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ABSTRACT

Thermo-Poroelastic Modeling of Reservoir Stimulatamd Microseismicity Using
Finite Element Method with Damage Mechanics. (Ddoen2011)
Sang Hoon Lee, B.S., University of Seoul;
M.S., Seoul National University

Chair of Advisory Committee: Dr. Ahmad Ghassemi

Stress and permeability variations around a wedlleord in the reservoir are of
much interest in petroleum and geothermal reserdewelopment. Water injection
causes significant changes in pore pressure, tatyper and stress in hot reservoirs,
changing rock permeability. In this work, two- atittee-dimensional finite element
methods were developed to simulate coupled reserwoith damage mechanics and
stress-dependent permeability. The model considiees influence of fluid flow,
temperature, and solute transport in rock deformnatind models nonlinear behavior
with continuum damage mechanics and stress-depepdeneability.

Numerical modeling was applied to analyze wellbstability in swelling shale
with two- and three-dimensional damage/fractureppgation around a wellbore and
injection-induced microseismic events. The finitengent method (FEM) was used to
solve the displacement, pore pressure, temperandesolute concentration problems.

Solute mass transport between drilling fluid andlshHormation was considered

to study salinity effects. Results show that steeat tensile failure can occur around a



wellbore in certain drilling conditions where theidhpressure lies between the reservoir
pore pressure and fracture gradient.

The fully coupled thermo-poro-mechanical FEM sintiola was used to model
damage/fracture propagation and microseismic eweauised by fluid injection. These
studies considered wellbore geometry in small-soaddeling and point-source injection,
assuming singularity fluid flux for large-scale silation. Damage mechanics was
applied to capture the effects of crack initiatianjcrovoid growth, and fracture
propagation. The induced microseismic events weredeted in heterogeneous
geological media, assuming the Weibull distributifunctions for modulus and
permeability.

The results of this study indicate that fluid irfjen causes the effective stress to
relax in the damage phase and to concentrate attdréace between the damage phase
and the intact rock. Furthermore, induced-stresk fanfield stress influence damage
propagation. Cold water injection causes the tersdiless and affects the initial fracture
and fracture propagation, but fracture initiatioegsure and far-field stress are critical to
create a damage/fracture plane, which is normgddaninimum far-field stress direction
following well stimulation. Microseismic events pagate at both well scale and
reservoir-scale simulation; the cloud shape of a&roseismic event is affected by
permeability anisotropy and far-field stress, areviatoric horizontal far-field stress

especially contributes to the localization of thienmseismic cloud.
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1. INTRODUCTION

Stress analysis or rock mass failure in responseadter injection is of much
interest in oil and gas exploration and geothemasérvoir design. The process involves
coupled rock deformation, fluid flow, heat transfemd chemical interactions in the
porous rock. Interest in understanding rock defaionaand failure during fluid injection
has increased in enhanced geothermal systems, solctated petroleum reservoirs, and
unconventional resources such as gas shales.

From the geomechanical point of view, the impacttieég variations of pore
pressure, temperature and chemical interactiorkeyedactors in reservoir engineering.
These are of especially interesting around a wedlbahere their impact is particularly
significant during injection and production, whichay lead to problems such as
borehole collapse, distortion, and buckling durimgction or drilling (Yu et al., 2001).
These problems are mainly caused where the rofieéstie stress exceeds its strength.
In addition, the far-field stresses are among tlestimportant factors in geomechanical
engineering since the stress regime impacts ratkdaits geometry, and the resulting
fluid path. The stress distributions around a welb are influenced both by the
injection-induced stress and far-field stress snrdservoir so they must be accounted for
in determining the impact of fluid flow, temperaguand chemical interaction with far-

field stresses (Fig. 1.1).

This dissertation follows the style Gleothermics
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Fig. 1.1. The key factors in geomechanical engineering design

Generally, the strain-stress behavior of rocks xpeeimental tests shows
hardening and post-peak softening or directly readhe softening regime, depending
on the rock type and conditions such as pore presstress conditions, and temperature
(Jaeger et al.,, 2007). The continuum damage mechapproach can capture the
hardening and softening behavior of the rock (Yuamd Harrison, 2006), and
permeability variation caused by the stress chaage rock failure is critical in the
analysis of wellbore stability and well stimulatiolmduced microseismic events are
among the promising approaches to estimate pertitgalwhanges and stress
distributions since they measure the earthquakeggn&here geological formations
have become imbalanced by fluid injection. The abtaristics of microseismic events
such as their locations, spatial patterns of distion, and temporal relations between
the occurrence of seismicity and reservoir acteitare often studied for enhanced
geothermal systems (EGS). Microseismic event deteeind interpretation is used for

estimating the stimulated volume and fracture ghowesulting reservoir permeability,



and geometry of the geological structures and theitu stress state (Pine, 1984).
Numerical modeling of the coupled processes in @k help improve understanding of

MEQ and will improve reservoir development actiedti

1.1 Motivation and objectives of the study

The theory of thermo-poroelasticity can explain doeipling of fluid flow and
temperature effects in rock deformation. It progi@derobust framework for studying the
rock deformation and stress redistributions afteskrfailure. However, it could be
improved by developing three-dimensional injectextvaction geomechancis models
that not only consider induced rock failure ancctiiae propagation but also take into
account rock damage and permeability variationsiti@oum damage mechanics with
fully coupled thermo-poroelasticity using finiteeglent methods can be used for this
purpose. The objectives of the research were:

» To develop a fully coupled thermo-chemo-poroelasti three-dimensional
finite element model that considers rock damage atibss-dependent
permeability for simulating the influence of fluitbw and temperature with
various injection schedules under anisotropic idfstress conditions

* To investigate the influence of solute transponvallbore stability with damage
evolution in low permeability shale drilling

» To observe the injection-induced stress variatipesmeability change and rock

failure



* To simulate and study the three-dimensional propagation of damage/fracture and
microseismic events under different stress regimes and to investigate the key
factors for temporal and spatial distributions in induced microseismic events

This has been achieved by studying the theory of thermo-psticély and chemo-
thermo-poroelasticity and describing the nonlinear behavior of rock using damage

mechanics and permeability change caused by fluid injection.

1.2 Fluid flow, temperature, and solute transport in porous rock

Coupled hydromechanical process analysis was initially motivated by soil
consolidation problems. Terzaghi (1923) presented the one-dimensional consolidation
theory that takes into account pore pressure and the soil deformation. Biot (1941)
developed a model for linear poroelasticity that considered the stress change under fluid
loading and pore pressure variations under applied stress. This theory has been extended
to include the influence of temperature, fluid flow, and rock deformation and is called
thermo-poroelasticity (McTigue, 1986; Kurashige, 1989; Wang and Papamichos, 1994).
Heidug and Wong (1996) proposed the constitutive equations for swelling shale based
on nonequilibrium thermodyanamics. Ghassemi and Diek (2003) considered combined
effects of chemical potential and thermal osmosis on water flow in and out of the mud
and shale formation. They indicated that in addition to thermal osmosis, chemical
osmosis also can be several times higher than hydraulic pressure in certain conditions.

Also, a linear chemo-thermo-poroelasticity was developed to remedy the cumbersome



solution of the original chemo-thermo-poroelasyiéadr practical applications. Details of

these mathematical formulations will be illustrated®ection 2.

1.2.1 Biot poroelasticity

Biot (1941) developed the coupled fluid and solamsolidation problem in
porous media. He assumed that the material is henemyis and fully saturated, and
fluid flow follows Darcy’s law in porous media. Thgoblem domain that illustrated the
influence of loading in excess pore pressure vanat shown in Fig. 1.2. Consider a
fully saturated poroelastic layer froz= 0 toz = h, and normal tractioP applied at the
top surface. Initially the layer deforms as elastiand an excess pore pressure induces
the change of displacement as results of the Slamgiffect. The fluid flow dries out

gradually with time, and the layer continuouslyatefs vertically.

Loading

vy bbb

z=h

o

7z=0

Impermeable

Fig. 1.2. Sketch of the Biot consolidation problem.



Assuming the fluid drains on the surface and thstesy is impermeable at the

bottom, the governing equations for the transidr@@mena of consolidation as follow,

19°w ow _
—_—— 0 —=
a azz az ................................................................................

17 TG T QgL (1.2)

wherea=w_yv) is the compressibilityg is the Biot’'s constank is the coefficient

of permeability of the soil including the viscosigndQ is the volume of water which
can be forced into the soil under pressure whigevttiume of the soil is kept constant.
Initial and boundary conditions for the consolidatproblem can be described as

no fluid flow at the bottom and zero pore presdqigeause of drainage on the surface.

_ Po _
4 [ 1 J TOr 0 e (1.3)
—+a
aaQ
@ = =
02& O) =0 e, (1.4)
P(ZZ=NE) S0 s (1.5)

The interesting solution for the consolidation problem is theange of

displacement after loading (Biot, 1941).




The analytical solution in Fig. 1.3 shows the daggiment change on the top
surface under loading with respect to time, andctireesponding pore pressure changes
illustrate how (Fig. 1.4) the saturated water diffa through the porous soil and out of its
top surface as time increases. Note that maximume gwessure in the middle
(consolidation effect) can disappear in a very stiore when the permeability (as is the
case here) is relatively high (100 md). The conlsdion effects will be discussed in
more detail in Section 3, in the context of poressure distribution around a wellbore in

ultralow-permeability rock.

08 -

Ws

0.4
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0.2

L L L 1 L L 1
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Fig. 1.3. Surface displacement with time.
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Fig. 1.4. Pore pressure change for various depths, as adarafttime.

The theory of Biot consolidation represents fullyupled interaction of fluid
flow and solids. It provides general schemes ofititeraction between fluid flow and

mechanical loading. Similar phenomena are obsexveahd a wellbore.

1.2.2 Theconcept of thermal stress

The change of temperature induces stress and cespént in a rock skeleton.
The theory of thermoelasticity is analogous tottieory of poroelasticity, but instead of
pore pressure, it includes the role of temperatim@nge. Palciauskas and Domenico
(1982) and McTigue (1986) studied the effects afgerature change on pore pressure
and stress in rock. Considering linear elastidiéynperature decrease or rise causes a

change of strain in the rock given by:



wheref is the volumetric thermal expansion coefficient ¢@anstantt and p) that
indicates the change of strain by the differencéenfperature in a rock. An increase in
temperature will cause bulk volume increase, wieeaecrease of temperature will
cause bulk volume decrease. Since the injectioemmtgeothermal conditions is cold
and reservoir temperature is hot, injection leadtehsile stress of rock in the injection
well. For typical values such &-10 GPa ang@=10"/K°, a temperature change of 10 K°
induces a thermal stress around 30 MPa.

The conductivity and thermal expansion coefficiedisnot vary widely because
most rock-forming minerals have similar thermal @xgion coefficients. The thermal
conductivity of rock is in the range of 1 to 10 WKm(Jaeger, Cook, and Zimmerman,
2007). An interesting phenomenon regarding thenthkeffects in the rock is that the
range of the thermal expansion coefficient doesvaoy significantly with rock type
(Grimvall, 1986), in contrast to other rock propestsuch as porosity and permeability
that may vary by many orders of magnitude. McTidd686) determined that the
thermal expansion coefficient of a fluid-saturatedk is equal to that of the rock

skeleton in drained conditions, whereas in undchgenditions, it is:

where gand B are the porosity and the Skempton coefficiente Shbscripts andf
indicate the rock skeleton and fluid phase, respaygt
According to linear thermo-elasticity, the stragithe sum of stress-induced

strain and thermally induced strain:
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1 v

£ =zr—mtrace(r)l =BT =To)l e, qL

wheret is the relationship of stress and strain in lireasticity, that is

T=AWACHT)l +2GE . oot (1.10)

The governing equation for thermoelasticity isastéd by combining Eq. 1.9

with the stress equilibrium equation;, j =0 and the strain-displacement equations.
GO%U+(A+G)O(OM)+3BKOT =0 oo, (1.11)

Fourier's law,qr = -kTOT and the energy balance equation for conductive hea

transfer equation can be written as

oT _ k' 2
T T e e (1.12)
ot pc,

The solutions of temperature distribution and dispment can be solved from Eq. 1.11
and Eq. 1.12. Thermo-elasticity has been extenaléldermo-poroelasticity, which takes

into account the influence of fluid flow and heaarisfer. The theory of thermo-

poroleasticity will be described in Section 2.
1.2.3 Theinfluence of chemical potential

The effect of chemical potential on water and solimansport is of interest in
ultralow-permeability rock such as shale reservolilse general concept of chemical
interaction in drilling fluid/shale has been stutliy experiments (Chenevert, 1970;
Hale et al., 1992; Mody and Hale, 1993). They shibtat the in and out movement of

water and solution between the drilling mud and shale reservoir alters the pore
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pressure distribution, which in turns impacts tffeative stresses. The fundamentals of
fluid movement in shale can be explained by thdeddthce of chemical potential

between the water and shale as shown in Fig. 1.5.

Shale Mud
water [movement

a\\: shale a\\: mud

Cshnle Cm ud

Fig. 1.5. Conceptual scheme of osmosis flow by chemical piatlen

A model for chemo-poroelasticity that considers thsmosis, swelling, and
solute transport between the drilling mud and ghuid in the rock based on the Gibbs-
Duhem equation in thermodynamics was presentedeigug and Wong (1996). In this
section, we only briefly introduce the general d¢tngve equations and transport
equations for chemo-poroelasticity. Details willfresented in Section 3.

Total stress and pore volume fraction has beeodoted by Heidug and Wong

(1996); that is (tension positive),

Ojj = Lijk € — ajj D+%wﬂﬂﬁ5uj ........................................................ (1.13)

V=ag +QD+%Bﬁ/ilﬂ ....................................................................... (1.14)
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whereV is the pore volume fraction, arxdﬁ is the chemical potential Qﬁth chemical
component. The elastic stiffness coefficients hesténsor in the case of isotropy, as

2G
Lijii :G(5ik5j| + 4 ij)"'(K ‘?de Ol y weveeeeeeeeeee e, (1.15)

whereK andG denote the bulk and shear modulus, respectively.
The presence of hydraulic pressure and chemicangat cause the change of

pore pressure and solute concentration with tirned Flux in shale can be written as

where S and D denote the solid and fluid, and the phenomenotbgioefficients are

defined by:

~ 2

wherek andp are the permeability and viscosity, respectivélyis the solute reflection

coefficient which may range from 0O to 1.

1.3 Defor mation and failur e of rock

A number of cases in geothermal and petroleum vesesperation involve rock
deformation and failure caused by fluid flow chan8everal different failure criteria are
used for its applications (Jaeger, Cook, and Zinmmagx, 2007). In this section, we
briefly review the strain-stress behavior of rocider stress change, the Coulomb failure

criterion, and the effect of pore pressure on ifadkre.
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1.3.1 Strain-stresscurve

The most common tool for studying mechanical beiraof rocks is the uniaxial
and triaxial test. It provides the rock propertgsch as modulus, rock strength, and
hysteretic behavior during loading and unloadimgadidition, it can estimate the brittle
or ductile behavior of rock in a certain conditiook reservoir far-field stress and
temperature. The general strain-stress curve fok nonder compressive stress is
illustrated in Fig. 1.6. In region A-B, the strastress behavior is almost elastic and
hysteresis may be observed. The stress continugsetan region B-C but nonlinear
behavior, which is called the ductile state, begihpoint B, which is the yield stress of
the rock. The third region, C-D beginning with timaximum stress at point C leads to
large permanent strain change caused by comprestsass, where deterioration of the

rock causes a brittle state.

Stress,

D g

Strain, €

Fig. 1.6. General strain-stress curve for rock under compess
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1.3.2 Coulomb failurecriterion

The mostly widely used model for the predictionro€k failure is the Mohr-
Coulomb failure criterion. Coulomb (1773) developgbd model through experimental
investigation, assuming the shear stress alongheo plane causes failure. This

consideration can be mathematically expressed as

where|r] is shear stress$; is finite shear stress, ands ando are the coefficients of

internal friction and normal stress. Eq. 1.17 canrbearranged to the maximum and

minimum principal stress as
1 _ 1 .
(01-05)=Sp00sp + 2 (01-03)SING (1.18)

where @ is the angle of internal friction and, and g, are the minimum and maximum

principal stress.
Understanding tensile failure requires the tenstom-off, To, which can be
measured from a tensile experiment since withaenaion cut-off, the Coulomb failure

criterion often overestimates the stress statéh®failure criterion.
1.3.3 Effectsof porepressurein rock failure

Fluid injection causes rock failure because of thalraulic pressure and

chemical interactions between the rock and thel fllihe mechanical impact with pore
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pressure has been developed by Terzaghi (193§)répmsed that the failure of soil can

be controlled by the effective principal stress that is,
o7 TR 1.18)

wherep is the pore pressure.

Fig. 17 and Fig. 1.8 illustrate the stress statghiear and caused tensile failure by
pore fluid pressure. This fluid-induced failurefisquently observed around a borehole
during the injection or production operation in temmal and petroleum reservoirs

since they experience significant change of poesgure around a wellbore.

Shear Failure

Effective
Cohesive
stren}
To'i /
G3-p O3 G1-p &

Fig. 1.7. Stress state that satisfies the shear failure curve
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Tensile Failure

Cohesive

oy Ty Y
Sucenyt

/

Effective
\ /—\

G1-p O3 O

Fig. 1.8. Stress state that satisfies the tensile failureecur

1.4 Fundamental of continuum damage mechanics

The nonlinear behavior of the rock is of much iestrin well stimulation and
hydraulic fracturing design in petroleum and enleahgeothermal reservoirs. Stress
behavior in triaxial tests shows the hardening anftening process as the vertical
compressive stress increases. This nonlinear bathean also be observed frequently in
oil and gas exploration in, for example, sandingbpgms in unconsolidated reservoirs,
reservoir compaction during injection and produtti@and wellbore stability. More
importantly, the process of hydraulic fracturingedily contributes to the nonlinearity of
the rock by imposing fluid loading. Traditional petasticity cannot capture the
hardening and softening behavior after the rocls faio that it is necessary to consider
the nonlinear behavior of rock under the effect$lwtl flow, temperature change, and

solute transport. In this section, we briefly reviehe continuum damage mechanics
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which illustrate microcracks, microcavities, nutiea, and coalescence. The continuum
damage theory phenomenologically accounts for riiteali evolution of defects such as
nucleation of a certain amount of cracks and voavth during the deformation.

Various damage models have been proposed brittledaatile materials. These
include creep damage, cycle fatigue, and brittimalge (Kachanov, 1986; Lemaitre and
Chaboche, 1990; Voyiadjis and Kattan, 1999). Kaokafl958) first proposed a
continuum damage model by introducing effectiveesdrin a fictitious, undamaged
configuration. Later researchers extended his thiwrductile material (Lemaitre, 1984,
1985; Murakami, 1988) and brittle material (Krajitc and Foneska, 1981;
Krajcinovic, 1983, 1996). Ductile materials showteong plastic deformation, which is
the main contributor to the damage evolution anenge process, so many models for
ductile material consider the concepts of couplrgfween plasticity and damage
mechanics (Gurson, 1977; Tvergaard, 1982; Rouss&i87; Mahnken, 2002).

The theory of damage in porous rock has been inmgiéed by several
researchers (Hamiel et al., 2004; Selvadurai, 20@4p et al., 2002). Bart et al. (2000)
developed an anisotropic damage model in poroelbsttle rock and Selvadurai (2004)
presented the application of an isotropic damagédeino a poroelastic contact problem.
Tang et al. (2002) illustrated brittle rock failusemder compressive and tensile stress
with triaxial tests. They described the sudden dimghe residual stress regime by
assuming that strain-stress behavior follows tlastelity theory before the rock failure

and the damage theory after the rock failure witlamunsidering the hardening process;
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instead, rock heterogeneity leads to distributexdk failure (different peak stress in each
element), which defines the hardening processarstiess and strain behavior.

Chow and Wang (1987) and Zhao and Roegiers (1998)esl the influence of
rock damage on the change in Poisson’s ratio. Measnt of the change of
compressibility in uniaxial tests of Berea sandstand Cordoba cream limestone (Zhao
and Roegiers, 1993) showed that Poisson’s raticedsiced as the damage variable
increases during the rock fracturing progress.

To understand the damage variable, we briefly thioce the physical meaning of
damage variabld and its relations of stress change. We assumehbatross-sectional
area of the cylindrical bar in the loading conditig A and the area of both cracks and
voids (damage in the bar)AS. The removal of defects can be considered aditidis,
undamaged configuration as shown in Fig. 1.9 toass#inuum damage mechanics to

remove both cracks and voids from the cylindrical. b

T %T

-

| Remove both
o .

— voids and cracks
/SN —————

_
- d

o

le2 \° / A G A4

~

g

Damaged Eftective Undamaged
Configuration Configuration

Fig. 1.9. Under uniaxial tension, both voids and cracks amaved in the effective
undamaged configuration (Voyiadjis and Kattan, 999
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The effective configurations of the cross-secticaargla and the stress are denoted

by Aand @, respectively. The effective undamaged configoratof stress can be

written as

where A is the effective configuration of the cross-sectiomrea, andA® is the
damaged area. We can formulate the effective cordigon of the stress-strain

relationship d as

where Eijk| is the elastic moduli tensor for effective configilon of undamaged area

and Eije is the similar effective strain.

The two theories in the transformation from themnmal to the effective
configuration are the strain equivalence hypothasid the strain energy equivalence
hypothesis. Assuming that the strain in normal igurhtion is the same as in the

effective configuration in strain equivalence hypesgis as

we can derive the expression for the relationsHipghe effective stress and strain

configuration with the damage variable as follows:
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g
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From the hypothesis of strain equivaleneg € &j ), the relationship of damaged
modulus with initial modulus can be written as:

e s ) L= (1)24

The other theory for the transformation relatioatween the damaged and
fictitious undamaged state was proposed by Siddd#81). The theory assumed that
the elastic energy in terms of effective configimatand nominal stress are equal,

therefore, the elastic strain energies for damagk tmdamaged configuration are the

same:
1 1_ _
SOl TS0 €l e (1.25)
2 2

The relation of effective and nominal strain cas derived with Eq. 1.24 by

substituting Eq. 1.18 such that

Therefore, by rearranging of Egq. 1.26 and Eqg. 1@ can obtain the

relationship between the initial and damaged majulu

E = Lo 0)2E oo, (1.27)
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1.5 Stress-dependent per meability

One of the interesting physical properties in ekrs permeability. It varies by
many orders of magnitude among the various roclesy@nd it influences the fluid
transmissibility in porous rock, which in turns iegis the effective rock stress.
Permeability appears to have a relationship witmogity, but that is still highly
uncertain because of their complexity in rocks élmgtsen and Manning, 2010).

The permeability variations induced by altere@strand rock failure have been
studied by many researchers (Shipping et al., 189%hma et al., 1996; Coste et al.,
2001; Zoback and Byerlee, 1975). Zoback and Byefl®55) illustrated the relation
between permeability change and the evolution otroeracks and voids. Their
experimental tests on granite show permeabilityeases of up to a factor of four during
rock deformation. Other studies present differerdgnitudes for the increase in
permeability depending on rock type and conditifide Paola et al., 2009; Wang and
Park, 2002). Stress-dependent permeability has tdeesloped by Elsworth (1989) and
Bai and Elsworth (1994, 1999) for fractured medma &8ai and Elsworth (1994) for
intact rock. They considered equivalent fracturevoeks and showed the sensitivity of
permeability to effective stress with coupled pdastcity.

The empirical models for the correlations relating permeability increase to the
porosity change have been proposed by several mutbabrid, 1975; Lund and Fogler,
1976; Lambert, 1981). The Labrid permeability moodased on porosity change can be

supposed as:
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where kg and ¢gpare the initial permeability and porosity, respesty.

Labrid’s permeability model based on porosity waseded by Thomas et al.

(2003), who proposed that porosity has correlatiitis strain:

- In{((ll__z))} S B e (1.29)

where &, is the volumetric strain.

The other interesting permeability model consigrihe shear dilation was

developed from Bai and Elsworth (1994):

1/3
K _ |y 1] 8a-v®?(mao 2
Ko 5 5 E ettt (1.30)

where the alternate negative and positive sign @eicompression and dilatational
loading.

Tang et al. (2002) developed a stress-dependenteadility model based on
effective stress that accounts for the permeabilityease under shear and tensile failure.
There model emerged from experimental observatiotmiaxial tests with fluid in and
out through the core sample.

For undamaged rock:

R A e VY (o < )| (1.31)

For damaged rock:
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k= &4 Ko X~ Ba (G5 13=AD)] covvvvovooeeeeoeoeoeoeeeeeeeeeeeeeeeeeeeeeeee (1.32)

where &4 is the increasing factor after the rock failure ahid represents the sensitivity
of permeability in exponential decay by compression

Permeability anisotropy is a key factor in theergsir fluid path that can be
caused by in-situ stress anisotropy. Experimentaldiss have shown that the
permeability behaves isotropically under isotropi@ding, whereas anisotropy becomes
larger with anisotropic loading in core analysisuio et al., 1991; Rhett et al., 1992;
Ruistuen et al., 1996). From the experimental tesof permeability behavior under
stress variations, we can infer that reservoir gaioility is dependent on the deviatoric
far-field stress. Khan and Teufel (2000) illustchtbe change of permeability anisotropy
with respect to pore pressure variations and fdfstresses. They concluded that the
maximum permeability direction is parallel to theximum principal stress, and the

permeability anisotropy increases as the deviagir&ss increases.
1.6 Injection-induced microseismicity

In geological formations, earthquakes are occadiyprtaused by redistribution
of the in-situ earth stresses in the rock mass. ilitegest in monitoring microseismic
events during injection and production has incréaseer the past several years since it
can be used as a tool to predict the natural fractlistribution and reservoir rock
properties such as permeability and rock stren@tice injection and production begin

in geothermal or oil and gas exploration, the gmessures increase in the injection well
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and decrease in the production well. This changpooé pressure triggers earthquake

activity by both shear and tensile failure as shawig. 1.10.

Time (h)

Fig. 1.10. Microseismic events induced during the injectiopemxments of the Soultz-
Sous-Forets reservoir.

Efforts to estimate reservoir properties duringdlinjection and extraction have
progressed by several researchers (Talwani anceAtB85; Shapiro et al., 1997; 1999;

2002; Adushkin et al., 2000; Fehler et al., 20(M)croseismic event detection and
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interpretation are used for estimating the stinedatolume; resulting fracture growth,
reservoir permeability, and geometry of the geaabstructures; and the in-situ stress
state (Pine, 1984). The process commonly is refetoeas seismicity-based reservoir
characterization. Progress has been made in qai@rgitand qualitative analysis of
reservoir stimulation using microseismic eventsaf@to et al., 1997, 1999, 2002,
Rothert and Shapiro, 2003). They demonstrated nioatesimulations based on a fluid
diffusion model with a permeability tensor, assugnmicroseismic events are triggered
if the pore pressure exceeds certain thresholdesaltdowever, rock failure and
permeability change were not considered. Also,itun-stress and thermal effects on
fluid-rock interaction have not been considerenésally, the induced seismicity occurs
more frequently by fluid injection if the cracksataral fractures, and faults exist and are
subjected to excess shear. Bruel (2002) and Baisah (2003) considered shear failure
by fluid injection in naturally fractured reserveirand Safari and Ghassemi (2011)
showed thermo-poroelastic analysis of microseiggievhich considered the fluid flow
and fracture deformation by injection/extraction geothermal reservoirs. Hydraulic
fracturing also induces microseismicity. Fracturisgaccompanied by tensile failure,
which contrasts with shear induced failure (althosgear failure can also be present in
the vicinity of the hydraulic fracturing). It cresst high energy for monitoring tensile

failure so that it can be a tool for predicting theended fractured volume.



26

1.7 Heterogeneous model

Rocks are heterogeneous, with natural weaknessdsas pre-existing cracks,
voids, and grain boundaries. The variations of pgaessure and temperature during
fluid injection can induce fractures at these disfe@sulting in rock failure and fracture
propagation. Muller et al. (2009) conducted stotibdsorehole stability analysis using
probability distribution functions for rock and ezgoir properties such as bulk and shear
modulus, far-field stress, initial pore pressured dension cutoff. They assumed the
stochastic parameters follow lognormal and nornistridutions which are widely used
in heterogeneous reservoir simulations. The otheogbility function in geomechanics
simulation is the Weibull distribution function (\ell, 1951; Fang and Harrison, 2002;

Tang et al., 2002; Gharahbagh and Fakhimi, 2010; éflial., 2011), defined as

e
% 5 P — (4.10)

where s in the variablessy represents the corresponding mean value. Theeshap
parameten determines the deviation from the mean value. réinge ofn is from 1 to
infinity. If n increases, statistical deviations become narrow #me rock is
homogeneous. Most rock properties, such as moduidsporosity, are heterogeneous
because of the rock’s components and origin, amdenigal modeling needs to depict
this initial heterogeneity. The Weibull distributidunction can be used to generate an
initial property distribution for numerical modefjn Also, the deviations of rock

properties from the mean values are important. & feesviations can be assumed as
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flaws in unit volume; therefore, homogeneous roak be modeled with high value of

and heterogeneity (flaws in unit volume) increase decreases.

1.7.1 Stochastic mode

To approach realistic reservoir properties andditams, many stochastic
approaches have been developed to accommodate aamdallhrge-scale heterogeneities
in reservoir simulations (Knutson, 1976; Smith &hdrgan, 1986; Liu, 2006). The two
main streams in stochastical approaches are theethsand continuum models.

The discrete model considers discrete geologeatiufes such as naturally pre-
existing fracture and faults in spatial distribuiso Ezzedine (2010) presented stochastic
discrete fracture network numerical model using Mo@arlo realizations and Cacas
et al. (1990) proposed stochastic particle trapgesoof flow patterns in fractured rock
incorporating intersections with the network pipesdel. Liu (2006) developed
multiple-point simulations based on the Bayesiadatipg correction, and demonstrated
the influence of geostatistical model parametauslver of replicates, and grid-scale.

The other stochastic approach is the continuumemnddhis model describes the
mean level, deviations from the mean values, and $twongly typical properties are
related with other neighboring points. Some keycemts are random distribution
functions such as Gaussian, Weibull, and log-nordisiribution functions, and the
model has been applied to the rock mechanics asedv@r simulations (Muller et al.,

2009; Tang et al., 2002; Voss, 1985; Hewett, 1986).
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The discrete models are better suited for modelange-scale heterogeneous
reservoirs to describe the discontinuities of rokss. The continuous models are well-
suited for geomechanical modeling of rock propsrtiassuming typical probability
distributions with stationary change. The appro@mhdescribing the heterogeneity in
this work is the continuum model which considers tieviation from the mean values

based on Weibull distribution function.

1.7.2 Mesh size sensitivity for heter ogeneous models

It is critical to consider the influence of mesfale to model spatial distribution
of geological media. Especially to describe theainuity of reservoir rocks, the mesh
generation and size selection become more impompeaniblems. Liu (2006) tested
geostatistical modeling with different scales aodnid good agreement between a finer-
scale mesh and a training model that assumed detimtspatial distribution for
channels in sinuous sand and shale. Similarlycifack propagation modeling, mesh size
is crucial to differentiate stress distribution idigr loading. Liang (2005) presented a
strain-stress curve with different mesh sizes igmeng the heterogeneity of rock
distributions. Fig. 1.11 shows the influence of mege for the numerical modeling of
fracture propagation in heterogeneous media. Ttessstfield in the coarse mesh can
smear out the stress concentration near the crackso it causes difficulty for
geomechanical simulations. The finer mesh is sl@tédy describing the realistic spatial

distribution; however, it requires extensive congpioinal memory and CPU costs.
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Fig. 1.11. The influence of mesh size on crack propagatiometerogeneous media
(Liang, 2005).

A selection of optimum mesh size for geomecharsgallation is dependent on
the local distribution of the reservoir propertaasl fluid injection conditions. Especially
for the wellbore stability problem, the mud pressig maintained in between the initial
pore pressure and the fracture gradient to avoltogapse and severe distortion. The
mesh for numerical modeling for wellbore stabilityst be finer near the wellbore to
capture the variations of stress, pore pressurkieanperature; however, the changes of
pore pressure and temperature are small in thes iandrom the wellbore (~5m), so the
large element size is suitable. The design of m&gh should be based on how
significant the spatial variations of variables.akéso, loading conditions such as fluid
injection and the difference of temperature betwteninjection fluid and reservoir are
key factors in constructing the mesh size; toodargesh sizes and too high heat transfer

rates can cause numerical oscillation for tempegalistribution.
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1.8 Summary of dissertation

This dissertation consists of eight sections. iBect introduces the objective of
this research with review of previous developmehtthe influence of fluid flow,
temperature, and solute transport. In addition,tinaom damage mechanics, stress-
dependent permeability, and injection-induced ngeremicity are reviewed.

Section 2 describes the theory of poroelasticihgermo-poroelasticity, and
chemo-poroelasticity. It consists of the consttaitrelations, transport of fluid flow,
temperature, and solute transport. The Navier-ggerning equations are derived with
constitutive and transport equations.

Section 3 contains the procedure for numerical lemgntation of coupled
problems using finite element methods, and preddetyerifications and examples for
the influence of fluid flow, temperature, and selttansport.

Section 4 shows the application of damage mechamd the stress-dependent
permeability model using finite element methodsméucal modeling for the triaxial
test has been performed to obtain the parametersofdinear behavior of the rock and
permeability models which are compared with expental triaxial tests.

Section 5 presents wellbore stability in shaleemesir drilling with chemo-
thermo-poro-mechanics using finite element meth@mnage mechanics and stress-
dependent permeability model are introduced. THiiegnce of solute transport and
thermal stress on rock damage is discussed.

Section 6 describes the two-dimensional finitemalet analysis for well

stimulation with thermo-poro-mechanics. Heterogeiseonodulus and permeability
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distributions are considered to simulate rock failand microseismic event propagation.
Two types of injection methods are presented is #a&ction: injection geometry for
well-scale simulation and the point-source mettmddservoir-scale simulation.

Section 7 is the three-dimensional extension mifdielement methods in well-
scale simulation. It has been performed under nbrstake-slip, and thrust stress
regimes so that the shape of damage propagatiamgdiluid injection is affected by far-
field stress. The heterogeneous modulus and peilityedimve been considered to
simulate injection-induced microseismic event aiggdtion.

Section 8 describes three-dimensional finite el@m@odeling for reservoir-scale
simulation with point source injection. The resulis the influence of stress regime in
microseismic events propagation are presented. Tdmiical factors for injection-
induced microseismicity clouds pattern is presented

Finally, in Section 9, the dissertation will benctuded and future work will be

outlined.
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2. THE THEORY OF POROELASTICITY AND ITSEXTENSIONS

The influence of fluid flow in a porous rock wastially recognized in the soil
consolidation problem. The one-dimensional consdiih problem, which takes into
account the pore pressure in soil, was developebelgaghi (1923), who demonstrated
that the total stress concept consists of effecdivess and pore pressure. Biot (1941)
developed a coupled fluid/solid interaction modahatt assumed that the soil is
homogeneous and water is incompressible, and usedy® law for fluid flow. The
linear poroelasticity was extended to combinedrtiarand hydraulic stress (McTigue,
1986; Kurashige, 1989). Also the relation of cheahigotential and rock deformation
has been developed on the basis of the thermodgnkEwi and the Gibbs-Duhem
equation (Mody and Hale, 1993; Heidug and Wong,61¥%hassemi and Diek, 2003;
Ghassemi et al., 2009; Zhou and Ghassemi, 200®).sidn convention in this section

follows positivetension.

2.1 Poroelasticity

The linear poroelasticity introduces the couplatenaction between the rock
deformation and pore pressure variations. The ahasfgpore pressure causes rock

deformation and also rock could be deformed bydfflow.



33

2.1.1 Constitutive equations

The relation between the solig ) and fluid(¢{) , the stress and pore pressure can

be described as:

Oij 1 1 1 g ,
i == — ——— | ;i +—— =123 j=123
Eij G (6G ng ij Okk 3’ i p (' 1, 1=1 ) .................. (2.1)
~ 9k . P
4 QU TR (2.2)

where theK and G are the bulk and shear modulus of the drainedielaslid. The
constantdH’, H" and R' denote the coupling between the solid and fluigsstrand
strain.

The change of strain by pore pressure is equaktdluid contents change caused

by the increase of volumetric stress:

a€ij _ aZ

The poroelastic coupling parameters can be defase(Rice and Cleary, 1976;

Detournay and Cheng, 1993)

2G[A+Vv)(vy —V)

R =
az(l_ 2V)2(1+VV) ...................................................................... (2.4)
L 2G(@A+V)
H =H —m .......................................................................... (2.5)

Substituting Eg. 2.4 and Eq. 2.5 into Egs. 2.122d

_Yi _ % a@@l-2v)

&i = i Oyt ——2 3
i =6 26w kk 2G1+) i P (.6
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_al-2y a?(1- )% 1+v,)
=26 T Iy Sy) P (2.7)

After rearranging Eq. 2.6 and Eq. 2.7 to include $tress7jj and pore pressure

P, we obtain:
_ 2Gv
Jj —ZGQJ +E5lje—a ij P

__2GB(L+v,) . 2GB%(1- v)(1+v,)?
STy ey, —v)a-2v,) e, (2.9)

whereB is the Skempton pore pressure coefficient is eefiny:

_ 3(vy —V)
T 20-2v,)(A+vy)

2.1.2 Field equations

To solve the solutions for the stress and poresure, the balance equation for

stress and fluid flow with Darcy’s law are also esgary.

The equilibrium equations:
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The governing equation for solids is obtained fiegs. 2.8 and 2.10 as

GDZUi + Uk ki —a P, =0

m 0T

After substituting Eq. 2.7 into Eq. 2.11 with Dasyaw (Eq. 2.11), the governing

equation for fluid can be derived:

2kB?G (1- V)(L+V,)?

whereCf = ou(L-vy)(vg ~V) is the fluid diffusion coefficient. Substitutingng2.7
into Eq. 2.9:

R Y IR TV o2 T (2.15)
where M = 26(%, ~V) is the Biot modulus (similar to a storage coefiit)e

al-2vy)d-2v)
defined as the change of fluid contents per uniume as a result of pore pressure

variation under constant volumetric strain.

2.2 Thermo-poroelasticity

Nonisothermal conditions often arise when geotla¢rmeservoir or steam
assisted gravity drainage (SAGD) is used to enhaitcecovery. The difference of heat
expansion coefficients between the rock and flladise rock deformation and pore
pressure. The governing equations for thermo-pasbeity were developed by

McTigue (1986), assuming fully-saturated homogeseoak.
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2.2.1 Constitutive equations

The constitutive equations considering the relatiohthe strain, pore pressure,
and temperature change were developed from thent®dasticity and poroelsticity

(McTigue, 1986):

gjj =2Gg; + 2G uekk O P=KBsGiAT e (2.16)
_ a(1—2v)J +a2(1—2v)2(1+vu) —qo(ﬂ _z )AT
T 2Ga+V) kk 2G L+ v)(V V) p f TPSPl (2.17)

where K is the bulk modulus,8s and Bs are the volumetric thermal expansion

coefficient for fluid and solid, respectively.
2.2.2 Field equations

Similarly from the poroelasticity derivations, ttieermo-poroelastic governing
equation can be derived from the constitutive @aquatand transport equations. We can

obtain the governing equation for the solid from Ed.6 and Eqg. 2.10:

GD2ui+ Ug ki —a P +KpBs g AT =0

m ki TapitRKpso; AL =0 .

The governing equation for the fluid can be dediby putting Eq. 2.17 into Eq.

2.11 with Darcy’s law:

p-kMO2p=-Mae+(ap; +ps)at
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The heat transfer equation is obtained by compithe Fourier’'s law and energy

balance equation:

where Q; is the heat flux ank’ is the thermal conductivityoy, andCp are the total

mass density and specific heat capacity.

Substituting Eq. 2.20 into Eq. 2.21 can obtainhbat transfer equation.

where €T = is the thermal diffusivity.

mCp

2.3 Chemo-poroelasticity

Chemical interaction in shale plays a key role ameppressure distribution and
effective rock stress. Ghassemi and Dike (2003)wslothat the solute transport is
several times higher than hydraulic pressure daiceconditions. In osmotic flow, the
difference of water activity caused by chemicalgmtial influences the solute transport.
Sherwood and Baily (1994) proposed the constitugeiations for the chemically
induced fluid flow, and Heidug and Wong (1996) deped Biot-like constitutive

eguations based on irreversible thermodynamicss§&&dmi and Diek (2003) developed a
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linear version for chemo-elasticity to improve thenlinearity problem between the

stress and solute concentration.

2.3.1 Constitutive equations

The constitutive relation for stress can be desdrivith strain, fluid content, and

solute concentration (Tao, 2000; Ghassemi and 2@63):

1S
_ 2Gv , CL)onuc
Tij =268 + 1 9ii8%k ~ 9 D+T ...................................... (2.23)
M Sap(a-1)| . yap(a-1)C®
{=agy t| —+— p+ S e .
M KCPRTyp; K C% (2.24)

where a' and x are defined by:

0|‘0|
Ol »

M S
' {”‘#] x=1-
0Pt and

C>areCP the mean values of solute and diluent mass coratint, respectivelylp

the average absolute temperatufg, the average fluid densityR the universal gas

constant, ands Sthe molar mass fraction of the solute.
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2.3.2 Transport equations

Assuming that the system is isothermal and binkgtelyte solution. The fluid
and solute flux can be described with the gradiehtpore pressure and solute

concentration:

where O denote the reflection coefficiens, and J° are the flux for fluid flow and

solute, respectively, anB°the solute diffusivity.

The balance equation for fluid flow and solutenfijgort can be written as

2.3.3 Field equations

The constitutive equation for chemo-elasticity .(E@3) with equilibrium

eqguation derives the governing equation:

G2y, +%Uk,ki —ap;itay XaC,iS =0 e,
u



40

The solute diffusion equation can be obtaineddmlmning the solute transport

equation (Eq. 2.26) with mass balance equation 2E28) as:

DS
2

(o 2 e (2.30)

The coupled fluid diffusion equation can be obedifny combining the fluid

content constitutive equation (Eq. 2.24) with conagon equations:

C 2P = D= mC" C oot (2.31)
where
,_cf
Cc =
1—CO
C,,_R-':T’f C_IDCOX a Oclg
MS |C3@1-cy) (1-cg)CCPD®
f S
coke'[1_290-2)] apM
"k [K G@+v) JCPRpy,

i _ 2kG@AL-V)(v, —V)
c =
crz(l—vu)(l—v)2
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3.FINITE ELEMENT METHOD FOR COUPLED PROBLEM AND ITS

VERIFICATIONS

Section 2 described mathematical models for caufiled flow, temperature,
and solute transport in rock deformation. This isectdescribes the finite element
method for coupled problems and its verificatioheTinite element method is one of
the discretizing techniques for solving partiafeliéntial equations. The method has
been developed by many researchers (ZienkiewiczTaytbr, 1991; Strang and Fix,
1973; Cook et al., 2001). Finite element discrétrafor coupled problems for coupled
solid-fluid interaction is described by several haus (Smith and Griffiths, 2004,

Zienkiewicz and Taylor, 1991; Lewis and Schrefl€88).
3.1 Finite element for mulations
3.1.1 Basicsfor discretization

In the finite element method, continuous varialdesh as displacement, pore
pressurep, temperaturel , and solute concentratidd®> can be approximated by ,

p, 'F, and,CS, in terms of their nodal values, interpolating tladal to nodal values

by shape functions. Considering a two-dimensionadglateral element or a three-

dimensional hexahedron element (Fig. 3.1), thepolation functions can be written as:
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p_.lei Pl ettt (B.2

|:

-~

T= ZlNiTi .......................................................................................... (8.3
|:

CZ = 3 NG e (3.4)

where U, P, T andCSare approximated in terms of their nodal valugs;, T,, and
¢S in the systemN; is the interpolation function and is generally redd to as a shape

function where subscripi™denotes the corresponding node.

4-nodes quadrilateral element 8-nodes quadrilateral element
[ ] p
8-nodes hexahedron element 20-nodes hexahedron element
L L

Fig. 3.1. Types of elements used for the finite element nektho
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The shape functions are often taken to be polyalsnthat depend on element
type and the number of nodes in the element. Setygras of shape functions for two-

dimensional and three-dimensional elements are showig. 3.2 and Fig. 3.3.

4-node quadrilateral LD (LD

1
lez(l'fxl—ﬂ)

N ==X+ ) ¢

N= 45X )

N =+ £X-) 1 4
(-1.-1) (1.-1)

8-node quadrilateral

N, =)= -n-1) 7
3 (-1.1) 4 (LD §

N, = (-7

—

3‘4(175)(1“/)(*5“7*1)

N, =—[-&)1+m)

N,==(l+&X1+m)(E+7-1)

(1+&x-7% 1 7
(-1-1) g (1.-1)

N,

N7

Q+&EA-mE-n-1)

N, =-(-&)X-n

N = A= N — &= N —

Fig. 3.2. Shape functions for two-dimensional 4-node and @enguadrilateral element.
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8-node hexahedron

M:%(l—f)(l—ﬂ)(l—g) d
1 6 ;
o 1.1.1
N, = (1-¢)a-ma+¢) (LL1) » | ( ’/77
N}:é(nf)(l—n)(l%) |
5 3
1
N4:§(l+§)(l—7l)(1_§) (-1,-1,1)
N, = é(l—:xnr/)(l—c) _ﬁ

J
Nﬁ:%(lff)(lﬂl)(l%) (11-1)

1
N, ==(1+&A+m(+
: 8( EXL+m(1+8) (-1-1-1) (1,-1.-1)

N, =1+ X1+ m)-0)

Fig. 3.3. Shape function for the case of three-dimensionabd@ hexahedron element.

The choice of shape function and element typeesatepending on the purpose
of the simulations. Especially for solving the mixerms of finite element formulations,
Zienkiewicz and Taylor (1991) presented a “patct’t® test the numerical stability of
several types of element in two-dimensional coupleiblems. They showed that finite
element solutions are stable when the variable igord#tions are 8 nodes for
displacement and 4 nodes for pore pressure in ebhent for a two-dimensional,
quadrilateral element. For corresponding three-dsimal expansion, configurations
for the variables are 20 nodes for displacement &mbdes for pore pressure in a
hexahedron element. From a practical point of vidwe, numerical stability becomes

critical around a wellbore because of significar#dients of pore pressure, temperature,
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and rock deformation by fluid injection. Lewis afdhrefler (1988) also suggested a
degree of freedom in each element two times hiftvedisplacement nodes than pore
pressure and temperature to obtain more accurate &lement results. The limitations
of element types for finite element approximaticare related with ill-posed shape
functions that cause the singularity problem whishdivided by zero in numerical

modeling, and the criterions of the stability isspzed from Babuska (1971, 1973) and

Brezzi (1974).

Since the shape functions are defined in a locatdinate syster,7), it is
necessary to describe the relation between theag(aby) and local coordinaté;‘,q)

system. For example, the coordinate transformatanthe four-node quadrilateral

element can be written as:

X = Npxq + NoXp + Naxg + Nyxg = [Nfx}
y = Nyyy + Npys + Nays + Nays = [N]{y} ............................................. gB.

where[N] denotes the shape function vector as describgeign3.2) andx} and{y} are

the nodal coordinates in the global coordinatéesys

The other necessary coordinate transformationegierivatives from the local to

global coordinate, which can be described by tlarctule of the partial differentiation:

o] [x w]a] (2
0| _| 0§ 0¢& || ox =[4] ox
0 ox oy |l o 0 [ (3.6)
an on 0n || oy Y
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or

EAR
OX | _[+11) 0&
9 N 3.7)
oy on

where [J] is the Jacobian matrix.

To solve a partial differential equation (Egs.®Btb 3.13), it is necessary to
understand the procedure for numerical integraijggs. 3.18 to 3.31) of the weighting
residual by each shape function by integrating dkerequations (Galerkin’s method).
The transformation between the local Jacobian ¢oatel and the global coordinate in

integration should be evaluated as follow:

11

[[dxdy= | [detd|dédr
-1-1

The Gauss-Legendre quadrature for finite elemenarical integration in two

dimensions can be described as:

11
[ [ ndefdldédn= 3 3 ww (&)
-1-1 i=1j=1

nip
= glVV. f(&.m)i

wherenip is the total number of integration points (Gausgint), w and w; are the

J

weighting coefficients, an€¥,»,) are sampling points in element.
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3.1.2 Spatial discretization

For the case of chemo-thermo-poroelasticity, thenlmoing the constitutive

equations and the balance equations with transpguations yield the governing

equations:
(K +%jD(D W)+ GO2u + mla*Dp - XOCS + 0T )=0 . (3.10)
a(Dm)+ B p+X'CS+V2T_%D2p+%LDD2C2 =0 (3.11)
@CS =DS02CS =CSDTO%T =0 oo, (3.12)
LR L H o OO (3.13)

where K and G are bulk and shear modulus, respectivety,Biot's constant, 4
viscosity. a’ X X ., v2,and B are given by:

M S
a'=a——%

ps RTCP

g9, o  al@-IM®
Ks Ki  p;KRCPT

n=Kas

¥ :aﬂs"'(ﬁf _ﬂs)(o
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where M ° is molar mass of the solutey the swelling coefficient,0¢ the fluid mass

density,R the universal gas constamtthe porosity,CSand CP the solute and dilute
concentrations, respectively, agtd and S5 the thermal expansion coefficients of fluid

and solid, respectively.

To discretize the field equations (Egs. 3.10 tb3B. we introduce an 8-node
guadrilateral element and a 20-node hexahedroneslefor computing the displacement,
pore pressure, solute mass concentration, and tampe Substituting the shape
functions for the factors (Egs. 3.1 to 3.4) irfte field equations (Eqgs. 3.10 to 3.13), and
then using Galerkin’s method (Finlayson, 1972, 8ppendix A), the finite element
formulations for displacement, pore pressure, soluhass concentration, and

temperature are obtained as:

Km GHAD=WCHV T =0 oo eeseeeeese e (3.14)

AT G+SP+MCH+NT+HUP+DHCS =0 oo (3.15)

M CS +DpCS +Q T =Y e (3.16)

RTFU T S0 oo eeeees e ess e eeeses e eesnes (3.17)
where

Km = 1B Dy B O e (3.18)

Q

A= B amMNy O e (3.19)
Q



49

W =§JIBT XMNGs Qe (3.20)
% =£J)BT VEMNT AQ e (3.21)
S=§IINEﬁNp Qe (3.22)
M =£J)NEX'NCS Qe (3.23)
NZKJIN¥V2NT OO s (3.24)
M =£I)NES ONGs 00 e, (3.25)
R=£{2N$ N OO et (3.26)
U :gfz{(DNT)T (CT)(DNT)"'(NT)T Vs (DNT)}dQ ................................. (3.27)
Hy = gj)(DN J ki) ENG)IQ (3.28)
Dy :A(DNp)T Lp (DNp)dQ ............................................................ (3.29)
Dp = J(DNCS J DS (DNcs)dQ ....................................................... (3.30)
Qp =£JI(DN JJCSDS([ONT)dQ (3.31)

where the [Du] is the stiffness property for stress-strain reladi and strain

displacement can be described vx{lﬂi (See Appendix A for full explanation of the
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integrals in Egs. 3.18 to 3.31.) For example, | déixisymmetric stress-strain problem,

strain and displacement have a relation (Timoshera Goodier, 1982) as shown by

Eq. 3.32;

Matrix [B] is the expression of the spatial derivative:

[B] =

9 9
or

0 9
— 0z
9 9
0z or
1o
LT

% 0 oN, 0 ON3 0 ONy 0

or or or or

0 N, 0 ONp 0 9N 0 ONg
0z 0z 0z 0z

ON; ON; ON, 0N, ONz 0Nz ONg 0Ny

0z or 0z or 0z or 0z or

Neoog N2 N Ngoog

r

3.1.3 Discretization in time

r

Among the methods to discretize the time steppéotial differential equations

(Zienkiwicz and Taylor, 1989) are linear interpatas and fixed time stef (Smith and

Griffiths, 2004). The finite element formulationgrdved in Section 3.1.2 include the

time-dependent variables for displacement, porssure, solute mass concentration, and

temperature. The governing equations use the sewated for the spatial domain and

the first order for the time domain. These domaires categorized to a parabolic partial
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differential equation. A typical expression of estiorder time-dependent problem in a

finite element formulation can be described by:

L R R B34
Consider two consecutive time steps as follow:
d
[k Hobo + [m]{d—‘t"} R (3.35)
0
d
[K Ko}, + [m]{d—(f} S0 e (3.36)
1

where 0 and 1 indicate the previous and currerg step, respectively. Then, variation
of the variableg over the two time steps can be expressed in teina linear

interpolation between its values at the two tinepst

{oh ~{olo = (1- 0){d—q’}o + H{d—(p}l ................................................... (3.37)

At dt dt

Substituting Eqg. 3.37 into Eq. 3.35 and Eq. 3.36 obtain:

(o =ledo o -0 2} +6[ %] | s

Using Eg. 3.35 and Eq. 3.36 and substituting thetm Eq. 3.35 and Eq. 3.36, we arrive

at the time discretization of finite element method

(m]+antlk o} = (m]-@-o)atl /ol

rant{g), + ([L-G)at{g]y s

If d=1/2, itis called the “Crank-Nicolson” method,
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R Gl O R S (311 ©

and if =1, is it the “fully implicit” method, which ignogeany history since the past is
unknown:

{Im]+ 2t Hoky = [M Kok
The discretization for the finite element methogbahas incremental version that results

from rearranging the governing equations (Eq. 3dl&q. 3.17) for solid, fluid, solute

concentration, and temperature with linear inteapoh for time:

Ko A -W Vv A
AT —(S+@tHy) -(M +aMDy) -N AP
0 0 -(M +6\Dp)  -aMQp) ||ACS
0 0 0 —~(R+aMU) || AT
A (3.41)

_ | AtH Pr-1 + ADKCR

| aDpChy +AQpTh-1
AUT,_y

The difference between these two methods is thatlate discretization obtains
total values for displacement, pore pressure, sghdss concentration, and temperature,
whereas incremental discretization computes tlaivel values. For example, if we have
a constant pore pressure boundary condition atvéibore, the corresponding traction
and the values for pore pressure at the wellbooelldhbe applied in each time step for
the absolute version; but for the incremental werswe apply the traction and pore
pressure values only for the first time step sitivere is no relative change with a

constant boundary condition.
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3.1.4 Boundary conditions

It is important to define the boundary conditiansgeomechanics simulations;
for example, hydraulic injection pressyre injection rateQ, injection temperature ,
mud solute concentratioo® are often used in geothermal and petroleum resestaly.
For the finite element formulation (Eq. 3.41), egplvariables such as displacement
pore pressure, solute concentration, and temperatam define the boundary by the
penalty method. This method operates by multiplythg corresponding prescribed
boundary values on the left-hand side of the matnia its corresponding coefficient on
the right-hand side vector by a large value (Fig).3This in effect fixes the known
value (boundary condition) on the nodes; thattipréscribes the value we desired for

the unknown variables.

The scheme of penalty method for boundary conditions

a, i A
a || 2y 10 x p,,;
a4 : CZS /s

: I

/i

pl :pwell

Fig. 3.4. lllustration of the penalty method in the finittement formulation for the
boundary conditions of displacement, pore pressw@ute concentration, and

temperature.
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The other most-used boundary condition in geomeackasimulations is the
injection rate boundary condition. Consider thatéirelement formulation for the fluid
mass-balance equation (Eq. 3.11). The right-hadd snatrix should be defined by

injection rateQ at the boundary elements as,

) - .k k
a(0w)+Bp+xyCS+y,T —;D2p+;LDDZCZ =3 P (3.42)
where
nip
fq = Z(NiQ)dQ
i=1

wherenip is the number of Gaussian points amdlenotes the shape function.

A typical example of implementation of injectioate boundary conditions for
the finite element method is illustrated in Figs.3The difference between the injection
boundary condition and the pressure boundary condiis that the pore pressure

distribution is computed through the finite elemtmmtthe givenQ.

The scheme of injection rate boundary conditions

( ~
L I I e | A
T R R | I 2 Ny xQyo
S
1€ /s

T Ji

P, = Well Pressure

Fig. 3.5. lllustration of injection rate boundary conditioinsthe finite element method.
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Another important boundary condition in coupledidl flow and solid problems
is mechanical loading. For describing the prescritvaction that results, for example,
from pressurizing the wellbore, tractions must teellne acting wellbore with the far-
field stress of the system. For example, if theegmessure on the wall of the wellbore is
20 MPa and the far-field stress is 10 MPa, theiaggtaction is 20 MPa — 10 MPa = 10
MPa at the wellbore, which takes into account tbkative force between the well
pressure and natural in-situ stress. The mechaloiading term at the boundary for the

solid in finite element formulations as is descdilsy:

KnU+ADP-WCHV T = e e (3.43)
where:
nip
=3 (N; f)dQ

The right-hand side of Eq. 3.43 is the mechanigatI(traction on the boundary). Fig.
3.6 shows the matrix configuration for the mechahioading at the boundary. For the
poroelastic simulation without rock failure, it it necessary to iterate to solve the
variables. However, an iteration scheme shouldnb®duced if we consider the rock

failure and stress-dependent permeability sinceréisalts of stress and permeability
conditions with certain loading are satisfied dgrthe iterations. An illustration of the

iteration procedure for the case of rock failurd aermeability variations is presented in

Section 4.
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The scheme of mechanical loading boundary conditions

......... r1,71 ) N1 Xfwell
......... AR
......... Cs /s

1 Ja

S

u, = displacement at the boundary under loading

Fig. 3.6. lllustration of mechanical loading boundary comtitin the finite element
method.

3.2 Veifications of the finite element method

In this section, finite element results for coupl@wblems are compared with
analytical solutions. The reservoir conditions sashfar-field stress, injection pressure,
temperature, and initial pore pressure are crititgeomechanical simulations; therefore
it is necessary to validate the numerical modelinger various boundary conditions.
We verified two-dimensional and three-dimensionaité element modeling using the
analytical solutions for a wellbore in an porodlgsthermo-poroelastic, and thermo-
chemo-poroelastic formation. For the poroelastisecaode 1, Mode 2, and Mode 3
were considered (Detournay and Cheng (1988). Th#ficadions of thermal and
chemical loading were made possible by using tHetisa by McTigue (1986) and

Ghassemi et al. (2009), respectively.
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For better understanding of the wellbore respotise wellbore loading can be
decomposed into three parts (Carter and Booker2;1B8&tournay and Cheng, 1988).
We used three modes for decomposition of the pastiel problem around a wellbore:
Mode | is an isotropic stress loading of the wealhoMode 1l is the pore pressure
loading or injection into the wellbore; and ModeéiH the loading of the wellbore by a
far-field deviatoric stress (deviatoric far-field)he complete solution is the sum of the
solutions to the three modes. The verificationseymerformed with mesh consisting of
350 elements and 1141 nodes which have 8 quadalatedes for displacements and 4
nodes for pore pressure, temperature, and soluieeotration (Fig. 3.7). The maximum
and minimum far-field stress components were agpte the x- and y-directions,

respectively, and reservoir properties are desdribd able 3.1.

@ 6h.miu

50a

J
bH.m:lx

Fig. 3.7. Mesh used for the verifications, consisting of @&ments and 1141 nodes.
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Table3.1

Rock properties of shale.
Young’'s modulu€ (GPa) 1.85
Drained Possoin’s ratio 0.219
Undrained Possoin’s ratiq, 0.461
Skempton’s coefficienB 0.915
Permeabilityk (md) 1x10*°
Porosity, ¢ 0.299
Fluid mass densityg (kg/m?) 1000
Fluid viscosity,u (Pas) 0.3x10°

3.2.1 Isotropicfar-field stressaround awellbore (Model)

Mode | represents the isotropic far-field stresstrdbution around a wellbore
assuming no initial pore pressure; hence, Modaslulte are the same as those for linear
elasticity. We applied 10 MPa for isotropic farlfiestress and compared finite element
results with the analytical solution with a rad{&sy. 3.8; solid lines represent analytical
solutions and numerical solutions are plotted attedosymbols). The radial and
tangential stresses are equally distributed araumeellbore by the isotropic far-field

stress.
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——A—— radial
——w— tangential

Stress (MPa)
<P

N
wh
IS
)
o
~
@
©
=)

Fig. 3.8. Distributions of radial and tangential stress acba wellbore by isotropic far-
field stress (Mode I). Finite element results asmpared with the analytical solutions.

3.2.2 Theinfluence of fluid flow around awellbore (Mode 1)

Initial reservoir pore pressure is maintained guigbrium before we begin any
exploration such as geothermal heat extraction| wiinulation, and oil and gas
production. Once the change of pore pressure loligion occurs by fluid injection or
production, fluid-induced stress variations shoblkel considered. In this part, both
production and injection-induced stress variatiarespresented.

In one example for stress variation induced bidfjroduction, we set boundary
conditions so that the initial pore pressure wasMiRa and wellbore pressure 0 MPa.
Far-field stresses were assumed to be zero to shelynduced stress variations. The

comparison of finite element results and analytgrdutions for pore pressure and total
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radial and tangential stresses are presented in38gto Fig. 3.11 Note that fluid

extraction causes significant changes of tangestiiakses with time around a wellbore.

Solid Lines: analytical solutions

Pore Pressure (MPa)

Numerical solutions

m '=001@46h)
A 1'=0.1(46.2hn
v 1'=03 (120 hp)

1 1 1
0 3 4 5

rfa

[N)

Fig. 3.9. Pore pressure distribution with respect to timemthe pressure is zero at the
wellbore (Mode lI1). Finite element results are camgal with the analytical solutions.

Solid Lines: analytical solutions

Numerical solutions

i B '=001@46Hh
A 1'=01(46.2 hr)

v =03 (120 hr)

Total Radial Stress (MPa)

o
W=
n
o

rfa

Fig. 3.10. The distribution of total radial stress with resp& time under production
(Mode II). Finite element results are compared \aitllytical solutions.
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Numerical solutions

B 1'=001@46h)
A 1'=0.1(46.2hn
v  1"=03 (120 hr)

Total Tangential Stress (MPa)

1 .
4 5

N
W=

8
Q

Fig. 3.11. Total tangential stress distribution with respezttime under production
(Mode II). Finite element results are compared i analytical solutions.

The other induced stress we are interested ineisrnjection case. The simplest
condition for the injection sets pore pressurehatwall at 10 MPa, with no initial pore
pressure and no far-field stresses. Results forengal and analytical solutions are
plotted in Fig. 3.12 to 3.14 for pore pressure &oidl radial and tangential stress
distributions. In this case, the tangential strésdributions are significantly changed

around a wellbore by fluid injection.
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Solid Lines: analytical solutions

10 Numerical solutions
—_ B '=001(46Hh)
S s A 1=01(462Hn)
s v 1'=03(120hn)
® 5
5 h
73
»
2 4
o i
[ i
o 2
n_ s

of = =

[ 1 1 1
'21 2 3 4 5

rfa

Fig. 3.12. Pore pressure distribution with respect to timemthe pressure is 10 MPa at
the wellbore (Mode ll). Finite element results eoenpared with the analytical solutions.

Solid Lines: analytical solutions

10 i Numerical solutions

n 1*=0.01 (4.6 hr)
L A 1=0.1 (46.2 hr)
o v 1*=0.3 (120 hr)

Total Radial Stress (MPa)
1

rfa

Fig. 3.13. The distribution of total radial stress with respt time when the well is
pressurized to 10 MPa (Mode II). Finite elementitssare compared with the analytical
solutions.
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g’ Solid Lines: analytical solutions,
© . .
[ s Numerical solutions
38 m t=0.01(4.6 hr)
- A t*=0.1 (46.2 hr)

v t=0.3 (120 hr)

1 L L
8 2 3 4 5

Fig. 3.14. Total tangential stress distribution with respectime under pressurization
(Mode II). Finite element results are compared hih analytical solutions.

3.2.3 Theinfluence of deviatoric far-field stress(Modelll)

Deviatoric far-field stress plays an important rolestress distribution around a
wellbore. It impacts tensile stress to the maximiamfield stress direction and
compressive stress to the minimum far-field straéissction around a wellbore. This
localized stresses often leads to shear and tefall@es around a wellbore. The
boundary conditions on the well follow (Carter aBdoker, 1982; Detrournay and

Cheng, 1988):
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where §,denotes the deviatoric components in far-fieldsstrandsg is the horizontal
rotational angle along to the wellbore.

The influence of deviatoric stress is apparent whke deviatoric far-field stress
is 10 MPa in the x-direction and -10 MPa in theinection. To clarify the influence of
deviatoric stress effects, we assumed no initiae gwessure and no isotropic far-field
stress. The distributions for pore pressure withetare presented in Fig. 3.15 and Fig.
3.16. The negative pore pressure distributionsl@salized to the maximum far-field
stress direction and the positive pore pressurgililiions to the minimum far-field
stress direction, since the effects are coupledrar@ wellbore. From the physical point
of view, tensile stress increases the pore voluntereas compressive stress plays to
decrease the pore volume. The finite element ie$oitttotal radial and tangential stress
distributions are compared with analytical solusidor both maximum and minimum
far-field stress directions in Fig. 3.17 to Fig2@. The influence of deviatoric stress on
the fluid variations derived analytically by Detoay and Cheng (1988) are compared

with finite element results in Fig. 3.21.



65

_
©
o
S
e
3
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4
2
‘; 5 i Solid Lines: analytical solutions
g i Numerical solutions
[ | | 1=0.01 (4.6 hn)
or A 1'=01(462hn
v 1*=0.3 (120 hr)
[ ] ] ]
124 2

3 4 5
rfa

Fig. 3.15. Pore pressure distribution with respect to timenglthe maximum far-field
stress direction when the deviatoric far-field MPa) stress is applied (Mode Ill). Finite
element results are compared with analytical smhsti

Solid Lines: analytical solutions

10 R Numerical solutions

[ ] t'=0.01 (4.6 hn)
i A t'=0.1 (46.2 hn
8 v 1*=0.3 (120 hr)

Pore Pressure (MPa)

2 3 4 5
rfa

Fig. 3.16. Pore pressure distribution with respect to timenglthe minimum far-field
stress direction when the deviatoric far-field (@Pa) stress is applied (Mode Il). Finite
element results are compared with analytical smhsti
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Solid Lines: analytical solutions

Numerical solutions

Total Radial Stress (MPa)

B '=00146hn)
A 1=01(46.2hr)
v 1"=03 (120 hr)

—
4 5

wh=

rfa

Fig. 3.17. The distribution of total radial stress along tmaximum far-field stress
direction when the deviatoric far-field (10 MPajests is applied (Mode lllI). Finite
element results are compared with analytical smhsti

Solid Lines: analytical solutions

Numerical solutions
| | t"=0.01 (4.6 hr)
S t"=0.1 (46.2 hr)
v 1*=0.3 (1200 hr)

Total Radial Stress (MPa)

[Ny N
w
n
L8]

Fig. 3.18. The distribution of total radial stress along tmenimum far-field stress
direction when the deviatoric far-field (10 MPajests is applied (Mode lllI). Finite
element results are compared with analytical smhsti
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Solid Lines: analytical solutions

Numerical solutions

, B 1'=001@46hn
30 A 1'=0.1(462hn
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Fig. 3.19. The distribution of total tangential stress alahg maximum far-field stress
direction when the deviatoric far-field (10 MPajyests is applied (Mode lll). Finite
element results are compared with analytical smhsti
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Fig. 3.20. The distribution of total tangential stress aldhg minimum far-field stress
direction when the deviatoric far-field (10 MPajyests is applied (Mode lll). Finite
element results are compared with analytical smhsti
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14 Solid Lines: analytical solutions

Numerical solutions

m '=001@46hn
i A 1'=0.1(462hn
1 F v  1'=03 (120 hp)

rfa

Fig. 3.21. Comparison of the finite element results with gtiedl solutions for the pore
pressure variations with radius.

3.2.4 Combined influence (Model + Modell + Modelll)

We considered the combined influence of isotroprefield stress, deviatoric far-
field stress, and fluid injection and productiomard a wellbore. Boundary conditions

considering all factors are as follows:

O TR = S0COS20 ... (3.47)
019 TSOSIN2G e e (3.48)
S TS OTTT (3.49)

where P, denotes the isotropic far-field stress and injection well pressure.
The given boundary conditions for the verificasoare isotropic far-field stress
20 MPa, deviatoric far-field stress 5 MPa, and dtign well pressure 10 MPa. The

comparisons for pore pressure distributions arégddn Fig. 3.22 (to the maximum far-
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field stress direction), and in Fig. 3.23 (to thmimum far-field stress direction). Total
tangential stress distributions are also compardtleé maximum and minimum far-field

stress direction in Fig. 3.24 and Fig. 3.25.

10 Solid Lines: analytical solutions

Numerical solutions

u t=0.1hr
6 A t=10hr
v t=10.0 hr

Pore Pressure (MPa)

r/a

Fig. 3.22. Pore pressure distributions to the maximum fddfgress direction around a
wellbore for an injection case under anisotroprefi@d pressures. Finite element results
are compared with analytical solutions.

Solid Lines: analytical solutions
10 : Numerical solutions

n t=0.1 hr
A A t=10hr
sk v t=100hr

Pore Pressure (MPa)
T

N
1

rla

Fig. 3.23. Pore pressure distributions to the minimum faldfigress direction around a
wellbore for injection case under anisotropic fatef. Finite element results are
compared with the analytical solutions.
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25

Solid Lines: analytical solutions

Numerical solutions

B t=01hr
A t=10hr
20 v t=100hr

Total Tangential Stress (MPa)

rfa

Fig. 3.24. Total tangential stress distributions to the maximfar-field stress direction
around a wellbore for injection case under anigtréar-field pressure. Finite element
results are compared with the analytical solutions.
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Solid Lines: analytical solutions

50 Numerical solutions
[ ] t=0.1 hr
A t=10hr

v t=10.0hr

P
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Total Tangential Stress (MPa)
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Fig. 3.25. Total tangential stress distributions to the munimfar-field stress direction
around a wellbore for injection under the anisatrdar-field case. Finite element results
are compared with analytical solutions.
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3.2.5 Temperature and solute transport

The analytical solution for the impact of thern@dding has been developed by
McTigue (1986), Kurashige (1989), Li et al. (1998)d Wang and Papamichos (1994).
They found that the difference of thermal expansioafficients between the rock and
fluid flow cause the thermal stress to the rocktum to impact the pore pressure
distributions. Cold water injection to the hot neser causes rock shrinkage, and result
in contributions to the tensile stress around tijection wellbore. The finite element
results are compared with analytical solutionsig B.26 and Fig. 3.27. Initial reservoir
temperature of 115°C and injection pressure of 6&P€ applied in this comparison.
Note that thermally-induced tensile stress leadsniégative pore pressure distribution

around a wellbore as described earlier in 3.2.3.

? 0
o
= . _—
< 05
e
S
7] 1
»
o
% 15 Solid Lines: analytical solutions
S Numerical solutions
o -2
n t*=0.01 (4.6 hr)
28 A t*=0.1 (46.2 hr)
' v t=1.0(120hr)
d e 1 e j
9 1 2 3 4 5

rla

Fig. 3.26. Comparison of the pore pressure caused by tenyperabading using
variation with radial distance.
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Solid Lines: analytical solutions
Numerical solutions

L t=46 hr
A t=46.2 hr
v t=120 hr

Total Radial Stress (MPa)

rla

Fig. 3.27. Comparison of the total radial stress variaticenssed by temperature loading.

Sherwood and Baily (1994) proposed a constitutvedel in the membrane
system, assuming no solute transport consideratod, Heidug and Wong (1996)
developed a fully coupled ion transport model. Toenmodate the nonlinear relations
between stress and solute concentration, Ghassambeek (2003) proposed a linear
chemo-thermo-poroelasticity model, and it has bséown both analytically and
numerically that the resulting errors are negligibhhen the difference of solute
concentration between the mud and the shale foomas not severe (Zhou and
Ghassemi, 2009). Initial reservoir solute conceiumnais assumed to be 0.2 and mud
concentration is 0.1 for the comparison. The poresgure distributions and total
tangential stress distributions during chemicatliog are presented in Fig. 3.28 and Fig.
3.29. Results show that osmosis flow from the mudhe shale formation causes the
increase of pore pressure around a wellbore (F@B)3 The stress distributions are

significantly affected by chemical loading (Fig29).
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Solid Lines: analytical solutions

Numerical solutions

| t=1hr
A t=24 hr
v =120 hr

Pore Pressure (MPa)
N
—=

Fig. 3.28. Comparison of the pore pressure variations withusacaused by chemical
loading, using numerical and analytical methods.

Solid Lines: analytical solutions

4 Numerical solutions

3 | t=1hr
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Total Tangential Stress (MPa)
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Fig. 3.29. Comparison of the total tangential stress vametiovith radius caused by
chemical loading using numerical and analyticallrods.
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4. IMPLEMENTATION OF DAMAGE MECHANICSAND

STRESS-DEPENDENT PERMEABILITY

The previous section presented the numerical proeefor partial differential
equations—especially for solving the displacempote pressure, solute concentration,
and temperature problems—and also compared the Blement results with analytical
solutions for various engineering problems suchyaiaulic pressure under anisotropic
far-field stress, the influence of thermal stresg] chemical loading around a wellbore.

A coupled chemo-thermo-poroelasticity is crititunderstand the interaction of
pore pressure, temperature, and chemical potantiedck deformation. However, the
theory has limitations in that it assumes an edastick skeleton and constant
permeability. It is often used to consider the medr behavior of rock in field
operations such as sanding management, fractudbg, jand drilling operations in
unconsolidated reservoirs. Experimental core amaligs the strain-stress behavior of
the rock in compressive loading shows the four edagf stress which are elastic,
hardening, softening, and critical stress stateidtel strength). Damage mechanics can
describe the nonlinear behavior of rock under logdy considering the micro-crack,
microvoid, and crackgrowth stresses (Kachanov, 198énaitre and Chaboche, 1990;
Voyiadjis and Kattan, 1999). Kachanov (1986) prauban effective configuration of
undamaged material from the nominal state by inicody the damage variabld,.

Several researchers have shown that permealslidysitress-dependent property

(Chin, 2000; Thomas et al., 2003; Bai and Elswat894; Tang et al., 2002). Tang et al.
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(2002) tested permeability variations under triaxlaading and indicated that

permeability decays exponentially before the roamkufe in compressive stress and it
increases suddenly by a factor of 2 to 3 afterrtio& failure. Similar results have been
reported by other researchers (Shipping et al.418%ama et al. 1996; Coste et al.,
2001; Zoback and Byerlee, 1975), with the incraasgermeability depending on rock
type and conditions (De Paola et al., 2009; WardyRark, 2002). Zoback and Byerlee
(1975) illustrated the relation between the pernigalchange and microcrack and void
evolution.

In this section, we present a numerical approaciniplementing damage theory
and stress-dependent permeability models intolgp ¢olupled thermo-hydro-mechanics
model. Triaxial simulations with finite element rhetls have been carried out to find the
material parameters which define the peak stredsresidual strength. In addition, a
stress-dependent permeability model has been dpaiboth elastic and inelastic rock
states, and then we present the influence of loed@lrock damage and permeability

change caused by fluid injection around a wellbore.

4.1 Damage model

A damage and stress-dependent permeability moaelproposed by Tang et al.
(2002) from experiments for porous rock that meaduhe permeability and modulus
change with respect to the change of strain (Yaray.£2004). This model assumes that
the strain-stress behavior before the rock faifallews the elasticity model without the

hardening process and reaches the residual streegittne. From this damage model,
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there is no damage in the elastic phase, but ttlebregins to fail by crack initiation and
void growth when the stress conditions reach thleréa state; that is, it satisfies the
failure criterion. This model has an advantagediscribing the behavior of brittle rock,
which has a short range of hardening and direethghes the softening regime in triaxial
tests. An elastic-damage mechanics model repredenteck degradation by expressing
the damage in terms of a reduction in the elastidutus as the damage proceeds:
E=Q1-d)Ep ,
where d is the damage variable which describes the amofirdegradation (crack

initiation, microvoid growth, and crack propagafi@nd E and E, are altered modulus

and initial modulus, respectively. The degree afdge level can be represented with
damage variable from 0 to 1 with a relationshigto&in variations. For example = O if
the rock is in elastic phase, add= 1 if the rock is perfectly damaged. The damage
model from the rock failure can be considered #seeiof two types, compressive and
tensile stresses.

In compressive rock failure, the damage variabtedescribing softening and the

critical state can be described as:

d :1_{£MJ(‘?_5C)+ fc}/EOg (gc <g<5cr)
Ecr ~&c

d=1-o

Eof
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where f,, is the residual compressive strength apds the maximum compressive
stress. ., and ¢, are the residual compressive strain and maximumpeessive strain,

respectively, and is the equivalent strain (Mazars, 1986):

where(e), =& if & <o0(tensile) ande), =0 if & >0(compressive).

This equivalent strain definition from Mazars (898represents a damage
evolution that is dominated by tensile strain. Enesmponents of strain during damage

evolution can be obtained as follows:

where (o), is built with the tensile components of the prpatistress ando)_ is for

t
compressive components of principal stress. In thesy, we can obtain strain

components for tensile and compressive stresses:

1+v v
&t =m<0>t ‘mtr(<0>t) .................................................. (4.5)
_1+v _ v
&c —m<0 c —Eo(l—d)tr(<a>°) .................................................. (4.6)
T Z(T), H(0) o oo 4.7)

If damage occurs in a tensile stress field, the atpmvariable is defined using the

residual tensile strength of rock as:
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To trace the progress of damage under tensilesstngsintroduced a tension cut-ofb,
for tensile failure because the Mohr-Coulomb falgriterion was developed based on
shear failure and it often overestimates the ststate for rock failure. The Mohr-

Coulomb failure criterion for shear failure candescribed as

F_01+U3 %1

2

sing; -

where g; and o5 are the maximum and minimum principal stressespeaetively;g; and

c represent the friction angle and cohesive stremgtpectively.

4.2 Numerical implementation of the damage model

The theory of damage mechanics has been implechémie the finite element
code described above. For illustration purposescamsider the numerical simulation of
the stress-strain response of a rock obtained folaboratory triaxial experiment. In
particular, we simulated the experimental data @ing/and Park (2002) and Tang et al.
(2002), which shows a rapid decrease from the géaass. The simulation domain for
the axisymmetric triaxial test is shown in Fig..4The sample size is 1 cmx2 cm, which
has axisymmetry so its actual ratio is 1:2. An bbdad is applied in the z-directional in
a step-wise manner by increasing the displaceménthe top of the sample.
Displacement step change in this simulation is Zxi@er each step, and the total step
number is 80. The procedure for implementation ahdge mechanics and the stress-
dependent permeability model is illustrated in H@. The state of stress is checked in

each element by fluid and thermal loading. Oncesdtiness condition is to be satisfied
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with the failure criterion, the damage variable ftve element is computed using
previously described damage equations (Eq. 4.28p # is important to consider the
change of the poroelastic parameters such as botkilms, Biot's constant, and porosity.
The change of porosityy is equal to the damage variabte(Shao, 2002), and other
modulus-related parameters are also updated wihrahation ofE=(1-d)Ey. To
obtain accurate numerical results, the convergenaamage variables under a certain
loading is critical before moving to the next tistep. For example, damage variables in
each element in the first and second iterationscangpared, and if the result does not
satisfy the criterion, damage variables are updaiduthe same loading conditions. The

tolerance criterion in this simulation is 0.1 %.

@@@@@@@@\

Fig. 4.1. Finite element mesh used for triaxial simulations.
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Set input parameters and error ®
Solve matrix by thermo-poro- Update
—> oo . . .
elastic equations Thermo-poroelastic
\ parameters
Obtain stress distributions T
- Update
Check the state of lamag ! -ariable d
each element by damage variable ¢

rock failure criterion

!

Update
Compute damage variable d from permeability &
the strain distributions
Compute permeability & from the
stress distributions
No
7

Fig. 4.2. Flow chart of the simulation procedures for the@lementation of the damage
and permeability model in thermo-poroelasticityhwibck failure.

Simulated results in Fig. 4.3 show the peak stvasations by defining cohesive
strengthc; and the residual strength change by defiino the damage model. Fig. 4.4
shows the simulated and actual curves for diffepamts ofc; andf.,. The best fits with

experimental data are selected so that the resislvahgth,f.,, in Eq. 4.4 and the
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cohesive strengthg;, in the Mohr-Coulmb failure criterion are detereui The

implementation of the damage model for the terfailare case is illustrated in Fig. 4.5.

240 |
] fer=20, coh=30 i »
20 A fcr=40, coh=40 > }‘
200 v fcr=60, coh=50 . ¥
180 > fer=80, coh=60 o »
©
o 160
S s
~ 140 |- » |
2 . |
g 120 | /.’/- “
» 100 | - ;‘
80 | - » >
2 L 3
60 . o v v v v
- A A A
40 - A A A
205- SR B § = = = § N B
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Fig. 4.3. Strain-stress curve variations with cohesive gfileie; and critical residual
stressfy,.
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Fig. 4.4. Comparison of numerical implementation of the dgenamodel and the
experimental triaxial test. Triaxial test results abtained from Tang et al. (2002).
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Fig. 4.5. Numerical implementation damage theory for theiterfailure case.

To simulate a more realistic triaxial test, we sidered the heterogeneity of the
modulus using the Weibull distribution function, i is widely used in a
geomechanics simulation to depict the heterogertdityck. The heterogeneity of the
modulus is introduced to the Gaussian points i edement. The Weibull distribution

functions are defined as,

3z o)
%5 g ) | s —————— (4.10)

wheres s the variablesy represents the corresponding mean value.

The parameten is the control factor in Weibull distribution futhen. A largen
indicates the distributions are narrow and more dgeneous, whereas lower
represents the more heterogeneous rock. This imfleences the rock failure in triaxial
tests so that average peak stresses are redubedrdck is more heterogeneous because

of the increase of the lower modulus in the distitns. The heterogeneous results are
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presented in Fig 4.6. Results show a reductioneakstress and smooth variations in

the heterogeneity case, which increase comparédnwmgeneous case. This is because

of the earlier beginning of rock failure in low mdds elements.

30

———— homogeneous
—a&—— n=10

25 —— n=5
n=3

20

Stress (MPa)
o

1
0.01 0.02 0.03 0.04

Fig. 4.6. Finite element results for triaxial stimulationtvidamage mechanics. The
stress-strain curve varied with different levelsheterogeneity in Weibull distribution
function.

4.3 Implementation of stress-dependent per meability model

The rock permeability change is also consideredhan elastic phase and the

damage phase (Tang et al., 2002; Yang et al., 2004)
K= koe_ﬁd (aii 13-a p) (d = 0)

K=qakoe P 300) @s0) (4.12)
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where kyis the initial permeability and, and g4 are material constants determined
empirically. Here¢y (¢4 >1) indicates permeability increase caused by damag
Parameters, in the exponent term is the control parameterttier stress sensitivity of

permeability in the porous rock. This permeabilitypdel has been developed from
experimental results of triaxial compressive tedise model describes a decay of
permeability while compressive stress increaseharelastic phase. After the rock fails,
there is a step increase of permeability that desa® again with continuous compressive
stress. The numerical results for permeability ateons during the triaxial loading are
illustrated in Fig. 4.7.

The changes of poroelastic parameters after ragkré are also important to
study injection-induced nonlinear behavior of ratkce the poroelastic constants are
applicable for the elastic phase. Major poroelgséiameters to be considered after the
rock failure are bulk moduluk, shear modulus, Biot’s constantz, and porosityg.
We considered the change of poroelastic parameidrsilamage evolution; for example,
Biot's constant is 1 and the modulus of bulk sobasl fluid are also reduced with the
change of damage variables. Porosity related pdessere recomputed assuming

porosity, ¢ is equal to the damage varialdgShao, 2002).
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Fig. 4.7. Finite element results for permeability variatianith triaxial simulation.
Permeability varied with different material parasrefs.

4.4 Numerical analysis of the thermo-poro-mechanical process with damage

evolution and permeability change

In this section, we present numerical examples damage evolution and
permeability alteration while considering poroei@st and thermo-poroelasticity with
convective heat transfer. First, we present postieity and thermo-poroelasticity
results without in-situ stresses to focus on theéuaed increments of damage and

permeability around a wellbore.

4.4.1 The influence of damage evolution and permeability change in isothermal

conditions

Consider the influence of fluid flow around a vibelte under isothermal reservoir

conditions with pressure boundary conditions. Wedu350 elements with 1141 nodes to
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simulate the domain of 5x5 m with a wellbore ofiwgd0.1 m (Fig. 4.8). No in-situ
stress and no initial pore pressure are appliedhiiial reservoir conditions, and a

wellbore pressure of 12 MPa is used in the simutati

I Shon= 0 MPa

Injection Well, p = 12 MPa

Fig. 4.8. Finite element mesh for coupled thermo-poroelagticlamage model
consisting of 350 elements and 1141 nodes; zesitunstress pore pressure; wellbore
pressure of 12 MPa.

Table4.1

Rock properties of sandstone.
Young’s modulu€ (GPa) 7.92
Drained Possoin’s ratio 0.14
Undrained Possoin’s ratiq, 0.35
Skempton’s coefficienB 0.77
Permeabilityk (md) 1
Porosity, 0.19
Fluid mass densityg (kg/m®) 1000
Fluid viscosity, x (Pas) 1x10°
Thermal expansion coefficient of solid,, (K™ 1.8x10°
Thermal expansion coefficient of fluid;, (K™) 3.0x10"

Thermal diffusivity, c” (m%2) 1.6x10°
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Damage evolution for this problem is presented ig. B.9. The damage
propagation in time is very slow for the pressumrmary condition. Rock failure
around the wellbore is caused by tensile failuréhaseffective tensile stress dominates
the failure around the wellbore. Fig 4.10 showsdlistributions of permeability. A step
increase is observed in the damage phase causeictycrack and void growth in the
rock. The resulting pore pressure distribution iscantinuous because of the high
permeability in the damage phase (Fig. 4.11). Tifeuence of damage and altered
permeability is shown in comparison with the homugmis poroelastic results in Fig.
4.11, where the solid lines represent the effedarhage and permeability change and
dashed lines show the poroelastic results with@amabe and permeability increase
(reference case). The distributions of total ragisgss and tangential stress are plotted in
Fig. 4.12 and Fig. 4.13; note that total radia¢ssrdistributions in the damage phase are
relatively higher than in the reference case bexdlis pore pressure is higher in the
damage phase. From a stress analysis point of \has/,small discontinuity of total
radial stress between the damaged and elastic phaseised by the lack of sufficient
fluid movement at the interface between damagedumtidmaged zones; that is, at the
boundary between the high permeability and low @adoiity zones. Different fluid
pressures in these zones cause a discontinuitytalf tress between the damaged and
elastic phases.

Fig. 4.14 and Fig. 4.15 illustrate the effectivdigh and tangential stress around
the wellbore. The solid lines in Fig. 4.14 and Hgl5 represent the poroelastic case

with damage evolutions and permeability alteratiwhereas the dashed lines are for the
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reference case. It is observed that the effestirasses in the damage phase are reduced
in comparison to the reference case because ofsstelaxation. However, stress
concentration is observed between the damage amdeldstic phase. This stress
concentration effect between damage phase and mtek drives damage propagation

similar to the case of fracture propagation theory.

—&— 1sec
—a&—— 10 sec

—¥— 30sec

Damage

Fig. 4.9. Damage evolution around a wellbore.
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Fig. 4.10. Permeability distribution around the wellbore.

—&—— 1 sec
—w— 30 sec
- - A- - ref-1sec
- - y- - ref-30 sec

Pore Pressure (MPa)

Fig. 4.11. Comparison of pore pressure distributions for $ions with and without
damage. Solid lines: pore pressure distributionsléomage evolutions and permeability
change; dashed lines: the reference results frondamage and no step increase in
permeability.
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—a&—— 1sec
—y— 30 sec

x _ e = pald ean
A ref-1sec

- - y- - ref-30sec

Total Radial Stress (MPa)

Fig. 4.12. Total radial stress distributions showing damagd altered permeability
effects around a wellbore. Solid lines: stressrithistions for damage case; dashed lines:
the reference cases with no damage.

12& —&— 1sec

- —v— 30sec
0F - - A- - ref-1sec
. - - y- - ref-30 sec

Total Tangential Stress (MPa)

Fig. 4.13. Total tangential stress distributions showing dagenand altered permeability
effects around a wellbore. Solid lines: damage @il and permeability change;
dashed lines: reference case with no damage.
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Fig. 4.14. Effective radial stress distributions around thallore. Solid lines: damage
evolution included; dashed lines: no damage consitle
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Fig. 4.15. Effective tangential stress distributions showafigcts of damage and altered
permeability around the wellbore. Solid lines: dgmaevolution; Dashed line: no
damage.
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4.4.2 The influence of damage evolution and permeability change in non-

isother mal condition

Thermo-poroelastic simulations were performed &hdonsidering damage
evolution and permeability alteration. Both condrctand convective heat transfer have
been applied with fluid velocity computed using &gs law. We used the same 350
elements and 1141 nodes mesh in the thermo-poticélasase (Fig. 4.16). The penalty
method is used for the pore pressure and temperdtaundary conditions at the
wellbore wall. Initial reservoir conditions of no-gitu stress and no pore pressure are
first used to explain the pure effects of damagaudion in the fully coupled thermo-

hydro-mechanical simulations.

b Sume=0 MPa
i yaw
/ / / /S / // ,.// //// S
// // ',////v/////'
/ 1]/ T/-/15 </ AN
7/ A
d
SH.max
=0 MPa

Injection Well, p = {2 MPa, T=65 °C

Fig. 4.16. Finite element mesh for the problem: 350 elemants 1141 nodes. Initial
reservoir temperature is 115 °C, and wellbore press 12 MPa.
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The cooling associated with cold water injectionhiot reservoir gives rise to
tensile stresses associated with rock shrinkagea fesult, cooling influences the stress
distributions differently from the isothermal condns, as reflected in the distributions
of damage variable as shown in Fig. 4.17; permildiistributions appear in Fig. 4.18.
The effect of convective cooling around the weltb@ shown in Fig. 4.19. The solid
lines represent the temperature profiles causeddily conduction and convection,
whereas dashed lines are for the case of coolirgpbgluction only. We observe that the
effect of convective cooling on temperature disttibn can become significant, which
in turn impacts the stress distributions aroundwbébore caused by thermal stress. The
pore pressure distributions are discontinuous &t ititerface due to the altered
permeability in the damage phase as in Fig. 4.2@. fbtal radial and tangential stress
distributions are plotted in Fig. 4.21 and Fig 4.28d effective stresses are plotted in
Fig. 4.23 and Fig. 4.24. Again, we observe discuiity in the total stress resulting from
pore pressure discontinuity related to damage afekation of effective stress in the

damage phase.
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Fig. 4.18. Permeability distributions around the wellbore.
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Fig. 4.19. Temperature distributions around the wellbore.
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Fig. 4.20. Pore pressure distributions around the wellbomidSines represent pore

pressure distributions for damage; dashed lines tie results for the reference case
with no damage.
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—A—— 1 sec
—w— 30 sec

- - A- - ref-1sec
- - y- - ref-30sec

Total Radial Stress (MPa)

Fig. 4.21. Total radial stress distributions around the wa#b Solid lines: with damage;
dashed lines: no damage.
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- - y- - ref-30sec

Total Tangential Stress (MPa)

Fig. 4.22. Total tangential stress distributions comparing tttamage and altered
permeability effects around the wellbore. Solidesn with damage evolutions and
permeability change; dashed lines: reference cébew damage.



97

—&—— 1sec
—w— 30sec

- - A- - ref-1sec
- - y- - ref-30sec

Effective Radial Stress (MPa)

Fig. 4.23. Effective radial stress distributions around trellaore showing the impact of
damage and altered permeability. Solid lines: widmage evolution and permeability
change; dashed lines: no damage and permeabtityase.

14 k& —a&—— 1 sec
—w— 30 sec
-16 - - A- - ref-1sec
- - y- - ref-30sec

Effective Tangential Stress (MPa)

Fig. 4.24. Effective tangential stress distributions. Soiites: damage evolutions and
permeability change; dashed lines: no damage arstiepancrease of permeability.
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45 Discussion

Damage and stress-dependent permeability modeks apglied to the theory of
thermo-poroelasticity. Stress distributions withplementation of damage mechanics
and the permeability model has been compared widfesience case (constant modulus
and permeability). Stress relaxation occurred byluhgs alteration and concentration of
effective hoop stress at the interface betweerddmeaged and undamaged rock. Also,
pore pressure distribution shows the discontinaitthe interface due to the increase of
permeability in the damaged area.

The damage model used in this section consideratinear behavior of strain-
stress for the shear and tensile failure. This hode describe softening and residual
strength regime with change the paramefgrd;, and &, better than other suggested
damage models that include exponential terms im #dgpations (Mazars, 1986; Cheng
and Dusseault, 1993; Selvadurai, 2004). These expdrased damage models can
depict the hardening and softening process smaqotiuyever, it is not convenient to
control the desired softening regime and residiahgth regime. For our applications, it
is important to consider softening and residua¢rgith since reservoir rocks (shale,

sandstone, and granite) show brittle behavior wigihort range of hardening regime.
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5. CHEMO-THERM O-PORO-MECHANICAL FINITE ELEMENT ANALYSIS
WITH DAMAGE EVOLUTION AROUND A WELLBORE IN SWELLING

SHALE

Wellbore stability is important when drilling fail and gas. Especially, well
design must consider the influence of hydraulicspuee, temperature, and chemical
osmosis in shale drilling in high pressure and haghperature. The interaction of solid
and fluid in porous rock has been firstly develofgdBiot's poroelastic theory (Biot,
1941; Cryer, 1963), and this theory has been extdmdth the influence of temperature,
fluid flow, and rock deformation by thermo-porodiesy (McTigue, 1986; Kurashige,
1989, Wang and Papamichos, 1994). These authoes dfeown the impact of thermal
stress in wellbore stability: thermally induced @@ressure change can be significant in
low permeability formations. The shale deterionatiby chemical influence under
isothermal condition around a wellbore has beedistlextensively; the main driving
mechanism of fluid flow is the chemical potentiabdient in low permeability shale
reservoirs. Heidug and Wong (1996) proposed catistet equations for swelling shale
based on nonequilibrium thermodynamics. Ghassendi Brek (2003) considered
combined effects of chemical potential and theroshosis on water flow in and out
between the mud and shale formation. They indic#tatl thermal-osmosis flows are
several times higher than hydraulic pressure itageconditions. On the other hand, the
chemo-poroelasticity model is not easy to implembetause of its nonlinearity

characteristics in physical parameters so thaait be simplified with linear chemo-
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thermo-poroelastic models if the difference of aantecation is not severe (Ghassemi and
Diek, 2003). The assumptions of elasticity and tamtspermeability in shale drilling
have limitations in predicting the real behaviorsbiale around a wellbore. In addition,
the strength of shale is weak, so that it is imgoarto predict the stress changes precisely
around a wellbore influenced by hydraulic pressumass solute concentration, and
temperature. Generally, the stress and strain li@hfw shale in triaxial tests shows the
hardening and softening with compressive or tersiless (Yuan and Harrison, 2006).
The damage mechanics model is one of the methodedoribe this hardening and
softening behavior of rock. Continuum damage mecsawas first introduced by
Kachanov and since has been developed by manyechses (Kachanov, 1958; Mazars,
1986; Simankin and Ghassemi, 2005; Tang et al.2;200et al., 2005; Selvadurai, 2004)
who have studied the inelastic rock behavior duerszk initiation, void growth, and
crack growth. This damage mechanics model has beehed to poroelasticity by
Selvadurai, who applied consolidation problems vattered moduli and permeability
change. Also Hamiel et al. (2005) proposed a danmgeéel in poroelastic rock and
applied the model to the triaxial simulation, calesing the time dependent degradation
and healing process for a damage variable whidependent on modulus, porosity, and
Poisson’s ratio. Tang et al. (2002) proposed amrap@ damage model based on
Kachanov’s (1959) effective stress hypothesis. Alspresented the permeability model
which describes stress-dependent behavior in teielphase and altered permeability
after the rock failure based on triaxial tests byasuring the permeability change with

stress variation (Tang et al., 2002). This pernmgglihange by rock failure has been
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studied by many researchers (Shipping et al., 189%hma et al.; 1996, Coste et al.,
2001; Zoback and Byerlee, 1975). Their experimerdalilts for tests on several rocks
show permeability increase by a factor of two torfand this increase of permeability
by rock failure depends on the rock type and camabt(De Paola et al. 2009; Wang and
Park, 2002).

This section presents the development of a fieieanent method to study the
influence of chemo-thermo-poromechanical couplimgshale damage evolution and
permeability alteration around a wellbore. The dgenanodel describes the change of
modulus with rock failure by water activity and timal stress around a wellbore. A
number of simulations are presented to verify thedeh and to illustrate the role of
damage mechanics and stress-dependent permeabhilitsesulting stress distribution by
thermal stress and chemical osmosis. In additianpresent the different distributions
of damage under different far-field stresses anmtipare the influence of temperature

and chemical potential.
5.1. Finiteelement resultsfor chemo-ther mo-poroelasticity

In this section, we briefly present two-dimensidinate element results around a
wellbore to study the influence of fluid flow, stdutransport, and temperature. The
simulation domain is 12x12 ‘m(Fig. 5.1) and is divided into 8000 eight-noded
quadrilateral elements. The individual shape fuondiin the mixed approximation will
not yield meaningful results (Zienkiewicz and Tayl®991). Overcoming this numerical

inaccuracy requires double degrees of freedomigplacements in the presence of large



102

changes of stresses, pressure, concentration, eangetature around the wellbore.

Details of shale properties in this simulation #testrated in Table 5.1. Maximum and

minimum far-field stress are 25 MPa and 15 MPgeaesBvely, and initial pore pressure

and temperature are 10 MPa and 115°C. Mud pressutéemperature are set to 15 Pa
and 65°C. Solute concentration in mud and shaledtions areCp,0.1 Cspale = 0.2,

respectively.

12 -

&

H,max

Fig. 5.1. Mesh used for finite element simulation.



Table5.1
Input material properties for shale.
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Young’'s modulu€ (GPa)

Drained Possoin’s ratio

Undrained Possoin’s ratiq,

Biot’s coefficient, a

Permeabilityk (md)

Porosity, ¢

Fluid mass densityg (kg/m?)

Fluid viscosity, u (Pas)

Thermal expansion coefficient of solid,, (K™Y
Thermal expansion coefficient of fluidy, (K™
Thermal diffusivity, c" (m%/2)

Reflection coefficient/]

Swelling coefficient,«.,(MPa)

Solute diffusivity, D (m?/2)

1.853
0.219
0.461
0.966
1x10°
0.299
1111.11
1x10°
1.8x10°
3.0x10"
1.6x10°
0.2

1.5

2.0x10°

We compared the results which consider the infteesf fluid flow, temperature,

and solute transport based on poroelasticity, tbgsoroelasticity, and chemo-thermo-
poroelasticity. Pore pressure distributions fortheomal and nonisothermal cases are
plotted in Fig. 5.2 (a) and (b). The deviatoric-fizid stress causes the lower pore
pressure to the maximum far-field stress direchenause of the tensile stress around a
wellbore, and higher pore pressure to the minimardiéld stress direction because of
the compressive stress. The influence of temperatudescribed in Fig. 5.2(b). Note
that the difference of temperature between the rand shale formation generates
thermal stress as tensile around a wellbore bea#usek shrinkage; therefore, the fluid
disperses more easily than in the isothermal cmmditFig. 5.2(c) represents the

influence of solute transpor€C{=0.1, Cshae=0.2) that the osmosis flow cause localized
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pore pressure inside the shale formation. The trésuthe fully coupled case has been
described in Fig. 5.2(d). The effective radial dmbp stress distributions with different
coupling schemes are plotted in Fig. 5.3 and Fig. B is observed that the fluid flow,
temperature, and solute transport are critical dok rstress; the variations in hoop
stresses are especially significant. This locabrabf stress distribution often reaches
the rock failure criterion, so it is necessary emsider the stress variations after the rock
failure. The rock damage with altered modulus amch@ability will be discussed in the

next section.

6.2 6.4

56 58

6
m

Fig. 5.2. Two-dimensional plots for pore pressure distribwiti The solid-fluid
interaction between the drilling mud and shale fation under anisotropic far-field
stress is plotted in (a), the influence of therstagss is in (b), chemical interaction with
fluid is in (c), and fully coupled results are oh).(
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Fig. 5.3. Two-dimensional plots for effective radial strefistribution. The solid-fluid
interaction between the drilling mud and shale fation under anisotropic far-field
stress is plotted in (a), the influence of therstadss is in (b), chemical interaction with

fluid is in (c), and fully coupled results are oh)(
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Fig. 5.4. Two-dimensional plots for effective tangentialess distribution. The solid-

fluid interaction between the drilling mud and ghfdrmation under anisotropic far-field
stress is plotted in (a), the influence of therstagss is in (b), chemical interaction with
fluid is in (c), and fully coupled results are oh).(

5.2 Influence of temperature and salinity in shale damage

To illustrate the role of various mechanisms onlbegk damage, we considered
the example of nonisothermal drilling in shale sahgd to a stress field given by the
maximum component of 25 MPa parallel to the x-aaied a minimum far-field

component of 15 MPa in the y-direction. We assurted initial pore pressure is 10
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MPa and the mud pressure is 15 MPa. The initidlestomation temperature is 115°C
and mud temperature assumed to be 65°C. Two diffeneid salinities of 0.3 and 0.1
are considered, and the wellbore integrity is aredyafter 12 hours of drilling.

The roles of temperature, salinity, and stress hmen considered (Ghassemi et
al.,, 2009; Zhou and Ghassemi, 2009), and it is kndhat for conventional rock
response, cooling tends to reduce the shear fagotential while enhancing tensile
failure. Also, high mud salinity reduces inducedeppressure and increases the effective
radial stress at the wellbore wall. A lower mudrsgl enhances flow into the rock and
contributes to higher pressure distribution aroamekllbore.

Fig. 5.5 shows the comparison of damage propagatitnrespect to the degree
of coupling and different chemical gradients. Nttat Fig. 5.5 (a)-(d) show different
rock failure distributions for different levels ebupling between thermal, poroelastic,
and chemical processes. As shown in Fig. 5.5 l@) pbroelastic analysis shows that a
small zone of rock damage develops in the directibminimum stress. If cooling is
taken into account, the shear failure is circumedrdnd no shear damage is observed.
However, a small zone of tensile failure occurgha direction of maximum in-situ
stress response to cooling [Fig. 5.5 (b)]. Thibesause the tendency of rock to shrink
reduces the compressive hoop stress and amphfetensile stress.

The impact of chemo-poroelastic effect is shownFig. 5.5 (c), where it is
assumed that the drilling mud has lower salinitgntishale. In this case, osmosis and
chemically-induced stresses affect damage evoluaoound the wellbore. Fluid

movement from the mud to the shale contributeshéohigher pore pressure around a
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wellbore, leading to a large damaged area in trection of minimum in-situ stress. The
extent of failure zone is substantially reducedhis case, when the role of cooling is
taken into account. Fig. 5.5 (d) shows that a fathyipled simulation (hydraulic, thermal,
and chemical osmosis) shows a much smaller shidarefaone but with a small tensile

failure zone.

Fig. 5.5. The comparison of damage propagation at 12 hr diffierent coupling in
numerical simulations. Results are compared witmesaonditions of mud salinity
Crmud= 0.1, Cshale = 0.2, S4max = 25 MPa, ands,min = 15 MPa. Poroelastic damage |
plotted in (a), cooling effects are present witkertho-poroelastic damage in (b), (c)
shows the influence of osmosis flow with chemo-ptastic behavior, (d) is fully-
coupled chemo-thermo-poroelastic damage distributio
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The distributions of pore pressure for the différewupling levels (Fig. 5.6) is the lowest
in the thermo-poroelasticity case and the higheshé chemo-poroelasticity case of a
lower salinity mud.

Fig. 5.6. The comparison of pore pressure distributions2abriwith different coupling

in numerical simulations. Results are compared wéme conditions d€,ug = 0.1 and
Cshale= 0.2,S4max= 25 MPa, an@&, min = 15 MPa. (a) poroelastic, (b) thermo-poroelastic,
(c) chemo-poroelastic, (d) chemo-thermo-poroelgstie pressure distribution.

The impact of stress-dependent modulus and periitgabieasily captured with
the model. Referring to Fig. 5.7, it is observedttthe failed-zone is larger when we

consider the variation of modulus and permeabilitiis effect can be explained by
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stress redistribution and the permeability efféctconstant modulus and permeability
conditions, the stress distributions are same waitk failure. However, once the

modulus reduced and permeability increased indhed area, effective stresses reduced
and pore pressure increased. These discontinuitietress and pore pressure in the
damage phase perform as barriers between the ddnaagleundamaged areas so that
effective stresses are increased at the interfdds.amplification of effective stresses in

altered modulus and permeability resulted in lamdgmmage distributions than constant

modulus and permeability.

6.1 | 6.1

6.05 6.05

595 595

59 59

58 585 59 595 6 605 61 615 62 58 58 59 59 6 605 61 615 62
m m

Fig. 5.7. The influence of modulus and permeability charagedck failure distributions.
Results are compared with same conditions of lawmed salinity ands; max = 25 MPa,
Shmin = 15 MPa. (a) chemo-poroelastic rock failure walkered modulus and stress-
dependent permeability (d) chemo-thermo-poroelastck failure with constant
modulus and permeability model.

Another wellbore example to consider is the inficee of mud salinity. The
maximum far-field stress is 25 MPa and the minimiamfield stress is 15 MPa. We

assumed that the initial pore pressure is 10 MRatla@ mud pressure is 15 MPa. The
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initial shale formation temperature is 115 °C anel tnud temperature is assumed to be
65°C. As before, two different mud salinities o8B @and 0.1 were considered, and the
wellbore integrity was analyzed after 12 hrs ofiicg.

Fig. 5.8 shows that slight damage observed tontlagimum far-field stress
direction when the mud salinity is higher than shifarmation. When the mud salinity is
lower than the formation, there are high damagesbgar and tensile to the both
maximum and minimum far-field stress directiongslwidely known that pore pressure
increase in porous rock causes shear or tensilerdabecause of the effective stress
reduction by fluid movement. The influence of osiedkw from the mud to the shale
causes higher pore pressure around a wellborethandit reached the shear and tensile
failure to the maximum and minimum far-field strelection. The comparison of pore

pressure distributions around a wellbore has beesepted in Fig. 5.9.

58 58 59 595 6 605 61 615 62 58 58 59 595 6 605 61 615 62
m m

Fig. 5.8. Damage distributions at 12 hr wify nax= 25 MPa §, min = 15 MPa. (a) higher
mud salinity Crmud> Cshaid (b) lower mud salinityCmug < Cshaio
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Fig. 5.9. Pore pressure distributions at 12 hr Wthnax = 25 MPa,S, min = 15 MPa. (a)
higher mud salinity@mud> Cshaid (b) lower mud salinity@mug < Cshale

Fig. 5.10 shows the damage propagation with tirhes lobserved that shear
failure occurred to the minimum far-field stressedtion because of highly compressive
effective hoop stress and then tensile failureht® maximum far-field stress direction
begins as following the shear failure due to th@ass flow invasion from the mud to
the shale formation with respect to time. The thstions of temperature and solute
concentration are plotted in Fig. 5.11 (a) andf@b}he case of lower mud salinity under
given mud pressure, in-situ stress, initial porespure, and temperature. Note that the
effective radial and hoop stress in Fig 5.11 (a) é) shows the stresses are relaxed in
damage phase and redistributed around a wellboremioglulus reduction and

permeability increase in failed zone.
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Fig. 5.10. Propagation of damage with respect to time Bihax= 25 MPa,$ min = 15
MPa. The case of lower mud salinity comparing slf@mation (a) 0.5 hr (b) 1 hr (c) 3
hr (d) 6 hr.
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Fig. 5.11. The distributions of temperature (a), solute mesacentration (b) and
effective radial and hoop stress distributionsafod (d), respectively. All results are snap
shots of 12 hr and the mud salin®y,g= 0.1 andCshare= 0.2 andSy max= 25 MPa .S min
=15 MPa.

5.3 Conclusions

Two-dimensional fully coupled finite element metkduave been developed for
modeling damage-induced stress variations and @dgititg change around a wellbore.
Results show the influence of chemical potentia termal stress around a wellbore. It

is clearly presented that the shale is unstablenwthe mud salinity is lower that
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formation by osmosis flow and cooling creates fensiresses by the difference of
thermal expansion coefficients of solid and fluModel can explain the different
distributions of damage and pore pressure withedBfit mud salinity. Far-field stresses
are also important in wellbore stability, it tertdsbe reached failure condition in lower
mud salinity where the far-field stress is lowhaligh the mud pressure is set to the
range of initial pore pressure and fracture gradienaddition, the coupling of hydraulic
pressure, solute transport and temperature has dmapared under same conditions.
Results show the impact of the osmosis and temperah the analysis of stress
distributions. This study indicates that the firetement method with damage mechanics

and stress-dependent permeability model can betaseddel the swelling shale.
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6. TWO-DIMENSIONAL THERM O-PORO-MECHANICAL MODELING OF

WELL STIMULATION AND INDUCED MICROSEISMICITY

Stress analysis or rock mass failure in response to water injection is of much
interest in geothermal reservoir design. The process involves coupled rock deformation
and fluid flow as described in Biot’s poroelastic theory (Biot, 1941; Cryer, 1963), and its
thermo-poroelastic (McTigue, 1986) and thermo-chemo-patiekextension (Ghassemi
et al. 2009). Chemical effects can be significant with respect to the clay swelling and
solute transport and reactivity. Thermo-poroelasticity can be used to assess the influence
of fluid flow and temperature change on the stress variations in the reservoir. This
influence is often computed assuming a linear elasticity with constant mechanical and
transport rock properties. The assumption of elastic rock skeleton and fluid flow and
heat transport in porous media under constant permeability conditions has limitations in
predicting the real behavior of the reservoir rock. Generally, the strain-stress behavior of
rocks in triaxial tests shows hardening and post-peak softening. This behavior depends
on the rock type, pore pressure, stress conditions, and temperature (Jaeger, Cook, and
Zimmerman, 2007). The continuum damage mechanics approach is one of the methods
that can capture the hardening and softening behavior of the rock (Yuan and Harrison,
2006). Continuum damage mechanics was first introduced by Kachanov and since has
been developed and applied by many researchers (Kachanov, 1958; Mazars, 1986;
Simankin and Ghassemi, 2005; Tang et al., 2002; Yang et al., 2004; Selvadurai, 2004)

who have investigated inelastic behavior caused by crack initiation, microvoid growth,
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and fracture propagation. Also, the evolution otkradamage in the presence of
poroelastic and thermo-poroelastic effects has bemmsidered. Selvadurai (2004)

studied damage in poroelastic brittle rock. Hisulssshowed a significant permeability
alteration caused by damage evolution in consatidgbroblems. Hamiel et al. (2005)

developed a model with a time dependent damageblari porosity, and material

properties. They proposed different rock behavidahwegradation and healing within

the framework of the poroelastic theory. Tang et(2002) proposed a damage and
permeability model based on experimental strai@sstrobservations and permeability
measurements (Tang et al., 2002, Yang et al., 200¥® model was implemented in a
finite element model and was used to simulate axgi compression test and also
hydraulic fracture propagation.

The permeability variations induced by altered ssrand rock failure has been
studied by many researchers (Shipping et al., 189%hBma et al.; 1996, Coste et al.,
2001; Zoback and Byerlee, 1975). Zoback and BydHestrated the relation between
permeability change and microcrack and void evohutiTheir experimental results for
tests conducted on granite show permeability irsingaby a factor of four. Other
studies present different magnitudes for the irswaa permeability depending on rock
type and conditions (De Paola et al. 2009; WangRardt, 2002).

The stimulation of the reservoir rock mass is oftmctompanied by multiple
microseismic events. Microseismic event charadtesisuch as their locations, spatial
patterns of distribution, and temporal relationsateen the occurrence of seismicity and

reservoir activities are often studied for enhanogebthermal systems (EGS).



118

Microseismic event detection and interpretatiorused for estimating the stimulated
volume and fracture growth, resulting reservoirnpeability, and geometry of the
geological structures and the in-situ stress gRitee, 1984). The process commonly is
referred to as seismicity-based reservoir chanaetton. Although progress has been
made in quantitative and qualitative analysis ofereoir stimulation using micro
earthquakes (Shapiro et al., 1997; 1999; 2002;é&ro#nd Shapiro, 2003), the process of
rock failure and permeability change is not congde Also, in-situ stress and thermal
effects on fluid-rock interaction have not beensidared.

In this work, we present the development of a érdtement model to study the
influence of thermo-poro-mechanical coupling on krodamage evolution and
permeability variation with reference to reservsiimulation and induced seismicity.
The damage model we used corresponds to the hattle failure behavior with post
peak softening and permanent deformation priorht fracture. To capture the full
effects of rock cooling by injection in the preseraf higher fluid fluxes caused by rock
failure and permeability enhancement, the modelsiclens both the conductive and
convective heat transfer in porous media. Two tygfasjection schemes are considered
in this work: explicit wellbore geometry for smaltale simulations and a point source
approach for large scale simulations. A humberwherical simulations are presented

to verify the model and to illustrate the role afwus mechanisms in rock fracture,
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6.1 Well stimulation and injection-induced microseismicity

Two-dimensional fully-coupled thermo-poromechanisahulations have been
conducted with an altered modulus and permealrilitgel. Mesh information for these
simulations is as follows: 12,000 quadrilateralnedats for a 200x200 frsimulation
domain which has a wellbore geometry with 0.1 musidFig. 6.1). The reservoir rock
is granite with properties listed in Table 6.1. Thesitu stress state is given by 30 MPa
maximum horizontal stress in the x-direction and K®a in the y-direction for
minimum horizontal stress. Heterogeneous simulati@as carried out using Weibull
distribution functions for elastic modulus and peaility distributions. We assumed
that the rock properties follow the Weibull distrtton function in which the shape of
the heterogeneities am=2.0 for modulus and permeability, respectively.e Téame
values are used for the tensile and cohesive gstredigtributions. The initial pore
pressure is 10 MPa and wellbore pressure incréaddBa every 0.5 hr until it reached

30 MPa.
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Fig. 6.1. Mesh used in damage evolution test with therma-mechanical simulations.

Table6.1

Input material properties for granite.

Young’s modulu€ (GPa)
Drained Possoin’s ratio
Undrained Possoin’s ratig,
Biot’s coefficient, a
Permeability,k (md)
Permeability,k,, ., (md)
Fluid mass densityg (kg/m®)
Fluid viscosity, i (Pas)

H max

Thermal expansion coefficient of solid, (K™
Thermal expansion coefficient of fluidy, (K™

Thermal diffusivity, c” (m?s)
Porosity,

10
0.25
0.33
0.44
0.01
0.001
1111.11
1x10°
2.4x10°
2.1x10°
2.0x10°
0.01
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The simulation results are shown in Figs. 6.2 &Rl Injection-induced rock
failure occurred around the wellbore and propagatgdnto the rock as shown in Fig.
6.2. In this simulation, we considered an initialyisotropic permeability distribution in
the rock, and so the fluid flow in the damaged aseaostly focused in the direction of
maximum permeability. Note that the far-field straafluences damage propagation
significantly in this coupled fluid injection anaig. The far-field stress anisotropy
around a wellbore contributes to tensile streshénmaximum far-field stress direction
and causes compressive stress in the minimum diar-8tress direction. Also, fluid
injection causes tensile hoop stresses. Therebwth anisotropic far-field stress and
fluid-induced stress lead to tensile failure pragtaan in the maximum far-field stress
direction. The simulated micro-seismic events do¢tgd in Fig. 6.3. We assumed that
seismic events are checked in each Gaussian paihewents occurred when the rock
failed. These widely scatted events are observeahirarly time step because of the
initial failure. The injection-induced localizedismic events propagate into the rock

with the passage of time.
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Fig. 6.2. Damage propagation with time; (a): 1 hr, (b): 3(b): 6 hr, and (d): 12 hr.



123

Fig. 6.3. Results of two-dimensional seismic events plohwiine.

6.2 Point sourceinjection and microseismicity

We next applied two-dimensional point source ingctfor large reservoir
simulation using quadrilateral regular mesh andga@nopic far-field stress distributions
with 10,000 elements and reservoir size of 1 km knl Injection rate boundary
conditions were applied to the point source elemrite injecting with step increases
from 0.1 ni/m*s to 0.15 i¥m*s. Maximum and minimum far-field stresses are 3GaMP
and 20 MPa, and initial pore pressure is 15 MPaysieal parameters for the granite
reservoir we used in this simulation are descriimedable 6.1. Fig. 6.4 represents the
failure propagation in the homogeneous moduluspartheability to the maximum far-
field stress direction with respect to time whandlis moving from the point source to

the reservoir. Results show that fluid injectiodunes the effective stress change where
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fluid contacts the area and causes tensile fapuopagation in the maximum far-field

stress direction. Injection-induced effective streariations ¢,,,0,,) are plotted in Fig.

6.5. In this study, rock failure propagated horiatly to tensile failure, which is similar
to the previous well stimulation simulation. Thiorizontal propagation can be
explained by the interaction of fluid with the roskeleton that altered the modulus, and
increased permeability created the stress relaxatithe damage area and amplification

of stress distributions at the interface.

Fig. 6.4. Fluid induced damage (rock failure) distributi@is3 hrs and 12 hrs.
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Fig. 6.5. Effective stress distribution of »o(,) and y-direction ¢, ).

Heterogenous properties for modulus and permealiave been applied to

depict more realistic simulations. We assumed phimatsical properties have Weibull

distribution functions and seismic events are &rgg when the rock stress reaches the

Mohr-Coulomb failure criterion with fluid injectioninitial modulus and permeability

distributions are illustrated in Fig. 6.6. We usee for controlling the degree of

heterogeneity in Weibull distribution functionsitial modulus distributions varied from

2 GPa to 18 GPa with mean values of 10 GPa anaviage of initial permeability was

0.01 md with a range of 0.002 ~ 0.02 md as showign6.6.
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Fig. 6.6. Initial modulus and permeability distribution. Trenge of modulus is 2 GPa ~
18 GPa and permeability is 0.002 ~ 0.02 md.

Results show that the damage by injection-induoetl failure propagates to the
maximum far-field stress distribution; however, dregeneity creates deviations of
damage propagation caused by shear and tensilerefafFig. 6.7). Pore pressure
distributions are localized because of the pernliéabicrease in the damaged area (Fig.
6.8). One of the features in the thermo-hydro-meah process of injection simulation
is the localization of pore pressure caused byldbalized propagation of rock failure
and permeability increase. The result in Fig. G18ves the seismicity plots with respect
to time. Small circles are initial rock failureused by far-field stress and large circles

represent fluid injection-induced shear and terfsilere with time.
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Fig. 6.7. Damage distributions at 3 hrs and 12 hrs in tlierbgeneous case.

Fig. 6.8. Pore pressure distributions at 3 hrs and 12 hilserineterogeneous case.
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Fig. 6.9. Results for microseismic event propagation bydflunjection with time. The
small circle is the initial rock failure by far-feé stress and the large circle represents
injection-induced triggering of microseismic events

6.3 Discussion

Thermo-poroelastic modeling for microseismic everdpagations with damage
mechanics and the stress-dependent permeabilityelnard presented in this section.
Previous work from Shapiro (1997; 1999; 2002) foicnoseismicity modeling was
developed from the fluid flow equation and critibal He introduced concept of
criticality values for pore pressure, assuming timatroseismic events occurred if the
pore pressure exceeded a certain value of criycdlhis approach is reasonable from a
certain point of view, because usually high pomrespure is needed to trigger rock failure.
Shapiro’s approach also has limitations in thaakies no consideration of permeability

change, localization of stress distribution, or penmature effects in microseismic event
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modeling. Fig. 6.10 illustrates the simulation fesdor induced microseismicity with
critical pressure and rock failure criteria. We laggp the same heterogeneity and
injection schedule. Maximum far-field stress ighe x-direction and minimum far-field
stress is to the y-direction. Results show thatrosieismic events propagate isotropically
in critical pressure conditions, as opposed to ithek failure criterion. From the
comparison, we conclude that the rock failure ootecan more effectively describe the
ellipsoidal patterns from observation data. The nmdifferences in this numerical
simulation from Shapiro’s model are the coupledastpof fluid flow, temperature, and
stress change for the analysis of microseismic tevamopagation. The other
improvement in this simulation is that permeabilibgreases in the event locations,
leading to the discontinuity of pore pressure anels relaxations. In turn, it can explain
the propagation of localized microseismic eventsartain conditions. The influence of
convective heat transfer is plotted in Fig. 6.1&s®&ts show a larger region of cooling
by permeability increase when we consider the cotinxe heat transfer. The impact of
convective heat transfer becomes important whenntbdel considers fluid flow in

fractures.
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Fig. 6.10. Comparison of injection-induced microseimic evenbpagation under the
same initial heterogeneity and injection schedMieroseismic events based on critical
pressure are plotted in (a), and rock failure gatare plotted in (b).

Fig. 6.11. Comparison of temperature distributions betweendaotive cooling and
convective heat transfer in simulation of a sanusteeservoir which has 10 md for
initial permeability and 100 md after rock failu@nly the conductive heat transfer case
Is plotted in (a) and convective with conductiveath&ansfer is plotted in (b). Both
results are the snap shots at 180 sec.
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6.4 Conclusions

Damage mechanics and the stress-dependent pelityeafmmdel have been
applied to fully-coupled thermo-poroelasticity.idt observed that effective stresses are
relaxed in the damaged area and increased at téaice of the damaged and intact
rock by the change of modulus and permeability wijaction-induced rock failure. The
model has been applied to the microseismic eventilation. Two types of injection
schemes are used for geometrical well injectiorsnmall scale simulations and point
source injection in large scale simulations. Rassliow distributed shear and tensile
failure in the reservoir. The resulting rock faduand permeability enhancement is a
function of the in-situ stress. Realistic patteohsnicro-seismicity have been generated.
Results show the significant roles of stress s#me@ initial rock permeability in the
resulting pattern. The results of this study inthctihat the finite element method with

damage can be used to model reservoir stimulahdrireduced seismicity.
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7. THREE-DIMENSIONAL FINITE ELEMENT MODELING OF
THERMO-PORO-MECHANICAL WELL STIMULATION AND

INJECTION-INDUCED MICROSEISMICITY

The study of stress variations by fluid injectias important in enhanced
geothermal reservoir (EGS). Especially near thibaee, there is a significant change
of stresses by temperature, fluid flow and farefistresses. The influence of fluid flow
and porous rock has been developed by Biot (Bit,11Cryer, 1963), and its extension
version of thermo-poroelasticity has been propddécTigue, 1986; Kurashige, 1995;
Wang and Papamichos, 1994). They showed that tpadof thermo-poroelasticity
around a wellbore that thermally-induced pore presslistribution is significant if the
rock permeability is low. The influence of chemiqaitential also has been developed
that considered the influence of chemical potentexhperature and fluid flow in shale
(Heidug and Wong, 1996; Ghassemi and Diek, 200&s&tmi et al., 2009). Most of the
geothermal reservoir rock is granite so that weukhoonsider the low permeable and
brittle rock with cold water injection. Thermo-petasticity can be used to assess the
influence of temperature and fluid flow change ba stress variations; however, there
are some limitations that the rock skeleton is @&zl to be elastic and constant
permeability in fluid flow. Generally, the modulasid permeability are changed if the
rock reaches the failure criterion. The strainsgrdehavior in triaxial test shows
hardening and softening after post-peak stress Béinavior depends on the rock type,

pore pressure, stress condition and temperatuegédaCook, and Zimmerman, 2007).
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Experimental results for permeability variation lwistress also have been studied by
many researchers (Shipping et al., 1994; Kiyanal.pl1996, Coste et al., 2001; Zoback
and Byerlee, 1975). Their experimental results tests conducted on granite show
permeability increase by a factor of four. Otherdsts present different magnitudes for
the increase in permeability depending on rock gpe conditions (De Paola et al. 2009;
Wang and Park, 2002).

Continuum damage mechanics is used to considercithek initiation, void
growth, and crack propagation that can capturentitdening and softening behavior of
a rock. Continuum damage mechanics was first imred by Kachanov and since has
been developed and applied by many researchershékag, 1958; Mazars, 1986;
Simankin and Ghassemi, 2005; Tang et al., 2002t lal., 2005; Selvadurai, 2004). It
can be contrasted with fracture mechanics in tlaaie mechanics describes crack
initiation, microcracks, void growth, and crack pagation based on the failure criterion,
whereas fracture mechanics assumes an initial d@clpropagation. The impact of
damage mechanics has been applied in the presépoeoelasticity. Selvadurai (2004)
studied damage in poroelastic consolidation problemith a stress-dependent
permeability model. His results showed a significa@rmeability alteration caused by
damage evolution in consolidation problems. Hareiehl. (2005) developed a model
with time dependent damage variable, porosity, rmaterial properties. They proposed
different rock behavior with degradation and heglwithin the framework of the
poroelastic theory. Tang et al. (2002) proposedtdebdamage and permeability model

based on experimental strain-stress observatiodngpameability measurements (Tang
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et al., 2002; Li et al., 2005). The model was impdated in a finite element model and
was used to simulate a uniaxial compression teshgdraulic fracture propagation.

Damage mechanics has an advantage of considéengicrofracture so that it
can be one of the promising tools to predict inggcinduced microseismic events.
Microseismic event characteristics such as theations, spatial patterns of distribution,
and the temporal relation between seismicity asdreir activities are often studied for
enhanced geothermal systems (EGS). Microseismiat @letection and interpretation is
used for estimating the stimulated volume and dn&ctgrowth, resulting reservoir
permeability, and geometry of the geological suites and the in-situ stress state (Pine,
1984). The process commonly is referred to as seiyrbased reservoir
characterization. Although progress has been madeguiantitative and qualitative
analysis of reservoir stimulation using micro equhkes (Shapiro et al., 1997; 1999;
2002; Rothert and Shapiro, 2003), the process @k failure and permeability change
has not been considered. In-situ stress and thesffealts on fluid-rock interaction have
also not been considered.

In this work, we present the development of adhienensional (3D) finite
element model to study the influence of thermo-poexhanical coupling on rock
damage evolution and permeability variation witference to reservoir stimulation and
induced seismicity. The damage model we used qoynels to brittle rock failure with
post-peak softening and permanent deformation poidracture. In order to capture the
full effects of rock cooling by injection in thegwence of higher fluid fluxes caused by

rock failure and permeability enhancement, the rhodesiders both the conductive and
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convective heat transfer in porous media. A numisiemumerical simulations are
presented to verify the model and to illustratertiie of far-field stress and permeability

change in rock fractures, distributed damage eiguand induced seismicity.
7.1 Injection-induced damage propagation

In this section, we present numerical examples Mhgdraulic fracturing
experiments under the influence of different faildistresses while taking into account
fluid and temperature variations around a wellbore.

Before conducting large reservoir simulations, tested a small simulation
domain consisting of a 3D block of rock with dimiems of 10x10x5 rh(Fig. 7.1) with
a 0.2-m injection interval. We use an 8-noded hegatn element for displacement and
8 nodes for pore pressure and temperature. Allveseproperties represented a granite
reservoir (Table 6.1).

We compared the numerical solutions with analyt®alutions for effective
vertical stress distribution. We assumed zero i&ddfstress and pore pressure on the
wall acting with 10 MPa along the vertical wellbosarface. The induced effective
vertical stress component contributes to tensikesstsince the pore pressure invasion to
the reservoir leads the effective stress distrdyufrom zero to the tensile stress as seen
in Fig. 7.1. The plot in Fig. 7.2 compares the nuoa solutions for effective vertical
stress with analytical solutions with time. The gamson of pore pressure, total radial
stress components, and total tangential stress @oamps are presented in Figs. 7.3 to

7.5.
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Fig. 7.2. Comparison of numerical solutions with analytisalutions for effective stress
componentg?,, distribution.
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Fig. 7.3. Comparison of numerical solutions with analytisalutions for pore pressure
distribution along to the radial direction.
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Fig. 7.4. Comparison of numerical solutions with analytisalutions for total radial
stress gy, distribution.
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Fig. 7.5. Comparison of numerical solutions with analytisalutions for effective stress
componentggg, distribution.
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For the analysis of injection-induced rock faillaed permeability change, we
assumed that permeability in the maximum far-fislcess direction (x-direction) is 5
times higher than that in the minimum far-fieldests direction (y-direction). The
vertical permeability value is assumed to be 10%hef permeability in the minimum
far-field stress direction. The experimental resulbr the permeability anisotropy
showed that the permeability path is higher inrieximum stress direction (Khan and
Teufel, 2000). In this example, the maximum hortabstress is 30 MPa (x-direction),
minimum horizontal stress is 20 MPa (y-directicem)d the vertical stress is 10 MPa (z-
direction). The injection pressure starts at 13 MiRd is increased at 0.5-hr intervals

until it reaches 20 MPa.
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Fig. 7.6. Iso-surface (20%) of injection induced damagealde for the case when the

minimum in-situ stress iS,.

The iso-surface of the area damaged 20% by @il ithjection is plotted in Fig.

7.6. The permeability and pore pressure distrilmstion the fracture zone are represented

) distribution and horizontal tangential stress

in Fig. 7.7. Note that axial stresgT{,

contribute to failure around the wellbore. In otacture simulation, the damaged area

(microcrack and void-growth area) becomes sharpdrenw damage variable

the anisotroprenpability model under anisotropic

convergences are satisfied. Also

far-field stress shows more realistic results sithaiel injection plays an important role

in this process and its simulation.
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Fig. 7.7. Cross sectional view of permeability and pore gues distributions. Results
are for a time of 6 hrs. Permeability distribuso(a) and (b); pore pressure distributions:
(c) and (d). See Table 7.1 for units. Unit for peatility is md.

7.2 Damage propagation under different stressregimes

After carrying out small reservoir geomechanicehuwdations, we conducted
large scale reservoir simulations using a largehmeish 83,232 8-noded hexahedron
elements for a reservoir size of 240x120 x150amshown in Fig. 7.8. We tested three
different far-field stress regimes: strike-sliB (=30 MPa, S min=10 MPa, S~=20
MPa), with horizontal far-field stresses as the mmasn and minimum in-situ stresses;

thrust &4 ma=30 MPa, S, min=20 MPa,S=10 MPa), with vertical far-field stress as the



141

minimum stress component; and normal faulti®g.{,=20 MPa,$, min=10 MPa,S~=30
MPa), with the vertical far-field stress as the maxm in-situ stress component. All
reservoir properties are the same as the previomsllations, and permeability
anisotropy is oriented according to the far-fielttess direction; for example,
kn, min=0.1%x10° md, Ky, ma=10x10° md, andk,=0.1x10° md are applied for the strike-
slip regime,ky min=1%10° md, Ky, ma=10%10° md, and k,=0.1x10° md for the thrust
regime, and, mi=0.1x10> md, ky ma=1.0x10* md, andk, = 0.1x10° md are applied

for the normal fault regime.

Table7.1
Reservoir properties used in the simulations.
Case 1 Case 2 Case 3
(Strike-Slip) (Thrust) (Normal)
Sh. max 30 MPa 30 MPa 20 MPa
Sh, min 10 MPa 20 MPa 10 MPa
S 20 MPa 10 MPa 30 MPa
Ky, max (Md) 10x10° 10x10° 0.1x10°
Kn, min(md) 1x10° 1x10° 1x10°

ky (Md) 0.1x10° 0.1x10° 0.1x10°
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100

Fig. 7.8. Mesh used in simulatior8y max represents maximum horizontal streSgyin IS
minimum horizontal stress, aiglis vertical stress.

In these simulations, damage propagation causedfllbg injection was
investigated in relation to the in-situ stress megji The first case was when the minimum
in-situ stress is horizontal (Case 1). The injectinterval zone is 2 m and injection
pressure begins at 8 MPa and is increased at 2& iMiPements every 0.5 hr until it
reaches 32 MPa. Fluid injection causes both effectangential and effective axial
stresses to become tensile. These two stress cemigsocontribute to tensile principal
stress inside the rock. Fig. 7.9 shows the 20% datharea. Note that damage and
fractures propagate vertically and horizontallythrs case where the minimum stress is

horizontal. Height growth occurs rapidly near thelliaore where the axial stress effects



143

dominate. Away from the wellbore, the in-situ ssre®ntrols the manner of damage
zone propagation similar to a hydraulic fracturdée Teffective axial stress and pore

pressure distributions are shown in Fig. 7.10.

Fig. 7.9. Damage and permeability distributions for minimborizontal far-field stress
at 12 hrs. 20 % damage of iso-surface is plotteth)nand (b) is a magnified image.
Cross-sectional views of permeability distributi@ms illustrated in (c) and (d).
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Fig. 7.10. Effective vertical stress and pore pressure tstions for minimum
horizontal far-field stress at 12 hrs. Cross-seaiwiews of effective vertical stress are
in (a) and (b), and pore pressure distributionsrafe) and (d), respectively.

For Case 2, the vertical minimum in-situ stressmeg the injection interval zone
is 0.2 m and the pressure begins at 20 MPa andases at 2.5 MPa at 0.5 hr until it
reaches 42 MPa. Fig. 7.11 shows the fluid- indu28& damaged area and the
permeability distribution. Results show that injestinduced damage and the fractured
area propagate horizontally. The propagation ofatgeris much larger in the maximum
horizontal far-field stress direction than in thenmmum horizontal far-field stress

direction, which is influenced by permeability ati®py.
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Fig. 7.11. Damage and permeability distributions for minimuentical far-field stress at
6 hrs. 20 % damage of iso-surface is plotted inaa@ (b) is magnified image. Cross-
sectional view of permeability distributions arestrated in (c) and (d).

For the Case 3, vertical stress as the maximurfiefiar stress, the same injection
rate conditions of Case 1 are used for the comma$ the normal fault regime with the
strike-slip regime (Case 1). The only different gedies are far-field stress distribution
and permeability anisotropy because maximum fad-B&ress directions are varied from
the y-direction to the z-direction. Results shovsteonger tendency for the induced
damaged and fractured zone to propagate vertidadyever, as shown in Fig 7.12, the
damage area is smaller (for the same injectionafa@ase 1) because of the influence of

the large, vertical far-field stress.
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The different geometry of the failure plane for tase ofS, nin andS, as the
minimum in-situ stress components can be attribtwedifferent patterns of fluid and
stress distribution in each case. In this simulatibe effective axial stress caused by
fluid injection and deviatoric stress from the lzontal far-field stress are the main
contributors to tensile failure across the wellbéoe case 1 and case $ (i as the
minimum). However, in the case §f as the minimum stress, the effective axial sti®ess
not significant compared to the minimu#min and the wellbore hoop stress which serve
to propagate the damage. We observe that a higlection pressure is needed to
generate the fracture plane in the homogeneousaask, whersvis the minimum in-
situ stress rather tha®, min, because of the effective stress contributionstémisile
failure. This is reasonable since there is addatidvoop tensile stress (as opposed to only

axial) when the fracture is initiated in a vertip&ne.

Fig. 7.12. Damage and permeability distributions for minimuentical far-field stress at
6 hrs. 20 % damage of iso-surface
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The variation of damage propagations with time tfog strike-slip, thrust, and
normal fault regimes are illustrated in Figs. 7ta3.15 for comparison.

Hydraulic fracturing with cold water injection hagen illustrated in Fig 7.16.
Initial reservoir temperature is 200 °C and coldewaemperature is 65 °C. Injection
pressure is maintained 35 MPa for 6 hr, startimgnfi8 MPa. Both fluid injection and
temperature difference contribute to fracture pgap@n. In this simulation, we assume
the hydraulic fracture (macrocrack) as 90% damRgsults show that the 90% damage
zone length is 24 m, height is 8 m, and averageiieiss near the well 10 cm. Note that
temperature distribution is influenced by fluid vilowhich is related with convective
heat transfer, but the transfer rate is very slivis important to define the hydraulic
fracturing in fluid injection. The main differenge the theory of fracture and damage
mechanics is that the fracture considers macrocgcpagation, whereas damage
mechanics considers the micro-fracture. Macroc@okagation can be explained to be
a sudden localization of microcracks (Mazars anduBier-Cabor, 1996) so that the

distributions of damage are generally broader thasture propagations.
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Fig. 7.13. Iso-surface 20% damage plot of 3D damage propagatith respect to time
under horizontal far-field stress as the minimua): 0.5hr, (b): 1 hr, (c): 1.2 hr, (d): 1.5
hr.
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Fig. 7.14. Iso-surface 20% damage plot of 3D damage propagatith respect to time
under vertical far-field stress as the minimum: gahr, (b): 1.2 hr, (c): 1.5 hr, (d): 1.9 hr.
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Fig. 7.15. Iso-surface 20% damage plot of 3D damage propagatith respect to time
under vertical far-field stress as the maximum: 1d&)r, (b): 1.5 hr, (c): 2 hr, (d): 3 hr.
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(b)

Fig. 7.16. Plot for hydraulic fracturing zone (90% damage@aarwith minimum
horizontal (a) and pore pressure distribution (ifferent plane views of temperature
distributions in (c) and (d). All results have geme time step at 6 hr.

7.3 Injection volume analysis

The influence of injection volume under differesttess regimes is reported in
this section. Well pressure in this comparison &egp increase of 15 to about 44 MPa
for normal regimes and 20 to about 48 MPa for thregimes. Initial well pressure is set
to the pressure before the rock failure and daneagéution begins after the next step
increase of wellbore pressure. Fig. 7.17 showsctmparison of a 40% damaged area

with different far-field stresses when we injec896for 3 days in the normal regim&.(
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max = 20 MPa,S, min = 10 MPa,S, = 30 MPaky, max= 10x10° md, kn, min = 1x10° md,
and k, = 0.1x10°) and 340 L for 3 days in the thrust regin® (hax = 30 MPa,
S min = 20 MPa,S, = 10 MPaky, max = 1%10° md, kn min = 1x10° md, andk, = 0.1x10?
md). The normal regime led to a larger damaged anelahigher injection volume than
the thrust regime. This is because of the influesicthe horizontal deviatoric stress to
increase damage distribution with similar injectpmessure schedules. Injection pressure
is similar to the case of thrust regime, but tatigéistress creates larger failure in the
maximum far-field stress direction around a weltbor the normal regime. However, in
the thrust regime the contribution of tangentiaéss is weak and induced vertical stress
cause it to fail. Results indicate that larger dgenand injection volume can be predicted
with the same injection pressure where the mininfamfield stress is horizontal than in
the thrust regime. The thrust regime needs a higieetion pressure schedule to create
a fracture plane with given far-field stress coioaht

Damage distribution and injection volume have betudied in the same
injection pressure schedule with different fardisitress (Fig. 7.18). The conditions for
far-field stress and permeability a8 max = 20 MPa,S, min = 10 MPa,S, = 30 MPa,
ki, max = 10x10° md, ki, min = 1x10% md, k, = 0.1x10° for the normal regime and
S, max = 40 MPaS, min = 20 MPaS, = 30 MPaky, max= 10x10> md, ki, min = 1x10° md,
k, = 0.1x10° for the strike-slip regime. The injection pressisescheduled as step
increases from 5 MPa to 32.5 MPa every 1 hr fohlmaises. Injection volume is 473 L
with 3 day injection for the normal regime and 12&lso with 3 day injection for the

strike-slip regime. Deviatoric stress for the si#lip regime is 10 MPa, whereas it is
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5 MPa for the normal regime. Larger damage andttige were observed in the normal-
regime than in the strike-slip regime. Previous parison shows the influence of
deviatoric stress in damage distribution with thms initiation of rock failure. However,
in this comparison, the failure beginning time ifedent in the normal and strike-slip
regimes with same injection pressure schedulectioj@induced damage propagation
begins later in the strike-slip regime becauseighdér compressive horizontal stresses.
This analysis shows that the roles of horizontaliateric stress and failure initiation
pressure aare important to predict injection voluamel fracture propagation. This
analysis indicates that fracture propagation redutm the complex interactions of the

fluid injection pressure, far-field stress, permbigh and rock strength.

(b) )
P
‘\
%
Normal Regime | | Thrust Regime

Fig. 7.17. The comparison of damage distribution under dfiérstress regimes. (a)
normal regime, 968 L for 3 days (b) thrust regi@#0 L for 3 days.
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Fig. 7.18. The comparison of damage distribution under difféistress regimes. (a)
normal regime, 473 L for 3 days (b) strike-slipineg, 121 L for 3 days.

7.4 Heter ogeneous microseismicity simulations

In this section, we consider induced microseismyisimulations with damage
evolution. We assumed that seismic events are gtkewhen the effective rock stress
reaches the level prescribed by the failure cotefMohr-Coulomb) as fluid infiltrates
the rock and stresses change. The simulation nseghei same as in the previous
homogeneous 3D simulations. However, heterogesettfemodulus and permeability
are considered using Weibull distribution function§he initial modulus and
permeability distributions are illustrated in Fig19. As before, three different far-field
stress regimes were tested: one with horizontalsstas the minimum, another with
vertical stress as the minimum, and the other wattiical stress as the maximum. To
investigate the permeability and far-field strestationship, we also considered two
different permeability models: (1) reservoir periméty properties are highly related to

the far-field stress (anisotropic permeability)dgR&) permeability is independent of the
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far-field stress (isotropic permeability). Detad§ reservoir properties are described in
Table 7.2. In the case of anisotropic permeabilig, simply assumed a permeability
that is 10 times higher in the maximum in-situ sérelirection and 10 times lower in

minimum in-situ stress direction.

Fig. 7.19. Initial heterogeneous modulus which ranges fro®P&a to 16 GPa in (a) and
(b), and permeability distribution (0.004 to ab6u@16 md) is presented in (c), (d).
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Table7.2.
Reservoir properties used in 3D heterogeneous atioosk.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Stress

. Strike-slip Thrust Normal
regime
E 10 GPa (n=1.5) 10 GPa (n=1.5) 10 GPa (n=1.5)
Krmax=10x10? Krmax=10x10? Kmax=1x10°
k! [md] 2 2 2 2 2
10 Kimin=0.1x10 10 Kmin=1.0x10 10? | kyin=0.1x10?
(n=1.5) 2
k,=1.0x10 k,=0.1x10 k,=10x10
Co 100 MPa (n=2) 100 MPa (n=2) 100 MPa (n=2)
To 5 MPa (n=2) 5 MPa (n=2) 5 MPa (n=2)

The resulting seismic events distributions aretptbin Figs. 7.20 to 7.22 for
different reservoir permeabilities in different situ stress regimes. Fig. 7.20(a) shows
the seismic events in time for the conditions a@itrgpic permeability with minimum
horizontal far-field stress. Fig. 7.20(b) shows lat pfor the same far-field stress
conditions and injection rate but with anisotropermeability. The seismic events are
scattered broadly when permeability is isotropicsithere are no significant differences
in fluid sweep velocities in the x-, y-, and z-ditiens. However, in the case of
anisotropic permeability, seismic events are higbbalized because fluid invasion is
focused in the maximum far-field stress directiand this leads to localized seismic
events. Same conditions are simulated for the mimmuertical far-field stress case (Fig.
7.21). Similarly, broad distributed seismic eveontur under isotropic permeability
conditions, and scattered localized events arerebden the anisotropic permeability

case. Vertical stress as the maximum has beereglatt Fig. 7.22. Note that same
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injection conditions are used for both stress regsimulations. Results show that for
the normal faulting case, the induced seismicitgsdoot propagate but stabilizes earlier
because vertical stress is higher than the thaegine, where a higher injection rate is
needed to generate tensile failure for fracturg@gation in the vertical direction. It is
worth pointing out that the smaller gray pointswhibie distribution of micro-seismic

events as a result of the far-field stresses amgthinie interpreted as background values.

Fig. 7.20. Predicted micro-seismic events after 10 hrs of poam for the case of
horizontal stress as the minimum far-field stre@g: isotropic permeability and (b)
anisotropic permeability.
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Fig. 7.21. Micro-seismic events after 6 hrs of pumping foe ttase that the vertical
stress is the minimum far-field. (a) isotropic peahility and (b) anisotropic
permeability.
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Fig. 7.22. Micro-seismic events after 6 hrs of pumping foe ttase that the vertical
stress is the maximum far-field. (a) isotropic peatility and (b) anisotropic
permeability.

The influence of cooling has been compared in Fig@3. Initial reservoir

temperature is assumed 200°C and injection colémtamperature is 50°C. The heat
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transfer by conduction and convection between lilnd flow and hot reservoir causes
tensile stress, which creates larger induced métsosc events. For the cooling case,
the fluid contact in an early time step contribug@mificantly to tensile stress, resulting
in larger failure than in the isothermal case. Resthow that larger initial microseismic
events occurred for the case of cooling [Fig. 7a@3than in the isothermal condition
[Fig. 7.23(b)]. Since the heat transfer rate isvelothan fluid transport, the effects of
thermal stress are important for the long-termdfimjection (3 to 12 months). However,
the thermal stress also plays an important rokhort-term fluid injection (3 to 6 days)
to estimate the microseismic event propagationesite cooling that creates more
tensile stress in an early time step on the walthef wellbore results in larger rock

failure with the same fluid injection.

() (144

Fig. 7.23. Comparison of microseismic events after 65 hrpwhping for the case of
isothermal condition and cooling condition. (a)tiremal and (b) cold water (50°C) to
the hot reservoir (200°C).
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7.5 Conclusions

Damage mechanics and stress-dependent permeatddgls have been applied
to injection induced stress variations in thermoeptasticity. The parameters for strain-
stress and strain-permeability can be obtainedriaxial simulations comparing the
experimental results. The modulus and permeabdlitgsnges caused by rock failure
influence the stress distributions, which in tuffieet the impact of damage propagation.
The results show that the failure plane is perpaidri to the minimum far-field stress
distribution. Cold water injection in the normal sirike-slip regime shows penny-shape
propagation which can capture the hydraulic franturThe study of injection volume
indicates that the influence of far-field stresgection pressure schedule, and fracture
initiation pressure can be used to predict thendige volume and fractured area related
to fluid injection. We considered a heterogeneousduius and permeability in
microseismicity simulations and compared the effgicpermeability anisotropy. The
propagation of microseismic events is localized nvitbe reservoir permeability is
anisotropic because of fluid path localizationse Tasults of this study indicate that the
finite element method with damage can be used tdemoeservoir stimulation and

induced seismicity.
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8. THREE-DIMENSIONAL THERMO-PORO-MECHANICAL ANALYSIS

WITH POINT SOURCE FOR INDUCED MICROSEISMICITY

Three-dimensional injection induced damage/fractgm@pagation at well
scalewas presented in the previous section. Tolatenmicroseismic event propagation
in larger space, it is efficient to consider thanpasource injection scheme because
injection well radius (~0.1 m) is negligible compd® reservoir size. Point source is
localized fluid and heat flux without geometry cmesations for mathematical
approximation to simplify the problem. The devel@nnhof numerical implementation
of the point source method was described in Se&ibr3.

We performed three-dimensional (3D) simulation wathint source fluid loading.
We used an 8-node hexahedron element for displatdemeessure, and temperature,
and the total element number used in this simulagd32,000. Reservoir size is 1 km x
1 km x 0.5 km, and we assume that the depth ottioje is 2.5 km and the injection
interval is 25 m at the middle point of the reser&ig. 8.1). We also considered
gravitational force to the z-direction which hasdwal change for vertical stress and
maximum and minimum horizontal far-field stresses@nstant to the vertical direction.
Three different types of far-field stress regimes studied with same injection rate to
analyze the influence of far-field stresses as showTable 8.1. Newberry geothermal
reservoir stress regimes are used for strike-sigoreormal regime. For thrust regime, we
tested Cooper basin geothermal reservoir stressieeglnitial reservoir properties for

modulus and permeability are generated using Wedlstribution functions.
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To apply gravity in the simulations, we used theaswged reservoir data as
initial pore pressure and far-field stress forialibackground stresses that increase with
depth. The other method to apply gravity in thewsdation is by applying the force to the
z-direction in each element on a basis of rock idgndata. We performed the
simulations based on reservoir stress data. Thgrgse of reservoir stress distribution
during fluid injection can be computed by summihg induced stress variation and the
background far-field stress field in each Gauspiaint of the element.

Fig. 8.2 shows initial heterogeneity with averagedolus of 10 GPa and average
permeability of 0.01 md. The injection schedule gmdssure changes are plotted in

caused by rock failure and the propagation ofidn@aged area.

Sh, min

Fig. 8.1. Mesh used in three-dimensional simulatid®;max represents maximum
horizontal stresss, min is the minimum horizontal stress, aBds the vertical stress.



Table8.1

Reservoir properties used in 3D simulations.

Case 1 Case 2 Case 3

(Strike-slip) (Thrust) (Normal)

SH, max 70 MPa 95 MPa 48 MPa

Sh, min 46 MPa 70 MPa 36 MP

S 60 MPa 60 MPa 60 MPa
KH, max 1x10° md 1x10° md 1x10° md
Kn,min 1x10° md 1x10° md 1x10° md
Ky 0.1x10° md 0.1x10° md 0.1x10° md

Fig. 8.2. Initial heterogeneous modulus (a) and permealqib}y



164

400 60
——a—— Normal (MPa)
Stike-Slip (MPa)
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Pressure (MPa)

Injection Rate (I/s)

Fig. 8.3. Injection rate and injection pressure are ploitedormal, strike-slip, and thrust
regime.

8.1 Microseismicity in strike-slip regime

Three-dimensional injection-induced stress and pability change were
performed under a strike-slip regime (horizontaiffald stresses are the maximum and
the minimum, and vertical stress is intermediate)d Newberry geothermal reservoir.
Fig. 8.4 describes the injection-induced micros@sevents with respect to time. We
assumed that microseismic events occurred if tifectefe rock stresses reached the
shear or tensile failure criterion. Change of calepresents the time scale from the
initial time step to 72 hrs. Results show that mé&sevents are propagated irregularly
because of the heterogeneity from fluid injectibat a cross-sectional view shows that
the seismic event propagation follows the maximumzontal stress direction as shown

in Fig. 8.5. The different mode of rock failure pdotted in Fig. 8.6, where the red
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denotes the shear failure and the blue is tenagilaré caused by the stimulation. The
distributions of S1-S3 (maximum principal stressminimum principal stress) and
minimum far-field stress distributions are plottedFig. 8.7 and Fig. 8.8. The stress
distribution along the vertical direction increasesthe depth increases because of the
gravity in the far-field stress. The results oks#s distribution show that fluid injection
decreases the effective stress level, which regulshear and tensile failure and stress
relaxation at the microseismic event location. Roessure distributions are plotted for
1-hr and 3-day stimulations in Fig. 8.9; it dismersnonhomogeneously due to the

heterogeneous permeability.

time
Bl 65

Fig. 8.4. Micro-seismic events after 3 days pumping fordhse of strike-slip regime.
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Fig. 8.5. Cross-sectional views for strike-slip regime. (apresents top view, (b) is
maximum directional side view, and (c) is minimuiredtional side view.
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Fig. 8.6. Injection-induced failure analysis. Blue represeensile failure and red shows
shear failure.
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(a) 1 hrinjection (b) 3 day injection

-S3
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Fig. 8.7. The difference of maximum and minimum principaess distribution for 1 hr
injection (a) and after 3 days pumping (b).

(a) 1 hr injection (b) 3 day injection

AR 1113 $4
NO3RaRB8R Y

Fig. 8.8. Minimum principal stress distribution for 1 hr éation (a) and after 3 days
pumping (b).
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(a) 1 hr injection (b) 3 day injection

Fig. 8.9. Pore pressure distribution for 1 hr injectiongayl after 3 days pumping (b).

8.2 Microseismicity in thrust regime

In the Cooper Basin geothermal reservoir, the e&rtfar-field stress is the
minimum (thrust regime). It has been tested with $hme heterogeneity and injection
rate schedule as performed in previous strike-sdgime. Injection-induced seismic
events in a 3-day injection schedule are plottefign 8.10. Microsesimic events did not
happen and the formation stabilized after 40 hisabse the rock failure did not occur
with the given injection rate and far-field stre§he shape of the seismic-event clouds is
spherical (Fig. 8.11) and the number of eventgss khan in the strike-slip regime case
because the compressive far-field stress in thestiiegime case is higher; therefore, the
possibility of rock failure was less with the samgection rate. Most seismic events
were generated by shear failure in this simulatimess distributions for maximum and

minimum principal are illustrated in Figs. 8.13 &l
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Fig. 8.10. Micro-seismic events after 3 days pumping forttiveist regime.
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Fig. 8.11. Cross-sectional views for thrust regime. (a) repnés top view, (b) is
maximum directional side view, and (c) is minimuiredtional side view.
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Fig. 8.12. Injection-induced failure analysis. Blue represetgnsile failure and red
shows shear failure.

(a) 1 hrinjection (b) 3 day injection

w
U | *338R8888 2

Fig. 8.13. The difference of maximum and minimum principaéss distribution for 1 hr
injection (a) and after 3 days pumping (b).
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(a) 1 hrinjection (b) 3 day injection

200
400 600

800

Fig. 8.14. Minimum principal stress distribution for 1 hr égtion (a) and after 3 days
pumping (b).

8.3 Microsaismicity in normal regime

One of the most common stress regimes in reserigil®e normal stress regime.
In this stress regime, vertical fracturing is olbserand the microseismic event shape is
ellipsoidal because of the stress differences inzbnotal far-field stress. Injection-
induced seismic events are illustrated in Fig. 838all dots represent initial shear
failure caused by natural compressive far-fielésgr Cross-sectional views in Fig. 8.16
show that microseismic events are propagated tonthemum horizontal far-field stress
direction and also to the vertical far-field stre®ction. The pattern of events cloud is
a penny shape, which is similar to hydraulic fracky, but the events can be observed
broadly since microseismic events include not omligrocrack but also macrocrack
generation by fluid injection. Shear and tensildufa modes are plotted in Fig. 8.17,

which shows that shear failure is randomly obseraethe bottom side because of the
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increase in vertical far-field stress due to grgvdnd also induced shear and tensile
failure are observed because of water injectioran@bs in principal stress distributions

and pore pressure distributions are plotted in.Rdk3 to 8.20.

A

Sh’,min_ :

3 n £ i s )
200 200 =
800

m 1000

Fig. 8.15. Micro-seismic events after 3 days pumping forbemal regime.
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Fig. 8.16. Cross-sectional views for normal regime. (a) repngs top view, (b) is
maximum directional side view, and (c) is minimuiredtional side view.
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Fig. 8.17. Injection-induced failure analysis. Blue represetgnsile failure and red
shows shear failure.

(a) 1 hrinjection (b) 3 day injection

Fig. 8.18. The difference of maximum and minimum principaéss distribution for 1 hr
injection (a) and after 3 days pumping (b).
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(a) 1 hrinjection (b) 3 day injection

Fig. 8.19. Minimum principal stress distribution for 1 hr égtion (a) and after 3 days
pumping (b).

(a) 1 hrinjection (b) 3 day injection

Fig. 8.20. Pore pressure distribution for 1 hr injectiondall after 3 days pumping (b).

8.4 Discussion of microseismicity in three different stressregimes

We presented microseismic event propagation unbteget different stress
regimes (strike-slip, thrust, normal regime) witie tsame injection schedule and the
same distribution of heterogeneity of modulus aechyeability. Results show that the

patterns of microseismic events are penny shapedtfixe-slip and normal regimes.
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However, we observed differences in the event iogatand times with changes in far-
field stress conditions. Especially in the normabime case, initial rock failure
increased as the depth increased, and it alsoemfkd the injection induced
microseismic event propagation. The difference @fsmic events with normal and
strike-slip regimes is compared in Fig. 8.21. RHw thrust regime in the simulation, it
the distance of events from the injection souraeletively shorter than in the strike-slip
and normal regimes because of the effective st@stsibutions toward shear and tensile

failure. This is also observed in well-scale sinmiola (Section 7) for the thrust regime.

(a) Normal Regime (b) Strike-Slip Regime

Fig. 8.21. Comparison of seismic events in normal and stsikeregimes.

We tested the influence of permeability anisotropg thrust regime that had 10
times higher permeability in the horizontal direas and 10 times lower permeability in
the vertical directions. This assumption is accomgxh by the experimental results that
the maximum fluid path increases proportionallytlas deviatoric stress increases in

rock. Results in Fig. 8.22 show that injection-inéd microseismic events are
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horizontally scattered. Note that small dots repmésnitial rock failure in the reservoir.
Cross-sectional views in Fig. 8.23 show the midsym& events localized to the
horizontal direction by fluid injection. This resuhdicates that the fluid flow path
highly influences the stress distribution, andatuses the shape of the rock failure and
microseismic events. Permeability distribution foe initial injection and after 3 days
for the thrust regime is described in Fig. 8.24eTbck failure induced by injection

increased permeability and triggered microseismicit

Sh,min

200 . .
400 800

800

Fig. 8.22. Microseismic events after 3 days pumping in thghlyi anisotropic
permeability case.
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Fig. 8.23. Cross-sectional views for thrust regime. (a) repnés top view, (b) is
maximum directional side view, and (c) is minimuiredtional side view.
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Fig. 8.24. Cross-sectional views for permeability distribatiqa) initial permeability
distribution, (b) permeability distribution afterdays injection.
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8.5 Influence of deviatoric stress

In this section, we present the results of micisre@ event propagation under
three stress regimes that show different event ggajon with the same injection
schedule and the same distribution of heterogen@&itys indicates that the far-field
stress plays an important role in induced seisgidiWe studied the influence of
deviatoric far-field stress in microseismic eveptspagations as changing horizontal
deviatoric stresses. The simulation conditiongh@ study are presented in Table 8.2, in
which horizontal far-field stress is changed wiéim® vertical far-field stress (strike-slip
regime). Permeability anisotropy is consideredhsa the vertical direction has 10 times

lower permeability.

Table 8.2
Reservoir properties used in the simulations faesst regime and permeability
anisotropy.

Casel Case 2 Case 3

SH, max 55 MPa 60 MPa 65 MPa

S i 45 MPa 40 MPa 35 MPa

S 50 MPa 50 MPa 50 MPa
KH, max 1x10° md 1x10° md 1x10° md
Kn,min 1x10° md 1x10° md 1x10° md
Ky 0.1x10° md 0.1x10° md 0.1x10° md

In contrast with the result for the thrust regintee events cloud scattered

horizontally. In the small deviatoric stress resarcondition, the fluid path has the
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dominant effect in microseismic event propagatiamces permeability anisotropy in
horizontal direction is 10 times higher than in thetical direction. However, if the
horizontal deviatoric stresses increase as in casasd 3, the influence of horizontal
deviatoric stresses becomes significant as theatt#i¢ stresses increase. Figs. 8.25 to
8.27 show that microseismic events propagate tondwamum far-field stress direction,
and the cloud shape is sharper in the maximum dwtak far-field stress direction as the
deviatoric stress increases. The results inditetegermeability anisotropy is critical for
event propagation when the deviatoric stress issagére, and also the far-field stress

influences the microseismic pattern as the dev@giress increases.

(a) | sh, max (b)
lSv
e i -
Sh. min " SH, max

o

200 400 600 800 1000

Fig. 8.25. Cross-sectional views for the case of 5 MPa asatteic stress after 3 day
injection. (a) represents top view and (b) is mummdirectional side view. Blue dots
represent tensile failure and red dots are shdarda
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Sh. min SH, max
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Fig. 8.26. Cross-sectional views for the case of 10 MPa astleic stress after 3 day
injection. (a) represents top view and (b) is mummdirectional side view. Blue dots
represent tensile failure and red dots are shdarda

(a) lSH. max (b)
iSv

- —

sh, min SH, max

Fig. 8.27. Cross-sectional views for the case of 15 MPa astwic stress after 3 day
injection. (a) represents top view and (b) is mummdirectional side view. Blue dots
represent tensile failure and red dots are shdarda

8.6 Anisotropic permeability

As we have seen in previous results, fluid patlone of the key factors for
microseismic event analysis. In this simulation,stiedied the influence of permeability

anisotropy. Table 8.3 shows different permeabihtyisotropy, which increases the
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permeability in the direction of the maximum hontal far-field stress. Note that
vertical permeability is lower than horizontal pe@bility and only the values &f; max

are changed and far-field stress conditions arsdhee.

Table8.3.
Input parameters for stress regime and permeahititgotropy.
Case 1 Case 2 Case 3
SH, max 60 MPa 60 MPa 60 MPa
S, i 40 MPa 40 MPa 40 MPa
S 50 MPa 50 MPa 50 MPa
KH, max 2x10° md 5x10° md 10x10° md
Kp,min 1x10° md 1x10° md 1x10° md
ky 0.1x10° md 0.1x10° md 0.1x10° md

Figs. 8.28 to 8.30 show seismic event clouds fdfeint permeability
anisotropy after 3 day injection. The shape of iieroseismic event clouds becomes
narrow and sharper as the permeability anisotropyeases in the maximum direction
because of the localization in the fluid path. Nittat few events appear in the vertical

direction because vertical permeability is 10 tiroeger than horizontal permeability.
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(a) J/SH, max (b)
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Fig. 8.28. Cross-sectional views for the casek@f.ax = 2xky, min after 3 day injection. (a)
represents top view and (b) is minimum directicidé view. Blue dots represent tensile
failure and red dots are shear failure.

(a) J/SH, max (b)
iSv
= g — A5EREE
sh, min =H, MA

Fig. 8.29. Cross-sectional views for the casek@f..x = 5>k min after 3 day injection. (a)
represents top view and (b) is minimum directiaidé view. Blue dots represent tensile
failure and red dots are shear failure.
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Fig. 8.30 Cross-sectional views for the casek@f..x = 10%y min after 3 day injection. (a)
represents top view and (b) is minimum directicidé view. Blue dots represent tensile
failure and red dots are shear failure.

8.7 Microseismic simulationsin Soutz-Sous-Forets stressregime

We performed microseismicity simulation with a Set$ouls-Forest stress
regime. One of the most important characterishahie GPK-1 and GPK-2 stress regime
is a transition of stress regime froma normal megito a strike-slip regime as the
reservoir depth increases, as shown in Fig. 8.Bled different stress regimes have been
tested: the normal regime (1.25 km — 1. 75 km) tthesition (2.75 km — 3.25 km), and
the strike-slip regime (4.25 km — 4.75 km). We ased that there are no natural fracture

and fault in this simulation.
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Fig. 8.31. Change of far-field stress with respect to depth Soultz-Sous-Forets
geothermal reservoir.

Microseismic events propagation with time and f&lmode at 1.25 km—1.75 km
are plotted in Fig. 8.32 and Fig. 8.33 (normal meg). Microseismicity propagated
perpendicular to the minimum horizontal far-fietdess direction. Transition and strike-
slip regime cases are also plotted in Figs. 8.38.87. The minimum far-field stress
does not change with depth variations as the mimptherefore, microseismic events
are propagated normal to the minimum far-fieldsdrdirections. Both shear and tensile
failure from fluid injection were observed. The qumamison of microseismic events

propagation as the depth increase is illustratdegn8.38.
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Fig. 8.32. Cross-sectional views for the normal regime (1r@5k 1.75km) after 3 day
injection. (a) represents top view and (b) is mimmdirectional side view.

(b)

Fig. 8.33. Shear and tensile failure plot for the normal megi(1.25km — 1.75km) after 3
day injection. (a) represents top view and (b) igimum directional side view. Blue
dots represent tensile failure and red dots arardhdure.
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Fig. 8.34. Cross-sectional views for the transition regim@%Rm — 3.25km) after 3 day
injection. (a) represents top view and (b) is mimmdirectional side view.
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Fig. 8.35. Shear and tensile failure plot for the transitiegime (2.75km — 3.25km) after
3 day injection. (a) represents top view and (kbhisimum directional side view. Blue
dots represent tensile failure and red dots arardadure.
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Fig. 8.36. Cross-sectional views for the strike-slip regimebkm — 4.75km) after 3 day
injection. (a) represents top view and (b) is mimmdirectional side view.
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Fig. 8.37. Shear and tensile failure plot for the strike-siggime (4.25km — 4.75km)

after 3 day injection. (a) represents top view éndis minimum directional side view.
Blue dots represent tensile failure and red datsshear failure.
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(a) Depth 1.25~1.75 km (normal regime)
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(c) Depth 4.25~4.75 km (strike-slip regime)
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Fig. 8.38. Comparison of microseismic events propagation umiféerent depth. (a)
injection depth is 1.5 km in normal regime (b) 3 kntransition regime, and (c) 4.5 km
in strike-slip regime.
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We also performed injection-induced microseismicergv propagations in
existing natural fractures. The mesh used in tinsigtion is 250 mx250 mx250 m with
an 8-node hexahedron element and one simplifiecijlar natural fracture (representing
the conceptual model of a Soutz-Sous-Forets geuntiaeservoir). The natural fracture
is inclined by 20° from the vertical direction, and fracture radius is 50 m (Bruel,
2002). To describe the natural fracture in filstement modeling, we assumed that is
modulus is 10 times lower (~0.1 MPa) and permeability i< titnes higher (~10md)
than an intact granite reservoir, and its cohesikength is zero in the naturally fractured
zone. The mesh for numerical modeling is presemtdeig. 8.39. Fig. 8.40 shows the
initial natural fracture configuration and initiaistribution of modulus. The stress
regime in this simulation is a normal regime Wa{max= 50 MPa,Smin = 30 MPa, and

S, = 60 MPa; the injection rate is 24 L/sec.

Fig. 8.39. Mesh used in naturally fractured reservoir simatgt250x250x250 fhwith
64,000 elements.
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Fig. 8.40. Natural fracture configuration is illustrated ia),(and initial distribution of
modulus properties are plotted in (b).

The results for microseismic event propagationhwime and pore pressure
distribution after a 3 day injection schedule arespnted in Fig. 8.41. The microseismic
event propagation in Fig 8.41(a) shows almost #mesgrowth rate in the up and down
direction because the influence of gravity in fief stress, initial pore pressure, and
fluid gravity is ignored in this simulation. Notkat the microseismic event propagation
is fast inside the natural fracture in early tineps because of quick fluid movement to
the natural fracture, and then there is a smalydéb generate propagation of new
events. A possible reason is that it needs more p@ssure to propagate the rock failure
in the intact rock since rock properties and pebiligya are discontinuous between the
natural fracture and the intact rock. The comparissf numerically obtained
microseismicity with real field date is presentedrig. 8.42. The numerical simulation

that assumed a single large fracture can desdndentin features of the experimental
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data in Soultz-Sous-Forets. However, the distrdsutbf microseismicity between the
simulation and field data is different. To improwbe numerical modeling for
microseismicity, it is necessary to consider ndiydarge main fracture but also other
factors that can influence microseismicity, suchicaslized permeability distribution,

modulus, and rock strength in small natural freesuaround the injection area.

Fig. 8.41. Microseismic event propagation and pore pressisgiltution with fluid
injection to the natural fracture. (a) microseismi@nts propagation with time (b) pore
pressure distribution after 3 days injection.

Fig. 8.42. Comparison of numerical results for injection-indd microseismicity with
experimental data. (a) numerical results assumntiegirijection in single large fracture
(b) experimental data at GPK1-well in Soultz-Sousefs geothermal reservoir.
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8.8 Conclusions

The influence of far-field stress and permeabiftyisotropy has been studied
through a thermo-hydro-mechanical model with damayelution. Point source
injection was applied to simulate a large resenadficiently. A fully-coupled finite
element method with damage mechanics providedotbis to analyze injection induced
microseismicity. Results show that the far-fieldess and permeability anisotropy
influence the stress distributions, which in tumpact microseismic event propagations.
The event propagation is perpendicular to the mimmfiar-field stress distribution. Cold
water injection in normal or strike-slip regime dsato vertical propagation, which can
capture the effects of hydraulic fracturing, bug #vent cloud shape is also related with
permeability anisotropy when deviatoric stress malk Thermal stress plays an
important role for predicting the stress distribatby cold water injection and triggered
microseismicity in early time steps. The pattern ricroseismic events becomes
elliptical and localized when the reservoir permiggbanisotropy increases. Injection
induced microseismicity in single large, fractunedervoirs also has been presented.
Results show that event propagations are triggguexkly inside the fracture because of
low modulus and higher permeability in natural frecture. Comparing the simulated
microseismicity with real data for Soultz-Sous-Rsrequalitatively showed that
numerical results with the assumption of a singlge fracture can capture the main

distribution of microseismicity in field experimeidata.
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9. CONCLUSIONSAND RECOMMENDATIONS

9.1 Conclusions

Thermo-poro-mechanical and chemo-thermo-poro-mechbmodels for the
rock response to fluid injection and drilling mudfiitration were developed using the
finite element method. The rock failure and damagepagation were modeled by
considering the nonlinear strain-stress behaviaook. Damage mechanics and stress-
dependent permeability were also implemented imtdfinite element model. The model
has been applied to plain-strain wellbore stabditalysis in shale to study the effects of
solute transport, heat transfer, and stress digioib around a wellbore. Also, a thermo-
poro-mechanical process with damage mechanicsteegsslependent permeability was
applied to two- and three-dimensional damage/fragiwopagation and microseismicity.
Especially for three-dimensional simulation, bothellvécale and reservoir-scale
numerical modeling was presented.

Finite element simulation of triaxial compressioghbvior of rock was carried
out to find out optimum damage mechanics materaahmeters which can describe
microvoid and microcrack growth and crack propagatiThe hardening and softening
behavior of rock and strain-permeability behavioder compression were compared
with the experimental results. We described théuamfice of material parameters to

determine the peak stress and residual strengiimeeg
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The alteration of modulus and permeability withkatamage has been studied.
The results show that the discontinuity of modudasl permeability causes retardation
of fluid movement between the high permeability dged and low permeabilty
undamaged rock. Stress relaxation by modulus reduct the damaged zone also plays
an important role in propagation of damage anddeadhe stress concentration between
the interface of damaged and undamaged rock.

In shale instability analysis, if mud salinity iswer than the formation, it
enhances rock damage by shear and tensile falloum@ a wellbore because of osmosis
effects between the drilling mud and shale forrmatiGooling of the rock causes more
tensile hoop stress and reduces the pore pressaurdaa wellbore than in isothermal
conditions. Results show that thermally inducediterstress contributes to stabilize the
shear failure in the minimum far-field stress dir@e; however, it enhances tensile
failure potential in the maximum far-field streseedtion.

We studied distribution of two- and three-dimensioinjection-induced damage
propagation microseismic events using the fullygted thermo-poroelastic finite
element methods. To simulate the rock mass molistieally, heterogeneous modulus
and permeability were implemented in the numennateling of microseismic events.
We assumed that the rock properties follow a steaisdistribution generated using the
Weibull distribution function. Both well-scale ameservoir-scale simulation have been
developed for the analysis of injection-inducedkraamage and microseismic event
propagation. We found that deviatoric far-fieldess and permeability anisotropy

contribute to predict the localization of microseis event propagation. The results
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show that the shape of injection-induced microseisevents becomes elliptical and
sharper as the deviatoric far-field stress and pahitity anisotropy increase. Also we
illustrated that the microseismic events are laealiwhen we use rock failure criteria
for comparing the pore pressure criticality.

Results show that a finer mesh provides more atzumamerical solutions but
there are limitations of computational speed andnorg storage to solve large-scale,
fully-coupled problems. To optimize the mesh sinel &lement numbers, we used a
finer mesh around the wellbore and saw significahinges of pore pressure,
temperature, and solute mass concentration. Fomwtlbore stability problem, the
system domain size is relatively small comparethéoinjection simulation, so we used a
much finer mesh around a 2-meter radius zone artlhwmdvellbore. However, for the
injection simulations, damage propagation in theximam direction is longer than
wellbore stability problem. So that a fine meshused not only around a wellbore but
also in the areas parallel to the maximum far-fe&tléss direction. There is a possibility
of unrealistic large damage propagation if the msegte is too large to accurately

compute the stress localizations within elements.

9.2 Recommendations

In this dissertation, we considered single-phasteemiajection and a mechanical
damage model. For future studies, the followingd®pare recommended.
* Multiphase flow simulation (water and steam in ¢eomal reservoirs, oil, gas,

and water in petroleum reservoirs)
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* Naturally fractured reservoir simulation

» Damage model improvement (thermal, chemical, anchar@cal damage model)
* Extended finite element method to simulate frachrompagation efficiently

» Discrete heterogeneous model to depict more rgadgjsomechanics simulation
* Multilayer simulation

* Anisotropic damage mechanics

The applications of heterogeneous reservoir madaihd permeability have been
used to depict more realistic geomechanics sinaunati In this work, a continuous
stochastic model approach was used to simulatedgetieeous reservoirs. However, in
reality geological media have a lot of discretetdess such as fissures, faults, and
natural fractures. To simulate these more readiyic we recommend introducing a
combined approach of stochastic and discrete mugldfior example, we can model the
natural fracture and faults by discrete modeling ather regions can be described with
continuous stochastic modeling. Finer mesh will Wetter for near injection and
production well, and coarse mesh is recommendeth&regions where fluid injection
and production do not cause much variation in sfret€. The choice of finer and coarser
mesh sizes is relative to the total reservoir #ie¢ needs be simulated, the numerical
accuracy requirements for each case, and the iemsabf numerical variables by
boundary conditions such as injection rate, wedispure, production rate, and far-field
stress. The mesh dependency problem is more signifiwhen we consider the

nonlinear stress-strain behavior. Fig. 9.1 showgpacal example of damage/fracture
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trajectory with different scales of mesh size. Wsayved that damage distributions are
localized as mesh density increases with the saat#rlg conditions. Particularly for the

simulation of damage propagation, the loading domdi and post-peak response
contributes to mesh density (Abu Al-Rub and Kim1@pD As the mesh size decreases,
average variation of displacement decreases dtlheglamage propagation because of
damage localization in finer mesh. Therefore, ihégessary to use finer mesh in finite

element modeling for the nonlinear behavior of raokl stress dependent permeability.

ﬁP=10kN ﬁpzlokN ﬁP:IOkN

(a) coarse (b) medium

R naenassansssmsssaal
@P=10kN @leOkN @leokN

Fig. 9.1. Simulated crack propagation for three mesh dessi{a) coarse, (b)
medium, and (c) fine (Abu Al-Rub and Kim, 2010).
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NOMENCLATURE

Compressibility
Cross-sectional area
Damaged cross-sectional area
Skempton coefficient

Fluid diffusion coefficient
Cohesive strength

Specific heat capacity
Thermal diffusivity

Solute concentration

Damage variable

Solute diffusivity

Elastic modulus

loading pressure

Maximum compressive strength
Residual compressive strength
Residual tensile strength

fluid injection rate

Shear modulus

Depth between bottom and surface

Fluid flux
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(7))

L v &

SH,max
S1,min

Solute mass flux

Permeability

Initial permeability

Maximum horizontal anisotropic permeability
Minimum horizontal anisotropic permeability
Vertical anisotropic permeability
Thermal conductivity

Elastic stiffness matrix

Jacobian matrix

Biot modulus

Shape function vector

Pore pressure

Initial pore pressure

Isotropic far-field stress

the variables o

mean value of the correspondingsof
Finite shear stress

Deviatoric component in far-field stress
Finite shear stress

Maximum horizontal far-field stress
Minimum horizontal far-field stress

Vertical far-field stress
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Time

Temperature

Initial temperature

Displacement of x-direction

Displacement of y-direction

Displacement of z-direction

Displacement of z-direction at the surface

Biot’s constant

Volumetric thermal expansion coefficient of fluid
Volumetric thermal expansion coefficient of solid
Thermal expansion coefficients

Material parameter for stress-dependent perméabili

Strain

Maximum compressive strain
Residual compressive strain
Residual tensile strain
Volumetric strain

Porosity

Friction angle

Fluid viscosity

Parameter for time discretization
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Fluid viscosity
Total mass density

Poisson ratio

Undrained poisson ratio

Total stress

Effective stress
Maximum principal stress
Minimum principal stress

Stress which has the relationship with strainnedr elasticity

Swelling coefficient
Fluid content
Increasing factor for permeability increase afééure

Reflection coefficient
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APPENDIX A
DERIVATION OF FINITE ELEMENT DISCRETIZATION FOR FULLY

COUPLED CHEMO-THER-POROELASTICITY

1. Field equations for displacement, pore pressure, solute mass concentration, and

temperature
(K J%jD(D W)+ GI°u+ H{U'DD—XDCSWlDT =0 e, (A.1)
a(Ow)+ B pr xSyt -Xo2ps ez (A2)
H H
PC = DFI2CS-CODTO2T =0 oo (A.3)
el o NS (A.4)

2. Weight residual method
The governing equation can be discretized from the following examples. A

typical example for solving the differential equation is

wherelL is the differential equation as a functionupandf is the known function of the
independent variables.

The solution ofi has weak formulations:

(9= Uy(¥= Elqwj(x) M) e A6)
2
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If we substituteu \ (x) in the left hand side of Eq. A.5, the residuals ba obtained by

LUy) - f, which is called the residual of the approximation

N
R=UN(X) - = L[ _Zlchoj (x) +¢b(X)]‘ FZ0 e, (A.7)
J:

The parametec; is solved by setting residuBlto vanish by integration in the weighted-

residual method:

SI) GiQRMC)dQ (1= 123..N) e, (A.8)

wherey, (x) are the weight functions and the most widely usetited-residual

method can be summarized as

Galerkin’s methody; = g

Petrov-Galerkin methody; # ¢

Least squares methog; = g_R
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3. Application of Galerkin’s method for the variabl
The continuous variablas, p, C, andT are approximated by the nodal values

through the shape functions as

i=1 i=1 i=1
We can substitute the nodal variables to the fedghations by applying Galerkin’s

residual method.

For solids,

(8] g){wurg[wu]{u} 10+G gz[Nurj—;[Nu]{u} da+
(K +%j gj}[Nu]T %[Nu]{u} do +a’£j1[Npr %[Np]{p} dQ -

)(I[NCSIr %[NCS]{CS} dQ +y1j[NTIr %[NT]{T} dO =0
Q o)

For fluids,

agj}[NuF %[Nu]{u} d0+ g3 £J)[N,OF[Np]{p} 40+

X (jz[NCSHNCS]{CS} a0 + yzgz[NT]T[NT]{T}—

K 9 k 0°
Zé[Npry[N p]{p} dQ +ZLD£J;[NCS]T¥[NCS]{F)} dQ =0
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For solute mass concentrations,
. 92
o j[NCsF[NCS]{CS} dQ - DS [[Ngs " —Z[NCS]{CS} a0
Q Q 0X

_A[NT]T{CS}:—;[NT]{T} dQ=0

For temperature,

KJ;[NT]T[NT]{T} do -c' (J;[NT]T :—;[NT]{T} dQ =0

Integration by parts for the above three equatieads to
KmU+Ap-WC+V T =0
AT {i+Sp+MC+NT+H,p+DyCS =0
M CS+DpCS+Qp T =f!
RT+UT=0
where :

Ky =[BTD,B dQ
Q

A=[BTamN, dQ
Q

W =[BT ymNgs dQ
Q
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V=[BT ymN7 dQ
Q
S= [Ny AN, dO
Q
M :gijgX'NCs do
N=[NT ), N7 dQ
Q
M :KJINES @Ngs dO
R=[NT N7 dQ
Q
U= {(DNT)T (CT)(DNT)+(NT)TVf (DNT)}dQ
Hy = J(ONG )T (k/7) ([ON,) do
Q
Dy =£j)(DNp)r Lo (DNp)dQ

Dp = J(ONgs ) DS (ONgs ) do
Q

Qp = [(ON7)" €°D® (ON7) dQ
Q
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