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ABSTRACT: Pumping polluted water into the ground using injection wells is an effective
way of disposing waste water resulting from oil and gas production. However, this disposal
causes earthquakes. According to the currently accepted theory, the disposed fluids increase
the pore fluid pressures and reduce the effective stresses in existing faults causing their mobil-
ization. In this study, a seepage force is believed to be the cause of the earthquakes. When the
seepage force resulting from the fluid injection is effective, it causes the rock skeleton to be
compressed. Under seepage-induced compression, the tips of isolated small fissures present in
the rock, developed zones of tensile stresses. These tensile stresses cause the formation of sec-
ondary tensile cracks that grow and interact with the pre-existing fissures creating a discon-
tinuity (fault) that is mobilized by fluid pressures. The feasibility of this hypothesis for
earthquake development is analyzed using a FEM analysis.

1 INTRODUCTION

Pumping polluted water into the ground using injection wells is an effective way of disposing
waste water resulting from oil and gas production. However this disposal comes with a side
effect in the form of injection-induced earthquakes. According to the currently accepted theory,
the disposed fluids increase the pore fluid pressures and reduce the effective stresses in faults
located at or near the end of the injection wells (Healy et al., 1968; Nicholson and Wesson,
1992; Horton, 2012; Ellsworth, 2013; Hincks, et al., 2018). This decrease in effective stress can
cause the faults to be mobilized and earthquakes are the end result (Ellsworth, 2013).
Two of the largest injection-induced earthquakes took place in Oklahoma. The first one had

a magnitude M = 5.6 and took place in central Oklahoma in 2012 (Ellsworth, 2013). The
second injection-induced earthquake took place in 2016 at Pawnee and had a magnitude of 5.8
(Hincks et al., 2018). Both of these earthquakes caused damage to structures and some injuries.
Injection-induced earthquakes represent a seismic hazard. Except for the reduced effective

stress mechanism in faults, other possible mechanisms for their formation are unknown
(Horton, 2012; Kim, 2013; Ellsworth, 2013; Hincks et al., 2018). In this proposed study the
seepage-induced crack propagation and interaction that causes the formation and mobiliza-
tion of a fault and its associated seismicity will be investigated numerically and in the
laboratory.

2 CURRENT EXPLANATION FOR THE FLUID INJECTION INDUCED
EARTHQUAKES

The fluid injection wells are used by the oil industry to dispose of waste water products from
oil and gas activities. These wells are similar to fracking wells which use fluids under pressure
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to crack shale deposits at depth (Kim, 2013). Figure 2(a) shows the main components of a
waste water injection well.
The injection well is made of a steel cased borehole. From a tank at the surface, waste water

is injected using air pressure into a target area located at a depth h. The target area is made of
a rock deposit of relatively low permeability that will hold the waste water. At the target area,
the steel casing has openings in order to allow the flow of the waste water into the deposit
with low permeability. Above the target area, the borehole has an inflation packer. This
packer isolates the area under fluid pressure, p, in the borehole [Figure 1(a)]. Injection wells in
Pennsylvania have depths, h, that range in value between 2.2 to 3 km, and the fluid pressure,
p, has a value of 17.2 MPa (Kim. 2013).
The mechanism for the mobilization of a fault during fluid injection into a deep well has

been explained by Healey et al. (1968), Raleigh et al. (1976) as follows [Figure 1(b)]: after the
waster water under pressure, p, is injected in the target area [Figure 2(a)], the fault located in
the target area is under a shear stress, τ, which can be obtained from the following Mohr-Cou-
lomb relationship (Healy et al., 1968; Yeats et al, 1997):

τ ¼ c þ ðσn � pÞtan � ð1Þ

Figure 1. (a) Main components of a waste water injection well, (b) fault in the target area of an injection

well.

Figure 2. (a) Target area with no faults but with discontinuous fissures or cavities (fissures model), (b)

As a result of a seepage force the isolated fissures in the target area propagate and interact creating a

continuous fault.
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The right hand side of Eq. (1) represents the shear strength of the fault which is a function
of the cohesion acting on the fault, c, the total rock normal stress to the fault, σn, the pressure
of the ambient fluid, p, and the friction coefficient between the walls forming the fault, tan ϕ.
Tan ϕ ranges in value between 0.6 and 1 (Zoback and Townend, 2001). Byerlee (1978) reports
tan ϕ = 0.85 for total normal stresses up to 200 MPa. The fault remains stable as long the
right hand side of Eq.(1) is greater than the shear stress, τ∙ If the fluid pressure, p, becomes
equal to the total normal stress, σn, the frictional resistance in the fault becomes zero and the
only resistance to fault slippage is given by c. However, for fault slip in pre-existing faults, the
cohesive strength, c, is taken to be close to zero (Zoback and Healy, 1984; Zoback. 1992;
Kim, 2013). When the shear strength given by the right hand side of Eq. (1) becomes equal to
zero, the fault will be mobilized creating an earthquake (Healy et al., 1968; Raleigh et al, 1976,
Scholz, 1990; Kim, 2013). This is the current approach for explaining injection-induced earth-
quakes (Ellsworth, 2013).

3 A NEW EXPLANATION FOR THE FLUID INJECTION-INDUCED
EARTHQUAKES

The permeable rock deposit selected as a target area for waste water disposal contains dis-
continuous fissures in the form micro- or macro-pores that will contain the waste water.
These discontinuous fissures are present in rock deposits up to a depth of 10 km (Adams,
1912; Kranz, 1983). When waste water under pressure, p, is pumped into the permeable
deposit [Figure 2(a)], the rock skeleton surrounding the discontinuous fissures will be sub-
jected to a seepage force. This water force transfers a viscous friction (drag) to the rock
skeleton in the direction of flow. Its action to the rock skeleton is to compress it (Cederg-
ren, 1977; Chu-Agor et al., 2008). Under this compressive stress, the cracks in the rock
will react, developing at their tips stress concentrations that will cause the pre-existing
cracks to grow and interact, producing a continuous failure surface. When the injected
waste water pressure acts on the continuous failure surface (fault), it will mobilize it and
an earthquake will develop. Thus, the fluid pressure in the injection well not only causes
the formation of a fault by fissure growth and fissure interaction, but the formation of a
fault as well.
The difference between the current model of a fluid injection-induced earthquake pre-

sented in Section 2 of this study deals with the existence or non-existence of a fault in the
permeable deposit in the target area. In the model of Section 2 (pre-existing fault model), a
fault is already present in the permeable rock deposit [Figure 1(b)]. It is the current model
used to explain injection-induced earthquakes (Horton, 2012; Ellsworth, 2013; Kim, 2013;
Hincks, et al, 2018). In the model presented in this section, a fault is not present (fissures
model). However, the permeable layer contains isolated fissures that will grow and interact
as a result of a seepage force due to the injected fluid. The seepage force could cause the
fissures to grow and interact thereby developing a fault. The resulting fault will be mobilized
and produce an earthquake. Thus, the second model (fissures model) explains injection-
induced earthquakes at locations where there were not pre-existing faults before. The fault
was created by a seepage force.

3.1 The calculation of the seepage force in the target zone during
waste water injection

Figure 3(a) shows the target area containing isolated fissures in the permeable deposit
where the waste water is going to be located [Figure 1(b)]. The target area of thickness
b and depth d (diameter of the steel casing in Figure 1) is subjected to a seepage force
Fs as a result of the fluid pressure p [Figure 1(a)]. This pressure p is equal to p1 at the
entrance of the target area. This pressure becomes equal to zero (p2) at a distance L =
20b (Figure 2(b)] (Jumikis, 1962). At this distance L, the energy from the seepage force
has been spent as a result of the friction between the water and the rock skeleton. At a
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length L, the seepage force, Fs, is equal to zero, making the fluid pressure, p2 also equal
to zero. The critical distance in the target area at which this occurs is L = 20b (Jumikis,
1962).
According to Cedergren (1977) and Chu-Agor et al. (2008), the seepage force (Fs) acting on

the target area shown in Figure 2(b) can be obtained from the following relationship,

Fs ¼ p1 � p2ð Þ Að Þ ¼ Δpð Þ Að Þ ð2Þ

where A is the area of the rock in the target area (Figure 2) which is normal to the direction
of fluid flow and is equal to (Figure 2)

A ¼ bð Þ dð Þ ð3Þ

3.2 Previous studies on crack propagation in brittle materials under
uniaxial compressive loads

As indicated by Eq. (2) the seepage force Fs is compressive in nature. This compressive seep-
age force is a function of the injection fluid pressure p1 and acts on an area A that is normal
to the fluid flow direction (Figure 2). The fluid pressure is usually high, in excess of 17 MPa
(Kim, 2013). The seepage force induces internal frictional forces on the rock skeleton sur-
rounding the fissures. These frictional (compressive) forces will cause the pre-existing fissures
to develop regions of stress concentrations that are both tensile and compressive in nature.
The pre-existing fissures will develop secondary tensile cracks at the fissures tips in the regions
of tension (Figure 3) (Vallejo, 1989).
If the sample under compression (Figure 3) has more than one pre-existing fissure, the pre-

existing fissures will then grow and interact, producing a continuous discontinuity(fault).
(Hori and Nemat-Nasser, 1985; Vallejo, 1989; 2013). An example of compressive-induced fis-
sure propagation in brittle clays with one and nine pre-existing fissures can be seen in Figs. 3
and 4.
The pre-existing fissures developed secondary cracks in the zones of intensified tension

(Figs. 3 and 4). The interaction between the pre-existing fissures and the secondary tensile
cracks forms a continuous failure surface (fault) (Figure. 4).

Figure 3. (a) Regions of intensified tension and compression in a brittle sample with one crack is sub-

jected to a uniaxial compressive load, (b) secondary tensile cracks form from the tip of one pre-existing

crack in a clay sample under uniaxial compression.
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4 SEEPAGE INDUCED CRACK PROPAGATION AND INTERACTION

Using the finite element method ABAQUS (2006), square samples measuring 7.6 cm in length
and width and 2.54 cm in thickness were subjected to a 100 kPa fluid pressure on its upper
boundary and 0 kPa on its lower boundary. This difference of fluid pressure caused seepage in
the samples that contained one and nine pre-existing cracks all inclined at 45° with the hori-
zontal (Figure 5). The elastic and permeability properties used for the seepage tests are shown
in Table 1.

4.1 Type of seepage induced stresses in regions near the tip of pre-existing cracks

The values of the principal stress induced in the intact material surrounding one and nine
cracks are shown in Figures 6 and 7. These figures indicate that under seepage the cracks
developed zones of high tensile stresses (positive values are tension in Figures 6 and 7) in the
right upper region and left lower regions of the cracks (Figure 3). Since rocks are weak in ten-
sion, secondary tensile cracks will develop in the zones of high tensile stresses. The interaction
of these secondary tensile cracks with the pre-existing cracks will produce a continuous

Figure 5. (a) Sample with one pre-existing cracks subjected to seepage, (b) sample with nine pre-existing

cracks subjected to seepage.

Figure 4. (a) Sample with nine cracks under compression, (b) secondary tensile cracks connect with ori-

ginal cracks and form continuous discontinuities (faults).
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discontinuity (fault) that can be further mobilized by the fluid under pressure and an earth-
quake will be the end result (Figures 3 and 4).

5 CONCLUSIONS

Based on the results presented in this study, the following conclusions can be reached:

1. Rock samples in the field contain micro fissures. When rocks with micro-fissures are sub-
jected to compression as a result of seepage pressures, the zones surrounding the tips of the
micro-fissures develop zones of high tensile stresses.

2. The zones of high tensile stresses develop secondary cracks. These secondary tensile cracks
interact with the pre-existing micro-fissures. This interaction produces a continuous failure
surface (fault).

Table 1. Properties of material and permeability

values in seepage tests

Property Value

Young Modulus of Elasticity 15 GPa

Poisson’s ratio 0.3

Permeability coefficient, rock 1e-7 m/s

Permeability coefficient in crack 1e+8 m/s

Figure 6. Principal stress values in regions surrounding one crack in a sample under seepage.

Figure 7. Principal stress values in regions surrounding nine cracks in a sample under seepage.
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3. When the continuous failure surface gets mobilized by fluid pressures, this mobilization
produces a seismic event (an earthquake).

4. The seepage induced earthquake seems to be a new alternative to current available theories
of fluid injection- induced earthquakes.
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