24) can be simplified by substituting
(σv, σH, σh) for (σ1, σ2, σ3). Additionally, in such a case, the values of l, m, and n in Equation
(24) become equal to the values of direction cosines of the angles between normal to the
weakness plane and the direction of vertical and horizontal stresses (dH, dh, and dv) as,

dH = cos(90− δ)× cos(90− ϕ)
dh = cos(90− δ)× sin(90− ϕ)

dv = sin(90− δ)
(25)

where δ is the dip angle and ϕ is the dip direction angle. The above simplification is not
accurate, as we know, especially in the mountain areas. However, it could be acceptable for
geological subsurface in the Great Plains area.

Using the failure criterion and the orientations of joints, a slippage diagram can be
made to determine values of additional pore pressure needed for reactivation slippage
along the weak interfaces considering their various positions (dip and azimuth angles). An
example slippage diagram for the Entrada formation is shown in Figure 5 using data in
Table A1. The diagram’s concentric circles correspond to the dip angle of joints with zero
value in the center and 90 degrees at the outer circle. The radial dashed lines represent the
azimuth normal to the weak interface. More details about the calculation and construction
of slippage diagrams can be found in Ge and Ghassemi (2012) [50].
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In the example diagram in Figure 5 fractures in the W-E direction and with high dip
angles are easier to reactivate (lower pressure increase is needed) and cause seismicity,
while fractures in the N-S direction would be more stable. Specifically, the slippage diagram
in Figure 5 shows that for an injection well in the Entrada formation the highest values of
pore pressure increase (due injection) are needed for reactivation of interfaces that are close
to horizontal (blue area) while strike-slippage of a vertical fault could occur at very low
injection pressure when the fault face is in W-E direction. Moreover, if such a fault happens
to be very close to the injection well its slippage (and resulting seismic event) would
occur at a pressure much lower than the wellbore fracturing pressure (1437 < 4434 psi
[9908 < 30,571 KPa]).

In all, when the stress conditions and fracture orientations in the injected formation
are known, operators could use slippage diagrams to estimate critical pore pressure and
further decide on the injection pressures and rates for their PWRI operations to avoid
fracture reactivation and induced seismicity.

4. Case Study

Three formations with different rock and fluid properties are selected to investigate
the oily water injection behavior and to identify the critical injection rate for preventing
rock failure caused by fracturing, i.e., the Type I rock failure. The formations are in the
actual oilfields with water production and injection operations. With different reservoir
and fluid properties, the formations cover a wide range of real-world scenarios.

Table A1 shows the fluids and rock properties of an aquifer for produced water re-
injection in the Entrada formation in New Mexico. The permeability of the formation
is 256 mD (2.5 × 10−13 m2) in the studied area and the formation fracturing pressure is
4334 psi (29,882 KPa). Figures 6 and 7 show the skin factor and injection pressure increase
during the injection process, respectively, which can be used to design safe injection
operations. Due to the low oil concentration (500 ppm) in the injection water, the overall
skin factor is small–less than 2.5 when the injection rate is below 10,000 bpd (1590 m3/d).
However, even such a small skin factor could cause formation damage due to the low
absolute permeability and water-wet characteristic of the formation. The injection pressure
reaches the fracturing pressure in 5 days at an injection rate of 5000 bpd (795 m3/d), and a
10,000 bpd (1590 m3/d) injection rate will cause formation failure immediately, as shown
in Figure 7. However, the formation will not be fractured for a long time when the injection
rate is 2000 bpd.



Energies 2022, 15, 2101 13 of 22

Energies 2022, 15, x FOR PEER REVIEW 13 of 22 
 

 

psi (29,882 KPa). Figures 6 and 7 show the skin factor and injection pressure increase dur-
ing the injection process, respectively, which can be used to design safe injection opera-
tions. Due to the low oil concentration (500 ppm) in the injection water, the overall skin 
factor is small–less than 2.5 when the injection rate is below 10,000 bpd (1590 m3/d). How-
ever, even such a small skin factor could cause formation damage due to the low absolute 
permeability and water-wet characteristic of the formation. The injection pressure reaches 
the fracturing pressure in 5 days at an injection rate of 5000 bpd (795 m3/d), and a 10,000 
bpd (1590 m3/d) injection rate will cause formation failure immediately, as shown in Fig-
ure 7. However, the formation will not be fractured for a long time when the injection rate 
is 2000 bpd. 

 
Figure 6. The skin factor develops with time for different injection rates (2000–10,000 bpd [318–1590 
m3/d]) in Entrada formation. 

 
Figure 7. Injection pressure increases with time for different injection rates (2000–10,000 bpd [318–
1590 m3/d]) in Entrada formation. The horizontal red dash line is the fracturing pressure in the res-
ervoir. (Pressure scale in the figure: 2000–7000 psi [13,790–48,263 KPa]). 

For some formations with low permeability, even a small injection rate could trigger 
seismic activity because the injection pressure could easily exceed the critical pressure and 
cause rock failure. For example, based on the reservoir and fluid data for the Entrada 

Figure 6. The skin factor develops with time for different injection rates (2000–10,000 bpd
[318–1590 m3/d]) in Entrada formation.

Energies 2022, 15, x FOR PEER REVIEW 13 of 22 
 

 

psi (29,882 KPa). Figures 6 and 7 show the skin factor and injection pressure increase dur-
ing the injection process, respectively, which can be used to design safe injection opera-
tions. Due to the low oil concentration (500 ppm) in the injection water, the overall skin 
factor is small–less than 2.5 when the injection rate is below 10,000 bpd (1590 m3/d). How-
ever, even such a small skin factor could cause formation damage due to the low absolute 
permeability and water-wet characteristic of the formation. The injection pressure reaches 
the fracturing pressure in 5 days at an injection rate of 5000 bpd (795 m3/d), and a 10,000 
bpd (1590 m3/d) injection rate will cause formation failure immediately, as shown in Fig-
ure 7. However, the formation will not be fractured for a long time when the injection rate 
is 2000 bpd. 

 
Figure 6. The skin factor develops with time for different injection rates (2000–10,000 bpd [318–1590 
m3/d]) in Entrada formation. 

 
Figure 7. Injection pressure increases with time for different injection rates (2000–10,000 bpd [318–
1590 m3/d]) in Entrada formation. The horizontal red dash line is the fracturing pressure in the res-
ervoir. (Pressure scale in the figure: 2000–7000 psi [13,790–48,263 KPa]). 

For some formations with low permeability, even a small injection rate could trigger 
seismic activity because the injection pressure could easily exceed the critical pressure and 
cause rock failure. For example, based on the reservoir and fluid data for the Entrada 

Figure 7. Injection pressure increases with time for different injection rates (2000–10,000 bpd
[318–1590 m3/d]) in Entrada formation. The horizontal red dash line is the fracturing pressure
in the reservoir. (Pressure scale in the figure: 2000–7000 psi [13,790–48,263 KPa]).

For some formations with low permeability, even a small injection rate could trigger
seismic activity because the injection pressure could easily exceed the critical pressure and
cause rock failure. For example, based on the reservoir and fluid data for the Entrada
formation, if a location has a permeability of 25 mD (2.5 × 10−14 m2), the bottomhole
pressure would reach the critical injection pressure causing formation fracturing in just one
month with an injection rate of 300 bpd (48 m3/d), as shown in in Figure 8.
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The M field is a shallow heavy oil field with thick bottom water located on the west
coast of Africa. The fluid and rock properties of the field are shown in Table A2. The
reservoir has a moderate permeability (1218 mD [1.2 × 10−12 m2]) and a critical pressure
of 986 psi (6798 KPa). Due to the high oil viscosity and thick aquifer, a large volume
of produced water needs to be disposed of for economic oil production. The injection
pressure is shown in Figure 9 when water is injected from 2000 to 7000 bpd (318–1113 m3/d)
with 500 ppm oil. The results indicate that water can be injected safely below 5000 bpd
(795 m3/d) without stimulation for more than 500 days. However, when the injection rate
increases to 6000 bpd (954 m3/d), the formation needs to be stimulated at 280 days and the
stimulation cycle reduces to 75 days if the injection rate increases to 7000 bpd (1113 m3/d).
Due to the shallow depth of the reservoir, the rock may fail in the reservoir if the water
injection is not properly designed.

The Nebo-Hemphill field in North Louisiana is a bottom-water-drive reservoir with
active water coning. To control this problem, downhole water sink (DWS) technology was
used and good results were reported [51,52]. However, due to the strong water coning,
water needs to be drained at a rate of 2000 to 5000 bpd (318 to 795 m3/d) to reduce water
cut in the production stream. Since there is a thick aquifer with high permeability (3500 mD
[3.5 × 10−12 m2]) under the oil zone as shown in Table A3, the produced water could be
injected back into the aquifer for pressure maintenance and water coning control purposes.
The critical pressure for this reservoir is 1466 psi (10,108 KPa). If the injection water contains
500 ppm oil and is injected from 2000 to 5000 bpd (318 to 795 m3/d), then the injection
pressure can be calculated as shown in Figure 10. The results show that oily water can be
safely injected into the aquifer without fracturing the formation even if the injection rate
reaches 5000 bpd (795 m3/d), and the formation does not need to be stimulated for a long
time due to the high absolute permeability.
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Figure 9. Evaluation of water injection at different rates (2000–7000 bpd [318–1113 m3/d]) in the M
field. The horizontal red dash line is the fracturing pressure in the reservoir. (Pressure scale in the
figure: 500–1200 psi [3447–8274 KPa]).
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Nebo-Hemphill field. The horizontal red dash line is the fracturing pressure in the reservoir. (Pressure
scale in the figure: 800–1500 psi [5516–10,342 KPa]).

5. Discussion

The methodology introduced in this paper contributes to the design of produced
water injection wells operation by including oil contamination as an additional design
parameter. The study also formulates an additional component of environmental risk of
Class II injection wells by defining seismicity as another environmental risk criterion to the
regulatory-promulgated standard of groundwater contamination.
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Moreover, the study attempts to quantify the new criterion in terms of fracturing the
injection zone or reactivation of strained interfaces within the zone. It also explains why
there are no seismic events in areas with low water injection rates, highly permeable, strong,
and regular sediments, while other areas with a high volume of injected water into weak
low-permeability strata with complex tectonics are likely to have frequent earthquakes.
Specifically, the effect of excessive injection rate has been already confirmed in the field oper-
ations in Barnett Shale where wells located in the areas with recorded frequent earthquakes
injected water at rates exceeding 150,000 barrels/month (23,848 m3/month) [18].

The study only considers the scenario of a seismic event occurring in the injection
well’s vicinity when the well’s pressure exceeds either formation fracture pressure or critical
pore pressure for shear failure at the rock’s weak interface (fault or joint surface). However,
reported earthquakes have been observed close to the injectors shortly after the injection
began as well as away from the injection wells–after many years of injection. Depending
on the distance between the injector and fault, it may take more time for the fault to be
activated by pressure from a distant injector. Therefore, there is a need to extend the
injection pressure model presented in this study (based upon time-related skin factor) by
considering spatial expansion of the high-pressure zone resulting from progressive capture
of oil in the rock away from the well (based upon skin factor vs. time and radius).

Based on the three cases studied above, it is clear that water injection rate, formation
permeability, and critical (fracturing) pressure play important roles in induced seismic
events. However, the studies assume the priority of rock fracturing events over pore-
pressure-induced slippage that may not always be the case–particularly when the injection
well is drilled close to the fault. Thus, there is a need for more field data on geostatic
stresses from injection areas rather than shale-fracturing operations reported here.

The proposed hydraulic model of well injectivity loss fully explains the rapid increase
of injection pressure resulting from oil capture around the well. The results confirm field
observations relating more frequent well stimulations to the level of oil contamination of
re-injected produced water. However, the geomechanical model of rock failure does not
consider the effect of captured oil on the angle of internal friction of the rock and at the rock
slippage interface. This “oil lubrication” effect may strongly reduce the value of critical
pore pressure.

6. Conclusions

To assess the environmental risk of inducing seismic events by an injection well, we
consider a formation permeability damage caused by invasion and capture of the water-
contaminating oil and a mechanical damage of formation resulting from hydraulic frac-
turing and/or internal shear failure during PWRI. A seismic event occurs when the pressure
caused by permeability damage exceeds formation strength leading to mechanical damage.

The proposed analytical model of formation permeability damage employs the theory
of two-phase radial flow and retention of oil droplets in porous media to predict the time
and distance-based oil saturation, relative permeability, and pressure in the formation. In
this study, the model is simplified by computing the overall skin factor to determine the
pressure at the well’s bottom.

Formation mechanical damage is modeled using either the concept of exceeding the
hoop stress around the wellbore and hydraulic fracturing or exceeding the formation pore
pressure and slippage within the rock structure. The two models are tested using data from
three geological formations in areas of petroleum operations. The following conclusions
are drawn from the study:

1. All the studies show that injection of oily water would cause a rapid initial increase of
pressure due well’s injectivity decline when an equilibrium oil saturation develops
in the near-wellbore region. In the Entrada formation, even a low oil concentration
of 500 ppm in the injection water would generate a positive skin factor in less than
30 days;
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2. The strong effect of excessive oil concentration on early pressure increase could only
be controlled by reducing the rate of injection to assure continuing long-time operation
as is the case in the M field. This may be important in designing a water disposal
system in oilfields with a large volume of produced water where the number and cost
of designated injection wells have to be weighed against the frequency (and cost) of
well stimulations needed to control injectivity damage;

3. Formations with high initial permeability (>3000 mD [3.0 × 10−12 m2]) are favorable
for oily water injection. A loss of 30% water injectivity caused by oily water injection
may not harm the overall injection performance;

4. Water injection is not likely to induce seismic events when the injected formation
has high permeability and high fracturing pressure, especially when injectors are
far away from faults. However, for formations with low permeability (<25 mD
[2.5 × 10−14 m2]) assuming the other properties are the same as shown in Table A1
even a small injection rate (300 bpd [48 m3/d]) could trigger a series of seismic events
string with rock fracture due to rapid injection pressure increase in the near-wellbore
region and possibly followed by slippage of the nearby fault or unstable strike-slip
rock structure.

5. The case studies show different long-time patterns of injection pressure increase:
a flat pattern with practically no pressure increase in the Entrada formation, and
a progressive–pattern with continuous pressure increase in the M and the Nebo-
Hemphill oilfields–particularly at higher injection rates. The two patterns may result
from different mechanisms of oil capture inside the rock with the flat pattern represent-
ing local near-well permeability damage due to local oil capture, and the progressive
pattern indicating radial expansion of oil capture–as implied by Equation (20).
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Appendix A. Field Data for Case Study

Table A1. Properties of the Entrada formation in New Mexico [40].

Parameter Value Unit Value Unit

Water injection rate (q) 2000~10,000 bpd 318~1590 m3/d

Absolute permeability (K) 256 mD 2.5 × 10−13 m2

Porosity (φ) 0.212 fraction 0.212 fraction

Well radius (rw) 0.292 ft 0.089002 m

Formation radius (re) 1000 ft 304.8 m

Formation depth (Ha) 5914 ft 1797 m

Formation thickness (hw) 15 ft 4.572 m

Formation pressure (pre ) 2560 psi 17,656 kpa

Formation fracturing pressure (p f ) 4334 psi 29,882 kpa

Oil density (ρo) 7.18 lbm/ft3 860 kg/m3

Water viscosity (µw) 1 cp 1 cp

Oil viscosity (µo) 6.11 cp 6.11 cp

Water relative permeability exponent (nw) 4 dimensionless 4 dimensionless

Oil relative permeability exponent (no) 6 dimensionless 6 dimensionless

Connate water saturation (Swc) 0.068 fraction 0.068 fraction

Residual oil saturation (Sor) 0 fraction 0 fraction

Oil concentration (C0) 500 ppm 500 ppm

Equilibrium oil saturation (Soe) 0.08 fraction 0.08 fraction

Oil-water interfacial tension (σow) 35 dyne/cm 35 dyne/cm

Critical capillary number (N∗Ca) 10−4 dimensionless 10−4 dimensionless

Bump rate constant (λ) 5 dimensionless 5 dimensionless

Size ratio (Nd) 0.152 dimensionless 0.152 dimensionless

Poison’s Ratio (v) 0.311 dimensionless 0.311 dimensionless

Vertical principal stress 5914 psi 40,775 kPa

Horizontal maximum principal stress 5396 psi 37,204 kPa

Horizontal minimumprincipal stress 3997 psi 27,558 kPa

Cohesion (τ0) 1200 psi 8273 kPa

Friction coefficient (µ f ) 0.6 dimensionless 0.6 dimensionless

Table A2. Properties of the M field in the west coast of Africa [40].

Parameter Value Unit Value Unit

Water injection rate (q) 2000~7000 bpd 318–1113 m3/d

Absolute permeability (K) 1218 mD 1.2 × 10−12 m2

Porosity (φ) 0.28 fraction 0.28 fraction

Well radius (rw) 0.292 ft 0.089002 m

Oil zone thickness (ho) 65.6 ft 20 m

Aquifer radius (re) 1000 ft 304.8 m

Aquifer depth (Ha) 1345 ft 410 m

Aquifer thickness (hw) 295 ft 90 m

Drainage completion length (hwd) 20 ft 6 m
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Table A2. Cont.

Parameter Value Unit Value Unit

Injection completion length (hwi) 20 ft 6 m

Aquifer outer boundary pressure (pre ) 582.5 psi 4016 kpa

Formation fracturing pressure (p f ) 986 psi 6798 kpa

Oil density (ρo) 58.68 lbm/ft3 940 kg/m3

Water viscosity (µw) 0.7 cp 0.7 cp

Oil viscosity (µo) 230 cp 230 cp

Water relative permeability exponent (nw) 7 dimensionless 7 dimensionless

Oil relative permeability exponent (no) 5 dimensionless 5 dimensionless

Connate water saturation (Swc) 0.224 fraction 0.224 fraction

Residual oil saturation (Sor) 0 fraction 0 fraction

Oil concentration (C0) 500 ppm 500 ppm

Equilibrium oil saturation (S∗oe) 0.34 fraction 0.34 fraction

Oil-water interfacial tension (σow) 50 dyne/cm 50 dyne/cm

Critical capillary number (N∗Ca) 10−4 dimensionless 10−4 dimensionless

Bump rate constant (λ) 5 dimensionless 5 dimensionless

Size ratio (Nd) 0.5 dimensionless 0.5 dimensionless

Table A3. Properties of the Nebo-Hemphill field in North Louisiana [40].

Parameter Value Unit Value Unit

Water injection rate (q) 2000~5000 bpd 318–795 m3/d

Absolute permeability (K) 3500 mD 3.5 × 10−12 m2

Porosity (φ) 0.3 fraction 0.3 fraction

Well radius (rw ) 0.292 ft 0.089002 m

Oil zone thickness (ho ) 18 ft 5.486 m

Aquifer radius (re ) 850 ft 259 m

Aquifer depth (Ha ) 2000 ft 607.6 m

Aquifer thickness (hw ) 64 ft 19.5 m

Drainage completion length (hwd ) 12 ft 3.66 m

Injection completion length (hwi ) 12 ft 3.66 m

Aquifer outer boundary pressure (pre ) 866 psi 5971 kpa

Formation fracturing pressure
(

p f ) 1466 psi 10108 kpa

Oil density (ρo ) 58.058 lbm/ft3 930 kg/m3

Water viscosity (µw ) 1 cp 1 cp

Oil viscosity (µo ) 17 cp 17 cp

Water relative permeability exponent (nw ) 7 dimensionless 7 dimensionless

Oil relative permeability exponent (no ) 4 dimensionless 4 dimensionless

Connate water saturation in aquifer (Swc ) 0.2 fraction 0.2 fraction

Residual oil saturation in aquifer (Sor ) 0 fraction 0 fraction

Oil concentration (C0 ) 500 ppm 500 ppm

Equilibrium oil saturation (S∗oe ) 0.29 fraction 0.29 fraction
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Table A3. Cont.

Parameter Value Unit Value Unit

Oil-water interfacial tension (σow ) 30 dyne/cm 30 dyne/cm

Critical capillary number
(

N∗Ca ) 10−4 dimensionless 10−4 dimensionless

Bump rate constant (λ) 5 dimensionless 5 dimensionless

Size ratio (Nd ) 0.4 dimensionless 0.4 dimensionless
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