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Discrete element modeling of fluid injection–induced
seismicity and activation of nearby fault1

Jeoung Seok Yoon, Günter Zimmermann, Arno Zang, and Ove Stephansson

Abstract: Enhanced geothermal systems, shale gas, and geological carbon sequestration all require underground fluid
injection in high-pressure conditions. Fluid injection creates fractures, induces seismicity, and has the potential to reactivate
nearby faults that can generate a large magnitude earthquake. Mechanisms of fluid injection–induced seismicity and fault
reactivation should be better understood to be able to mitigate larger events triggered by fluid injection. This study investigates
fluid injection, induced seismicity, and triggering of fault rupture using hydromechanical-coupled discrete element models.
Results show that a small amount of fluid pressure perturbation can trigger fault ruptures that are critically oriented and
stressed. Induced seismicity by rock failure shows in general higher b-values (slope of magnitude–frequency relation) compared
to seismicity triggered by the fault fracture slip. Numerical results closely resemble observations from geothermal and shale-gas
fields and demonstrate that discrete element modeling has the potential to be applied in the field as a tool for predicting induced
seismicity prior to in situ injection.

Key words: induced seismicity, fault reactivation, large-magnitude events, triggered seismicity, magnitude–frequency relation
b-value.

Résumé : Les systèmes géothermiques améliorés, l’extraction du gaz de schiste et la séquestration du carbone géologique
nécessitent l’injection de fluides à haute pression dans le sous sol. Ce type d’injection génère des fractures, cause des secousses
sismiques et peut réactiver des failles avoisinantes, lesquelles peuvent provoquer des tremblements de terre de forte magnitude.
Il serait utile de mieux comprendre les mécanismes des séismes induits par l’injection de fluides et ceux de la réactivation de
failles, et ce afin d’être en mesure de prévenir les événements graves causés par l’injection de fluide. Dans le présent article, on
étudie l’injection de fluides, la sismicité induite et le déclenchement de ruptures de failles à l’aide de modèles couplés hy-
dromécaniques basés sur la méthode des éléments discrets. Les résultats montrent qu’une légère perturbation de la pression du
fluide injecté peut déclencher des ruptures d’orientation critique soumises à des contraintes. La sismicité induite par la rupture
de roches est généralement caractérisée par des valeurs de b (pente de la fonction de relation entre la magnitude et la fréquence)
par rapport à celles observées dans le cas de la sismicité déclenchée par le cisaillement de rupture des failles. Les résultats
numériques se rapprochent beaucoup des observations faites sur les sites géothermiques ou d’extraction de gaz de schiste et
montrent que la modélisation basée sur la méthode des éléments discrets pourrait être utilisée sur ces sites comme outil servant
à prédire la sismicité induite avant l’injection de fluides in situ. [Traduit par la Rédaction]

Mots-clés : sismicité induite, réactivation de failles, incidents de forte magnitude, sismicité déclenchée, valeur de b: pente de la
fonction de relation entre la magnitude et la fréquence.

Introduction
Developing an enhanced geothermal system (EGS) requires the

creation of highly permeable heat exchange. This is usually achieved
by hydraulic stimulation, where fluid is injected underground in
high-pressure conditions to create new mode I fractures or to
enhance dilation of pre-existing joints and fractures by shearing
in mode II. Fluid injection can cause stress changes locally through
the stress shadow effect, as well as reactivation of pre-existing
joints and slip of nearby faults, which consequently can trigger
larger magnitude events (LMEs), e.g., Basel EGS (Häring et al. 2008;
Kraft et al. 2009; Mukuhira et al. 2013). Larger magnitude events
induced in geothermal sites were collected and analyzed in Zang
et al. (2014).

Presence of faults and their reactivation potential have also
received increasing attention in shale gas development, due to

a concern that hydraulic fractures could propagate upward
through the overburden and into shallow groundwater aquifers
and thereby contaminate groundwater. In most cases, such up-
ward migration of induced seismicity has been associated with
fracturing along subvertical faults associated with their reacti-
vation, creating new flow pathways for hydrocarbon migration
and potentially triggering LMEs. One such case is the Presse Hall
well site in Lancashire County, near Blackpool, UK, where two
seismic events of magnitude 2.3 and 1.5 were observed (de Pater
and Baisch 2011).

Additionally, in geological carbon sequestration the risk of in-
duced seismicity is of general concern because of the large-scale
pressurization resulting from CO2 injection. Induced seismicity
remains a major issue for public acceptance for the operations
located near active, potentially seismic faults. The possibility
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exists that such induced seismicity may also result from unde-
tected faults (Mazzoldi et al. 2012).

In this context, it is important to understand how fluid injec-
tion affects nearby fault movement and the potential for generat-
ing LMEs. This study investigates using discrete element modeling
fluid injection into a porous medium with a fault zone. Questions
of how a fault zone behaves due to a nearby fluid injection and
how induced and triggered seismicity are correlated with fault
slip are studied. Results of this study may provide explanations for
the phenomenon related to post shut-in LMEs, where injection is
conducted adjacent to a fault zone oriented in a direction prone to
being reactivated by the stress change.

Presented here is discrete element–based modeling of fluid
injection–induced seismicity in a reservoir with an inclined fault
zone. Dissimilar to recent studies by Zang et al. (2013) and Yoon
et al. (2014, 2015a, 2015b), the model investigated in this study
contains a large fault zone. Not only the seismic events computed
from bond breakages, but also the seismic events by fracture slip
are taken into account and compared with field observations. This
type of modeling is of importance as several EGS operations were
conducted in Europe — e.g., Basel (Häring et al. 2008; Mukuhira
et al. 2013) and St. Gallen (Diehl et al. 2014) in Switzerland —
where fluid injection was conducted within and at close vicinity to
fault zones that are critically oriented and stressed, during which
seismic occurrences with values of ML ≥ 3 were felt on the surface.

Hydromechanical-coupled dynamic discrete
element model

A hydromechanical-coupled, fluid flow algorithm is imple-
mented in Particle Flow Code 2D (PFC2D, ICG 2008). Flow of vis-
cous fluid in a bonded particle assembly is modeled and fluid
volume and pressure driven breakages of bonds in mode I and
mode II are simulated (Hazzard et al. 2002; Zang et al. 2013; Yoon
et al. 2014). Fluid flow is simulated by assuming that each bonded
contact is a flow channel (Fig. 1a, flow channel). These channels
connect pore spaces (Fig. 1a, pore space) where fluid volume and
pressure are stored. Fluid flow, q, is driven by the pressure differ-
ence between two neighboring pore spaces and is governed by the
Cubic law (eq. (1))

(1) q � e3�Pf /12�L

where e is the hydraulic aperture, �Pf/L is the pressure gradient
between two neighboring pores, L is the flow channel length
(equal to the average diameter of two neighboring particles), and
� is the fluid dynamic viscosity (= 1E–3 Pa·s).

Hydraulic aperture e changes as a function of normal stress
on the flow channel (particle contact), �n, using the equation
(Hökmark et al. 2010)

(2) e � einf � (e0 � einf) exp(�0.15�n)

where einf is the hydraulic aperture at high normal stress (= 50 �m)
and e0 is the hydraulic aperture when �n = 0. The e0 is calibrated
from an assumed permeability of the reservoir model, k (= 1E–12 m2).

Fluid pressure increases per time step, �t, in a pore space and is
computed as a function of fluid bulk modulus, Kf; volume of pore
space, Vd; net fluid volume in a pore space per time step, �q�t; and
volume change of pore space due to mechanical effect, �Vd.

The force term that is applied to the particles surrounding a
pore space is a product of fluid pressure, Pf, and the surface area
onto which the fluid pressure exerts. The force displaces the par-
ticles, which consequently changes the stress state at the sur-
rounding particle contacts, which in turn changes the hydraulic
aperture e, and thereby the flow volume.

Fluid injection and migration are significantly influenced by
reservoir permeability. Flow channel apertures are the key param-
eters in this issue, which are calibrated using the bulk perme-
ability, k, assumed for the model. Also, the hydraulic aperture is
programmed to decrease with increasing normal stress on the
flow channel (fracture plane), which is simulated by the nonlinear
function (eq. (2)).

Each bond breakage from the pressure buildup in a pore space
is a fracturing process associated with seismic energy radiation.
The simulation runs in dynamic mode with a realistic level of
energy attenuation in rock using the seismic quality factor Q (= 100)
and S-wave velocity (= 2 km/s). When a bond breaks, part of the
stored strain energy is released. Along the boundaries, a 150 m
thick region is assigned with high viscous damping to minimize
the reflection of the seismic wave.

The moment tensor method is used to compute the moment
tensor (Mij) associated with bond breakages (eq. (3); Hazzard and
Young 2002; Hazzard et al. 2002; Al-Busaidi et al. 2005; Zhao and

Fig. 1. (a) Assembly of bonded particle model and pore space network and flow channels. (b) Distribution of fluid pressure and induced bond
failures.
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Young 2011; Yoon et al. 2012, 2013, 2014). Seismic moment M0 is
computed from the moment tensor components (eq. (4)), then
converted to a moment magnitude, Mw (eq. (6)). The moment mag-
nitude of the fault fracture slip is calculated using eq. (5) and then
converted to a moment magnitude using eq. (6) (Hanks and
Kanamori 1979)

(3) Mij � ��FiRj (i � 1, 2; j � 1, 2)

(4) M0 � ���mi
2�/2�0.5 (i � 1, 2)

(5) M0 � GAd

(6) Mw � (2/3) log(M0) � 6

where �Fi is the ith component of the change in contact force, Rj
is the jth component of the distance between the contact point
and the event centre, mi is the eigenvalue of the moment tensor, G
is the shear modulus (= 30 GPa), A is the fracture slip area (m2), and
d is the slip displacement (m).

Model description and parameters
The reservoir model is 2 km × 2 km in size (Fig. 2a). Diameters of

the particles range between 20 and 30 m. The diameter range
chosen is comparable to that used in similar studies by Hazzard
et al. (2002) and Baisch et al. (2010). In Hazzard et al. (2002), fluid
injection and induced seismicity in the Soultz geothermal reser-
voir is modeled using an average particle diameter of 19.7 m.
Baisch et al. (2010) used the Block–Spring model to simulate fluid
injection–induced seismicity at Soultz, with a fracture zone con-
sisting of individual blocks, i.e., slip patches of 20 m side length.

A through-going fault zone is added in a relatively intact rock
(Fig. 2b). According to the schematic figure in Fig. 2c (Munier and
Hökmark 2004), the fault zone is designed with a collection of
particles with smaller radii and lowered stiffness, friction, and
strength at their contacts compared to the surrounding particles
representing the host rock (Fig. 2b). Within the fault zone, smooth

joint bonds are used (Fig. 2b) to represent the fault core fractures
that slip and dilate. Mechanical properties of the intact rock, dam-
age zone, and the fault fractures are listed in Table 1.

In situ stresses of 40 and 30 MPa are applied for the maximum
and minimum horizontal stresses (SH and Sh), respectively. The
set of in situ stresses is taken from Cornet et al. (2007, their eqs. 1b
and 1c), assuming that the reservoir section is at depth z = 2000–
2500 m, using

(7) Sh � 15.1 � 0.0179(z � 1458)

(8) SH � 24.8 � 0.0198(z � 1458)

The level of minimum horizontal stress applied in the model is
comparable to that of Marcellus shale-gas plays in northeastern
USA at 2000 m depths. According to Rutqvist et al (2013, 2015), the
gradient of vertical stress (in this case the maximum principal
stress) is 0.026 MPa/m. The minimum horizontal stress is set ac-
cording to the ratio R = Sh/Sv = 0.6. Setting the depth to 2000 m,
Sv = 52 MPa and Sh = 31 MPa. There is uncertainty in the ratio R.

Fig. 2. (a) 2 km × 2 km reservoir model with a through-going fault zone subjected to maximum and minimum horizontal stresses;
(b) representation of a fault zone by a collection of damage zones and fault core fractures; (c) synoptic figure of fault zone (after Munier and
Hökmark 2004).

Table 1. Mechanical properties of the intact rock, fault damage zone,
and fault core fractures.

Parameter
Intact
rock

Damage
zone

Core
fracture

Density (kg/m3) 2630 2630 —
Friction coefficient 0.9 0.9 0.9
Young’s modulus (GPa) 50 30 —
Poisson’s ratio 0.25 0.25 —
Tensile strength,

mean ± stdev. (MPa)
9±6 2±0.5 1±0

Cohesion, mean ± stdev. (MPa) 25±7 5±1 5±0
Friction angle (°) 53 30 30
Dilation angle (°) — — 3
Normal stiffness (GPa/m) — — 300
Shear stiffness (GPa/m) — — 50
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However, several sources, e.g., Cipolla et al. (2010), show a fracture
closure stress of around 0.7 psi/ft (16 MPa/km), which corresponds
to a ratio R = Sh/Sv = 0.6 (Rutqvist et al. 2015), justifying 30 MPa for
the minimum horizontal stress.

Fluid injection is applied at 200 and 400 m distances from the
fault zone centre at a constant rate, changing in three steps
from 10 to 12.5 L/s then 15 L/s (Fig. 3). The total amount of
volume of fluid injection is therefore 200 m3. The amount of
injected volume is far lower than what is often used in geother-
mal sites, i.e., >10 000 m3 (McGarr 2014; Zang et al. 2014). How-
ever, it should be noted that the model is in two dimensions (2D)
with a unit thickness of 1 m in the out-of-plane direction. Therefore,
considering that the fluid injection is usually conducted along a few
hundreds of metres in the open-hole section of a stimulation well-
bore, the simulated volume of 200 m3 is appropriate for a 1 m slice of
the model. Assuming a 100 m long open-hole section, the effective
fluid injection volume would be 20 000 m3.

Numerical model results
Figure 4 shows the results of the case where the injection is

applied at a 200 m distance from the fault zone centre. The figure
contains applied rates of injection, fluid pressure monitored at
the injection point, magnitudes of the induced events, and event
occurrence rate. As indicated by the curve representing the fluid
pressure at the injection point, the pressure drops after it reaches
almost 120 MPa, where the fracture initiates. Fracture breakdown
pressure (FBP) is estimated using

(9) FBP � 3Sh � SH � T0

where Sh is the minimum horizontal stress (30 MPa), SH is the
maximum horizontal stress (40 MPa), and T0 is the tensile strength
(9 ± 6 MPa). FBP is estimated to be between 53 and 65 MPa. The
simulated FBP is far greater than estimated, because the esti-
mated FBP is for a radial tensile fracture developing at the bore-
hole wall and propagating bilaterally along the azimuth 0° and
180°, parallel to the orientation of the maximum horizontal stress
(Zang and Stephansson 2010). However, in the reservoir model
made by the bonded particle assembly, circular borehole geome-
try is not modeled and the fluid is injected into a void space
surrounded by a few particles. As the fluid migration path is pre-
defined by the particle arrangement, the fluid pressure should
exceed the bond tensile strength plus the additional amount that
should be given to induce fracture where the planes are not ori-
ented parallel to the maximum horizontal stress.

The event occurrence rate is shown at the bottom of Fig. 4,
which indicates that there is delay in the start of rate increase
after the injection starts. This is due to the time taken to build up
the fluid pressure level required to induce a fracture near the
injection point. The occurrence rate is intense during the injec-
tion (mostly during second and third step rates), but significantly
decreases in the post shut-in. However, high occurrence rates are
noticed after the shut-in, in particular at 5 h and between 7 and
8 h. Figure 5 compares two sets of magnitudes: those of the in-
duced events (left, computed by eqs. (4) and (6)) and those calcu-
lated from the cumulative slip of faults (right) derived from the
average shear displacement of the fault core fractures, monitored
at several selected times.

The curve shows that in the early stage of the injection (time:
0–1 h) the magnitudes of the induced events are generally higher
than those determined from fault slip. However, during the time

Fig. 3. Applied rate of injection with time and total volume of fluid injected and two locations of injection, 200 and 400 m from the fault
zone centre.

d = 400 md = 200 m200 m3

Case 1 Case 2

Rate (L/s)

Time (hr.)

12.5
15

1.5 1.5 1.5

Fig. 4. Results of fluid injection at 200 m from the fault zone centre. Applied rate of injection is displayed by the gray bars (left), fluid
pressure at the injection point by the blue curve (right), magnitudes of the induced invents by the red circles (right), and occurrence rate per
minute of induced events by dark gray spikes (note: colours refer to the Web version of this paper).
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ranges between 1 and 2 h, a transition occurs where the magni-
tude from the fault slip exceeds the magnitudes of the induced
events. After the shut-in, the intensity of the induced events de-
creases in terms of occurrence rate and magnitude as the injec-
tion pressure decreases.

As the model is in 2D, there should be an assumed fault plane
area (A) to calculate the seismic moment M0 using eq. (5). In this
study, the fault plane area is 1500 m2 (length 1500 m × width 1 m).
For reference, the maximum magnitude event (M1.4) that is ob-
served in the KTB injection experiment where the injection vol-
ume is the same as in the modeling, i.e., 200 m3, is shown by the
star in Fig. 5.

Figure 6 shows the spatial distribution of the injected fluid
pressure determined at three selected times: (a) t = 2.5 h, before
shut-in; (b) t = 5 h, right after shut-in; and (c) t = 8.3 h, long after
shut-in. The figure shows that fluid diffuses mostly in the direc-
tion of maximum horizontal stress and deviates slightly in the
orientation of the fault zone (Fig. 6a). The speed of fluid diffusion
is faster in the direction of maximum horizontal stress than that
of minimum stress. From Figs. 6b and 6c it is seen that the area of
high fluid pressure (>45 MPa), which is the upper limit of the sum
of minimum horizontal stress and tensile strength, i.e., Sh + T0 =
30 + 9 + 6 = 45 (shown in red, >45 MPa), decreases with time as the
fluid diffuses to the surrounding rock mass.

Figure 7 shows the spatial and temporal distribution of the
induced seismic events. The size of the events is scaled to their
magnitude. Events are coloured according to their time of occur-

rence. To enhance the visibility, the pre shut-in events are
coloured according to the time range of the applied rates of injec-
tion (red between 0 and 1.5 h, blue between 1.5 and 3 h, green
between 3 and 4.5 h). The coordinates of the injection points are
(400, 0) in Fig. 7a and (200, 0) in Fig. 7b. The figures show that most
of the induced events are large in magnitude during the early
stage of the injection (t < 4.5 h), and accompany a large number of
seismic events in the fault damage zone. For the post shut-in
events, events are coloured in grayscale, i.e., early events in light
gray and late events in dark gray. Post shut-in induced events are
mostly located at the tips of the seismicity cloud that is formed
during the injection.

Figure 8 shows the evolution of the induced seismicity cloud
and fluid pressure contour of 0.1 MPa evolving with time for the
case of the injection 200 m from the fault zone centre. Two sets of
seismicity are presented. The first set is marked by gray dots,
showing seismic moments calculated using the moment tensor
method (eqs. (3) and (4)). The second set is marked by red dots (in
the Web version), displaying the seismic moments calculated as a
function of displacement of the fault core fractures using eq. (5),
and converted to moment magnitude using eq. (6). It is clear from
the figure that magnitudes from the slip of the fault core fractures
are lower than those from the induced events, which are mostly
confined within the pressurized zone during the pre shut-in
phase. However, the magnitudes from the slip of fault core frac-
tures exceed the induced event magnitudes during the post

Fig. 5. Magnitudes of the induced seismic events (left) and magnitudes associated with fault slip (right). The star represents the maximum
magnitude observed in the KTB injection experiment (Zoback and Harjes 1997).

0 1 2 3 4 5 6 7 8 9

-1

0

1

2

In
du

ce
d 

ev
en

t m
ag

ni
tu

de

Time (hr.)

-1

0

1

2

 M1.4 (KTB)

Fa
ul

t s
lip

 m
ag

ni
tu

de
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shut-in phase. This can be seen from the size of the fracture slip
events and the induced events at a time of 5 h.

Discussion
It is seen in Fig. 5 that the magnitude calculated by the fault slip

is almost constant after the shut-in. The slight increase in magni-
tude is due to the diffusion of the pressurized fluid into the fault
zone, which reduces the frictional strength of the fault core frac-
tures. The magnitude can show steady or abrupt increase when
pre-existing joints are present around the fault zone depending
on the density. As fracture zones can serve as fluid flow pathways
where the pressurized fluid migrates into the fault zone, the fluid
fills up the damage zones and consequently reduces the frictional
strength. It is recommended to conduct a series of modeling cases
where there are hundreds of metre-long joints with varying den-
sities close to the fault zone. Results from such a model configu-
ration might provide clues regarding the mechanisms of LMEs at
some EGS sites, in particular where massive fluid injection is con-
ducted near natural fault systems, e.g., Basel and St. Gallen EGS in
Switzerland.

In Figs. 7 and 8, some of the post shut-in events are induced
adjacent to the seismicity cloud that has formed during the injec-
tion, due to the diffusion of pressurized fluid. Fluid pressure of
0.1 MPa is indicated by the contour. The area inside the contour
indicates where the fluid pressure exceeds 0.1 MPa. Many induced
events within the fault zone are located outside of the fluid pres-
sure contour, which means that these events occurred due to the
fluid pressure falling below 0.1 MPa. However, considering that
the tensile strength and cohesion of the damaged zone are 2 ± 0.5
and 5 ± 1 MPa, respectively, such low fluid pressure magnitudes
may not effectively explain the events’ occurrence. It is rather a
combination of other factors, such as in situ stresses and fault
movement caused by the expansion of the surrounding rock mass
due to fluid injection. Therefore, these events are referred to not
as “induced” but rather “triggered” by the fluid injection. This
argument is consistent with that of McGarr and Simpson (1997),
in that the term “induced” indicates a causative activity that ac-
counts for most of the stress change or energy required to produce

the earthquakes, whereas the term “triggered” describes a process
that accounts for only a small fraction of the same stress change
or energy.

Provided that the definitions of induced and triggered seismic-
ity mentioned earlier are valid, it is seen in Figs. 7 and 8 that there
are no triggered events on the left part of the fault zone, but there
are several on the right part. This is mostly because injection is
conducted in the right part, but it also may be attributed to the
fault zone acting as a barrier that prevents the stress changes in
the left side of the fault zone. Effective stress changes caused by
the injection are mostly spent through fault movement and there-
fore the initial stress state in the left side of the fault zone is less
altered.

Magnitude–frequency relations of the induced seismic events
caused by fluid injection and events triggered by the slip of fault
core fractures are compared in Fig. 9. Magnitude histograms (left)
show that the range of magnitudes of the induced events is nar-
rower than that of triggered events. The maximum magnitude of
the induced events is smaller than that of the triggered events,
which lowers the slope of the linear portion of the curve. The
slope corresponds to the b parameter of the Gutenberg–Richter
scaling law (Gutenberg and Richter 1954). The b parameters
computed from the induced and triggered events are 2.34 and
0.99, respectively. The difference in b-values is consistent with
Grünthal (2014), where the b-values of different types of induced
seismic events and natural tectonic earthquakes are compared.
Grünthal (2014) found that, in general, the induced seismicity
b-value (1.94 ± 0.21) is among the highest of all types of induced
seismic events and natural tectonic earthquakes (1.16 ± 0.05).

Moreover, Maxwell et al. (2009) and Downie et al. (2010) showed
that the events recorded during hydraulic treatment have b-values
close to 2, while the events associated with fault deformation have
b-values close to 1. Analysis by Kratz et al. (2013) on the microseis-
mic events associated with 13 horizontal wells in the Barnett shale
in North Texas shows that the b-value of fracture-related events is
close to 2 whereas the b-value of fault-related events is close to 1.

Many of the modeling results agree with some field observa-
tions in EGS sites, e.g., growth of seismicity clouds in the direction

Fig. 7. Spatial and temporal distributions of the events induced by fluid injection at (a) 400 m and (b) 200 m distances from the fault zone
centre. Sizes of events are scaled to the magnitude and coloured by the time of occurrence. Fluid pressure of 0.1 MPa is shown by the contour.
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of maximum horizontal stress, smooth decay of fluid pressure at
injection points in post shut-in, occurrence of post shut-in seis-
micity due to diffusion of fluid that is pressurized during injec-
tion, and larger magnitude earthquakes from the nearby fault slip
in the post shut-in phase.

However, as the modeling is done in 2D to reproduce three-
dimensional phenomena, the largest modeling uncertainty and
limitation come from 2D simplification. In the 2D setting, it is
difficult to estimate a representative injection rate and in partic-
ular there should be an assumed fault plane area to calculate the

Fig. 8. Temporal evolution of induced events (gray dots) and from fault core fractures caused by slip (red dots), and 0.1 MPa fluid pressure
contour for the case of fluid injection at 200 m from the fault zone centre.
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seismic moment M0 (eq. (5)). In this study, the fault plane area is
assumed to be 1500 m2 (length 1500 m × width 1 m).

Particle size also affects earthquake magnitudes. If the particle
diameters are set to a few centimetres, the resulting magnitude is
far lower than the range of simulated seismic magnitudes in this
study (−1�1). Having finer particles can be beneficial when precise
modeling of fracture initiation and propagation in the borehole
near-field is required. However, as the number of particles im-
pacts the computation time–speed and efficiency, choosing a par-
ticle diameter range should be done with careful consideration of
both model precision and computing efficiency. The particle di-
ameter range 20–30 m used in this study is considered acceptable,
as the resulting seismic magnitudes are between −1 and 2, which
are comparable to the seismic events from shale-gas stimulations
in the North America (Marcellus, Barnett, Eagle Ford, Woodford,
Haynesville, Horn River; Warpinski (2009) and Warpinski et al.
(2012)), and the seismic events from EGS operations in crystalline
rock mass, e.g., Basel (Mukuhira et al. 2013) and Soultz (Baisch
et al. 2010).

Conclusions
This study investigates fluid injection, induced seismicity, and

triggered seismicity in a fault zone adjacent to fluid injection
using discrete element modeling. The numerical results indicate
that fluid injection triggers seismic events in a nearby fault
zone. The level of influence diminishes with increasing distance
from the injection location to the fault zone. Seismic events in the
fault zone are triggered rather than induced as they are located far
outside of the fluid pressure contour of 0.1 MPa. This implies that
small perturbations of the fluid pressure (<0.1 MPa) trigger those
events, which are located in a fault zone, critically oriented and
stressed under a given stress field.

In the early stage of fluid injection, magnitudes of the induced
events are relatively larger than those of events in the fault zone
triggered by fluid injection. However, a transition takes place
where the seismic magnitude associated with the fault slip be-
comes larger than the magnitude of the induced events. Magni-
tudes and rates of the induced events decrease in the post shut-in
phase, whereas the magnitudes of events from the fault slip in-
crease slowly due to continuous migration of fluid into the fault
zone, which consequently reduces the frictional strength and
causes further slip.

The magnitude range of the induced events is narrower than
that of events of the fault fracture slip that was triggered by fluid
injection. The maximum magnitude of the induced events is
smaller than the maximum magnitude of the fault fracture slip
events, making the slope of the magnitude–frequency distribu-
tion of the induced events larger than that of the triggered events.

The modeling results show fair agreement with field observa-
tions at some EGS sites. Better understanding of the fault behav-

iour by nearby fluid injection and its implication on controlling
induced seismicity and mitigation of larger magnitude events can
be achieved by conducting more simulation runs with varying
geological conditions and operational parameters, e.g., cyclic rate
injection as was done by Zang et al. (2013) and Yoon et al. (2015a,
2015b).
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