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ABSTRACT

Fractured in geologic media, advective transport, heat transfer and chemical
transport can change the porosity during short- to long-term fluid circulation that results
from changes in mineral volume fractions. The porosity-permeability correlation in
geologic media can be complex and depends on several factors such as fracture size
distribution, fracture orientations, fracture network connectivity and in situ stresses,
among others.
Within fractured reservoirs under geothermal conditions, coupling between fluid
transport, mechanical response, heat transfer and chemical reactions may change the
permeability and influence the induced seismicity both during short-term reservoir
stimulation and long-term production. During short-term stimulation, rapid enhancement
of fracture permeability occurs as a result of circulating fluid through these fracture
networks. During long-term production, hydraulic and thermal effects both contribute to
the reactivation of the natural fracture networks and that also enhances the reservoir
permeability. During the reactivation of pre-existing fractures due to hydraulic transport
and mechanical deformation, seismic events occur when fluid circulates between the
injection and production wells with a large number of high magnitude events associated
with the initiation of the reservoir stimulation.
Determining dominant behaviors that control the enhancement of permeability and
the triggering of induced seismicity is the main focus of this work. This dissertation
examines the role of coupled thermal, hydraulic, mechanical and chemical effects on
various fracture networks in promoting the failure of pre-existing fractures and their
influence on the evolution of seismicity and of permeability.
Part I of this thesis (Chapters 1 and 2) explores the behavior of engineered
geothermal systems under the response of complex interactions that change the
permeability and induce seismicity. First a model is introduced to evaluate the rate of
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propagation of seismicity within a fractured reservoir that represents the Cooper Basin
geothermal field. This model is used in Chapter 1 to explore the spatial and temporal
distribution of seismic activity within reservoir and to replicate observed patterns. We
then apply this understanding (Chapter 2) to more complex fracture networks utilized to
explore the reservoir behaviors during reservoir stimulation to production and in
understanding the effects that can promote induced seismicity. This model is applied for
both the Cooper Basin and Coso geothermal field, for which data are available. The
models developed and validated in Chapters 1 and 2 are then applied to project the
response of the Newberry EGS demonstration project to both stimulation (Chapter 3) and
long-term production (Chapter 4). Part II (Appendix) explores the role of strains
developed in unconstrained sorbing and swelling fractured media (coal) and their role in
evolving permeability and in understanding the behavior when CO2 is injected into
ECBM or into sequestration sites.
In chapter 1, we use a continuum model of reservoir evolution to explore the
interaction of coupled thermal, hydraulic and chemical processes that influence the
seismicity evolution from stimulation through production. Events occur from energy
released of seeded fractures enabling moment magnitude, frequency and spatial
distribution to be determined with time. We evaluated the magnitude of events which
varies in a range of -2 to +2. The largest event size (~2) corresponds to the largest fracture
size (~500m) and a prescribed stress drop of 9MPa. Modeled b-values (~0.6 to 0.7)
correspond to observations (~0.7 to 0.8) and this approach is successfully calibrated
against observations in the Cooper Basin (Australia). Then we tracked the hydrodynamic
and thermal fronts to define causality in the triggering of seismicity. The hydrodynamic
front moves twice as fast as the thermal front and envelops the triggered seismicity at
early time (days to month) – with higher flow rates correlating with larger magnitude
events. For later time (month to years) thermal drawdown and potentially chemical
influences principally trigger the seismicity but result in a reduction in both the number of
events and their magnitudes.
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In chapter 2, we explore the role of thermal, hydraulic and chemical effects on the
evolution of seismicity in reservoirs from stimulation through production. We use a
continuum model capable of accommodating changes in stress that result from change in
fluid pressure as well as thermal stress. Discrete penny-shaped fractures are seeded within
the reservoir volume and failure of fractures is calculated from the finite difference model
FLAC3D. Energy release magnitude is utilized to obtain the magnitude-moment relation
for induced seismicity both by location and with time. We calibrate fracture spacing and
length of fractures in the model and replicate observed b-values during reservoir
production (10years). We observe that the larger the energy release the larger the number
of events induced at a given location and the greater the probability of large-magnitude
events. As the seeded fracture size is increased the moment-magnitude also increases.
Maximum magnitudes for identical fracture distributions are Ms ~2 for the Cooper Basin
and ~1.2 for Coso corresponds to the largest fracture size (~500m) and a prescribed stress
drop of 9MPa and 3MPa. We applied low and high (0.1m-1 vs. 0.2m-1) fracture densities
in the model for Cooper Basin reservoir to explore the behavior of moment magnitude
distribution. For the widely spaced fracture networks (0.1m-1), the increase in rate of
propagation of events reaches a smaller radius from the injection point and induces
seismicity evolution is slower with time compared to the behavior of the closely spaced
fracture network (0.2m-1). We observed that the modeled b-values (~0.6 to 0.7) also
correspond to observations (~0.7 to 0.8). Then we tracked the hydrodynamic and thermal
fronts and to define causality in the triggering of seismicity. The hydrodynamic front
moves twice as fast as the thermal front and envelops the triggered seismicity at early time
(days to month) – with higher flow rates correlating with larger magnitude events. For
later time (month to years) thermal drawdown and potentially chemical influences
principally trigger the seismicity but result in a reduction in both the number of events and
their magnitude.
In chapter 3, we utilize a continuum model of reservoir behavior subject to coupled
THMC (thermal, hydraulic, mechanical and chemical) processes to explore the evolution
of stimulation-induced seismicity and of permeability in EGS reservoirs. Our continuum
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model is capable of accommodating changes in effective stresses that result due to the
evolving spatial variations in fluid pressure as well as thermal stress and chemical effects.
Discrete penny-shaped fractures (~10-1200m) are seeded within the reservoir volume at
prescribed (faults) and random (fractures) orientations and with a Gaussian distribution of
lengths and location. Failure is calculated from a continuum model using a Coulomb
criterion for friction. Energy release magnitude is utilized to obtain the magnitudemoment relation for induced seismicity by location and with time. This model is applied
to a single injector (stimulation) to the proposed Newberry EGS field (USA). We
stimulate the reservoir in four zones of differing fracture network properties B, C, D and
E (shallow to deep) and at four different depths of 2000, 2500, 2750 and 3000 m. The
same network of large fractures (density of 0.003 m-1 and spacing 300 m) is applied in all
zones and supplemented by more closely spaced fractures with densities of 0.5 m -1 in the
shallow zone B, 0.9 m-1 in the intermediate zones C and D and 0.26 m-1 in the deepest
zone E. We show that permeability enhancement is modulated by hydraulic, thermal, and
chemical (THMC) processes and that permeability increases by an order of magnitude
during stimulation at each depth. For the widely spaced fracture networks, the increase in
permeability reaches a smaller radius from the injection point and permeability evolution
is slower with time compared to the behavior of the closely spaced fracture network. For
seismic events that develop with the stimulation, event magnitude (MS) varies from -2 to
+1.9 and the largest event size (~1.9) corresponds to the largest fractures (~1200m)
within the reservoir. We illustrate that the model with the highest fracture density
generates both the most and the largest seismic events (MS =1.9) within the 21 day
stimulation. Rate of hydraulic and thermal transport has a considerable influence on the
frequency, location and time of failure and ultimately event rate. Thus the event rate is
highest when the fracture network has the largest density (0.9m-1) and is located at depth
where the initial stresses are highest (zone D). Apparent from these data is that the
closely spaced fracture network with the higher stress regime (at the deeper level) has the
largest b-value ~0.74.

vi

In chapter 4, we utilize a numerical model to examine thermal-hydrologicmechanical-chemical processes leading to the evolution of induced seismicity in naturally
fractured dual-porosity media. We use a continuum model to examine the thermo-hydromechanical behaviors due to variation in fluid pressure and thermal stress on different
fracture networks within a prototypical enhanced geothermal system (EGS). Discrete
penny-shaped fractures are seeded within the reservoir volume with random orientations
and a Gaussian distribution of lengths. Failure is calculated from Coulomb strengths.
Energy release magnitude is utilized to obtain the magnitude-moment relation for
induced seismicity by location and with time. This model is applied to the potential
Newberry EGS field (USA) by assuming fracture sizes of 10 to 1200 m. Models are
classified by their conceptualization of the fractured reservoir geometry as both networks
of discrete fractures and with equivalent fractured media as fill-in. This model is applied
to a doublet injector-producer to explore the spatial and temporal triggering of seismicity
for varied fracture network geometries at shallow (2000m) and deep (2750) depths. First
we consider the identical network of large fractures (300 m fracture spacing) in both
shallow and deep zones and infilled with smaller (10-200m) more closely spaced
fractures with densities of 0.5 m-1 in the shallow zone (B) and of 0.9 m-1 in the deeper
zone D. Then we apply a different network where the spacing of the large fractures are
halved (~150m) in both zones but with the small closely spaced fractures retained with
densities of 0.5m-1 in the shallow zone (B) and 0.9m-1 in the deeper zone (D). We
evaluate the magnitude of seismic events that vary from -2 to +1.9 with the largest event
size (~1.9) corresponding to the largest fracture size (~1200m) within the reservoir. We
illustrate that the model with the higher fracture density generates both the most and the
largest seismic events (MS =1.9), thus the evolution of seismicity is quickest and
migration of seismic events is fastest with radius from the injector compared with the
case for more widely-spaced fractures. Rate of hydraulic and thermal transport has a
considerable influence on the amount, location and time of failure and ultimately event
rate. Thus, the event rate is higher when the fracture network has the larger density (0.9m1

) with closely-spaced fractures (150m) and is located at depth where the initial stresses
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are highest (zone D). In addition, the modeled b-value shows that there is a relation
between fracture networks, fracture spacing, and the evolution of seismicity. In all cases,
the a-value is decreased and the b-value is increased with time and this indicates smallmagnitude events with a small number of events induced during long term production.
Apparent from these data is that the closely spaced fracture network with the higher
fracture density and stress regime (at the deeper level) has the largest b-value ~1.34.
Finally, we evaluate the thermal energy recovered during the production and the results
show that the highest thermal energy is recovered from the deeper zone (D) with the
more closely-spaced fractures (150m).
In appendix, we explore the conundrum of how permeability of coal decreases
with swelling-induced sorption of a sorbing gas, such as CO2. We show that for free
swelling of an unconstrained homogeneous medium where free swelling scales with gas
pressure then porosity must increase as pressure increases. The volume change is in the
same sense as volume changes driven by effective stresses and hence permeability must
increase with swelling. An alternative model is one where voids within a linear solid are
surrounded by a damage zone. In the damage zone the Langmuir swelling coefficient
decreases outwards from the wall and the modulus increases outwards from the wall. In
each case this is presumed to result from micro-fracturing-induced damage occurring
during formation of the cleats. We use this model to explore anticipated changes in
porosity and permeability that accompany gas sorption under conditions of constant
applied stress and for increments of applied gas pressure. This model replicates all
important aspects of the observed evolution of permeability with pressure. As gas
pressure is increased, permeability initially reduces as the material in the wall swells and
this swelling is constrained by the far-field modulus. As the peak Langmuir strain is
approached, the decrease in permeability halts and permeability increases linearly with
pressure. This behavior is apparent even as the constraint on damage around is relaxed
and ultimately removed to represent a homogeneous linear solid containing multiple
interacting flaws. In either case the rate of permeability loss is controlled by crack
geometry, the Langmuir swelling coefficient and the void “stiffness” and the rate of
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permeability increase is controlled by crack geometry and void “stiffness” alone.
Permeability evolution may be approximated by a single non-dimensional variable
incorporating fracture spacing, flaw-length, Langmuir strain and initial permeability. This
model represents the principal features of permeability evolution in swelling media and is
a mechanistically consistent and plausible model for behavior.
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Chapter 1
Role of Thermal Stress and Fluid Pressure on Induced Seismicity during
Stimulation to Production within Fractured Reservoirs

Abstract

We use a continuum model of reservoir evolution to explore the interaction of
coupled thermal, hydraulic and chemical processes that influence the seismicity evolution
from stimulation through production. Events occur from energy released of seeded
fractures enabling moment magnitude, frequency and spatial distribution to be determined
with time. We evaluated the magnitude of events and it varies from -2 to +2 and the
largest event size (~2) corresponds to the largest fracture size (~500m) and a prescribed
stress drop of 9MPa. Modeled b-values (~0.6 to 0.7) also correspond to observations (~0.7
to 0.8) and this approach is successfully calibrated against observations in the Cooper
Basin (Australia). Then we tracked the hydrodynamic and thermal fronts to define
causality in the triggering of seismicity. The hydrodynamic front moves twice as fast as
the thermal front and envelops the trigg
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ered seismicity at early time (days to month) – with higher flow rates correlating
with larger magnitude events. For later time (month to years) thermal drawdown and
potentially chemical influences principally trigger the seismicity but result in a reduction
in both the number of events and their magnitudes.

1

Introduction
Fluid injection at pressures intermediate between the minimum principal stress and

the Coulomb stress will induce shear failure within enhanced geothermal reservoirs
[Hubbert and Rubey, 1959; Majer and Peterson, 2007; Majer et al., 2007; Segall, 1989]
and may trigger seismicity [Grasso and Wittlinger, 1990; Yerkes and Castle, 1976].
Influence of fluid pressures on failure is exacerbated by the significant changes in total
stress that may result from thermal drawdown and potentially from chemical effects
within the reservoir. Shear failure may occur aseismically but is also manifest as
microseismic activity in many cases.
In these cases the induced seismicity results from fluid injection and is expected to
migrate within the reservoir with time as driven by the various interactions of thermal,
hydraulic, mechanical and chemical processes which also migrate through the reservoir
on different length-scales and timescales [Barton et al., 1985; Elsworth and Yasuhara,
2010a; Goodman, 1976; Taron and Elsworth, 2009a; Walsh, 1965]. Defining the
potential causes of induced seismic activity due to production from engineered
geothermal systems (EGS) is a significant concern – both to understand mechanisms and
to mitigate damaging consequences. The size of the resulting seismic event is defined by
2

the total energy release that in turn relates to the stress drop and how fast it fails [Brune
and Thatcher, 2002.].
In the following we use a continuum model of reservoir evolution subject to coupled
THMC processes [Taron and Elsworth, 2009a] to explore the evolution of productioninduced seismicity in a prototypical EGS reservoir. In this study we define the
relationship between the magnitudes of induced seismic events and the applied fluid
injection rates as well as the evolution of thermal stress. Our focus is to determine
dominant behaviors controlling the triggering of induced seismicity that is unique in
comparison to previous studies. We show that induced seismicity is modulated by
hydraulic, thermal, and chemical processes which also migrate through the reservoir
[Elsworth and Yasuhara, 2010b; Taron and Elsworth, 2009b]. We then explore how
pore-pressure and thermal stress can be linked to the seismic frequency–magnitude
distribution, which is described by its slope, the b-value.
2
2.1

Model Dimension and Description
Reservoir and Fracture Network Characterization
We assume a doublet geometry (500m spacing) and the dimension of the reservoir

volume in the model is 2000×1000×100 m3 for the half-symmetry. Figure 1.1
representative of the Cooper Basin geothermal field. The THMC model evaluates the
evolution of flow rate, pressure and temperature distribution during stimulation. The
applied injection pressure and temperature are assumed to be equal to 39.8MPa and 70°C.
Reservoir pressure and temperature are assumed to be 29.8MPa and 250°C. Boundary
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stresses and the values of the solid medium properties utilized in the simulation for this
case are defined in Table 1.1. Reactive composition of the host reservoir rock is presented
in Table 1.2.
Calcite and amorphous silica are expected to be the minerals primarily responsible
for permeability change due to precipitation and dissolution. Other likely minerals are
also followed, as listed in Table 1.2. Rate constants for precipitation/dissolution and
mineral reactive surface areas of these common minerals are available in the literature
[Kovac et al., 2006.; Xu and Pruess, 2001], and were utilized as in [Xu and Pruess,
2004].

Figure 1.1: Geometric layout and boundary conditions of EGS reservoir as used in the
simulation.
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Table 1.1: Parameters utilized in the simulation.
Parameter

Unit

Cooper Basin

σv

MPa

65

σh

MPa

57

σH

MPa

129

Injection pressure(Pinj)

MPa

39.8

Reservoir pressure(Pres)

MPa

29.8

Production pressure(Pprod)

MPa

19.8

Injection temperature

°C

70

Reservoir temperature

°C

250

Peak Strength

MPa

28

Bulk modulus of intact rock(Km)

GPa

17

Cohesion

MPa

10

Poisson’s ratio(υ)

-

0.27

Bulk modulus of fluid(kf)

GPa

8

Bulk modulus of solid grain(Ks)

GPa

54.5

Internal friction angle(φ)

°

35

Residual friction angel(ß)

°

11

Coefficient of thermal expansion(αT)

1/°C

1.2×10-5

Thermal conductivity(λ)

W/mK

2.9

Heat capacity(cp)

J/kgK

918

Porosity within fractures(ϕ)

-

0.3
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Table 1.2: Initial volume fraction of reactive minerals in host reservoir.
Mineral

Volume fraction of solid rock
Granodiorite

Fractured vein

Anorthite

0.33

--

Calcite

0.02

0.31

Chlorite

--

0.23

K-Feldspar

0.17

--

Quartz

0.34

0.17

Amorphous Silica

--

--
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The present model uses the vertical stress and two horizontal principal stresses,
which are designated as the maximum and minimum principal stresses. In the process of
stimulation, fluid pressure is increased within the near-wellbore rock volume with low
permeability, causing hydro-shear displacement on some of the pre-existing fractures
(fracture propagation is not considered). Discrete penny-shaped fractures are seeded
within the reservoir volume and fractures are distributed within the volume with multiple
orientations and Gaussian distribution of lengths (1m-500m). The maximum length
fractures will transit multiple blocks and the smallest fractures will be contained within a
single finite difference block. An average fracture density of ~0.1m-1 is applied to the
reservoir and fracture spacing is defined based on fracture size (10m-500m) so that larger
fractures are more widely spaced – to recover the prescribed fracture density (Figure 1.3).
2.2

THMC Model
Here we focus on the complex interaction of coupled thermal, hydraulic,

mechanical and chemical (THMC) processes that influence the evolution of EGS
reservoirs and describe the dominant behaviors that progress with the evolution of the
reservoir. We apply a coupled THMC model [Taron et al., 2009] with static-dynamic
frictional strength-drop to determine energy release for fractures of different size
embedded within an elastic medium.
Change of stress state is calculated from the pore pressures, thermal drawdown and
chemical effects within FLAC3D-TOUGHREACT [Taron and Elsworth, 2009a]. Shear
failure calculations are handled with FLAC3D utilizing a Mohr-Coulomb failure (fracture
7

propagation is not considered). The friction angle on fractures is assumed constant (35o)
and during failure the maximum shear stress drop (~9.0 MPa) is prescribed to represent
the residual strength. This model calculates the flow rate, pressure and temperature
distribution during stimulation. The changes in pressure and temperature induce
displacements that consequently lead to a new change in pressure distribution.
These include short-term response where effective stresses and thermal quenching
are expected to dominate the behavior of the reservoir and are influenced by the local
structure in the rock and orientation of pre-existing fractures. Typical behaviors include
the reduction of local mean stresses and the development of shear fracturing principally
on pre-existing fractures. The very short-term response (days to month) Figure 1.2 is
controlled by fluid pressure and effective stress effects (HM).
Throughout the evolution of the reservoir, these coupled effects control the
development of permeability, of heat-transfer area, and thereby thermal output of the
reservoir, together with the evolution of induced seismicity. We applied different models
to illustrate the timing of THMC effects separately (Figure 1.2). Thus we note the
sequencing of fluid pressure effects as fastest-acting followed by thermal stresses then
chemical effects influence the timing and migration of changes in effective stress within
reservoirs as illustrated in Figure 1.2. Since seismicity is indexed to changes in effective
stresses then these rates of change will influence triggering within the reservoir.
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Figure 1.2: Normalized effective stress vs. time at 50m far from injection point.
Hydraulic, thermal and chemical effect is separately illustrated during 10 year production
and their influence on triggering seismicity. Red solid line, injection pressure assumed
39.8MPa and reservoir pressure is 29.8MPa and temperature of injection is assumed the
same as rock temperature (250°C) and no chemical reaction occurs. Black dash line, both
pressure and temperature changed; injection pressure is 39.8MPa and reservoir pressure
is 29.8MPa, injection temperature is 70°C and reservoir temperature is 250°C, again no
chemical reaction. Gray dash line, injection pressure is 39.8MPa and reservoir pressure is
29.8MPa, injection temperature is the same as reservoir temperature (250°C), chemical
reaction is considered [injection fluid component illustrated Table 1.2 ].
9

Figure 1.3: Fracture data utilized in the simulation. Fracture density of 0.1 m-1 and these
vary in length from 1 to 500m. (Left) Fracture distribution by location and (right) fracture
distribution by size.
3

Observation and Calibration
We examine the performance of our models against the observed response of the

Cooper Basin geothermal field (Australia) and specifically the progress of seismicity as
the reservoir is developed in terms of rates, magnitudes and locations [Baisch et al.,
2006].
3.1

Evolution of Moment Magnitude
The potential energy released within reservoirs for different fracture spacing is

defined based on the evaluation of the elastic energy released from the failure of large
penny-shaped fractures. Shear stress drop is calculated in FLAC3D as a function of
normal stress and pore pressure for a variety of uniform fracture spacings at different
locations within the reservoir.
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Shear stress builds in the early time (<1month) and reaches a maximum magnitudes
in the range ~28MPa as defined by prescribed peak strengths. This peak strength is
defined by a cohesion of 10 MPa, peak friction angle of 35 Then we calculate the
potential energy release, Ep, from failure of a penny-shaped fractures due to a stress drop
Δτ at different location within reservoir. This relation is defined as E p 

2 2 a3
, where
3G

a is the radius of the fracture in the plane and G is a shear modulus.
Energy release from fractures is most conveniently represented as a moment
magnitude [Aki, 1967; Kanamori, 1977; Keylis-Borok, 1959]. The moment magnitude
relation is defined as [Purcaru and Berckemer, 1978]: log M 0  1.5M s  9.1 , where M0 is
seismic moment and MS is moment magnitude. In this model M0 is seismic energy which
is derived from the elastic energy released by shear on pre-existing fractures. This
relation allows us to determine both the spatial and temporal evolution of moment
magnitude in EGS reservoirs and such moment magnitude (Ms) varies from -2 to +2 for
the largest fracture size (~500m).
We then use a stress-strain fracture criterion to determine the total strain energy
available for release – this energy is assumed to be shed seismically. During the rupture
process the shear stress drops an amount Δτ from an initial value of τi to final value τf,
then we can define an expression for total energy ET    T  dV , where strain changes
from an initial value of εi to a final value εf where V is volume of the matrix. Here we
introduce a relation to determine the number of events which occur during the failure
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process based on potential and total energy as N event 

ET
, where Nevent is the number of
Ep

seismic events, ET is the total energy of matrix block and Ep is the potential energy
released of fractures.
Here the energy release of fractures within the reservoir determines the evolution of
seismic event magnitude. The release of seismic energy (stress drop=9MPa) which is
generated in the Cooper Basin EGS reservoir due to thermal, mechanical and chemical
effects when seeded with fractures (1-500m) is illustrated in Figure 1.4. This outcome
indicates that during simulation the potential energy within the reservoir containing
fracture networks is released gradually and extends far from injection. The characteristic
event magnitude distribution that occurs has a stress drop of ~9 MPa which implies the
occurrence of larger magnitude events (~1-2) near injection at early times (days to
month) during the stimulation. This process is controlled by the population of fracture
sizes and the stress drop.
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Figure 1.4: The evolution of moment magnitude in the Cooper Basin EGS reservoir over
10 years of simulation. Solid lines illustrate the failure in each location of reservoir. Blue
region illustrates smallest event magnitude and red region illustrates the largest potential
energy that is released in different locations due to combined thermal, mechanical and
chemical effects.
3.2

Empirical Relation for Triggering Seismicity
From the Gutenberg–Richter law we model the frequency–magnitude distribution.

The modeled b-value represents the cumulative number of seismic events at each location
within the reservoir with the local magnitude evaluated from its seismic moment.
Gutenberg & Richter (1944) expressed the magnitude distribution in the form log Nevent =
a - bM, where Nevent is the number of seismic events within a magnitude interval M±ΔM.
Here we discuss the scaling of the frequency of events Nevent as a function of fluid
pressure and temperature. The magnitude-frequency relation evaluated at early time (first
month) is illustrated in Figure 1.5- left and the approximate b-value is ~0.7. The shape of
the resulting frequency–magnitude distribution is similar to that reported for the Cooper
Basin [Baisch et al., 2009; Shapiro and Dinske, 2009b] and the evaluated b-value in
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particular matches the Habanero-1 well data. The histogram of event magnitudes which
was determined for the 2005 data catalog indicates a b-value of 0.8 in the magnitude
range -0.8 to +1.5 [Baisch et al., 2009] and the approximate b-value from Shapiro and
Dinske [2009b] is +0.75. Events migrate during the simulated evolution due to the
progress of fluid pressure diffusion. For this particular reservoir the microseismicity
begins at the injector and migrates upwards with time. From the Gutenberg-Richter
relation, from Aki’s [1981] supposition and from our observations we conclude that the
b-value describes fracturing processes in the seismic region and is related to the size,
location, distribution and spacing of fractures.

Figure 1.5: (Left) Evolution of moment magnitude in the Cooper Basin EGS reservoir
after 1 month stimulation. (right) number of events as a function of magnitude indicating
b value of 0.7 and moment magnitude range 0-2.
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3.3

Effect of Hydrodynamic and Thermal Front on Triggered Seismicity
The numerical model is used to follow the hydrodynamic and thermal fronts as it

propagates through the reservoir. The data used in this simulation are related to the
Cooper Basin EGS which is also discussed elsewhere [Shapiro and Dinske, 2009a].
The location of these fronts is defined by the propagation of the fluid flow rate at
any given time within TOUGHREACT module [Xu et al., 2006]. The evolution of
seismicity for 10 years reservoir production is shown in a radius-time plot relative to the
propagation of these fluid and thermal fronts in Figure 1.6-a (injection flow rate is set at
15 l/s in the simulation). This shows the progress of the fluid and thermal fronts in the
reservoir together with the progress of induced seismicity. We observe that the rate of
propagation of the hydrodynamic front is approximately twice as rapid as the thermal
front.
This illustrates that most of the seismic activity is triggered by hydraulic effects at
early times (days to month) relative to the initiation of stimulation. At later time (month to
years), thermal effects specifically, or chemical effects possibly, may contribute to the
seismicity when the seismicity front lags behind the hydrodynamic front due to small
changes in pressure. By following the propagation of fluid pressure, thermal fronts
through the reservoir with time we associate large early-time events with the fluid front
and the lower seismic magnitude later-time events with the transit of the thermal/chemical
front.
Then we confirm the form of observations in our model against those reported in
[Shapiro and Dinske, 2009a] which in turn has been calibrated against field data. We
15

observe good agreement between our model observations and those in the Cooper Basin
[Shapiro and Dinske, 2009a; Shapiro and Dinske, 2009b]. We then compare the
magnitude-frequency relations evaluated for the Cooper Basin stimulation at three
different times Figure 1.6-a (first month followed by after 5 and 10 years). We considered
a 14 days window at each time frame to normalize the number and magnitude of events at
any location within the reservoir Figure 1.6-b, c, d. The number of events as a function of
time is controlled only by the cumulative mass of fluid injected which then results in
failure and energy release. The larger this energy release the larger number of seismic
events induced at a given location and time.
Also we characterize the induced seismicity by the b-value for these different time
periods. The approximate b-value is illustrated in Figure 1.6-e, f, g and corresponds
closely with observations. The plot of event magnitudes determined here indicate a bvalue of 0.72 in the magnitude range 0 to +2 at early time, +0.7 after five years and +0.68
after ten years. This behavior shows that the b-value is highest at early time and means
that the larger events occur earliest (days to month) and due to the passage of the fluid
pressure front. At later times (month to years) the principal factor triggering the seismicity
is thermal effects. Finally in Figure 1.6-h we illustrate the number of event at each time.
It shows that the largest number of seismic events exist for 0<Ms<2 induced near injection
and decrease away from the point of injection.

16

Figure 1.6: a) Radius versus time plot for short term of the progress of fluid and thermal
fronts in the reservoir and of induced seismicity after 10 years production (Injection flow
rate is 15 l/s). Seismic moment of individual events shown green(smaller event): 0<Ms<1
and red(larger event): 1<Ms<2. The hydrodynamic front illustrated with blue and thermal
17

front with pink solid line. Fracture density is ~0.1m-1 (fractures are in the ranges of 1m500m, fracture spacings are in the ranges of 10m-500m). We separately zoom in 3
windows (considering 2 weeks period at each window) A, B and C at three different
times (14 days after stimulation, after 5 years and after 10 years). b) Seismic activity at
early time [2weeks period]. c) Seismic activity after 5 years stimulation [2weeks period].
d) Seismic activity after 10 years stimulation [2weeks period]. e, f, g) number of events
as a function of magnitude indicating b-value of 0.72 at early time, 0.7 after 5 years and
0.68 after 10 years stimulation [moment magnitude range 0-2]. i) Number of events as a
function of moment magnitude for three different times [first month, 5 and 10 years]. The
number of events with small (0<Ms<1) and large (1<Ms<2) magnitude shows in three
different colors; red, blue and green. Red; Number of events at the stimulation period,
blue; Number of events after 5 years production, green; Number of events after 10 years
production.
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4

Conclusion
Understanding the relationship between natural fracture distribution, fluid flow, and

thermal drawdown within the reservoir is one of the critical challenges confronting our
understanding of enhanced geothermal system (EGS). We explore the ThermalHydraulic- Mechanical- Chemical behaviors on fracture networks within EGS reservoirs.
The strain energy release is determined due to pore pressure propagation and induced
thermal and chemical strains. This energy release magnitude is then utilized to obtain the
magnitude-moment relation and to compare this with that measured for observed earlytime (2 weeks) induced seismicity at the Cooper Basin. This is then extended to explore
the evolution of seismicity expected over an extended period of production (10 years).
Events occur from energy release on seeded fractures enabling moment magnitude,
frequency and spatial distribution to be determined with time. We evaluated the
magnitude of events and it varies from -2 to +2 and the largest event size (~2) corresponds
to the largest fracture size (~500m) and a prescribed stress drop of 9MPa.
We separately examine the impact of thermal stresses, pore pressure and chemical
effects on the evolution of seismicity during this long term stimulation. The most
important mechanism which triggers slip and promotes seismic events and also may
change the moment is the augmentation of fluid pressure at early time. However, with
migration of fluid in the fractures at later time thermal quenching can cause a reduction in
effective stress and additionally contribute to triggered seismicity.
Modeled b-values (~0.6 to 0.7) also correspond to observations (~0.7 to 0.8) and this
approach is verified using data for the Cooper Basin (Australia) geothermal field. We
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tracked the hydrodynamic and thermal fronts to define causality in the triggering of
seismicity. We calibrate fracture spacing and length of fractures in the model and replicate
observed b-values during reservoir production. The b-value describes the fracture process
within reservoirs and is related to size, location, distribution and spacing of fractures.
Finally we illustrate the penetration of Hydrodynamic and thermal fronts through the
reservoir with time. The hydrodynamic front moves twice as fast as the thermal front and
envelops the triggered seismicity at early time (days to month) – with higher flow rates
correlating with larger magnitude events. For later time (>1year) thermal drawdown and
potentially chemical influences principally trigger the seismicity but result in a reduction
in both the number of events and their magnitude.
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Chapter 2

Mechanisms of Induced Seismicity along Reactivated Fractured Networks Due to
Fluid Circulation and Heat Extraction

Abstract

We explore the role of thermal, hydraulic and chemical effects on the evolution of
seismicity in reservoirs from stimulation through production. We use a continuum model
capable of accommodating changes in stress that result from change in fluid pressure as
well as from thermal stress. Discrete penny-shaped fractures are seeded within the
reservoir volume and failure of fractures is calculated from coupled analysis of
geomechanics and fluid and thermal transport. Energy release magnitude is utilized to
obtain the magnitude-moment relation for induced seismicity both by location and with
time. We calibrate our models against observations in the Cooper Basin and the Coso
geothermal field to follow the triggering of seismicity during long-term reservoir
stimulation. We observe that the larger the energy release the larger the number of events
induced at a given location and the greater the probability of large-magnitude events. As
the seeded fracture size is increased the moment-magnitude also increases. Maximum
magnitudes for identical fracture distributions are Ms ~2.5 for the Cooper Basin and ~2 for
Coso. Modeled b-values (~0.6 to 0.7) also correspond to observations (~0.7 to 0.8). We
track the hydrodynamic and thermal fronts to define causality in the triggering of
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seismicity. The hydrodynamic front moves approximately twice as fast as the thermal
front and envelops the triggered seismicity at early time (days to months) – with higher
flow rates correlating with larger magnitude events. For later time (>1year) thermal
drawdown and potentially chemical influences principally trigger the seismicity but result
in a reduction in both the number of events and their magnitude.

1

Introduction

Induced seismicity evolving concurrently with permeability enhancement has been
observed as a significant factor in many enhanced geothermal systems. Permeabilities are
typically increased in low permeability rocks and rates of fluid flow are correspondingly
increased. This typically results in increases in advective heat transfer for forced fluid
flow but may also result in detrimental short-circuiting and the premature drop in outlet
temperatures.
A variety of conceptual models have been developed to describe fluid and thermal
transport within dual porosity media. These include models with multiple flow paths
[Robinson and Jones, 1987; Robinson and Brown, 1990], equivalent porous media
approaches [Birdsell and Robinson, 1988] and heat sweep models [Robinson and Kruger,
1992]. Mechanical deformation due to fluid pressure and temperature is typically
observed within geothermal reservoirs [Elsworth, 1989; Murphy, 1982; Nemat-Nasser,
1982; Pine and Cundall, 1985]. Increasing pore pressures and contractile thermal stresses
both reduce effective stresses [Brekke et al., 1972] in the reservoir and may induce
microseismic events [Brune and Thatcher, 2002]. This influence of fluid pressures on
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failure is exacerbated by the significant changes in total stress that may result from
thermal drawdown and potentially from chemical effects within the reservoir.
Fracture networks play a critical role to provide the path to extract geothermal
energy via heat exchange and fluid flow. Since the fluid permeability of single fractures
is proportional to the cube of fracture aperture, small dilatant deformations may greatly
increase formation permeability. Permeability enhancement is modulated by thermal,
hydraulic, mechanical and chemical (THMC) processes which also migrate through the
reservoir on different length-scales and timescales [Elsworth and Yasuhara, 2010; Taron
and Elsworth, 2009a] and may also trigger seismicity.
Models are typically classified by their conceptualization of the fractured reservoir
geometry as either networks of discrete fractures or as equivalent porous media. In the
following we use a continuum model of reservoir evolution subject to coupled THMC
processes to explore the evolution of production-induced seismicity in a prototypical
EGS reservoir.

2

Energy Release in Fractured Reservoirs

The evolution of triggered seismicity depends on the competition between the
degradation of strength on fractures within the reservoir with the evolution of stress.
Evolution of stress depends both on the strength within the reservoir and its stiffness.
Changes in effective stresses are driven by fluid pressures together with thermal and
chemical strains and must be reconciled with the evolving strength of fractures. We
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introduce velocity-weakening models that accommodate seismic rupture and explore the
use of these in the following.
2.1 Penny Shaped Crack
We use the behavior of a penny-shaped crack to define the component storedstrain-energy of a single isolated crack within an elastic medium. The fracture enables
shear displacement to occur within the medium as the strength across the fracture is
exceeded. This allows the energy release to be directly determined [Sack, 1946; Sneddon,
1946].
The crack is defined by an ellipsoidal surface centered at the origin and is defined
as
2

2

2

x  y z
      1
a d  c

(2-1)

where a,d,c are semi axes in the x,y,z directions respectively. Limiting this for the
specific case of c  a  d represents a thin penny-shaped crack.
The problem of an infinitesimally-thick penny-shaped crack whose faces are
subjected to uniform shear stress is defined [Segedin, 1950] for the geometry of Figure
2.1.
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Figure 2.1: Shear tractions applied to the far-field and interior of a penny-shaped crack.
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2.2 Elastic Energy of Single Fracture
The strain energy that is released by failure may be straightforwardly determined.
The elastic strain energy released by failure that results in a drop in shear stress t can be
recovered from
a 2

1
8(  2G)
8(1  ) 2 a3
E    udA    u rdrd 

2 2A
3G(3  4G)
3G(2  )
0 0

(2-2)

where τ is shear stress, u is the resulting shear displacement, a is the radius of the
crack in the x-y plane, ψ and G are Lame constants, ν is Poisson ratio and dA is the
incremental area of the crack in the x-y plane.
This scaling indicates that energy scales with the cube of crack length and the
square of shear stress drop for constant magnitudes of the elastic constants. These scaling
relationships are rationalized by noting that a larger crack will include a proportionately
larger volume around it where the stresses have been altered – hence the scaling with
cube of the crack length. Similarly, since the strain energy is related to the product of
stress and strain, and strain is linked to applied stress through modulus then strain energy
should scale with stress-drop squared. This allows the strain energy release to be defined
for fractures of various sizes.
The energy released from failing networks of fractures is intrinsically linked to the
stiffness of the cracked medium. The displacement process leading to failure defines the
evolution of the stress regime as failure is approached and the weakening rate post-failure
defines the release rate of energy during failure. For the brittle failure model the stress
drop defines a near-instantaneous energy release from the system, but this also follows
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recurrence times for multiple events provided that an appropriate stiffness of the system
is used in the model. Presumed full strength-gain in the inter-seismic period resets
strength to prime a future seismic event. In the following we use a penny-shaped crack as
the fundamental descriptor of the stiffness of a single fracture. This is applicable to peak
strength models.
2.3 Brittle Failure on a Pre-Existing Fracture
We represent a model for the evolution of strength and brittle failure on a preexisting fracture as it fails and the stress drops. The shear resistance depends on normal
stress and pore pressure. Stress builds and reaches a peak strength followed by a rapid
decline to a residual strength [Goodman, 1976; Jaeger et al., 2007]. The shear stressstrain response is characterized by frictional control relative to the effective normal
stress. Thus the maximum shear stress that may be sustained may be defined as

  c0   n  Pp  tan  

(2-3)

where τ is the shear strength, σn is the normal stress, PP is pore pressure, c0 is
the cohesion (c0=10MPa) and the angle φ is the angle of internal friction (φ=35°).

3

Case Studies
One key to the creation of a successful engineered geothermal reservoir is an

understanding of the relationship between the natural fracture distribution, fluid flow, and
the ambient tectonic stresses that exist within the reservoir. Establishing those
relationships will assist in the subsequent design of an hydraulic or thermal stimulation.
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Our objective is to determine the effect of these key factors in triggering seismicity
during long term reservoir stimulation. As part of this work, we examine the performance
of our models against the observed response of two geothermal fields. Specifically we
examine the progress of seismicity as the reservoir is developed in terms of rates,
magnitudes and locations. We use case histories for the Cooper Basin (Australia) and
Coso geothermal field (USA) (Figure 2.2).
The Cooper Basin is an example of a geothermal resource under development and is
located in the northeastern quadrant of South Australia, close to Moomba. The first
injection well (Habanero-1) was drilled into granitic basement to a depth of 4421 m (754
m into granite) [S. Baisch et al., 2006]. The total amount of liquid injected was 20,000
m3, with a maximum pumping rate of 48 l/s. The main stimulation started on 30
November and ended on 9 December 2003 [S. Baisch et al., 2006].
The Coso Geothermal Field is an area where fluid temperatures exceeding 300°C
have been measured at depths less than 3000m and the reservoir is both highly fractured
and tectonically stressed. The first EGS experiment was conducted in well 34A-9 in
August 2004. Well 34A-9 was originally drilled to a depth of 2,956 m in 1993 and
maximum pumping rate was 20 l/s. The main stimulation started on 3 August and ended
on 8 September 2004 [Bruce et al., 2009].
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Figure 2.2: Generalized map of the Cooper Basin and Coso geothermal fields.
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4

Evolution of Energy Release in EGS Reservoirs
With the controls of strength and local stiffness on failure and energy release in

reservoirs defined, we can use an understanding of these to follow the evolving behavior
of EGS reservoirs. The peak strength model will adequately follow system response and
the shear stress drop is more readily defined in systems where strength parameters are
only poorly constrained. The principal assumption in this approach is that the strength
resets itself in the inter-seismic period – an assumption that is reasonable and is
conservative in defining the maximum levels of induced seismicity. This peak-residual
strength model is used in the following.
We follow the evolution of behavior in a prototypical EGS reservoir where injection
and withdrawal wells are connected by a fracture network. Such networks represent the
conduits for fluid transmission. As fluid is circulated, changes in total stress result due to
the penetration of fluid and the accompanying migration of fluid pressures and also as a
result of thermal and chemical strains. These changes in the stress regime may drive
portions of the reservoir towards failure with this failure accompanied by seismic release
of energy. We apply a coupled THMC model [Taron et al., 2009] with static-dynamic
frictional strength-drop to determine energy release for fractures of different size
embedded within an elastic medium. Change of stress state is calculated from the pore
pressures, thermal drawdown and chemical effects within FLAC3D-TOUGHREACT
[Taron and Elsworth, 2009a].
This model is applied to the doublet geometry (500m spacing) within a larger
reservoir geometry with half-symmetry (2000m1000m) (Figure 2.3) representative of
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both the Cooper Basin and Coso geothermal fields. Boundary stresses and the values of
the parameters utilized in simulation for both cases are defined in Table 2.1. The present
model uses the vertical stress and two horizontal principal stresses, which are designated
as the maximum and minimum principal stresses.
The applied injection pressure is assumed to be equal to 39.8MPa for Cooper Basin
and 18.8 for Coso, injection temperature of 70°C is applied for both cases. Reservoir
pressure is assumed to be 29.8MPa for Cooper Basin and 14.8 for Coso, reservoir
temperature of 250°C is applied for both cases. Boundary stresses and the values of the
solid medium properties utilized in the simulation for this case are defined in Table 2.1.
Reactive composition of the host reservoir rock is presented in Table 2.2.
Calcite and amorphous silica are expected to be the minerals primarily responsible
for permeability change due to precipitation and dissolution. Other likely minerals are
also followed, as listed in Table 2.2. Rate constants for precipitation/dissolution and
mineral reactive surface areas of these common minerals are available in the literature
[Kovac et al., 2006.; Xu and Pruess, 2001], and were utilized as in [Xu and Pruess,
2004].
The present model uses the vertical stress (σzz) and two horizontal principal stresses,
which are designated as the maximum (σyy) and minimum (σxx) principal stresses. In the
process of stimulation, fluid pressure is increased within the near-wellbore rock volume
with low permeability, causing hydro-shear displacement on some of the pre-existing
fractures (fracture propagation is not considered).
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Figure 2.3: Geometric layout of EGS reservoir as used in the simulation.
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Table 2.1: Parameters utilized in the simulation.
Parameter

Unit

Coso

Cooper
Basin

σzz

MPa

55

65

σyy

MPa

35

129

σxx

MPa

35

57

Injection pressure(Pinj)

MPa

18.8

39.8

Reservoir pressure(Pres)

MPa

14.8

29.8

Production pressure(Pprod)

MPa

10.8

19.8

Injection temperature

°C

70

70

Reservoir temperature

°C

250

250

Bulk modulus of intact rock(Km)

GPa

17

17

Cohesion

MPA

10

10

Poisson’s ratio(υ)

-

0.27

0.27

Bulk modulus of fluid(kf)

GPa

8

8

Bulk modulus of solid grain(Ks)

GPa

54.5

54.5

Internal friction angle(φ)

°

35

35

Residual friction angel(ß)

°

11

11

Coefficient of thermal

1/°C

1.2×10-5

1.2×10-5

expansion(αT)
Thermal conductivity(λ)

W/mK

2.9

2.9

Heat capacity(cp)

J/kgK

918

918

Porosity within fractures(ϕ)

-

0.3

0.3
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Table 2.2: Initial volume fraction of reactive minerals in host reservoir
Mineral

Volume fraction of solid rock
Granodiorite Fractured vein

Anorthite

0.33

--

Calcite

0.02

0.31

Chlorite

--

0.23

K-Feldspar

0.17

--

Quartz

0.34

0.17

Amorphous Silica

--

--
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4.1 Fracture Characteristics
Our numerical experiments are conducted for both the Cooper Basin and Coso
geothermal fields. Electrical formation microscanner (FMS) borehole image data are
available for some wells drilled in the east flank of the Coso geothermal field [Nelson et
al., 2007; Sheridan and Hickman, 2004]. These are used to determine the frequency and
orientation of natural fractures as representative of the reservoir. These are then used to
build the fracture model used in the analysis.
Fracture lengths are feasibly represented by a normal or Gaussian distribution
[Bryc, 1995]. This is defined as
1  x  
 

2

 
1
f ( x ,  , ) 
e 2
 2

(2-4)

where e is Euler’s number, x is a normal random variable,  is the standard
deviation and  is the mean. Fractures are distributed randomly within the volume both
vertically and horizontally and with multiple orientations (π to 2π). Thus fractures are
offset from the principal stress directions. Fracture lengths are in the range 1-500m and
are distributed with a Gaussian distribution. The fracture data that is utilized in the
simulation illustrated in Table 2.3.
In the finite difference THMC model which is applied to the doublet geometry
within a half-reservoir 2000m1000m, each grid block is 50m50m. Thus the maximum
length fractures will transit multiple blocks and the smallest fractures will be contained
within a single finite difference block. Thus the seeded fractures are divided into two
families. The first set is those smaller than the finite difference grid blocks (1 to 50m)
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with these embedded within the blocks, and the second set are those that transit multiple
blocks (50 to 500m) as illustrated in Figure 2.4. These fractures are distributed
throughout the reservoir with most fracture lengths limited to 100m. For any arbitrary
size of fractures, failure is calculated from the finite difference model FLAC3D.
Various fracture densities are also applied to the reservoir with these average
densities ranging between 0.1 m-1 and 0.2 m-1. Fracture spacing is defined based on
fracture size so that larger fractures are more widely spaced – to recover the prescribed
fracture density.

Table 2.3: Fracture data that utilized in the simulation.
Fracture

Unit

Fracture Network

Characterization
#1

#2

Density

m-1

3/30m

7/30m

Number of seeded fractures

-

200

400

Fracture size

m

10-500

10-500

Orientation of small fractures

°

π to 2π

π to 2π

Fracture spacing

m

10-500

10-500

Standard deviation(  )

-

45

45

Mean(  )

-

250

250
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Figure 2.4: Fracture geometry. A) Sub-block fractures with fracture sizes less than the
size of a finite difference grid block. B) Supra-block fractures with fracture sizes larger
than a grid block.

39

4.2 Shear Stress Response in EGS Reservoirs
We use the model for a velocity-weakening fracture with strength defined by peak
and residual shear strength – and this is used to follow the evolution of failure in a
stimulated reservoir. We follow shear stress drop as a function of normal stress and pore
pressure for a variety of uniform fracture spacings (1, 10 and 50m) at different locations
within the reservoir (Figure 2.5). In all models we consider two different locations within
the reservoir (1 and 100m outward from injection). At points near the injection well, for
small scale fractures (1m), shear stress builds in the early time (<1month) and reaches a
maximum magnitudes in the range ~18MPa (Coso) to ~26MPa (Cooper Basin) as defined
by prescribed peak strengths.
These peak strengths are defined by a cohesion of 10 MPa and the friction angle on
fractures is assumed constant (35o). During failure the maximum shear stress drops (~9.0
MPa) for Cooper Basin and (~3MPa) for Coso is prescribed to represent the residual
strength. This model calculates the flow rate, pressure and temperature distribution
during stimulation. The changes in pressure and temperature induce displacements that
consequently lead to a new change in pressure distribution. In the case where the
horizontal stresses are not uniform (Cooper Basin) the time for the shear stress to reach
peak strength is delayed since the normal effective stress is not at equilibrium at zero
time.
For widely spaced fractures (0.1m-1), short-circuiting of the thermal system
provides a lower stress drop in the reservoir. At 100m from injection the stress build-up is
further delayed but ultimately reaches the same maximum magnitude due to the influence
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of effective and thermal stresses - and likewise for the location100m from injection.
Therefore in all cases the trend of shear stress is the same. Such a process determines the
time of failure for different ranges of fracture sizes and spacings at different locations
within the reservoirs Figure 2.5.
4.3 Potential Energy Release
The potential energy released within reservoirs for different fracture spacing is
defined based on the evaluation of the elastic energy released from repeating failure of
large penny-shaped fractures. This model allows us to calculate the potential release of
energy for different fracture spacing within reservoirs based on measurement of the
elastic energy released from failure of a single penny-shaped crack. The elastic energy
release, Ep, from failure of a penny-shaped crack due to a stress drop Δτ is given as
Ep 

2 2 a3
.
3G

(2-5)

Stress and mechanical deformation are calculated in FLAC3D where the fracture
spacing varies from 1m to 10m. The potential release of elastic strain energy around
fractures for small spacing (1m) and wide spacing (10m) is calculated. Shear
displacement around fractures releases the stored energy that depends on the length of the
fracture and the reduction in shear stress (Δτ). From equation (5) the energy release will
increase significantly (several orders of magnitude) with an increase in the fracture
length. Again we see shifts in energy release that is caused by shifts in stress drop as
apparent in Figure 2.5.
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We observe that the energy release is significant for widely spaced fractures (0.1m1

) due primarily to their larger size. Fluid circulation is capable of generating significant

deviatoric stresses and by exceeding the strength causes seismic release. However, this
model allows us to predict the timing and magnitude of this release of potential energy
where the influence of thermal- mechanical- and chemical- coupling is included as a
function of the different fracture spacing and correspondingly different fracture sizes. By
knowing the amount of potential energy to be released we can predict the number of
seismic events which may occur in different regions as the stress-halo migrates through
the reservoir. Therefore the evolution of energy release for a large pre-existing fracture is
controlled by five factors: fracture spacing, size, distribution, stiffness and shear stress
around fractures.
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Figure 2.5: Shear stress for different spacing of fractures (1, 10 and 50m) measured at
two different locations (1 and 100m outward from injection) within Coso and Cooper
Basin reservoirs.
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4.4 Moment Magnitude
Energy release from fractures is most conveniently represented as a moment
magnitude [Aki, 1967; Kanamori, 1977; Keylis-Borok, 1959]. The moment magnitude
relation is defined as [Purcaru and Berckemer, 1978]:

log M 0  1.5M s  9.1

(2-6)

where M0 is seismic moment and MS is moment magnitude. In this model M0 is
seismic energy which is derived from the elastic energy released by shear on pre-existing
fractures.
This relation allows us to determine both the spatial and temporal evolution of
moment magnitude in EGS reservoirs for the ensemble arrangement of large single
fractures. These sets of fractures are relic shear fractures that are reactivated. The
moment magnitude within the reservoir for a spectrum of fracture sizes (1m-500m) for
both Coso and the Cooper Basin is shown in Figure 2.6. Comparing the effects of the
small and large stress drop for both cases is illustrated. A significant change of momentmagnitude occurs for the larger stress drop (Cooper basin). Ms varies from -2 to 2. For the
largest fracture size (~500m), Ms reaches a maximum value of 2 for the Cooper Basin and
1.2 for Coso. This difference is related to magnitude of the peak shear stress drop (9MPa
vs. 3MPa) in the two cases since all other parameters are the same.
4.5 Global Energy Balance for Fracture Networks
This model allows us to calculate the potential release of energy for different
fracture spacing within reservoirs. A seismic event results from the dynamic release of
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stored strain energy. We use a stress-strain fracture criterion to determine the total strain
energy available for release – this energy may be shed seismically or aseismically.
During the rupture process the shear stress drops an amount Δτ from an initial value of τi
to final value τf, then we can define an expression for total energy ET:
ET    T  dV

(2-7)

ET    f   i   f   i  dV

(2-8)

T

where strain changes from an initial value of εi to a final value εf where V is
volume of the matrix.
Potential energy released with the failure of each fracture and the total energy
stored within the matrix block allows us to determine the number of events in both the
short and long term for variably-spaced fracture networks. Here we introduce a relation to
determine the number of events which occur during the failure process based on potential
and total energy as

N event 

ET
Ep

(2-9)

where Nevent is the number of seismic events, ET is the total energy and Ep is the
potential energy.
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Figure 2.6: A) Moment magnitude resulting from different fracture sizes (and hence
spacing) within EGS reservoirs.
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4.5.1

Magnitude Distribution
Here indicated energy release of fractures within the reservoir can determine the

evolution of seismic event magnitude. We consider the specific rupture time of fractures
at different locations and determine the seismic activity as a function of potential energy.
This model is implemented within the THMC simulator to describe the seismic behavior
within the reservoir in both the short and long term. The release of seismic energy which
is generated in the Cooper Basin EGS reservoir due to thermal, mechanical and chemical
effects when seeded with 10 and 100m fractures is illustrated in Figure 2.7.
This outcome indicates that the potential energy within the reservoir containing
fracture networks is released gradually and extends far from injection. The simulations
assume that fractures are distributed randomly with small- to large-spacing between
fractures. A representation of the model geometry is shown in Figure 2.7. This compares
the effects of the small and large spaced fractures - significant changes of seismic event
locations are observed and we note that for closely-spaced fractures, shear stress builds
up and failure occurs earlier in time compared to that for larger fractures.
When the fracture spacing is increased the higher moment events migrate more
rapidly outward from injection compared to the case for closely-spaced fractures. The
characteristic event magnitude distribution that occurs in both cases has a stress drop of
~9 MPa which implies the occurrence of larger magnitude events near injection at early
times. This process is controlled by the population of fracture sizes and the stress drop.
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Figure 2.7: The evolution of moment magnitude in the Cooper Basin EGS reservoir over
10 years of simulation for A) 1m spacing (fracture size is 10m) and B) 10m (fracture size
is 100m) spacing. Solid lines illustrate the failure in each location of reservoir. Blue
region illustrates smallest event magnitude and red region illustrates the largest potential
energy that is released in different locations due to combined thermal, mechanical and
chemical effects.
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4.5.2

Empirical Relation for Seismicity Occurrence

To show that the frequency–magnitude distribution can be fit to a Gutenberg–Richter
law, for each event we calculate a local magnitude from its seismic moment by means of
the empirical relation. Gutenberg & Richter (1944) expressed the magnitude distribution
in the form log Nevent = a - bM, where Nevent is the number of seismic events within a
magnitude interval M±ΔM. The b value is an observable parameter from accumulated
seismic observations and may be used to calibrate models – as is attempted here. Aki
[Aki, 1981] speculated that the b-value relates to the fractal geometry of the fault plane
assemblage and argued that the log N-M relation for earthquakes is equivalent to a fractal
distribution.
The b-value is an important parameter for the estimation of earthquake hazard. The
b-value is related to the rock type and the state of stress and increases with the ductility of
the rock [Scholz, 1986]. Here we discuss the scaling of the frequency of events Nevent as a
function of fluid pressure and temperature for injections in the Cooper Basin. Figure 2.8
(left) shows the average seismic moment released at a corresponding time intervals and
locations. First we compare the magnitude-frequency relations evaluated for the Cooper
Basin for two different realizations of the fracture network.
The number of events as a function of time is controlled only by the cumulative mass
of fluid injected which can cause failure and result in energy release. The larger this
energy release the larger the number of events induced at a given location. The larger
amount of such events then the larger the probability of large-magnitude events. Thus the
model above is able to predict magnitude-frequency distributions. We characterize the
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induced seismicity by the b-value for two different fracture geometries – of 1m and 10m
fracture spacing. The approximate b value for the Cooper Basin is illustrated in Figure
2.8 (right).
Apparent from these data is that the smaller the spacing and the smaller the fracture
size the larger the b value. The shape of the resulting frequency–magnitude distribution is
similar to that for the Cooper Basin [S Baisch et al., 2009; Shapiro and Dinske, 2009b]
and the evaluated b-value in particular matches the Habanero-1 well data. The histogram
of event magnitudes which was determined for the 2005 data catalog indicates a b-value
of 0.8 in the magnitude range -0.8 to +1.5 [S Baisch et al., 2009] and the approximate bvalues from Shapiro and Dinske [2009b] is +0.75.
Events migrate during the simulated evolution due to the progress of fluid pressure
diffusion. For this particular reservoir the microseismicity begins at the injector and
migrates upwards with time. From the Gutenberg-Richter relation, from Aki’s [1981]
suppositions and from our observations we can conclude that the b-value describes the
fracture process in the seismic region and it is related to the size, location, distribution
and spacing of fractures
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.

Figure 2.8: (Left) Evolution of moment magnitude in the Cooper Basin EGS reservoir
over 10 years simulation for different spacing. (right) number of events as a function of
magnitude indicating b value of 0.7 for closely spaced fractures (~1m) and 0.66 for more
widely spaced fractures (10m) in moment magnitude range 0-2.

51

5

Analysis of Triggered Seismicity in EGS Reservoirs
We observe that interacting thermal, hydraulic and chemical (THC) effects release

energy within the reservoir and result in failure on fractures that are distributed in space
and have distributed lengths. It is the distribution of lengths that result in the distribution
of moment magnitudes. With the model calibrated against the data from the Cooper Basin
we use this model to explore the systematics of energy release within EGS reservoirs in
the following. Specifically we examine the effects of pore pressure, thermal stresses and
chemical effects on the evolution of seismicity in reservoirs.
5.1 THMC Effects on Triggered Seismicity
Here we focus on the complex interaction of coupled thermal, hydraulic,
mechanical and chemical (THMC) processes that influence the evolution of EGS
reservoirs and describe the dominant behaviors that evolve with the evolution of the
reservoir.
In this section we explore the influence of these effects separately, we normalized
the effective stress at the 50 meter far from injector within Cooper Basin reservoir and by
considering 3 different models we illustrate the dominant behaviors during reservoir
production (Figure 2.9). First model (red solid line) we illustrate the hydraulic effect only
and we just consider that injection pressure (𝑃𝑖𝑛𝑗 ) is 39.8MPa and reservoir pressure
(𝑃𝑟𝑒𝑠 ) is 29.8MPa but temperature of injection (𝑇𝑖𝑛𝑗 ) is assumed the same as rock
temperature (𝑇𝑟𝑒𝑠 ) and it is equal to 250°C, no chemical reaction occurs. In such case
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equilibrium would be achieved rapidly, thus at very early time the only effect would by
hydraulic. Normalized effective stress due to hydraulic effect is achieved from:
𝑷−𝑷𝒊𝒏𝒋

𝑻𝑫 = 𝑷

(2-10)

𝒓𝒆𝒔 −𝑷𝒊𝒏𝒋

The second model (black dash line) illustrates both changes in the pressure and
temperature. Injection pressure (𝑃𝑖𝑛𝑗 ) is assumed to be 39.8MPa and reservoir pressure
(𝑃𝑟𝑒𝑠 ) is equal to 29.8MPa, injection temperature (𝑇𝑖𝑛𝑗 ) is 70°C and reservoir temperature
(𝑇𝑟𝑒𝑠 ) is 250°C, again no chemical reaction. In such case thermal stresses migration and
timing of changes in effective stress is delayed and this has a dominant effect in later time
(month to years). So normalized effective stress effect is achieved from:
𝑻𝑫 = 𝑻

𝑻−𝑻𝒊𝒏𝒋

(2-11)

𝒓𝒆𝒔 −𝑻𝒊𝒏𝒋

The Third model (gray dash line) chemical reaction is considered, also we change
the pressure but temperature is constant; injection pressure is 39.8MPa and reservoir
pressure is 29.8MPa, injection temperature is the same as reservoir temperature (250°C).
Chemical effect also changes the effective stress but this would be a slowest effect during
production.
These include short-term response where effective stresses and thermal quenching
are expected to dominate the behavior of the reservoir and are influenced by the local
structure in the rock and orientation of pre-existing fractures. Typical behaviors include
the reduction of local mean stresses and the development of shear fracturing principally
on pre-existing fractures. The very short-term response (days to months) Figure 2.9 is
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controlled by fluid pressure and effective stress effects (HM) and rates of permeability
evolution are conditioned by the rates of fluid (pressure) diffusion into the reservoir.
These effects are modulated by both rates of fluid transmission (HM) from the
stimulating borehole but also influenced by thermal diffusion within discrete relicfractured blocks (THM).
During the primary production phase of the reservoir both thermal and chemical
effects prescribe the mechanical and related fluid transmission response. Throughout the
evolution of the reservoir, these coupled effects control the development of permeability,
of heat-transfer area, and thereby thermal output of the reservoir, together with the
evolution of induced seismicity. Thus we note the sequencing of fluid pressure effects as
fastest-acting followed by thermal stresses then chemical effects influence the timing and
migration of changes in effective stress within reservoirs. This is illustrated in Figure 2.9.
Since seismicity is indexed to changes in effective stresses then these rates of change
with influence triggering within the reservoir.
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Figure 2.9: Normalized effective stress vs. time at 50m far from injection point.
Hydraulic, thermal and chemical effect is separately illustrated during 10 year production
and their influence on triggering seismicity. Red solid line, injection pressure assumed
39.8MPa and reservoir pressure is 29.8MPa and temperature of injection is assumed the
same as rock temperature (250°C) and no chemical reaction occurs. Black dash line, both
pressure and temperature changed; injection pressure is 39.8MPa and reservoir pressure
is 29.8MPa, injection temperature is 70°C and reservoir temperature is 250°C, again no
chemical reaction. Gray dash line, injection pressure is 39.8MPa and reservoir pressure is
29.8MPa, injection temperature is the same as reservoir temperature (250°C), chemical
reaction is considered [injection fluid component illustrated Table 2.2].
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5.2 Fracture Structure in Triggering of Seismicity
In the following we make a comparison of the orientation, size and number of
fractures to examine the influence of fracture structure in determining triggering by
hydrodynamic and thermal effects. The fracture data are displayed in Figure 2.10. We use
fracture lengths distributed between 1m and 100m for the two separate fracture densities
of 0.1m-1 and 0.2 m-1 that relate to totals of 200 and 400 fractures filling the halfreservoir. For each case (0.1 m-1 and 0.2 m-1) we calculate the advance of the
hydrodynamic front over 10 years (Figure 2.11) for two different realizations of each
fracture density distribution (models A and B).
For these realizations we observe that the rate of hydrodynamic advance within the
reservoir is controlled principally by the density of the fracture distribution (Figure 2.12).
The different realizations of the random distribution of fractures have little impact on the
rate of advance. This suggests that we can use either model (A or B) to estimate the fluid
induced-triggering of seismicity. However we do observe a significant difference in
results for the two separate fracture densities of 0.1 m-1 and 0.2 m-1 within the reservoir
Figure 2.12.
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Figure 2.10: Fracture data utilized in the simulation. A) Fracture density of 0.1 m-1 and
these vary in length from 1 to 500m. (Left) Fracture distribution by location and (right)
fracture distribution by size. B) Fracture density of 0.2 m-1 and these vary in length from
1 to 500m. (Left) Fracture distribution by location and (right) fracture distribution by
size.
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Figure 2.11: Comparison of fracture distribution and density within the EGS reservoir.
(Left) Fracture density of 0.1 m-1 within the reservoir and fractures scale in size between
1m and 100m. Models A and B indicate two different random distributions of fractures
corresponds to the location. (Right) Fracture density of 0.2 m-1 within the reservoir and
again fracture scale between 1m and 100m.
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Figure 2.12: Comparison of the progress of the fluid front for two different fracture
densities (200 and 400) within the EGS reservoir. Fractures were located in the reservoir
and fracture lengths scale between 1m and 100m and fracture densities ranging between
0.1 m-1 and 0.2 m-1. Arrival at the recovery well is delayed by ~3 days following injection
for the more sparsely fractured system.
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5.3 Hydrodynamic and Thermal Front Triggering of Seismicity
We follow the propagation of fluid pressure, thermal and chemical fronts through the
reservoir with time and associate large early-time events with the fluid front and lower
magnitude late-time events with the transit of the thermal-chemical front. Temperature
and pressure-diffusion may both induce seismicity and may be related in a natural way to
the triggering front concept [Shapiro and Dinske, 2007]. We attempt to understand the
mechanisms of triggering by correlating the evolution of seismicity with the transit of the
hydrodynamic and thermal fronts within the reservoir. First we illustrate the evolution of
the seismicity for stimulation of a reservoir at the Cooper Basin in the short term (14
days). In both models we used fracture lengths distributed between 1m and 100m and a
fracture density of 0.2 m-1.
We observed that the event magnitudes vary between 0 and 2. The data used in this
simulation are related to the Cooper Basin EGS which is also discussed elsewhere
[Shapiro and Dinske, 2009a]. In our model we consider the seismicity induced by
stimulation of the Habanero-1 borehole. The evolution of seismicity for short term
stimulation is shown in a radius-time plot in Figure 2.13 (Injection flow rate is assumed
15 l/s in the simulation). The location of these fronts is defined by the propagation of the
fluid flow rate at any given time within TOUGHREACT module [Xu et al., 2006]. This
shows the progress of the fluid and thermal fronts in the reservoir together with the
progress of induced seismicity. This illustrates that most of the seismic activity is
triggered by hydraulic effects at early times relative to the initiation of stimulation.
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At later time, thermal effects specifically, or chemical effects possibly, may
contribute to the seismicity when the seismicity front lags behind the hydrodynamic front.
By following the propagation of fluid pressure, thermal and chemical fronts through the
reservoir with time we associate large early-time events with the fluid front and the lower
seismic magnitude later-time events with the transit of the thermal-chemical front. We
also observe that the rate of propagation of the hydrodynamic front is approximately twice
as rapid as the thermal front. And it is these fronts that control the size, location and
timing of seismic events in both the short and the long term.
Then we confirm the form of observations in our model (Figure 2.14) against those
reported in [Shapiro and Dinske, 2009a] which in turn has been calibrated against field
data in Figure 2.14. Figure 2.14 illustrates the injection pressure, flow rate (on the two
upper plots) and a radius-time relationship corresponding to fluid-injection-induced
seismicity. Here the seismic event rate is controlled by flow rate with the larger number of
seismic events occurring when the flow rate is highest. We observe good agreement
between our model observations and those in the Cooper Basin [Shapiro and Dinske,
2009a; Shapiro and Dinske, 2009b]. Finally we show the evolution of seismicity for longterm stimulation (10 years) in Figure 2.15. Thus we note that seismic activity is
significantly controlled by progress of fluid pressure at early times (14 to 20 days) and in
the longer-term (month to years) the most effective factor triggering seismicity is the
thermal and chemical effects.
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Figure 2.13: Radius versus time plot for short term of the progress of fluid and thermal
fronts in the reservoir and of induced seismicity (Injection flow rate is 15 l/s). Seismic
moment of individual events shown green: 0<Ms<1 and red: 1<Ms<2. Different fracture
spacings of A) 1m and B) 10m.
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Figure 2.14: Injection pressure, flow rate (on the two upper plots), and radius versus time
plot of corresponding fluid injection induced seismicity at a geothermal borehole in the
Cooper Basin [Shapiro and Dinske, 2009b].
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Figure 2.15: Radius versus time plot for long term of the progress of fluid and thermal
fronts in the reservoir and of induced seismicity (Injection flow rate is 15 l/s). Seismic
moment of individual events shown green: 0<Ms<1 and red: 1<Ms<2. Different fracture
spacings of A) 1m and B) 10m.
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6

Conclusions
It is clear from above that there are several mechanisms that influence induced

seismicity in EGS reservoirs. These include the seismic background, geological
conditions, the presence of pre-existing faults, the magnitude and orientation of the
deviatoric stresses, size and orientation of pre-existing fractures, rock properties,
hydrological conditions and injection conditions such as temperature, pressure, and
injection volume, rate and location. A variety of models are developed to understand
induced seismicity in the context of static-dynamic frictional strength-drop and to
determine potential and total energy release for different spacing between networks of
fractures. This model is applied within a reservoir to follow the evolution of energy
release in EGS reservoirs. Significant factors to the creation of an EGS reservoir are an
understanding of the relationship among natural fracture distribution, fluid flow, and the
ambient tectonic stresses that exist within the reservoir. We verify our models using data
for two geothermal fields - Cooper Basin (Australia) and Coso geothermal Field (USA)
to determine the effect of these key factors in triggering seismicity during long term
reservoir stimulation. We use penny-shaped cracks seeded throughout the reservoir to
define crack stiffness, shear displacement and stress conditions around fracture networks
in rock masses. Energy release from a pre-existing large single fracture increases with the
square of the stress drop and the cube of the crack size. This energy release is triggered
by the evolving stress state due to pore pressures and induced thermal and chemical
strains. Effective normal stresses and pore pressures are altered during injection. From
knowledge of the evolving shear stress behavior within the reservoir we determine the
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potential energy available from various fracture sizes to predict seismic event
magnitudes. The potential energy for closely spaced fractures is released both earlier and
over a shorter period than for large fractures. This energy release magnitude is then
utilized to obtain the magnitude-moment relation and to compare this with that measured
for observed induced seismicity. We observe that the seismic moment is larger for closely
spaced fractures. Such a process would result from the greater stress drop in early time
for a specific crack size. When we alter fracture size the moment-magnitude released
varies from a maximum value of Ms (~2) corresponding to the largest fracture size in the
Cooper Basin and ~1.2 for Coso – the principal difference between these is the size of the
stress drop that accompanies failure. We compare the potential energy released from the
failure of a single fracture to the total energy stored in a representative element to define
the timing and recurrence of events. The number of events allows us to predict the
seismic activity in each location of the reservoir as the perturbation induced by cold
injection migrates through the reservoir. To predict the evolution of triggered seismicity
within stimulated reservoirs we seed distributions of small/large fractures throughout a
reservoir and follow changes in effective stress that accompany stimulation. These
models allow us to calculate the potential release of energy for different fracture spacing
within reservoirs based on measurement of the stored elastic energy released from failure
of an individual fractures. We separately examine the effects of thermal stresses, pore
pressure and chemical effects on the evolution of seismicity in reservoirs. The most
important mechanism which triggers slip and promotes seismic events and also may
change the moment is the augmentation of fluid pressure. Increasing the fluid pressure
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reduces the effective strength of the fractures and thus weakens pre-existing fractures or
faults. We calibrate our results against observed b-values and find good correspondence
between model and observations for the Cooper Basin. The b-value describes the fracture
process within reservoirs and is related to size, location, distribution and spacing of
fractures. We illustrate that the penetration of the hydrodynamic front is principally
controlled by the size and number of fractures. When we increase the number of fractures
in the system we allow the fluid flow to penetrate more rapidly during injection. Finally
we illustrate the propagation of fluid pressure, thermal and chemical fronts through the
reservoir with time and associate large early-time events with the fluid front and later
lower seismic magnitude events with the transit of the thermal(-chemical) front.
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Chapter 3

Reservoir Stimulation and Induced Seismicity: Roles of Fluid Pressure and Thermal
Transients on Reactivated Fractured Networks

Abstract

We utilize a continuum model of reservoir behavior subject to coupled THMC
(thermal, hydraulic, mechanical and chemical) processes to explore the evolution of
stimulation-induced seismicity and of permeability in EGS reservoirs. Our continuum
model is capable of accommodating changes in effective stresses that result due to the
evolving spatial variations in fluid pressure as well as thermal stress and chemical effects.
Discrete penny-shaped fractures (~10-1200m) are seeded within the reservoir volume at
prescribed (faults) and random (fractures) orientations and with a Gaussian distribution of
lengths and location. Failure is calculated from a continuum model using a Coulomb
criterion for friction. Energy release magnitude is utilized to obtain the magnitudemoment relation for induced seismicity by location and with time. This model is applied
to a single injector (stimulation) to the proposed Newberry EGS field (USA). We
stimulate the reservoir in four zones of differing fracture network properties B, C, D and
E (shallow to deep) and at four different depths of 2000, 2500, 2750 and 3000 m. The
same network of large fractures (density of 0.003 m-1 and spacing 300 m) is applied in all
zones and supplemented by more closely spaced fractures with densities of 0.5 m-1 in the
shallow zone B, 0.9 m-1 in the intermediate zones C and D and 0.26 m-1 in the deepest
zone E. We show that permeability enhancement is modulated by hydraulic, thermal, and
chemical (THMC) processes and that permeability increases by an order of magnitude
during stimulation at each depth. For the widely spaced fracture networks, the increase in
permeability reaches a smaller radius from the injection point and permeability evolution
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is slower with time compared to the behavior of the closely spaced fracture network. For
seismic events that develop with the stimulation, event magnitude (MS) varies from -2 to
+1.9 and the largest event size (~1.9) corresponds to the largest fracturse (~1200m)
within the reservoir. We illustrate that the model with the highest fracture density
generates both the most and the largest seismic events (MS =1.9) within the 21 day
stimulation. Rate of hydraulic and thermal transport has a considerable influence on the
frequency, location and time of failure and ultimately event rate. Thus the event rate is
highest when the fracture network has the largest density (0.9m-1) and is located at depth
where the initial stresses are highest (zone D). Apparent from these data is that the
closely spaced fracture network with the higher stress regime (at the deeper level) has the
largest b-value ~0.74.
1

Introduction

Stimulation of natural fractures provides a method to increase production in
conventional geothermal wells and low permeability regions of otherwise productive
geothermal systems. Effective stimulation is provided by circulating fluid through
fractures and produces a permeable reservoir volume to extract heat energy from the rock
mass. Injection induced pore pressure as well as thermal stresses may enhance the
fracture networks and create conductive pathways [Elsworth, 1989a; Murphy, 1982;
Nemat-Nasser, 1982; Pine and Cundall, 1985; Purcaru and Berckemer, 1978]. For
stimulation at stresses below the minimum principal stress, induced seismicity results by
hydro-shearing of fracture zones through the reservoir for a variety of stress, temperature
and geochemical regimes [Baisch et al.; Bruce et al., 2009; Shapiro and Dinske, 2009a;
Shapiro and Dinske, 2009b].
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Early practice in this area has shown that the interaction of fluid pressures on
fracture networks within a geothermal reservoir is one of the key technical challenges in
reservoir stimulation [Renshaw, 1995; Shapiro et al., 1998 ; Zoback and Harjes, 1997].
Seismic activity is a function of the fluid conductivity of the fracture distribution and the
injection rate [Rutqvist et al., 2001; Shapiro and Dinske, 2007]. For a given distribution
of conductive fractures a limit for event magnitude can be determined as a function of
flow rate and reservoir volume [Dinske et al., 2010; Evans et al., 2005; Shapiro et al.,
1998 ]. In this paper we explore the role of hydraulic stimulation and the resulting fluid
pressure and thermal stresses on rate, location and magnitude of seismic events in the
short term.
In this study we define the relationship between the magnitudes of these induced
seismic events and the applied fluid injection rates as well as the evolution of thermal
stress. During stimulation of the single injection or production well we observe the
enhancement of fracture permeability as a result of circulating fluid through these
fracture networks under geothermal conditions. Together, hydraulic and thermal effects
contribute to the reactivation of the natural fractures network and this may enhance the
permeability. Both these effects may reactivate natural fractures and induce seismicity
during stimulation. Our focus is to determine dominant behaviors controlling the
enhancement of permeability and the triggering of induced seismicity that is unique in
comparison to previous studies.
We then explore how pore-pressure and thermal stress can be linked to the seismic
frequency–magnitude distribution, which is described by its slope, the b-value. We
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evaluate this response for the proposed stimulation of the Newberry EGS site and
illustrate the modeled event-size distribution and evolution of related event-sizes due to
fluid and thermal effects during a short-term (~21 day) proposed stimulation. We show
that permeability enhancement is modulated by hydraulic, thermal, and chemical
(THMC) [Taron and Elsworth, 2009a] processes which also migrate through the
reservoir on different length-scales and timescales [Elsworth and Yasuhara, 2010; Taron
and Elsworth, 2009b] and may also trigger seismicity.
Models are typically classified by their conceptualization of the fractured reservoir
geometry as either networks of discrete fractures or as equivalent porous media. In the
following we use a continuum model of reservoir evolution subject to coupled THMC
processes to explore the evolution of stimulation-induced seismicity and evolution of
permeability in a prototypical EGS reservoir.
2

Model Description

Our objective is to determine the effect of hydraulic- and thermal-mechanical
stimulation in the evolution of induced seismicity and of permeability during short term
reservoir stimulation. Fracture networks provide a path for fluid transmission in a
prototypical EGS reservoir. As fluid is circulated, changes in total stress result due to the
penetration of fluid, the accompanying migration of fluid pressures, and as a result of
thermal and chemical strains. These changes in the stress regime may drive portions of
the reservoir towards failure with this failure accompanied by a seismic release of energy.
We apply a coupled THMC model [Taron et al., 2009] with static-dynamic frictional
strength-drop to determine energy release for fractures of small (10m) to large (1200m)
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diameter embedded within an elastic medium. The change of stress state is calculated
from the pore pressures, thermal drawdown and chemical effects within FLAC3DTOUGHREACT [Taron and Elsworth, 2009a]. The model incorporates the effects of
fractured reservoirs involving fracture networks of variable densities and connectivities
and for various reservoir conditions of initial stress, temperature, and permeability – as
these may exert significant influence on the evolution of permeability and seismicity.
We represent brittle failure on a pre-existing fracture as a prescribed stress drop (~3
MPa). For a prescribed frictional strength the model calculates the shear resistance from
the change of normal stress and pore pressure. Stress builds and reaches a peak strength
followed by a rapid decline to a residual strength [Goodman, 1976; Jaeger et al., 2007].
This model is used to follow the evolution of seismic rupture within the system.
This model has been previously applied to two EGS reservoir fields [Izadi and
Elsworth, 2012] and verified against these field data. This model is now applied to the
doublet geometry (700m spacing) within a larger reservoir geometry with half-symmetry
(2000m1000m300m) (Figure 3.1) representative of the Newberry geothermal field.
The Newberry demonstration EGS project is located southeast of Bend, Oregon. Data
from well NWG 55-29 are used to build a reservoir model used in the subsequent
simulation [Cladouhos et al., 2011]. This presumed half-symmetry is only approximate
but represents the essence of important behaviors that act in the reservoir.
The present model applies the vertical stress as the lithostat and two horizontal
principal stresses, which are designated as the maximum and minimum principal stresses.
During stimulation, fluid pressure is increased within the near-wellbore rock volume with
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low permeability, causing shear displacement of some of the existing fractures. This
model calculates the flow rate, pressure and temperature distribution during stimulation.
The changes in pressure and temperature induce displacements that consequently lead to
a new change in pressure distribution.

Figure 3.1: Geometric layout of EGS reservoir as used in the simulation. Reservoir
geometry with half-symmetry (2000m1000m300m). The spacing between injection
and production well is assumed 700m. A vertical and two horizontal stresses are
indicated.

In this study the modeling is considered for the reservoir defined as four different
zones (shallow to deep) and at four different depths of 2000, 2500, 2750 and 3000 m. The
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four zones are defined from fracture structures (as zones B, C, D, and E) and with
horizontal stresses increasing with depth as identified in Table 3.3. Boundary stresses, in
both horizontal and vertical directions, pore pressure and temperatures corresponding to
depths of 2000, 2500, 2750 and 3000m are applied to the four different realizations of
this geometry (Table 3.3) applied for this geothermal field. The characteristics and the
values of the parameters utilized in simulation for the in-situ reservoir are defined in
Table 3.1. Each of these zones requires different inputs for fracture orientations and
density as defined in Table 3.4.
2.1 Model Dimensions and Zones
The reservoir volume that is utilized in all models is the same for zones B, C, D and
E (Figure 3.1). For the Newberry EGS reservoir model the open hole is divided into five
zones (A, B, C, D and E) from BHTV fracture density and lithology. Based on
observation from the BHTV data, four zones (B, C, D and E) may be the best targets for
stimulation. The characteristics of these zones are summarized in Table 3.2.
The moderate fracture density in zone B allows for significantly more stimulated
volume in zone B than zone A (shallowest zone). A wide range of fracture orientations
and high fracture density make zone C and zone D the most favorable zones for
stimulation (intermediate zones). The BHTV did not reach the depth of zone E, however,
zone E has a lower fracture density when compared to zones B, C and D. Thus, in this
study we choose zone B as a shallow zone, zones C and D as an intermediate zone and
zone E as the deepest zone. Boundary stresses that are utilized in the simulation for these
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four depths are defined in Table 3.3. The other difference between these zones is related
to the fracture density and orientation. In the following section we explain how the
fracture spacing, density and orientation for the shallow to deep reservoir are defined.
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Table 3.1:Solid medium properties as used in simulations.
Parameter

Unit

Newberry

Bulk modulus of intact rock(Km)

GPa

17

Cohesion

MPA

10

Poisson’s ratio(υ)

-

0.27

Bulk modulus of fluid(kf)

GPa

8

Bulk modulus of solid grain(Ks)

GPa

54.5

Internal friction angle(φ)

°

35

Residual friction angel(ß)

°

11

Coefficient of thermal expansion(αT)

1/°C

1.2E-5

Thermal conductivity(λ)

W/mK

2.9

Heat capacity(cp)

J/kgK

918

Initial Permeability(k)

m2

1.10E-17

Porosity within fractures(ϕ)

-

0.3
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Table 3.2: Summary of zones based on parameters observed in NWG 55-29.
Zone

A

Depth Range

Thickness

Fracture

Fracture

[m]

[m]

Count

Density/Meter

1966-2000

34

5

0.06

Lithology

Primary:
welded lithic
tuff
Secondary:
other tuff

B

2000-2440

440

173

0.4

Primary: tuffs
Secondary:
basalt, andesite

C

2440-2633

193

157

0.8

Primary: basalt,
basaltic
andesite

D

2633-2908

275

16

0.06

Primary:
microcrystalline
granodiorite
Secondary:
basalt, one
large

E

2908-3066

158

No Data
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No Data

Primary: basalt

Table 3.3: Parameters utilized in the simulation.
Parameters

Unit

Depth[m]
2000

2500

2750

3000

Zone B

Zone C

Zone D

Zone E

Shmin

MPa

36

45

50

54

SHmax

MPa

48

58

64

70

Sv

MPa

48

60

66

72

Pinjection

MPa

29

33

35

37

Preservoir

MPa

24

28

30

32

Pproduction

MPa

19

23

25

27

Peak Strength

MPa

25

30

35

38

Trock

°c

230

280

290

310

Tinjection

°c

20

20

20

20
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Table 3.4: Fracture data that utilized in the simulation.
Fracture

Unit

Depth[m]

Characterization
2000

2500

2750

3000

Zone B

Zone C

Zone D

Zone E

m-1

0.5

0.9

0.9

0.26

m-1

0.003

0.003

0.003

0.003

-

1000

1800

1800

600

Fracture size

m

10-1200

10-1200

10-1200

10-1200

Fracture spacing

m

1-300

1-300

1-300

1-300

Standard deviation(  )

-

19

19

19

19

Mean(  )

-

360

360

360

360

Density of small
Fractures
Density of large
Fractures
Number of seeded
fractures
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2.2 Fracture Networks Model
Our numerical experiments are conducted for different zones (B, C, D and E)
(Figure 3.2). We use BHTV data to determine the frequency and orientation of natural
fractures that are representative of the reservoir. These are then used to build the fracture
network models used in the analysis. Fracture lengths are in the range 10-1200m and are
also distributed with a Gaussian distribution [Bryc, 1995]. This is defined as
1  x  
 

2

 
1
f ( x ,  , ) 
e 2
 2

(3-1)

where e is Euler’s number, x is a normal random variable,  is the standard
deviation and  is the mean. Small fractures (10-200m) are distributed randomly within
the volume both vertically and horizontally and with multiple azimuthal orientations (π to
2π). Large fractures (200-1200m) are rotated relative to the orientations of the principal
stresses. For all fractures, failure is calculated from the evolution of shear and normal
stresses recovered from the finite difference model FLAC3D.
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Figure 3.2: Geometric layout of EGS reservoir for Newberry defined as four different
zones (shallow to deep) and at four different depths of 2000, 2500, 2750 and 3000 m. A)
Reservoir is located at shallow zone B (2000m depth). B) Reservoir is located at
intermediate zone C (2500m depth). C) Reservoir is located at intermediate zone D
(2750m depth). D) Reservoir is located at deepest zone E (3000m depth).
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We distinguish a set of long and widely spaced fractures with infilling from a set of
short and closely spaced fractures. Our best estimate for the network is given in Figure
3.3. The shallow (B), intermediate (C and D) and deepest (E) zones have different
densities of the closely spaced fractures (more closely spaced in the deeper zones C and
D) but the same network of large fractures (density of 0.003 m-1 and spacing 300 m)
(Figure 3.3) is present. The more closely spaced fractures have densities of 0.5 m-1 in the
shallow zone B, 0.9 m-1 in the intermediate zones C and D and 0.26 m-1 in the deepest
zone E (Figure 3.3). The fracture structure is defined based on orientation, size and
number of fractures to determine the induced seismicity during stimulation.
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Figure 3.3: Fracture network structure for the Newberry EGS reservoir, fracture size
varies between 10m to 1200m. The same network of large fractures (density of 0.003 m-1
and spacing 300 m) defined for zone B, C, D and E. A) The more closely spaced fractures
have densities of 0.5 m-1 in the shallow zone B. B) Fracture density of 0.9 m-1 applied in
the intermediate zones C and D. C) fracture density of 0.26 m-1 applied in the deepest
zone E.
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3

Stress Drop Distribution during Reservoir Stimulation
We represent a model for evolution of strength and brittle failure on a pre-existing

fracture as a stress drop. Shear failure calculations are handled with FLAC3D utilizing a
Mohr-Coulomb failure (fracture propagation is not considered). The friction angle on
fractures is assumed constant (35o) and during failure the maximum shear stress drop
(~3.0 MPa) is prescribed to represent the residual strength.
Stress drops resulting from the anticipated fracture networks are shown in Figure 3.4
(mean spacing 300m). Figure 3.4-B, C shows the denser networks (zones C and D),
Figure 3.4-A illustrates the shallowest zone (B) and Figure 3.4-D illustrates the deepest
zone (E) with the lowest fracture density. In all simulations we considered a single
injector and observe that the stress drop along the large fractures is capped at the
prescribed stress drop, τ. However for all the models with various fracture densities the
mean stress drop is limited to be smaller than the maximum prescribed stress drop.
We observe during the short term stimulation that the development of stress drop
begins earlier, reaches further from injection in a given time (~21 days) and is completed
fastest for zones C and D with the largest fracture density (0.9m-1). This results because
for the more closely spaced fractures allow the more rapid removal of heat from the
blocks and the thermal migration occurs more rapidly and progresses more quickly. This
allows failure to occur with smaller stress drops, rather than for the sharper thermal front
migrating in the system with larger fracture spacing.
This larger reactivated domain within the reservoir may trigger seismicity and
enhance the permeability during stimulation. We conclude that a significant factor in
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predicting the evolution of seismic events and permeability with time and location is
related to the location, time and magnitude of such a stress drop.
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Figure 3.4: Development of stress drop at four different zones (shallow to deep) and at
four different depths of 2000, 2500, 2750 and 3000 m after 21 day stimulation. The same
network of large fractures (density of 0.003 m-1 and spacing 300 m) applied at each zone.
A) The more closely spaced fractures have densities of 0.5 m-1 in the shallow zone B. B)
Intermediate zone C with 0.9 m-1 fracture density. C) Intermediate zone D with 0.9 m-1
fracture density. D) Deepest zone E with 0.26m-1 fracture density.
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4

Permeability Evolution during Short Term Stimulation
It is of interest to evaluate the evolution of hydraulic, thermal and mechanical

effects and to deconvolve the dominant mechanisms with time and location. The THMC
model is capable of linking the alteration of fluid transport and thermal transfer subject to
the injection of a cold fluid. The hydraulic effect may have an immediate effect and
thermal transfer rate would be much slower than the hydraulic effect. Permeability
evolution is related to the change of such hydraulic, thermal and mechanical effects in
EGS reservoirs.
Figure 3.5 illustrates the comparison of how average radial permeability changes at
different depths (shallow to deep) and for different fracture structures (low to high
density) by the end of stimulation. All Contours (Figure 3.5-A, B, C and D) at each depth
refers to the permeability enhancement due to the contribution of the thermo-hydraulic
mechanism and so reflects the observable change in permeability after ~21 days
stimulation. Note the nearly one order of magnitude variability observed after such short
stimulation. The mechanical shearing effect (dilation angle is 10°) occurs due to the
change in effective stress driven by fluid and thermal effects and their influence on
reservoir shear failure. This implies that permeability changes as a result of shear-induced
permeability change along the large fractures near the injection point. It is clear that for
the widely spaced fracture networks (shallow zone B and deepest zone E) (Figure 3.5-A
and D), the increase in permeability reaches a smaller radius from the injection point and
permeability evolution is slower with time compared to the behavior of the closely
spaced fracture network (Figure 3.5-B and C). This behavior occurs because for the
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closely spaced fractures (zones C and D), transport of fluid pressure and thermal removal
from blocks is much faster than for the network of widely spaced fractures (zoned B and
E). As a result the fluid propagates faster with distance for the closely spaced fractures as
observed for zones C and D in a given time. Thus the permeability enhancement in the
loosely spaced network (zones C and D) is both larger and reaches further from the
injection well when compared to the wider-spaced network (zones B and E). Permeability
improvement in all zones is radially symmetric and this is related to the location of large
fracture (symmetric) near injection point.
We show the evolution of permeability with time for the widely-spaced (zone B) and
closely-spaced fracture (zone D) networks in Figure 3.6, to compare the rate of
permeability enhancement for shallow and deep zones with low (0.5m-1) and high (0.9m1

) fracture densities. Figure 3.6-A shows the response of the shallow reservoir (zone B)

with a fracture density of 0.5 m-1 and compares this with the response of the deeper
reservoir (zone D) with a higher fracture density (0.9 m-1) (Figure 3.6-b). We observe
that by increasing the fracture density from 0.5 to 0.9 m-1, the evolution of permeability
occurs approximately twice as rapidly as for the 0.5m-1 density fracture network (Figure
3.6-b) and reaches further into the reservoir at any given time.
Such changes in permeability may stimulate the fracture networks especially near the
injection point and produce large and early seismic events. The following section
explains the relation between permeability evolution and induced seismicity to examine
how permeability enhancement during short-term stimulation influences the size of
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seismic events for different characteristics of the fracture networks and stress regimes at
different locations within the reservoir.
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Figure 3.5: Evolution of permeability at four different zones (shallow to deep) and at four
different depths of 2000, 2500, 2750 and 3000 m after 21 day stimulation. The same
network of large fractures (density of 0.003 m-1 and spacing 300 m) applied at each zone.
A) The more closely spaced fractures have densities of 0.5 m-1 in the shallow zone B. B)
Intermediate zone C with 0.9 m-1 fracture density. C) Intermediate zone D with 0.9 m-1
fracture density. D) Deepest zone E with 0.26m-1 fracture density.
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Figure 3.6: Evolution of permeability during short stimulation (21 days) for shallow zone
B at 2000m depth and intermediate zone D at 2750m depth. Windows a, b, c, d, e and f
show the permeability enhancement with time. The same network of large fractures
(density of 0.003 m-1 and spacing 300 m) applied at both zones. A) The more closely
spaced fractures have densities of 0.5 m-1 in the shallow zone B. B) Intermediate zone D
with 0.9 m-1 fracture density. A) Zone B and fracture geometry of Figure 3.3-A, a, b, c, d,
e, f shows the permeability enhancement with time. B) Zone D and fracture geometry of
Figure 3.3-B, a, b, c, d, e, f shows the permeability enhancement with time.
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5

Evolution of Moment Magnitude during Stimulation
The potential energy released within reservoirs for closely and widely spaced

fracture networks is defined based on the evaluation of the elastic energy released from
repeating failures of large penny-shaped fractures. The potential release of energy for
different fracture networks is calculated by the summation of elastic energy released on
individual penny-shaped fractures absent mechanical interaction. The potential energy
release, Ep, is defined as
Ep 

2 2 a3
3G

(3-2)

where Δτ is the shear stress drop, a is the radius of the fracture in the plane of the
fracture and G is shear modulus. Energy release from a pre-existing fracture increases
with the square of the stress drop and the cube of the fracture size. This energy release is
triggered by the evolving stress state due to pore pressures and induced thermal and
chemical strains.
Energy release from fractures is most conveniently represented as a moment
magnitude [Aki, 1967; Kanamori, 1977; Keylis-Borok, 1959]. The moment magnitude
relation is defined as [Purcaru and Berckemer, 1978]:
log M 0  1.5M s  9.1

(3-3)

where M0 is seismic moment and MS is moment magnitude. In this model M0 is
the seismic energy that is derived from the elastic energy released by shear on preexisting fractures.
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We determine the spatial/temporal evolution of moment magnitude in the
reservoir for the ensemble arrangement of fractures by using the above relations in Figure
3.7. For minimum (10m) and maximum (1200m) fracture radii, a maximum shear stress
drop of ~3 MPa and a shear modulus of 10 GPa, the evaluated magnitude of events, MS
varies from -2 to +1.9. The largest event size (~1.9) corresponds to the largest fracture
size (~1200m) within the reservoir. During the evolution of energy release the principal
difference between zones is related to the fracture density as well as the incremental
stress drop that is realized and accompanies failure. When we compare the potential
energy released in zones (shallow to deep), we observe that this release begins and builds
earlier, reaches further from the injection in a given time and is completed faster for
intermediate zones (C and D) with the largest fracture density (0.9m-1) compared to the
zones with the smaller fracture density (B (0.5m-1) and E (0.26m-1)).
We then use a stress-strain fracture criterion to determine the total strain energy
available for release – this energy is assumed to be shed seismically. During the rupture
process the shear stress drops an amount Δτ from an initial value of τi to a final value τf.
The total energy is ET    T  dV , where strain changes from an initial value of εi to a
final value εf where V is volume of the matrix. Here we introduce a relation to determine
the number of events which occur during the failure process based on potential and total
energy as N event 

ET
, where Nevent is the number of seismic events, ET is the total energy
Ep

and Ep is the potential energy. Simulation results are presented in a manner analogous to

96

the

conceptual

models

of

various

fracture

networks

(

) at shallow depth and intermediate fracturing (zone B with 0.5m-1 density),
intermediate depth and the greatest fracturing (zones C and D with 0.9m-1 density) and
the deepest zone that is least fractured (E with 0.26m-1 density).
The outcomes for induced seismicity and permeability evolution for these different
cases allow comparison of the effects of various fracture spacings and stress states as a
result of reservoir stimulation. For more closely spaced fractures, the migration rate of
seismic events is faster than for more widely spaced fractures, the event rate is higher and
the integrated energy release is also larger. That this larger cumulative energy release is
released in a larger number of small events is useful in limiting the apparent influence of
felt seismicity.
The characteristic event magnitude distribution that occurs in these cases is defined
based on the size and location of fractures. The largest events occur close to existing
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large and widely spaced fractures where stress drop reaches the maximum magnitude
~3MPa.

Thus the energy release from these large (~200-1200m) but widely-spaced

fractures within the reservoir determines the evolution of the principal seismic event
magnitude and ultimately can give the significant information about the rate of
propagation with time.
To determine the sensitivity of the evolution of seismic event size, rate, and
position to the evolution of effective stress relative to initial stress state we examine the
behavior first for the same fracture network (with 0.9m-1 density) and the stresses of
zones B (2000m), C (2500m), D (2750m) and E (3000m). We then explore behavior for
the stresses of zones B (2000m), C (2500m), D (2750m) and E (3000m)but for the
different fracture densities of zones B (0.5m-1), C (0.9m-1), D (0.9m-1) and E (0.26m-1).
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Figure 3.7: Evolution of moment magnitude at four different zones (shallow to deep) and
at four different depths of 2000, 2500, 2750 and 3000 m after 21 day stimulation. The
same network of large fractures (density of 0.003 m-1 and spacing 300 m) and also the
same network of closely spaced fractures (densities of 0.9 m-1) applied at each zone. A)
Reservoir at shallow zone B. B) Intermediate zone C. C) Intermediate zone D. D)
Deepest zone E.
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5.1 Influence of Effective Stress Evolution of Moment Magnitude
The performance of our model - specifically following the progress of seismicity
within the reservoir - is developed in terms of rates, magnitudes and locations of events
and examined against observational data for two geothermal fields: Cooper Basin
(Australia) and Coso geothermal field (USA) [Izadi and Elsworth, 2012]. We observed
good agreement between our model observations and those in the Cooper Basin [Shapiro
and Dinske, 2009a; Shapiro and Dinske, 2009b].
We now consider the key influence of stress state on induced seismicity when the
same fracture network (high density-0.9m-1) applies within the reservoirs but at shallow
depths (2000m zone B) to greater depths (3000m zone E). This examines the stresssensitivity of the reservoir during reservoir stimulation (~21 days). The denser fracture
network (closely spaced fracture) of zones C and D provides the probability of largest
seismic events during stimulation – thus we select this highest fracture density network
(0.9m-1) in this study. A representation of the fracture network geometry is shown in
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-B. In all simulations, the only parameter that varies is the stress magnitude according to
the regime (Shmin=0.75 Sv).
The seismic energy released during the stimulation is illustrated in Figure 3.7. We
observe a large migration of energy release as a significant population of seismic activity
exists near injection and along the large fractures. Such seismic events migrate more
rapidly at any given time outward from the injection point and reaching to a larger
distance when the stresses on the stimulation target is largest, corresponding to the
deepest zone (zone E at 3000m). But this analysis shows that by increasing the stress
regime (reaching the deeper reservoir) the migration rate of seismic event with time and
location is not changing too much and it means these events may form with the same rate
for shallow to deep zones when the same fracture network applied.
5.2 Influence of Fracture Structure on Evolution of Moment Magnitude
We contrast the response for an invariant fracture network but with changing stress
level (previous) with that for a constant initial stress but for different realizations of
fracture network densities. This analysis is based on low (zone E ~0.26m-1), intermediate
(zone B ~0.5m-1), and high (zones C and D ~0.9m-1) fracture densities representing
ranges of total numbers of 600 to 1800 fractures filling the half-reservoir. The fracture
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schemes

that

are

used

in

simulations

are

displayed

in

. For all zones we calculate the potential energy release of fractures to determine the
moment magnitude evolution during short-term stimulation (Figure 3.8).
We observe that the rate of seismic event migration within the reservoir is controlled
principally by the density and spacing of the fractures. For various fracture network
models (low to high density) the seismic event rate increases with increased fracture
density (i.e. zones C and D with 0.9m-1) and is largely independent of stress level.
We illustrate that the model with the highest fracture density Figure 3.8-B, C
generates both the most and the largest seismic events (MS =1.9) within the 21 day
stimulation time window. Absolute stress is largest when the stimulation target is deeper
but stress drop is limited by the difference in peak and residual strength of the fractures
(~3 MPa) and hence cannot be a critical parameter (Figure 3.8-D). The reason of this
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behavior is related to the cumulative energy release of the fractures which scales with the
size of fractures comprising the network and a roughly constant magnitude of stress drop.
We note that the rate of hydraulic and thermal transport has a considerable influence
on the amount, location and time of failure in all our models. The event rate is highest
when the fracture network has the largest density (0.9m-1) and is located at depth where
the initial stresses are highest (zone D). In the next section we separately explore the
influence of events driven by fluid pressure or due to thermal destressing in fractured
reservoirs.
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Figure 3.8: Evolution of moment magnitude at four different zones (shallow to deep) and
at four different depths of 2000, 2500, 2750 and 3000 m after 21 day stimulation. The
same network of large fractures (density of 0.003 m-1 and spacing 300 m) applied at each
zone. A) The more closely spaced fractures have densities of 0.5 m-1 in the shallow zone
B. B) Intermediate zone C with 0.9 m-1 fracture density. C) Intermediate zone D with 0.9
m-1 fracture density. D) Deepest zone E with 0.26m-1 fracture density.
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6

Hydrodynamic and Thermal Front Triggering of Seismicity
We attempt to understand the mechanisms of seismic triggering due to fluid and

thermal effects by correlating the evolution of seismicity with the transit of the
hydrodynamic and thermal fronts during the 21 day stimulation. We follow the
propagation of the fluid pressure, thermal and chemical fronts through the reservoir with
time and determine associations of events with the various causal mechanisms.
The numerical model is used to follow the hydrodynamic and thermal fronts as it
propagates through the reservoir for various fracture networks (low to high density) at
low and high (shallow to deep zones) initial stresses. The location of these fronts is
defined by the propagation of the fluid flow rate at any given time. The evolution of
seismicity for the short-term stimulation is shown in a radius-time plot relative to the
propagation of these fluid and thermal fronts in Figure 3.9 (injection flow rate is set at 44
l/s in the simulation). This shows the progress of the fluid and thermal fronts in the
reservoir together with the progress of induced seismicity. We observe that the rate of
propagation of the hydrodynamic front is approximately twice as rapid as the thermal
front.
The deepest penetration of the hydrodynamic front into the reservoir at any given
time is recorded for the network with the most closely spaced fractures at the
intermediate depths of zones C (2750m) and zone D (3000m) Figure 3.9-B, C. This
increased penetration could result from two mechanisms. (i) The first is due to the
immediate increase in fluid pressure and drop in effective stresses that allows the
fractures to dilate. Where the initial permeabilities of the closely and widely-spaced
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fracture networks are initially the same, a unit change in effective stress will result in a
larger permeability change for the more closely spaced network. This is because the ratio
of change in aperture to initial aperture (Δb/b0) is larger for the more closely spaced
network since aperture change is the same in each case (for constant fracture stiffness).
(ii) In addition, if temperatures are able to change significantly during the stimulation
period, this response will be fastest for the most closely spaced fractures due to the
(thermally) diffusive length scale defined by fracture spacing [Elsworth, 1989b; Elsworth
and Xiang, 1989]. As we illustrate in Figure 3.9 the largest event occurs at different times
at each zones. The largest event occurs at the location (outward from injection) where the
stress drop is highest and on the largest fracture.
To further understand the behavior of the induced seismicity in space and time we
separately indicate the larger event magnitudes (MS ~1.5 to 1.9) in Figure 3.10. Figure
3.10-A, B, C, and D illustrate the progress of the fluid and thermal fronts in the different
zones B, C, D and E (shallow to deep). Events are separated into four magnitude
classifications and the largest event magnitude is also shown. We observe that the
number of seismic events decays with time and distance from the injection point at each
reservoir. This illustrates that most of the seismic activity is triggered by hydraulic effects
at early times relative to the initiation of stimulation. At later time, thermal effects (and
possibly chemical effects as well) may contribute to the seismicity when the seismicity
front then lags behind the hydrodynamic front.
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Figure 3.9: Radius versus time plot for short term of the progress of fluid and thermal
fronts in the reservoir and of induced seismicity (Injection flow rate is 44 l/s). Seismic
moment of individual events shown green: 0<Ms<1 and blue: 1<Ms<1.9 and the largest
event is ~1.9 shown with orange star. Reservoir located at four different zones (shallow
to deep) and at four different depths of 2000, 2500, 2750 and 3000 m after 21 day
stimulation. The same network of large fractures (density of 0.003 m-1 and spacing 300
m) applied at each zone. A) The more closely spaced fractures have densities of 0.5 m-1
in the shallow zone B. B) Intermediate zone C with 0.9 m-1 fracture density. C)
Intermediate zone D with 0.9 m-1 fracture density. D) Deepest zone E with 0.26m-1
fracture density.
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Figure 3.10: Radius versus time plot for short term of the progress of fluid and thermal
fronts in the reservoir and of induced seismicity (Injection flow rate is 44 l/s). Reservoir
located at four different zones (shallow to deep) and at four different depths of 2000,
2500, 2750 and 3000 m after 21 day stimulation. The same network of large fractures
(density of 0.003 m-1 and spacing 300 m) applied at each zone. Larger seismic moment of
individual events shown red: Ms= 1.5, blue: Ms=1.6, green: Ms=1.7, yellow: Ms=1.8 and
the largest event is ~1.9 shown with red star. A) The more closely spaced fractures have
densities of 0.5 m-1 in the shallow zone B. B) Intermediate zone C with 0.9 m-1 fracture
density. C) Intermediate zone D with 0.9 m-1 fracture density. D) Deepest zone E with
0.26m-1 fracture density.
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7

Empirical Relation for Seismicity Occurrence
From the Gutenberg–Richter law we model the frequency–magnitude distribution.

The modeled b-value represents the cumulative number of seismic events at each location
within the reservoir with the local magnitude evaluated from its seismic moment.
Gutenberg & Richter (1944) expressed the magnitude distribution in the form log Nevent =
a - bM, where Nevent is the number of seismic events within a magnitude interval M±ΔM.
Here we discuss the scaling of the frequency of events Nevent as a function of fluid
pressure and temperature for stimulation at the Newberry EGS. The number of events as
a function of time is controlled only by the cumulative mass of fluid injected which can
cause failure and result in energy release. The greater this energy release the larger the
number of events induced at a given location and therefore the greater the probability of
large-magnitude events. Thus, the model above is able to predict magnitude-frequency
distributions. We characterize the induced seismicity by the b-value for three different
fracture geometries (high to low density) in Figure 3.3-A, B, C.
The anticipated approximate b-value for the Newberry EGS is illustrated in Figure
3.11. Apparent from these data is that the closely spaced fracture network with the higher
stress regime (at the deeper level) has the largest b-value ~0.74 Figure 3.11-C. This
shows the greater number of events induced due to the existence of high density fracture
network (0.9m-1) and under the prescribed conditions of higher in situ stresses. We
observe the lowest b-value ~0.67 when we stimulate the shallow zone B with the lower
fracture density (0.5m-1). We conclude that the b-value describes the fracture process in
the seismic region and is principally related to the fracture network density.
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Figure 3.11: Number of events as a function of magnitude indicating b-value for moment
magnitudes in the range 0-1.9 after 21 days stimulation. Reservoir located at four
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different zones (shallow to deep) and at four different depths of 2000, 2500, 2750 and
3000 m. The same network of large fractures (density of 0.003 m-1 and spacing 300 m)
applied at each zone. b-values are evaluated for A) The more closely spaced fractures
have densities of 0.5 m-1 in the shallow zone B (b~0.67). B) Intermediate zone C with 0.9
m-1 fracture density (b~0.72). C) Intermediate zone D with 0.9 m-1 fracture density
(b~0.74). D) Deepest zone E with 0.26m-1 fracture density (b~0.69).
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8

Conclusion
From our modeling experiments, permeability enhancement and induced seismicity

within EGS reservoir is shown to be influenced by different factors during stimulation. In
this study a variety of models are developed to understand the role of thermal- hydraulicmechanical- and chemical-effects on different fractured reservoirs. Various fracture
networks (low to high density) are considered and reservoir stress conditions are changed
due to the depth of the reservoir (shallow to deep). We apply our models to the
prospective Newberry EGS field (USA) to determine the effect of these key factors on
permeability evolution and induced seismicity during the short-term (~21 day)
stimulation of the reservoir.
We seed penny-shaped fractures throughout the reservoir to define fracture stiffness
and shear displacement within the reservoir. Energy release from a pre-existing large
single fracture increases with the square of the stress drop and the cube of the fracture
size. This energy release is triggered by the evolving stress state due to pore pressures
and induced thermal and chemical strains. Effective normal stresses and pore pressures
are altered during injection. Then potential energy from various fracture sizes is
calculated to predict seismic event magnitudes.
We observe that permeability increases by an order of magnitude during stimulation.
For the closely spaced fracture network (with 0.9m-1 density) the increase of fluid
circulation is higher and therefore the permeability change is propagated further from
injection and occurs in shorter time. Likewise for the reservoir with the highest density of
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fractures and high initial stresses due to greater depth - the evolution of seismicity is
more rapid (higher event rate) and its distribution expands fastest with radius (zone D).
A maximum event magnitude for identical fracture distributions is Ms ~1.9 and
maximum shear stress drop is prescribed as ~3MPa. We use fluid pressures and reservoir
temperatures as proxies to track the hydrodynamic and thermal fronts and to define
causality in the triggering of seismicity. Larger events form due to higher flow rate at
early time and at later time the thermal effect would also have an influence on the rate of
events as well as event magnitude.
We separately examine the effects of thermal stresses, pore pressure and chemical
effects on the evolution of seismicity in reservoirs. The most important mechanism which
triggers slip and promotes seismic events and also may change the moment is the
augmentation of fluid pressure at the beginning of stimulation. The influence of thermal
stress may determine the rate and magnitude of seismic events when the fluid pressure is
not changing anymore (after 5 days). Thermal effects may be the reason for the faster
propagation of events clouds for the more closely spaced fracture networks. The largest
event occurs when the mean stress drop reaches the maximum prescribed stress drop (~3
MPa). Such behavior illustrates the propagation of fluid pressure and thermal fronts
through the reservoir with time and associate large early-time events with the fluid front
and later lower seismic magnitude events with the transit of the thermal(-chemical) front.
The b-value is also evaluated for different fracture networks at different depths. The
b-value describes the fracture process within reservoirs and is related to size, location,
distribution and spacing of fractures. We observe the largest b-value for the zone at
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intermediate stress level and with the greatest fracture density (zone D ~0.9m-1). This
represents the largest number of seismic events triggered with largest distribution in size.
We illustrate that the penetration of the hydrodynamic front is principally controlled by
the density and spacing of fractures. When we increase the density of fractures (i.e. more
closely spaced fracture) in the system we allow the fluid flow to penetrate more rapidly
during injection (zone D), thus the fluid goes further distance from injection at the given
time. The rate of fluid penetration during injection influences the permeability evolution
as well as the rate and magnitude of induced seismicity.
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Chapter 4

Influence of Thermal- Hydraulic- Mechanical- and Chemical Effects on the
Evolution of Permeability, Seismicity and Heat Production in Geothermal
Reservoirs

Abstract

We utilize a numerical model to examine thermal-hydrologic-mechanicalchemical processes leading to the evolution of induced seismicity in naturally fractured
dual-porosity media. We use a continuum model to examine the thermo-hydromechanical behaviors due to variation in fluid pressure and thermal stress on different
fracture networks within a prototypical enhanced geothermal system (EGS). Discrete
penny-shaped fractures are seeded within the reservoir volume with random orientations
and a Gaussian distribution of lengths. Failure is calculated from Coulomb strengths.
Energy release magnitude is utilized to obtain the magnitude-moment relation for
induced seismicity by location and with time. This model is applied to the potential
Newberry EGS field (USA) by assuming fracture sizes of 10 to 1200 m. Models are
classified by their conceptualization of the fractured reservoir geometry as both networks
of discrete fractures and with equivalent fractured media as fill-in. This model is applied
to a doublet injector-producer to explore the spatial and temporal triggering of seismicity
for varied fracture network geometries at shallow (2000m) and deep (2750) depths. First
we consider the identical network of large fractures (300 m fracture spacing) in both
shallow and deep zones and infilled with smaller (10-200m) more closely spaced
fractures with densities of 0.5 m-1 in the shallow zone (B) and of 0.9 m-1 in the deeper

zone D. Then we apply a different network where the spacing of the large fractures are
halved (~150m) in both zones but with the small closely spaced fractures retained with
densities of 0.5m-1 in the shallow zone (B) and 0.9m-1 in the deeper zone (D). We
evaluate the magnitude of seismic events that vary from -2 to +1.9 with the largest event
size (~1.9) corresponding to the largest fracture size (~1200m) within the reservoir. We
illustrate that the model with the higher fracture density generates both the most and the
largest seismic events (MS =1.9), thus the evolution of seismicity is quickest and
migration of seismic events is fastest with radius from the injector compared with the
case for more widely-spaced fractures. Rate of hydraulic and thermal transport has a
considerable influence on the amount, location and time of failure and ultimately event
rate. Thus the event rate is higher when the fracture network has the larger density (0.9m1

) with closely-spaced fractures (150m) and is located at depth where the initial stresses

are highest (zone D). In addition, the modeled b-value shows that there is a relation
between fracture networks, fracture spacing, and the evolution of seismicity. In all cases,
the a-value is decreased and the b-value is increased with time and this indicates smallmagnitude events with a small number of events induced during long term production.
Apparent from these data is that the closely spaced fracture network with the higher
fracture density and stress regime (at the deeper level) has the largest b-value ~1.34.
Finally, we evaluate the thermal energy recovered during the production and the results
show that the highest thermal energy is recovered from the deeper zone (D) with the
more closely-spaced fractures (150m).
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1

Introduction

In enhanced geothermal systems (EGS), fluid circulation is influenced in the shortterm by thermal-hydro-mechanical effects and additionally by chemical reactions in the
long-term. These effects may alter fluid transport properties and as a result enhance the
permeability of fracture networks [Elsworth, 1989; Goodman, 1976a; Polak et al., 2003;
Renshaw, 1995]. The presence of natural and induced fractures and the geometry of
fracture networks exerts an important influence on the evolution of permeability [Polak et
al., 2003; Yeo et al., 1998] and upon induced seismicity [Shapiro and Dinske, 2007].
Many field experiments [Audigane et al., 2002; Delépine et al., 2004; Jung et al.,
1996; Rutledge and Phillips, 2003; Zoback and Harjes, 1997] and models [Rutqvist et al.,
2001; Shapiro et al., 1998 ; Shapiro et al., 2002; Taron et al., 2009a] have been used to
understand the key factors influencing the principal processes of permeability
enhancement and how such processes will influence induced seismicity by the action of
hydraulic or thermal effects at different times [Baisch, 2009; Deichmann and Giardini,
2009; Dinske et al., 2010; Evans et al., 2005; Shapiro and Dinske, 2007; Taron and
Elsworth, 2009; Taron et al., 2009a; Taron et al., 2009b; Yasuhara et al., 2004].
Simulating these behaviors requires that the linkage between the fluid and thermal
behaviors be defined within the reservoir, including the role of fracture networks. It is
unclear, however, how such processes will evolve through time – and this work attempts
to define this behavior.
Circulating fluid at elevated pressures within naturally fractured reservoirs may
cause induced seismicity in the early stages of reservoir stimulation (few weeks) [Rothert
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and Shapiro, 2003; Rutledge and Phillips, 2003; Shapiro et al., 2002]. Hydraulic effects
observed during the stimulation of EGS reservoirs influence the permeability-of and
displacements-on existing fractures by locally altering the direction and magnitude of the
reservoir stress field. Circulating-fluid-induced thermal stresses may also enhance
reservoir permeability by creating new fractures and by enhancing the permeability of
existing fractures. Both of these effects may induce seismicity during stimulation and
later long-term production.
In this work we apply a THMC flow-transport-deformation simulator to examine the
importance of these factors on reservoir evolution and specifically the strength of their
influence. The focus of this study is to observe the evolution of dominant fracture
behaviors that lead to the enhancement of permeability and induced seismicity during
long term (~20 year) production of thermal energy from engineered geothermal systems
(EGS). We also focus on the significant influence of fracture density and fracture
spacing within the EGS reservoirs on long-term reservoir behavior.
In this work we first provide a brief description of the fracture network model and
mechanisms of shear failure that result from the circulation of cold injection fluids at
modest overpressures and underpressures. Effective stresses, modulated by fluid
pressures and thermal stresses, are used to define the spatial and temporal release of
seismic energy as individual fractures are reactivated in shear. The progress of fluid
pressures and cooling in the reservoir is represented by the advance of the hydrodynamic
and thermal fronts and with these the progress of pore-pressures and thermal stresses
within the reservoir. We index the triggering of seismicity and the frequency–magnitude
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distribution (a- and b-values) of this seismicity to the progress of these fronts. We
evaluate these behaviors for parameters broadly representative of the planned Newberry
Volcano EGS demonstration project and follow the anticipated evolution of the seismic
event-size distribution due to fluid and thermal effects during long-term stimulation.
Finally, and perhaps most importantly, we evaluate the relative effects of the above
mechanisms on the ultimate recovery of thermal energy from the EGS reservoir.
2

Reservoir Simulation

The simulations presented in the following utilize a THMC simulator [Taron and
Elsworth, 2009] that couples

the multiphase, multi-component, non-isothermal

thermodynamics, reactive transport and chemical precipitation/dissolution capabilities of
TOUGHREACT with the stress/deformation analysis of FLAC3D. The model
incorporates the effects of fractured reservoirs involving fracture networks of variable
densities and connectivities and for various reservoir conditions of initial stress,
temperature, and permeability – as these may exert significant influence on the evolution
of permeability and seismicity.
We represent brittle failure on a pre-existing fractures as a prescribed stress drop
(~3 MPa). For a prescribed frictional strength the model calculates the shear resistance
from the change of normal stress and pore pressure. Stress builds and reaches a peak
strength followed by a rapid decline to a residual strength [Goodman, 1976b; Jaeger et
al., 2007]. This model is used to follow the evolution of seismic rupture within the
system.
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The principal assumption in this procedure is that strength will fully recover in the
interseismic period, allowing the failure cycle to repeat once shear stresses have rebuilt
following prior failure. To define the evolution of failure in a stimulated reservoir, failure
of the seeded fractures is calculated within FLAC3D and strength defined by the peak
strength and residual shear strength of Table 4.2 according to the Mohr-Columb
criterion.
2.1 Characteristics of the Reservoir
This model is now applied to a doublet geometry within a reservoir with halfsymmetry (2000m1000m300m; Figure 4.1) representative of the Newberry
geothermal field. The Newberry demonstration EGS project is located southeast of Bend,
Oregon. Data from well NWG 55-29 are used to build a reservoir model used in the
subsequent simulation [Cladouhos et al., 2011]. This presumed half-symmetry is
approximate but represents the essence of important behaviors that act in the reservoir. A
single well injects water at constant temperature with a withdrawal well separated by
700m. Boundary stresses, in both horizontal and vertical direction, pore pressure and
temperature roughly corresponding to depths of 2000 and 2750 are applied to two
different realizations of this geometry (Table 4.2) applied for this geothermal field. The
characteristics and the values of the parameters utilized in simulation for the in-situ
reservoir are defined in Table 4.1.
The reservoir is hydraulically stimulated prior to long-term production. This is
accomplished by elevating fluid pressures and quenching the reservoir at the injection
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well and withdrawal well over a period of 21 days and at an overpressure of 5 MPa [Izadi
and Elsworth, 2012a]. This dilates pre-existing fractures (fracture propagation is not
considered) and allows the development of hydroshears.
During the short stimulation (~21 day) we considered four zones at depths 2000,
2500, 2750 and 3000m for reservoir stimulation [Izadi and Elsworth, 2012a]. We
observed that zones B (shallowest, located at 2000m depth) and E (deepest, located at
3000m depth) showed similar evolution of permeability and also the progress of
seismicity to each other, as did intermediate zones C and D – this is due to the similar
form of the fracture networks (0.9m-1) in zones C and D. Thus, in this study our
numerical experiments are conducted for shallow zone B (with 0.5m-1 fracture density)
and deep zone D (with 0.9m-1 fracture density) alone and at two different depths of
2000m and 2750m to examine the roles of the critical influencing parameters, viz.
fracture geometry and stress. Each of these zones requires different inputs for fracture
orientations, density and spacing (Table 4.3). We use sparse available fracture data for
the Newberry geothermal field [Cladouhos et al., 2011] to build the fracture networks for
our models. Following stimulation, cold fluid (20°C) is circulated within the reservoir in
the doublet pattern of Figure 4.1. The resulting analyses examine the progress of
seismicity for long-term production as the reservoir is developed in terms of rates,
magnitudes and locations.
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Figure 4.1: Geometric layout of EGS reservoir as used in the simulation. Reservoir
geometry with half-symmetry (2000m1000m300m). The spacing between injection
and production well is assumed 700m. A vertical and two horizontal stresses are
indicated.
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Table 4.1: Solid medium properties as used in simulations.
Parameter

Unit

Newberry

Bulk modulus of intact rock(Km)

GPa

17

Cohesion

MPA

10

Poisson’s ratio(υ)

-

0.27

Bulk modulus of fluid(kf)

GPa

8

Bulk modulus of solid grain(Ks)

GPa

54.5

Internal friction angle(φ)

°

35

Residual friction angel(ß)

°

11

Coefficient of thermal expansion(αT)

1/°C

1.2E-5

Thermal conductivity(λ)

W/mK

2.9

Heat capacity(cp)

J/kgK

918

Initial Permeability(k)

m

Porosity within fractures(ϕ)

-
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2

1.10E-17
0.3

Table 4.2: Parameters utilized in the simulation.
Parameters

Unit

Depth[m]
2000

2750

Zone B

Zone D

Shmin

MPa

36

50

SHmax

MPa

48

64

Sv

MPa

48

66

Pinjection

MPa

29

35

Preservoir

MPa

24

30

Pproduction

MPa

19

25

Peak Strength

MPa

25

35

Treservoir

°c

230

290

Tinjection

°c

20

20

Specific Heat

kJ/kgK

4.65

5.6
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2.2 Characteristics of the Fracture Network
The presumed fracture orientation and density that is representative of the reservoir
is defined in Table 4.3. The deeper Zone D differs from shallower zone B as it has a
larger fracture density (0.9 m-1 vs. 0.5 m-1) and higher in situ stresses (Table 4.2) – two
features that result in a significantly greater stimulated volume [Izadi and Elsworth,
2012a] resulting from the initial stimulation.
To further examine the important influence of the density (low to high) of the
fractures comprising the networks (with small and large fracture spacing) we examine the
behavior for a bimodal distribution of densities (0.5m-1 vs. 0.9m-1) in a single network for
two different spacings of the fracture (150m vs. 300m).
We distinguish a set of long (200-1200m) and widely spaced fractures as well as a
set of short (10-200m) and closely spaced fractures. Our best estimate for the network
from the Newberry fracture data is given in Figure 4.2. The shallow (B) and deep (D)
zones have different densities of the small and large fractures. More closely spaced
fractures are present in the deeper zone D compared to shallow zone B, but the same
network of large fractures (density of 0.003 m-1 and spacing 300 m) (Figure 4.2) is
present in both shallow and deep zones. The smaller fracture networks have densities of
0.5m-1 in the shallow zone (B) and 0.9m-1 in the deeper zone (D) (Figure 4.2).
Since we anticipate that permeability evolution is calculated from changes of the
fracture aperture and the predefined spacing of fractures, thus we additionally compare
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the above models with the case where smaller fracture spacing is present in the reservoir
– to determine the sensitivity to this reservoir parameter. We develop a more finely
fractured representation of the two zones B and D (shallow and deep) to examine the
effect of a reduced average spacing of the large fractures on rates of seismicity and
permeability evolution. Figure 4.3 illustrates the geometry of these two networks and the
spacing of the large fractures are halved (~150m) for both zones.
Fracture lengths are feasibly represented by a normal or Gaussian distribution.
The standard deviation and mean utilized in the models are defined in Table 4.3. Fracture
lengths are in the range 10-1200m and are also distributed with a Gaussian distribution.
Small fractures (10-200m) are distributed randomly within the volume both vertically and
horizontally and with multiple azimuthal orientations (π to 2π). Large fractures (2001200m) are rotated relative to the orientations of the principal stresses. For all fractures,
failure is calculated from the evolution of shear and normal stresses recovered from the
finite difference mechanical model.
The fracture characteristics listed in Table 4.3 represent various fracture densities,
orientations and lengths applied in the two zones and are used to examine the response of
shallow (B) and deep (D) reservoirs to determine the induced seismicity during long term
(20 years) production.
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Figure 4.2: Fracture network structure for the Newberry EGS reservoir, fracture size
varies between 10m to 1200m. The same network of large fractures (density of 0.003 m-1
and spacing 300 m) defined for shallow zone B and deep zone D. A) For smaller fracture
(10-200m) the fracture densities of 0.5 m-1 in the shallow zone B. B) Fracture density of
0.9 m-1 applied in the deeper zone D.
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Figure 4.3: Fracture network structure for the Newberry EGS reservoir, fracture size
varies between 10m to 1200m. The same network of large fractures (density of 0.006 m-1
and spacing 150 m) defined for shallow zone B and deep zone D. A) For smaller fracture
(10-200m) the fracture densities of 0.5 m-1 in the shallow zone B. B) Fracture density of
0.9 m-1 applied in the deeper zone D.
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Table 4.3: Fracture data that utilized in the simulation.
Fracture
Characterization

U

Depth[m]

nit
2000

2750

Zone B

Zone D

Density

m-1

15/30m

27/30m

Number of

-

1000

1800

Fracture size

m

10-1200

10-1200

Fracture spacing

m

10-300

10-300

Standard

-

19

19

-

360

360

seeded fractures

deviation(  )
Mean(  )
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3

Evolution of Shear Failure of Pre-existing Fractures
Shear failure calculations are handled with FLAC3D and in all simulations the

friction angle on fractures is assumed constant (35o). Stress drops resulting from the
anticipated fracture networks are shown in Figure 4.4 (mean spacing 300m) and for the
denser network (halved spacing) in Figure 4.5 (mean spacing 150m).
The stress drops along the large fractures are capped at the prescribed stress drop, τ.
However for the larger fracture density (smaller spacing of Figure 4.3) the mean stress
drop is shown to be smaller than the maximum potential stress drop. This results because
for the more closely spaced fractures allow the more rapid removal of heat from the
blocks and in turn results in a diffuse region of reduced thermal stresses about the
migrating thermal front. This allows failure to occur with smaller stress drops, rather than
for the sharper thermal front migrating in the system with larger fracture spacing.
We observe significantly higher rate of fracture reactivations for high density
fracture networks (zone D), which causes an increase of stress rate compared to the low
density fracture network (zone B) Figure 4.4. The reason for this is related to the faster
propagation of (two times faster) of the thermal front by advective transport as well as
conductive heat transfer within the higher conductive fracture zones when the density of
the fracture network is larger (0.9m-1) compared to the case with lower fracture density
network (0.5m-1) in the shallow zone.
Understanding the stress drop distribution is significant for further analysis of the
evolution of induced seismicity so in the following sections we illustrate that the highest

135

seismic activity will occur when the stress drop is close to the capped at the prescribed
stress drop.

Figure 4.4: Development of stress drop at four different zones (shallow to deep) and at
four different depths of 2000 and 2750 after 20 years reservoir production. The same
network of large fractures (density of 0.003 m-1 and spacing 300 m) applied at each zone.
A) For smaller fracture (10-200m) the densities of 0.5 m-1 in the shallow zone B. B)
Deeper zone D with 0.9 m-1 fracture density.
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Figure 4.5: Development of stress drop at four different zones (shallow to deep) and at
four different depths of 2000 and 2750 after 20 years reservoir production. The same
network of large fractures (density of 0.006 m-1 and spacing 150 m) applied at each zone.
A) For smaller fracture (10-200m) the densities of 0.5 m-1 in the shallow zone B. B)
Deeper zone D with 0.9 m-1 fracture density.
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4

Evolution of Moment Magnitude During Production

We evaluate the cumulative potential release of energy [Izadi and Elsworth, 2012a]
from penny shaped fractures which are seeded in the reservoirs with multiple orientations
and sizes. This potential energy release is a function of the shear stress drop (Δτ), the
radius of the planar fracture and also the shear modulus (G). Energy release from a preexisting fracture increases with the square of the stress drop and the cube of the fracture
size [Izadi and Elsworth, 2012b]. This energy release is triggered by the evolving stress
state due to pore pressures and induced thermal and chemical strains. Energy release
from fractures is most conveniently represented as a moment magnitude [Aki, 1967;
Kanamori, 1977; Keylis-Borok, 1959]. The moment magnitude relation is defined as
[Purcaru and Berckemer, 1978]:
log M 0  1.5M s  9.1

(4-1)

where M0 is seismic moment and MS is moment magnitude. In this model M0 is
seismic energy which is derived from the elastic energy released by the shear on preexisting fractures.
We determine the spatial/temporal evolution of moment magnitude in the reservoir
for the ensemble arrangement of fractures by using the above relations. For minimum
(10m) to maximum (1200m) fracture radii, a maximum shear stress drop of ~3 MPa and a
shear modulus of 10 GPa, the evaluated magnitude of events, MS varies from -2 to +1.9.
The largest event size (~1.9) corresponds to the largest fracture size (~1200m) within the
reservoir.
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To determine the evolution of moment magnitude (Figure 4.6) we examine the
behavior first for the best estimate of the network from the Newberry fracture data
(Figure 4.2), with a distribution of 0.5m-1 vs. 0.9m-1 density at shallow (B) and deep (D)
depth in a single network.
Subsequently we develop a more finely fractured network (Figure 4.3)
representative of these two zones to examine the effect of a reduced average spacing of
the large fractures on evolution of moment magnitude. Such a fracture network is
modeled with the spacing of the large fractures halved (~150m) to a density of 0.006 m -1
as defined in both shallow and deep zones. The closely spaced fractures, with densities of
0.5m-1 in the shallow zone (B) and 0.9m-1 in the deeper zone (D) is applied to give the
results in (Figure 4.7).
The outcomes for moment magnitude evolution for these different cases allow
comparison of the effects of various fracture density, spacing and stress states as a result
of reservoir production. During the evolution of energy release the principal difference
between zones B (shallow) and D (deep) for both large (~300m) and small (~150m)
fracture spacing is related to the density of closely spaced fracture as well as the
incremental stress drop that is realized and accompanies failure. When we compare the
potential energy released in zones (shallow to deep), we observe that this release begins
and builds earlier and reaches further from the injection wellbore with the largest fracture
density (0.9m-1) compared to zone B with the smaller fracture density (0.5m-1) of Figure
4.6-B and Figure 4.7-B.
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Then we contrast the response for different realizations of fracture network spacing
for both shallow and deep zones. This analysis is based on small (~150m) Figure 4.7 and
large (~300m) (Figure 4.6) fracture spacing for widely-spaced and large fractures in the
shallow (B) and deep zones (D). We observe that the rate of seismic event migration
within the reservoir is controlled principally by the density and spacing of the fractures.
We observe that the model with the higher fracture density (0.9m-1) with smaller
fracture spacing (150m) Figure 4.7-B, generates both the greatest number and the largest
seismic events (MS =1.9) after 20 years of reservoir production. Absolute stress is largest
when the reservoir is deepest but stress drop is limited by the difference in peak and
residual strength of the fractures (~3 MPa) and hence cannot be a critical parameter. This
behavior occurs because for the closely spaced fractures (~150m), transport of fluid
pressure and thermal removal from blocks is much faster than for the network with
widely spaced fractures (~300m). As a result the fluid propagates faster with distance for
the more closely spaced fractures as observed in Figure 4.7-B in a given time. Thus the
event rate is higher when the fracture network has the larger density (0.9m-1), with
smaller fracture spacing (~150m) and is located at depth where the initial stresses are
higher (zone D).
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Figure 4.6: Evolution of moment magnitude at zones B and D (shallow to deep) and at
two different depths of 2000 and 2750 after 20 years reservoir production. The same
network of large fractures (density of 0.003 m-1 and spacing 300 m) applied at each zone.
A) For smaller fracture (10-200m) the densities of 0.5 m-1 in the shallow zone B. B)
Deeper zone D with 0.9 m-1 fracture density.
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Figure 4.7: Evolution of moment magnitude at zones B and D (shallow to deep) and at
two different depths of 2000 and 2750 after 20 years reservoir production. The same
network of large fractures (density of 0.006 m-1 and spacing 150 m) applied at each zone.
A) For smaller fracture (10-200m) the densities of 0.5 m-1 in the shallow zone B. B)
Deeper zone D with 0.9 m-1 fracture density.
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4.1 Evolution of Seismic Events
We then use a stress-strain fracture criterion to determine the total strain energy
available for release – this energy is assumed to be shed seismically. During the rupture
process the shear stress drops an amount Δτ from an initial value of τi to a final value τf.
The total energy is calculated from strain changes and volume of the matrix [Izadi and
Elsworth, 2012b]. Then we introduce a relation to determine the number of events which
occur during the failure process based on potential and total energy as
N event 

ET
Ep

(4-2)

where Nevent is the number of seismic events, ET is the total energy and Ep is the
potential energy. The model that is introduced above allows us to predict the number of
seismic events during long-term stimulation. The release of seismic energy; which is
generated in the proposed Newberry EGS reservoir due to thermal, hydraulic and
mechanical effects is calculated for shallow (0.5m-1) to deep zones (0.9m-1) for small
(~150m) to large (~300m) fracture spacing. These outcomes allow us to compare the
effects of the low and high fracture densities as well as small and large fracture spacing.
The characteristic event magnitude distribution that occurs in such cases is defined
based on the size, population, location and spacing of larger fractures (200-1200m).
Results indicate that a higher density fracture network (0.9m-1) with small fracture
spacing (~150m) experiences significantly increased rates of event migration and is
associated with a higher number of seismic events compare to the case with larger
fracture spacing (300m).
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We observe the largest events occur close to existing large and widely spaced
fractures where stress drop reaches the maximum magnitude ~3MPa.

Thus the energy

release from these large (~200-1200m) and closely-spaced (~150m) fractures within the
reservoir generate a higher number of seismic events with higher magnitude. This
analysis gives significant information about the rate of migration of seismic event within
the reservoir and how this changes with time. We observe that the number of seismic
events decreases with increasing time during production by increasing the fracture
density either for small or large fracture spacing. This behavior is related to evolving
rates of thermal and hydraulic transport. Thus in the following we separately examine
the rate of hydraulic and thermal transport within these reservoirs during long term
production.
5

Hydrodynamic and Thermal Front Triggering of Seismicity

This section discusses the mechanisms of triggering seismicity by correlating the
evolution of seismicity with the transit of the hydrodynamic and thermal fronts within the
reservoir. Here we illustrate the evolution of the seismicity from stimulation to
production of a reservoir in the long term (i.e. 20 years). We determine the propagation of
fluid pressure and thermal fronts through the reservoir with time. We observe large
magnitude events (1.5- 1.9) during early transit of the fluid pressure front transitioning to
lower magnitude late-time events that result from the secondary transit of the thermalchemical front. Both temperature and pressure-diffusion may induce seismicity and may
be related in a natural way to the triggering front concept [Shapiro and Dinske, 2007].
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The numerical model is used to follow the hydrodynamic and thermal fronts as they
propagate through the reservoir for various fracture networks (low to high density) with
small- large fracture spacing at low and high initial stresses (shallow to deep zones). The
location of these fronts is defined by the propagation of the fluid flow rate at any given
time. The evolution of seismicity for long-term production (20 years) is shown in a
radius-time plot relative to the propagation of these fluid and thermal fronts in Figure 4.8
and Figure 4.9 (injection flow rate is set at 44 l/s in the simulation). This shows the
progress of the fluid and thermal fronts in the reservoir together with the progress of
induced seismicity in both zones B and D with closely-spaced (~150m) (Figure 4.9) and
widely-spaced (~300m) (Figure 4.8) fractures.
This shows the progress of the fluid and thermal fronts in the reservoir together with
the progress of induced seismicity. We examine the rates of advance of the hydraulic and
thermal fronts as a function of the different fracture characteristics of first; a fracture
network density of (0.5m-1) in the shallow zone B (Figure 4.8-A) and then a density of
(0.9m-1) in the deep zone D (Figure 4.8-B) and both with the same large fracture spacing
of (~300m). second; a fracture network density of (0.5m-1) in the shallow zone B (Figure
4.9-A) and a density of (0.9m-1) in the deep zone D (Figure 4.9-B) with the same small
fracture spacing of (~150m) in both zones.
The deepest penetration of the hydrodynamic front into the reservoir at any given
time is recorded for the network with the most closely spaced fractures (~150) (i.e. with
the larger fracture density (0.9m-1)) and for the zone (D) at deeper depth (2750m) Figure
4.9-B. This increased penetration could result from the larger permeability change for the
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more closely spaced network due to the immediate increase in fluid pressure and drop in
effective stresses that allows the fractures to dilate. In addition, heat removal from the
reservoir blocks will be fastest for the most closely spaced fractures due to the
(thermally) diffusive length scale defined by fracture spacing [Elsworth, 1989; Elsworth
and Xiang, 1989].
To further understand the behavior of the induced seismicity in space and time we
indicate the larger event magnitudes (MS ~1.5 to 1.9) in Figure 4.8 and Figure 4.9. We
illustrate the progress of the fluid and thermal fronts in both zones B and D (shallow to
deep) for closely and widely-spaced fractures. Events are separated into three magnitude
classifications. We observe that the number of seismic events decays with time and
distance from the injection point for each reservoir. This illustrates that most of the
seismic activity is triggered by hydraulic effects at early times (days to month) relative to
the initiation of stimulation. At later time (months to years), thermal effects (and possibly
chemical effects as well) may contribute to the seismicity when the seismicity front then
lags behind the hydrodynamic front.
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Figure 4.8: Radius versus time plot for short term of the progress of fluid and thermal
fronts in the reservoir and of induced seismicity (Injection flow rate is 44 l/s). Reservoir
located at two different zones (shallow to deep) and at two different depths of 2000 and
2750 after 20 years reservoir production. The same network of large fractures (density of
0.003 m-1 and spacing 300 m) applied at each zone. Larger seismic moment of individual
events shown red: Ms= 1.5, blue: Ms=1.7, yellow: Ms=1.9. A) For smaller fracture (10200m) the densities of 0.5 m-1 in the shallow zone B. B) Deeper zone D with 0.9 m-1
fracture density.
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Figure 4.9: Radius versus time plot for short term of the progress of fluid and thermal
fronts in the reservoir and of induced seismicity (Injection flow rate is 44 l/s). Reservoir
located at two different zones (shallow to deep) and at two different depths of 2000 and
2750 after 20 years reservoir production. The same network of large fractures (density of
0.006 m-1 and spacing 150 m) applied at each zone. Larger seismic moment of individual
events shown red: Ms= 1.5, blue: Ms=1.7, yellow: Ms=1.9. A) For smaller fracture (10200m) the densities of 0.5 m-1 in the shallow zone B. B) Deeper zone D with 0.9 m-1
fracture density.
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6

Empirical Relation for Seismicity Occurrence During Production
The cumulative number of seismic events can be expressed by the magnitude

distribution [Gutenberg & Richter, 1944] in the form log Nevent = a - bM, where Nevent is
the number of seismic events within a magnitude interval M±ΔM. Here a and b are
constants that describe the productivity and the relative size distribution of the events,
respectively.
Here we discuss the scaling of the frequency of events Nevent as a function of fluid
pressure and temperature during reservoir production. The number of events as a function
of time is controlled only by the cumulative mass of fluid injected which can cause
failure and result in energy release. The greater this energy release the larger the number
of events induced at a given location and therefore the greater the probability of largemagnitude events. Thus, the model above is able to predict magnitude-frequency
distributions.
The modeled b-value for the Newberry EGS at deeper zone D (0.9m-1) are illustrated
in Figure 4.10 and Figure 4.11. Figure 4.10 corresponds to the network with larger
fracture spacing (~300m) and (Figure 4.11) is related to the smaller fracture spacing
(~150m).
From our modeling results during stimulation [Izadi and Elsworth, 2012a] we
observe that the closely spaced fracture network with the higher stress regime (at the
deeper level) has the largest b-value. This shows the greater number of events induced
due to the existence of higher density fracture network (0.9m-1) and under the prescribed
conditions of higher in situ stresses compared to the lower predicted b-value in the
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shallow zone with lower density fracture network [Izadi and Elsworth, 2012a]. Because
of this, in this section we only consider the reservoir at the deeper level (zone D) to
analyze the change in the b-value during reservoir production. The main focus of this
study is comparing the number of both large and small seismic events that are associated
with large and small fracture spacing when the reservoir is located at the deeper zone (D).
Again we observe the largest b-value ~1.34 during production when we seed the
reservoir with closely-spaced fractures (150m). These observations indicate that the
smaller fracture spacing results in a higher b-value and more events and is the dominant
parameter influencing behavior.
At later time (20 years) the largest b-value for the small and large fracture spacing
shows more small events than large events during long term production. We observe bvalue to vary from 1.14 to 1.30 for widely (300m) spaced fractures and 1.16 to 1.34 for
closely (150m) spaced fractures in zone D. In both cases, the a-value decreases and the bvalue is increased–indicating both decreased magnitude and decreased number of events
induced during long term production in comparison to during stimulation.
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Figure 4.10: Number of events as a function of magnitude indicating b-value for moment
magnitudes in the range 0-1.3 after 20 years of reservoir production. Reservoir located
shallow zone D and at depth of 2750m. b-values are evaluated at different times of
production for the network of large fractures (density of 0.003 m-1 and spacing 300 m),
the smaller fractures (10-200m) with the density of 0.9 m-1.
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Figure 4.11: Number of events as a function of magnitude indicating b-value for moment
magnitudes in the range 0-1.34 after 20 years of reservoir production. Reservoir located
shallow zone D and at depth of 2750m. b-values are evaluated at different times of
production for the network of large fractures (density of 0.006 m-1 and spacing 150 m),
the smaller fractures (10-200m) with the density of 0.9 m-1.
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7

Thermal Energy

We examine the thermal output of the reservoir after 20 years of production to
consider the key influence of stress state and fracture network structure on thermal
production when the reservoir comprises fractures with either low or high fracture density
and for shallow depth (zone B) to greater depth (zone D) reservoirs. In our models we
examine the sensitivity of the network with large and small fracture spacing on thermal
recovery within the reservoir during long term reservoir production.
The rate of thermal energy production is a function of the fluid mass production rate
and the temperature difference between the injected and recovered fluid. The thermal
energy Ethermal recovered from the geothermal reservoir is defined as
Ethermal= Ṁ c ΔT

(4-3)

Where mass flow rate is Ṁ=ρQ, and ρ is water density, Q is flow rate. c is specific
heat capacity of the fluid. The temperature difference is ΔT=Tproduction-Tinjection fluid, where
Tinjection is injection fluid temperature and Tproduction is production temperature. The
parameters which are used in the simulation are listed in Table 4.2. The estimated
thermal energy for zones B and D with small and large fracture spacing is illustrated in
the Figure 4.12-C. The geometry of the reservoir for all zones is the same with injector
and producer separated by 700m.
The flow rate and temperature profile for both shallow to deep zones (B and D) is
displayed in Figure 4.12-A and B. The rate of fluid flow and thermal transport is
calculated. The highest flow rate is observed in systems where the smallest fracture
spacing (150m) and highest fracture density network (0.9m-1) is applied. As flow rate is a
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function of permeability changes, thus for the closely spaced fractures (~150m) with
higher fracture density (0.9m-1), transport of fluid pressure and thermal removal from
blocks is much faster than for the network of widely spaced fractures (~300m) – as the
rate of permeability change is initially largest for this system.
In our previous work [Izadi and Elsworth, 2012a] we illustrated that the fluid
penetration in the closely-spaced network (zones D) is both larger and reaches further
from the injection well when compared to the wider-spaced network (zones B). Thus the
increased penetration of fluid injection will result in a larger initial permeability change
for the more closely spaced network. Thus the higher density network (deep zone) with
closely-spaced fracture can provide a larger permeable network and lead to increased
flow rates Figure 4.12-A. These results illustrate that if the fracture density is increased
then such a system is capable of supporting much higher flow rates, which is also
beneficial for higher rates of energy recovery. Thus flow rate in the system is related to
the fracture spacing and fracture density leading to decreased flow rates at increased
fracture spacing.
Larger fracture density also increases the heat transfer area and that would
significantly increase the performance of system at early time (~1 year). We observe
higher rates of temperature decline when the zone is filled with higher number of
fractures leading to quicker advancement of the thermal front Figure 4.12-B. We also
observe that by increasing the fracture spacing in shallow to deep zones, heat removal is
slower compared to the case with smaller fracture spacing. Such behavior illustrates that
temperatures are able to change significantly during the long term production period.
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This response will be fastest for the most closely spaced fractures due to the (thermally)
diffusive length scale defined by fracture spacing [Elsworth, 1989; Elsworth and Xiang,
1989]. Thus for the deeper reservoir with smaller fracture spacing (~150m) cooling rate is
fastest and thermal transfer rate is highest.
Above we discuss why the more desirable system for energy recovery is achieved at
early times (~1 year) when the fracture density is high and fracture spacing is small. Such
a system is capable of supporting the thermal recovery close to ~10MW at zone D and
~8MW at zone B. We can say the total thermal output of zones B, C, D and E is close to
~36MW or ~14MWe for a conversion efficiency of 40%.
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Figure 4.12: Flow rate, temperate and thermal output for Newberry EGS after 20 years
production at two different depths of 2000m and 2750m. Blue dash lines relate to the
network of closely and large-spaced fractures (~150 and 300m) at shallow zone B and red
dash lines relate to the network of closely and large-spaced fractures (~150 and 300m) at
deeper zone D. A) Flow rate profile. B) Temperature profile. C) Thermal recovery.
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Conclusion

We used different experimental models to examine the dominant behaviors that
influence induced seismicity as well as heat production within EGS reservoirs during
long term production (~20 years). We apply a THMC model to explore the roles of
thermal- hydraulic- mechanical- and chemical-effects on different fractured reservoirs.
Various fracture networks (low to high density) are considered for both closely and
widely-spaced fractures and reservoir conditions are changed due to location of reservoir
ranging from shallow (2000m) to deep (2750m). These numerical models are applied to
the Newberry EGS field (USA) to determine the effect of these key factors on induced
seismicity during long term (~20 years) reservoir production.
Results demonstrate that when the reservoir is located at greater depth
zone with more closely-spaced fractures (~150m), the increase of fluid circulation is
higher and therefore the permeability change is propagated further from injection and
occurs in shorter time compared to the case with a widely spaced fracture network
(~300m). Likewise for the reservoir with the highest density of fractures and high initial
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stresses (due to greater depth) - the evolution of seismicity is more rapid (higher event
rate) and its distribution expands faster with radius (zone D).
A maximum event magnitude for identical fracture distributions is Ms ~1.9 with
this magnitude directly related to the largest fracture size (~1200m) and maximum
prescribed shear stress drop (~3MPa) in the reservoir.
The hydrodynamic and thermal fronts are also defined for different fracture
structure (with closely-widely spaced fractures) to determine the triggering of seismicity
during long term production. Higher rate and quicker advancement of these fronts is
observed when the zone is filled with closely spaced fractures (~150m) and under the
prescribed conditions of higher in situ stresses (deeper zone). And as a result a larger
numbers of seismic events are created due to higher flow rates when the fracture spacing
is smallest.
We observe a significant increase in both the number and magnitude of seismic
events when the fracture density increases and fracture spacing decreases. We separately
examine the effects of thermal stress and pore pressure on the evolution of seismicity in
reservoirs. The most important mechanism which triggers slip and promotes both the
number of seismic events and the moment magnitude is the augmentation of fluid
pressure. We illustrate that the penetration of the hydrodynamic front is principally
controlled by the size, number, location and spacing of fractures.
When we decrease the spacing of fractures in the system we allow the fluid flow
to penetrate more rapidly during injection. We observe the propagation of fluid pressure
and thermal fronts through the reservoir with time and associate large early-time (days to
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month) events with the fluid front and later (month to years) lower magnitude seismic
magnitude events with the transit of the thermal (-chemical) front. The network with
small (~150m) fracture spacing is capable of generating the highest flow rate and as a
result the fastest propagating hydrodynamic front is observed. This behavior allows the
system to create a large number of events with highest magnitude (1.9) from months to
years after the start of injection.
Then we modeled the b-value for different fracture networks with different
fracture spacing. The b-value describes the fracture process within reservoirs and is
related to size, location, distribution and spacing of fractures. We characterize the
induced seismicity by the b-value for shallow (B) to deep zones (D). We observed the
largest b-value at zone D; this indicates a larger number of triggered seismic events (also
with a larger distribution in location). The approximate b-value for the Newberry EGS at
zone D for two different fracture spacing shows that the smaller fracture spacing (~150m)
has the highest b-value. The b-value regime in small and large fracture spacing indicates
a higher number of events when the spacing is decreased.
We examine the temperature and flow rate profile for shallow and deep zones B
and D with small and large fracture spacing to evaluate the thermal recovery from these
zones after 20 years of reservoir production. The highest thermal output is from the
deeper zone D with a closely-spaced fracture network. A high number of fractures in the
system with small spacing between fractures increases the rate of cooling and contributes
to having a quicker decline in temperature and also generate a fluid flow path for higher
flow rate of the system. Finally from the information discussed above, the total thermal
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output for Newberry EGS at four shallow to deep zones B, C, D and E is close to
~36MW or ~14MWe.
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Appendix

Permeability evolution of fluid-infiltrated coal containing discrete fractures

Ghazal Izadi1, Shugang Wang1, Derek Elsworth1, Jishan Liu2, Yu Wu2, Denis
Pone3

Abstract

We explore the conundrum of how permeability of coal decreases with swellinginduced sorption of a sorbing gas, such as CO2. We show that for free swelling of an
unconstrained homogeneous medium where free swelling scales with gas pressure then
porosity must increase as pressure increases. The volume change is in the same sense as
volume changes driven by effective stresses and hence permeability must increase with
swelling. An alternative model is one where voids within a linear solid are surrounded by
a damage zone. In the damage zone the Langmuir swelling coefficient decreases
outwards from the wall and the modulus increases outwards from the wall. In each case
this is presumed to result from micro-fracturing-induced damage occurring during
formation of the cleats. We use this model to explore anticipated changes in porosity and
permeability that accompany gas sorption under conditions of constant applied stress and
for increments of applied gas pressure. This model replicates all important aspects of the
observed evolution of permeability with pressure. As gas pressure is increased,
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permeability initially reduces as the material in the wall swells and this swelling is
constrained by the far-field modulus. As the peak Langmuir strain is approached, the
decrease in permeability halts and permeability increases linearly with pressure. This
behavior is apparent even as the constraint on damage around is relaxed and ultimately
removed to represent a homogeneous linear solid containing multiple interacting flaws.
In either case the rate of permeability loss is controlled by crack geometry, the Langmuir
swelling coefficient and the void “stiffness” and the rate of permeability increase is
controlled by crack geometry and void “stiffness” alone. Permeability evolution may be
approximated by a single non-dimensional variable incorporating fracture spacing, flawlength, Langmuir strain and initial permeability. This model represents the principal
features of permeability evolution in swelling media and is a mechanistically consistent
and plausible model for behavior.
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A-1 Introduction

Injection of CO2 (or other gases) into a coal seam may be used to increase the
recovery of methane from the seam by preferential sorption and competitive desorption.
This process is referred to as Enhanced Coal Bed Methane (ECBM) recovery. We
explore how permeability of coal decreases with swelling-inducing sorption of a sorbing
gas, such as CO2. We show that for free swelling of an unconstrained homogeneous
medium where free swelling scales with gas pressure then porosity must increase as
pressure increases. The volume change is in the same sense as volume changes driven by
effective stresses and hence permeability must increase with swelling. However, results
from field and laboratory experiments indicate that coal permeability can change
significantly with the sorption of gas(Mazumder and Wolf, 2008; Pini et al., 2009;
Siriwardane et al., 2009; Wang et al., 2010). This is controlled by at least two
mechanisms: (1) gas pressure increase, which tends to mechanically dilate coal cleats
(fractures) and thus enhance coal permeability; and (2) adsoption of CO2 into coals,
which induces swelling in the coal matrix (volumetric strain) and apparently reduces coal
permeability by closing fracture (cleat) apertures. A number of models attempt to account
for the mechanisms mentioned above (Bai et al., 1993; Cui and Bustin, 2005; Cui et al.,
2007; Elsworth and Bai, 1992; Harpalani and Zhao, 1989; Zhao et al., 1994). Sawyer et
al. proposed a model assuming that fracture porosity (to which permeability can be
directly related) is a linear function of changes in gas pressure and concentration (Sawyer
et al., 1990). A recent discussion of this model was provided by Pekot and Reeves (Pekot
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and Reeves, 2003). Seidle and Huitt (1995) developed a permeability model by
considering the effects of coal-matrix swelling/shrinkage only, ignoring the impact of
coal compressibility (Seidle and Huitt, 1995). Palmer and Mansoori (1998) describe a
permeability model incorporating the combined effect of the elastic properties of coal and
gas sorption on the resulting matrix strain. It includes a permeability loss term due to an
increase in effective stress, and a permeability gain term resulting from matrix shrinkage
as gas desorbs from the coal (Palmer and Mansoori, 1998). Robertson and Christiansen
(2008) developed a permeability model for coal and other fractured sorptive-elastic
media. Their model mainly deals with variable stress conditions commonly used during
measurement of permeability in the laboratory (Robertson and Christiansen, 2008).
Despite the broad range of these models there remain some issues have not been fully
considered. In all of these models, the interaction between fractures and coal matrix
during coal deformation is not considered. Because coal matrix and cleats have different
mechanical properties, this interaction can have a significant effect on permeability
changes under certain conditions. The previously discussed permeability models also
assume that a change in the length of a matrix block (swelling or shrinkage) causes an
equal but opposite change in the fracture aperture. However, this is not consistent with
some experimental observations indicating that only a fraction of sorption-induced strain
(swelling or shrinkage) contributes to fracture-aperture change under certain stress
conditions (Liu and Rutqvist, 2010; Liu et al., 2009; Nur and Byerlee, 1971). The effects
of this mismatch between bulk deformation and fracture deformation has been identified
previously for fractured rocks (Liu et al., 1999a; Liu et al., 1999b; Liu et al., 2000) and
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recently for fractured coals with sorption . Despite this variety of models, none are able to
replicate decreases in permeability that accompany competitive sorption under invariant
stresses. This problem has been attempted by Lui et al. (Liu et al., 2009) using a
distribution of fictitious stresses within the medium. We approach this same problem by
first demonstrating that in an elastic medium containing swelling constituents the relative
change in pore volume is of the same sense and in the same proportion to the change in
bulk volume. Thus for unconstrained swelling, both pore volume and hence permeability
should increase, despite experimental observations to the contrary. To address this
inconsistency, we explore the response of a model representing coal with cleats as a
cracked medium containing a zone of damage close to the cleat and also absent this zone
of damage. We then relax this assumption and show that this behavior may still be
recovered.

A-2 Governing equations

We idealize the behavior of coal as the response of a dual porosity medium . This
model considers the contribution of matrix swelling/shrinkage to changes in fracture
aperture. Gas transport is understood as two hydrodynamic mechanisms by
accommodating the dual-porous nature of the medium: laminar flow through the
macroscopic cleat (Darcy’s law) and diffusion through the coal matrix bounded by cleats
(Fick’s law). Figure A.1 shows how sorption- or desorption-induced strain of the coal
matrix can change the porosity and the permeability of the coal seam. The change in pore
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pressure changes effective stress and results in deformation. Similarly, sorption of gas
into the coal matrix changes volume of the matrix and results in swelling. The governing
equations for the behavior of a dual porosity medium are reported in the following
section . These field equations will be coupled through a new permeability model for coal
matrix and fractures.
These derivations are based on the following assumptions:


Coal is a homogenous, isotropic and elastic continuum.



Strain is infinitesimal.



Gas contained within the pores is ideal and viscosity is constant under isothermal
conditions.



Coal is saturated by gas



The rate of gas flow through the coal is defined by Darcy’s law.

In the following derivations, the width of the matrix block, the fracture width and fracture
aperture are represented by s , a and b respectively.

168

Figure A.1: Dual-porosity fractured medium.
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A-2.1 Coal seam deformation
The strain-displacement relationship is defined as:
1
2

 i j  (ui , j  u j ,i )

(A-1)

Mechanical equilibrium of the solid phase is governed by the balance of linear
momentum.

 i j , j  f,i  0

(A-2)

The constitutive relation for the deformed coal seam becomes

i j 
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(A-3)

The elastic parameters for Eq. (3) can be written as
C1 

1
E

(A-4)
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From Eqs. (1)-(3), we obtain:

Gui,kk 

G
uk ,ki   pm,i   p f ,i  K s,i  f,i  0.
1 2

(A-10)

Eq. (10) is the governing equation for coal deformation, where the gas pressure p , can be
recovered independently from the gas flow equation as discussed following.

A-2.2 Effect of matrix swelling on fracture permeability
The permeability of coal may be defined through the cubic law for fracture
permeability as
k

b3
12 s

(A-11)

enabling aperture to be defined as

b0  3 12k0s .

(A-12)

The dynamic permeability of the cracked system may be expressed as
k
b 3
 (1 
).
k0
b0

(A-13)
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Change in aperture, b , depends on sorption-induced strain and also effective stress,
when the total confining stress remain unchanged. We can define volumetric strain as

v 

 ef

 s

K

(A-14)

and the response to effective stress where total stress remains constant can be defined as

a
s

 ef  p .

(A-15)

Finally, swelling to gas pressure takes the Langmuir-type form as
pm
.
pm  pL

s  L

(A-16)

Enabling the evolution of strain to be defined as a function of matrix pressure, pm .
In

this

 L   L (1
0

model

the

swelling

coefficient

and

modulus

are

defined
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E
r
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A-2.3 Boundary and initial conditions
For the Navier-type equation, the displacement and stress conditions on the
boundary are given as

ui  ui (t) , ij n j  Fi (t ) on  .

(A-17)

Where ui (t ) and Fi (t ) are the components of prescribed displacement and stress on the
boundary  , respectively and n j is the direction cosine of the vector normal to the
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boundary. The initial conditions for displacement and stress in the domain  are
described as

ui (0)  u0 , ij (0)   0 in .

(A-18)

For the gas flow equations, the Dirichlet and Neumann boundary conditions are defined
as

pm  pm (t) , n 

km



pm  Q sf (t ) on .

(A-19)

Here, p (t ) and Qs (t ) are the specified gas pressure and gas flux on the boundary. The
subscript m represents matrix block respectively. The initial conditions for gas flow are

pm (0)  pm0 in  .

(A-20)

A-3 Analysis of swelling-induced deformation

We approach this problem to first examine the response of a homogeneous porous
continuum to determine changes in porosity that result from swelling. We then extend
this to define the behavior of a non-homogeneous cracked solid with damage and then
relax this assumption of damage to show that similar behavior results in a cracked
medium without damage.
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A-3.1 Response of a porous continuum
We consider the idealized response of a porous medium (Nur and Byerlee, 1971)
where the response to swelling is added. The medium is assumed homogeneous and
containing a single pore, as representative of a general porous medium Figure A.2.
We apply loads in two steps. The first step applies a uniform stress to the unperforated
sample of magnitude P. The resulting volume change is
V1
1

P s
V
Ks

(A-21)

The stress throughout the unperfolated sample is uniform and of magnitude, P , including
the stress normal to the unperforated contour. Thus, the deformation for this loading is
independent of whether the sample is perforated or not. We then apply a second stress of
(  P) to the perforated sample. The resulting volume change is
V2 1
 (  P )
V
K

(A-22)

resulting in a total overall volume change as:
V V1 V2


V
V
V

(A-23)

corresponding to

V 1
 (   P)   s .
V
K

(A-24)

This allows the solid strain resulting from a change in fluid pressure alone to be
determined as
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Vs
1
 (1   )( P   s )
V
Ks

(A-25)

and consequently the change in pore space is the difference between the overall volume
change and the volume change of the solid as

Vp
V
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K
[  (  (1   )) P]   s
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(A-26)

If we assume that

  

K
(1   )
Ks

(A-27)

then finally we have the normalized pore volume change under constant total stress but
with a change in pore fluid pressure and pore pressure induced swelling as
V p
V



1
(   P )   s .
K

K s is the modulus of the solid,

(A-28)

K is the bulk modulus and 

is porosity.

Correspondingly, the swelling-induced change in porosity is of the same sense as that
induced by effective stresses. If pore fluid pressure is increased then porosity increases
due to both the effective stresses and swelling are additive, and cannot explain the
observed drop in permeability and presumed porosity seen in the unconstrained swelling
of samples.
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Figure A.2: A homogeneous aggregate with pore. The line S represents the surface of the
pore that is subject to a pore pressure that is equal to the confining pressure.
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A-3.2 Response of cracked continuum with non-interacting flaws
Since a homogeneous continuum is incapable of replicating observations, we
explore the response of a cracked continuum containing a zone of damage around the
crack. The swelling and elastic properties will be non-homogeneous relative to the crack.
We use this framework to explore the response of an idealized cleat present within the
center of a fractured block as an analog for response of a fractured medium.

A-4 Model description and parameters

We choose the geometry of an elliptical fracture within a swelling medium, as
shown in Figure A.2. We wish to understand how the elliptical fracture will respond
under applied changes in fluid pressures when the influences of effective stresses and of
swelling are separately evaluated. We consider the idealized model of Figure A.3 to
represent a single fracture within a representative elemental volume. To represent
conditions of invariant stresses, the sides of the model are free to deform but under
invariant total stresses. Material properties are applied to the model as represented in
Table A.1, Table A.2 and Table A.3. We represent the behavior of this geometry where
fluid pressures are applied first in a non-sorbing and non-swelling medium and then in a
swelling medium. These cases are applied separately.
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Figure A.3: Simulation model for CO2 injection to a coal seam.
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Table A.1: Parameters used in the simulation model.
Symbol

Description

Value

Units

E

Young’s modulus of coal

2713

ML-1T-2

Es

Young’s modulus of coal grain

8143

ML-1T-2

u

Possion ratio of coal

0.339

-

rc

Density of coal

1400

ML-3

rg

Density of CO2

0.717

ML-3

m

Dynamic viscosity of CO2

1.84×10-5

ML-1T-1

PL

Langmuir pressure constant

6.109

ML-1T-2

VL

Langmuir volume constant

0.015

M-1L3

eL 0

Reference swelling coefficient

0.02295

-

f m0

Initial porosity of matrix

0.02

-

km 0

Initial permeability of fracture

10-14

L2

S

Width of matrix block

1×10-2

L

a

Width of fracture

0.5×10-2

L

b

Initial height of aperture

10×10-6

L

s

Applied stress

10×106

ML-1T-2
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Table A.2: Notation.
Symbol
a
b
E
f,i

G
k
K
Ks
Kn
p

pa
pL

qg

Description
Fracture width
Fracture aperture
Elastic modulus
Component of body force
Shear modulus
Coal permeability
Bulk modulus
Grain bulk modulus
Normal stiffness of individual
fractures
Gas pressure in matrix
Standard atmosphere pressure
Langmuir pressure
Darcy’s velocity vector

Units
L
L
ML-1T-2
ML-1T-2
ML-1T-2
L2
ML-1T-2
ML-1T-2
ML-2T-2
ML-1T-2
ML-1T-2
ML-1T-2
LT-1

Width of matrix block
Component of displacement
Langmuir volume constant

L
L
M-1L3

Biot coefficient
Change in aperture height
Component of the total stress tensor

L
ML-1T-2

 kk
 ef

Components of the mean stress

ML-1T-2

Effective stress

ML-1T-2

 ij

Kronecker delta

i j

Component of the total strain tensor

-

s

Swelling strain

-

v

Volumetric strain

-

L



Swelling coefficient

-

g

Dynamic viscosity of the gas
Porosity
Gas density

ML-1T-1
ML-3

 ga

Gas density at standard conditions

ML-3

S
ui

VL

, 

b
i j
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Table A.3: Coal Properties
Mine

Coal Seam

Location

Depth(m)

Rank

Harmony

Northumberland Basin

Mount Caramel,

122

Anthracite

PA
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A-4.1 Effective stress response
We first apply a uniform fluid pressure to the elliptical fracture embedded within
a solid and measure the resulting deformation of the void. Constant total stresses are
applied to the boundary and fluid pressures are applied uniformly throughout the body.
The resulting dilation of the void, in the direction of the short axis is shown in Figure
A.4. The aperture increases linearly with applied fluid pressure, and the magnitude of this
pressure deformation gives an effective stiffness of the fracture void.

A-4.2 Swelling response
To examine the swelling response we alter the material to include a damage zone
around the void. This damage zone could be in elliptical coordinates to parallel the walls
of the fracture, but in this case we use a radial distribution to approximate behavior. We
select a damage zone to represent breakage in the wall region as a consequence of the
formation of the fracture void. We postulate that in this zone the deformation modulus is
reduced and the swelling coefficient increased. Thus the modulus increases linearly with
radius from the magnitude prescribed at the void wall and the swelling coefficient
decreases linearly outwards.
Applying a uniform pressure to the solid surrounding the elliptical void enables the
influence of swelling to be determined on the change in void aperture. The resulting
volumetric strain with pressure is given by equation (16) as a Langmuir strain. The
Langmuir adsorption isotherm assumes that the gas attaches to the surface of the coal and
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covers the surface as a single layer of gas. Nearly all of the gas stored by adsorption in
coal exists in a condensed, near liquid state. At low pressures, this dense state allows
greater volumes to be stored by sorption than is possible by compression and at high
pressure swelling strain become constant. For constant void width, a, relative to the width
of the enveloping block, s, the closure of the void is insensitive to the height of the void
opening. This is because the high modulus around the periphery of the square block acts
as a constraining ring. This forces closure of the void as the swelling of the interior
proceeds, thus the void closure scales linearly with an increase in the swelling coefficient
of the material, but is near constant with length of the void short-axis. This linearity
prevails provided the faces of the closing void do not contact. The initial aperture of the
coal may be evaluated from equation (12). The change in aperture of the void is
superposed on this initial aperture as swelling progresses. For an initial high permeability,
the initial aperture, b0 will be largest, but the aperture reduction will be the same for all
permeabilities, as shown in Figure A.5. Since the swelling-induced reduction in the void
aperture is independent of the initial aperture, the closure may be used to evaluate final
aperture and hence scaled permeability. Void opening scales according to the physical
parameters controlling response and correspondingly we can define
b  f (E,  L , a, P, PL )

(A-29)

The normalized magnitude of closure is shown in Figure A.6 for a dimensionless
pressure of (P / E)L .
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Figure A.4: The relation between change of aperture and matrix pore pressure by
applying effective stress.
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Figure A.5: The relation between change of aperture and matrix pore pressure.
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Figure A.6: The relation between ratio of aperture change to initial aperture and
dimensionless pressure.
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A-4.3 Ensemble response
We combine the two deformational responses for the separate influences of
effective stress and swelling. The change in void aperture with pressure due to the
individual effects of swelling and of effective stresses. These two influences may be
combined to determine the net change in permeability in the system. Where initial
permeability is evaluated from equation (12) the change in permeability may be evaluated
directly for a change in aperture from equation (13). This response is represented in
Figure A.7 for initial permeabilities of 10-13 to 10-15 m2. This identifies the initial
reduction in permeability caused by swelling of the unconstrained block and the
subsequent influence of effective stresses alone as swelling effects halt at higher
pressures. It identifies a non-linear initial decrease in permeability that reduces to a
minimum magnitude, and that ultimately turns to an increase as the influence of effective
stresses become dominant. This behavior replicates the response of injection experiments
conducted on unconstrained coals, i.e. at constant total stress.
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Figure A.7: The relation between fracture permeability ratio and matrix pore pressure.
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A-4.4 Response of cracked continuum with interacting flaws
To determine the necessity of incorporating a damage zone we explore the
response of a homogeneous medium seeded with a regular array of interacting cracks. We
examine the influence of effective stress and swelling response for an elliptical crack
where the deformation modulus and swelling coefficient are constant with radius.
We consider two models to represent this behavior. The first is a single
component part removed from the array where the appropriate boundary conditions are
for uniform displacement along the boundaries. This represents the symmetry of the
displacement boundary condition mid-way between flaws as shown in Figure A.8-A. An
alternative method to represent this geometry is an equivalent model that incorporates
multiple flaws and automatically accommodates the appropriate displacement boundary
condition as shown in Figure A.8-B.
We repeat the prior analysis to examine the change in aperture due to the combined
influence of swelling and effective stress. For each of the two representations of an
interacting network of flaws the evolution of aperture is identical as apparent in Figure
A.9-A and B and conforms to the anticipated behavior where swelling effects are
staunched at higher gas pressures.

Similarly, where these changes in apertures are

converted to permeabilities, identical permeability evolution trends result for the two
models. These responses are represented in Figure A.9-C and D for initial permeabilities
of 10-13 to 10-15 m2.

189

A)

B)

Figure A.8: Simulation model.
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Figure A.9: A) The relation between ratio of aperture change to initial aperture and
pressure for one fracture. B) The relation between ratio of aperture change to initial
aperture and pressure for multiple fractures. C) The relation between matrix permeability
ratio and matrix pore pressure for one fracture. D) The relation between matrix
permeability ratio and matrix pore pressure.
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A-4.5 Generalized response
We generalize our understanding of the reduction of permeability due to
unconstrained swelling and the subsequent influence of effective stresses alone as
swelling effects halt at higher pressures. We generalize changes in porosity and
permeability that accompany gas sorption under conditions of constant applied stress and
for increments of applied gas pressure for fractures. Specifically we explore the relation
between the reduction of permeability by applying swelling-induced sorption of a sorbing
gas and the increase of permeability due to the influence of effective stress for a
generalized geometry. We describe the response of a cracked continuum with various
fracture sizes for idealized fracture widths.
We consider different ratios of the fracture length to matrix block size, defined as the
fracture spacing. This ratio changes from 0.025 to 1, the normalized magnitude of closure
is shown in Figure A.10-A for a dimensionless pressure of (P / E)L . The initial
reduction in permeability caused by swelling of the unconstrained block and ultimate
increase in permeability under the influence of effective stress is shown in Figure A.10B, where initial permeability is 10-13m2.
The response may be further generalized in considering an approximation of the true
mechanical behavior. This is to accommodate the swelling of a soft medium (vanishing
modulus) that is constrained within a rigid outer shell. This geometry contains a fracture
of width, a, spacing between fractures, s, and initial aperture, b.
Total volume V for rectangular crack is defined as
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V  s3 .

(A-30)

The corresponding change in volume, V is defined as
V  s3 s .

(A-31)

The change in volume of the fracture, V f , depends on the length and width of fracture
and also the size of the matrix when the external displacement of the body is null. Thus
the volumetric change in the fracture is defined as
Vf  a.s.b

.

(A-32)

Substituting equation (30) into (31) and equating the result with equation (32) yields
V  s  a.s.b

.

(A-33)

Where the external boundary has zero displacement, the swelling strain is defined as

s 

b.a
s.s

(A-34)

and also the resulting change in aperture may be recovered by substituting the strain of
equation (34) into the volume constraint relationship of equation (33) as
b 

 ss2
a .

(A-35)

Finally, from equation (35) we can determine

b  s s 2

b0
ab0

.

(A-36)
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Where initial aperture size is evaluated from equation (12) and the change in permeability
is defined in equation (13) we can recover
3


k   s s3     L s 2 
p
 1 

   1  

k0 
ab0    ab0  pm  pL 
.
3

(A-37)

Thus, permeability scales according to the physical parameters controlling response as

  L s2

k
f
; p; pL 
k0
 ab0
 .

(A-38)

This enables the evolution of relative permeabilities to be determined as a function of the
non-dimensional parameter sn ' incorporating initial permeability, swelling strain and
geometric constraints, alone as

sn 

 L s2
a 3 12k0 s

.

(A-39)

This relation is used to represent the families of permeability evolution for constant
magnitudes of

sn ' . The resulting permeability evolution for different initial

permeabilities of 10-13 to 10-15 m2 is whown as a function of dimensionless pressure (
p / pL ) in Figure A.11.
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Figure A.10: A) The relationship between the ratio of aperture change and dimensionless
pressure. B) The relationship between matrix permeability ratio and dimensionless
pressure.
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Figure A.11: The relationship between fracture permeability ratio and dimensionless
pressure.
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A-5 Experimental observations

We contrast the response of coal containing multiple interacting flaws with that
for a fully cracked medium to explore the veracity of this proposed model for
permeability evolution due to swelling. This behavior is investigated experimentally. The
simplest test of this mechanistic model is to examine the evolution of permeability in
samples containing multiple embedded cracks with permeability evolution where the
fracture completely cleaves the sample. Presence of low-pressure permeability reduction
in the former (i) and absence in the latter (ii) will suggest that our model may be correct.
Descriptions of experimental investigations follow:
This Experiment was completed in a Temco triaxial core holder capable of accepting
membrane-sheathed cylindrical samples (2.5 cm diameter × 5 cm long) and loaded
independently in the radial and axial directions. Confining and axial stresses to 35 MPa
are applied by a dual cylinder ISCO pump with control to ± 0.007 MPa. Axial strain is
measured by a linear variable displacement transducer (LVDT, Trans-Tek 0244) and
volumetric strain is measured by volume change in the confining fluid, Upstream and
downstream fluid pressures are measured by pressure transducers (PDCR 610 and Omega
PX302-5KGV). The cylindrical sample is sandwiched within the Temco cell between two
cylindrical stainless steel loading platens with through-going flow connections and flow
distributors. Detailed experimental method and measurement procedure can be referred in
(Wang et al., 2010). An intact sample and a sample with a single thoroughgoing fracture

197

(separate parts) are used and permeabilities are measured at various gas pressures for
constant total stress.
Experiments are conducted with He, CH4, and CO2 and at room temperature. We define
effective stress as the difference between confining stress and pore pressure inside the
sample (Biot coefficient of unity) for constant total stresses at 6MPa. The influence of
effective-stress-driven changes in volume are examined with non-sorbing He as the
permeant. Permeabilites are measured to determine the influence of adsorption and
swelling on the evolution of permeability.
Permeability measured with respect to pore pressure at a constant total stress of 6 MPa
for the intact sample is shown in Figure A.12. Permeability to He shows an increase in
permeability with increasing pore pressure. But for the sorbing gases CH4 and CO2,
permeabilities first decrease as dominated by the swelling, then round back as the
increase due to effective stress law outstrip the reduction induced by swelling. The round
The permeability evolution with respect to pore pressure at a constant total stress of 6
MPa for the split sample is shown in Figure A.13. Permeability to He shows an increase
in permeability with increasing pore pressure. But for the sorbing gases CH4 and CO2,
which are anticipated to cause swelling, there is no permeability reduction regime at low
gas pressures. This observation is congruent with the need for connected bridges to be
present within the cracked continuum to cause the observed swelling-induced reduction
in permeability.
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Figure A.12: The relation between permeability and pore pressure for intact sample.
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Figure A.13: The relation between permeability and pore pressure for split sample.
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A-6 Conclusions

In the previous we show that permeability reduction in unconstrained swelling
cannot be explained in homogeneous systems by poromechanical arguments, alone. To
the converse, where swelling is unconstrained, the porosity will grow in the same
proportion as the bulk strain of the ensemble system. This infers that in swelling systems,
porosity will increase and permeability would also increase. As an alternative we explore
a model of structured inhomogeneity where swelling coefficient and modulus vary
spatially relative to the pore. In this model, the natural constraining effect of the high
modulus, remote from the void, prompts reduction in porosity with free swelling. In a
system where swelling is limited by a Langmuir-type response, this swelling ultimately
ceases at higher pressures and the influence of effective stresses take over.
Correspondingly this model is capable of replicating observed behavior. Where the
requirement for a zone of damage is relaxed, and a homogeneous medium is
accommodated with multiple interacting cracks, the same features of the permeability
response are recovered.
This behavior may also be investigated experimentally. Other experimental results for
partially cracked media show the dependence of permeability on swelling. For a sorbing
gas, the low pressure response is dominated a reduction in permeability. Where a
through-going crack is present, the resulting evolution of permeability is absent the initial
permeability reduction under low pressures. This observation suggests that the presence
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of bridges across fractures in a crucial component in replicating this change in the sense
of permeability evolution with pressure.
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