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ABSTRACT

Numerical Investigation of Fractured Reservoir Rese to Injection/Extraction Using a
Fully Coupled Displacement Discontinuity Methodu@ust 2011)
Byungtark Lee, B.S., Korea Aerospace University

Chair of Advisory Committee: Dr. Ahmad Ghassemi

In geothermal reservoirs and unconventional gasrvess with very low matrix
permeability, fractures are the main routes ofdfliow and heat transport, so the
fracture permeability change is important. In fagservoir development under this
circumstance relies on generation and stimulatiba éracture network. This thesis
presents numerical simulation of the response dfaetured rock to injection and
extraction considering the role of poro-thermoétast and joint deformation. Fluid
flow and heat transport in the fracture are treat®dg a finite difference method while
the fracture and rock matrix deformation are deteech using the displacement
discontinuity method (DDM).

The fractures response to fluid injection and etioa is affected both by the
induced stresses as well as by the initial fadfitess. The latter is accounted for using
the non-equilibrium condition, i.e., relaxing thesamption that the rock joints are in
equilibrium with the in-situ stress state.

The fully coupled DDM simulation has been used #&ory out several case

studies to model the fracture response under difteinjection/extractions, in-situ



stresses, joint geometries and properties, for hemhilibrium and non-equilibrium
conditions. The following observations are made:Flyid injection increases the
pressure causing the joint to open. For non-isathagéinjection, cooling increases the
fracture aperture drastically by inducing tenstlesses. Higher fracture aperture means
higher conductivity. ii) In a single fracture und®mstant anisotropic in-situ stress (non-
equilibrium condition), permanent shear slip is andered on all fracture segments
when the shear strength is overcome by shear streesponse to fluid injection. With
cooling operation, the fracture segments in theiticof the injection point are opened
due to cooling-induced tensile stress and injeqgbi@ssure, and all the fracture segments
experience slip. iii) Fluid pressure in fracturesreases in response to compression. The
fluid compressibility and joint stiffness play aleoiv) When there are injection and
extraction in fractured reservoirs, the coolerdldiows through the fracture channels
from the injection point to extraction well extrexgg heat from the warmer reservoir
matrix. As the matrix cools, the resulting therratiess increases the fracture apertures
and thus increases the fracture conductivity. \jgcion decreases the amount of
effective stress due to pressure increase in fra@od matrix near a well. In contrast,
extraction increases the amount of effective stoessto pressure drop in fracture and

matrix.
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1. INTRODUCTION

A significant portion of worldwide petroleum and ogleermal reservoirs are
discovered in naturally fractured systems or lownpeability reservoirs that need be
fractured (Van Golf-Racht, 1982). The interest ehévior of fractured systems has
increased in light of recent increase in petroleproduction from unconventional
reservoirs such as Marcellus, Haynesville and Bakkeom a geomechanical point of
view, a fracture is a surface on which a loss d¢feston has occurred, creating a surface
of rupture(Fig. 1.1) A fracture with relative displacement of its sidescalled a fault,
while a fracture in which no noticeable displacetigas occurred can be defined as a
joint (Van Golf-Racht, 1982). More generally, actiare can be defined as a surface of
discontinuity in displacements, where rock breai® iblocks along cracks, fissures,

joints.

This thesis follows the style of Geothermics.



Fig. 1.1 An illustration of fault and joint (Van Golf-Racht982).

Natural or man-made fractures are the main chaiomaleservoir fluid as they
often have significantly higher porosity and perbiky than the reservoir matrix.
Fracture permeability is critical to the hydrocarkmoduction and effective geothermal
reservoir development. This section starts withriaflantroduction on the history of
naturally fractured reservoir modeling and the nrica¢ methods used. Then, the

objectives of this research are described and asuynof thesis is presented.



1.1 Modeling of Naturally Fractured Reservoir

Modeling of naturally fracture reservoir to investie the fracture aperture, stress
change, flow channel and other related factorsble@s the subject of research for long
time. Warren and Root (1963) introduced a modelhwitial-porosity to illustrate
naturally fractured reservoirs (Fig. 1.2). The ree# is simplified as a homogeneous
system with rigid fractures and matrix. Both thetmxaand the fractures were assigned
porosity and permeability. Pseudo steady state l@s assumed in the matrix, as well

as for flow between matrix and the fractures.
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Matrix Fractures

Vugs Fractures

Actual Reservoir Model Reservoir

Fig. 1.2 An actual reservoir and model reservoir with matamd fracture in two-
dimensional (unit height, 1m).

However, the fractures and matrix do deform whea #ffective stress is

increased by production or decreased by injection.



Goodman (1976) and Bandis et al. (1981, 1983) iigested the fracture aperture
and permeability change by stress change througirdéory experiments. Generally, in
a naturally fractured reservoir, fractures are mdependent on stress and pressure
change than the matrix as the fractures are mdgrdable than the matrix. Fracture
deformation pattern between normal and shear defoom is different. According to
Bandis et al. (1983), the closure of joints vanes-linearly (hyperbolic behavior) with
normal stress change while the shear deformatiojoiots shows an almost linear
behavior before yielding and shows complicated fedigtable) behavior after yielding.

Considering an elastic impermeable porous mediumych and Starfield (1983)
developed the elastic displacement discontinuitythoe (DDM) to models the
interactions not only between fractures but alse thfluence caused by fracture
deformation. DDM is one of boundary element methwtgh can be used to solve time
dependent boundary value problems such as dyndastiogy. Asgian (1988, 1989)
used the elastic DDM to study the fracture apertiranges in a naturally fractured

reservoir subjected to isothermal injection (Fig)1



ﬂ'DjoLnt AD rock
FLUID = =
Aa ﬂlUru::u:k

joint

APgyig = AGjgins

Fig. 1.3 Fluid-rock interactions in a deformable naturaltgdtured reservoirAc, Ap ,
AD denote change in stress, pressure and deforn{étsgnan, 1988, 1989).

Generally, the fractured reservoirs, there is compation between the fractures
and the matrix, including fluid and heat as well ds®emical species. Biot (1941)
introduced the theory of poroelasticity to considbe interactions between fluid
diffusion and rock deformation in the elastic reginkice and Cleary (1976) further
developed the theory of poroelasticity by expregdinmaterial parameters in more

explicit form.



The DDM also has been extended to poroelasticityCoyran and Carvalho
(1987) and also applied to fracture and wellboabjams (Carvalho, 1990).

The poroelastic DDM was then used by Tao (2010) &ad et al. (2011) to
investigate production and well testing in fractureservoirs. The model fully coupled

the fracture aperture change with stress and pesspre in fractures and in matrix.

The boundary of the porous matrix
before deformation (Red line)

Fig. 1.4 Figure of the induced deformation of porous mediwrthe fluid flow in the
interconnected pores in a porous matrix (left) figdre of the induced pore pressure
change by compression of a continuum porous maarmd fluid flow in the
interconnected pores (right) (Tao, 2010).

According to Fig. 1.4, there is a matrix deformateaused by fluid diffusion and
an induced fluid flow caused by porous medium de#dron. So, if there were natural
fracture in reservoir, the fracture aperture wochdnge by expansion and compression
related to injection and/or production.

Also, a three-dimensional DD-based numerical méaoleporoelasticity has been

developed to simulate the fluid injection/extrantiprocess and investigate fracture

aperture changes by Zhou and Ghassemi (2011).



McTigue (1986) introduce the theory of poro-therfasBcity to consider
thermoelastic response of fluid-saturated porowk.rd@his theory contains thermal
expansion of the fluid and also solid constitueantd fluid compressibility. According to
McTigue, in certain cases, convective heat transdarbe neglected and the temperature
can be independently determined. In the conteXDldM, this means that the thermal
source term can be substituted in the pore presswretress equation as a known value.
This procedure is specified in Section 2.6.3.

Ghassemi and Zhang (2006) developed the transmotthermoelastic DDM.
They examined the fracture response in poro-thelaste reservoir caused by stress,
pressure and temperature changes. It was shownthathermal effect causes pore
pressure variations and connect between thermapar@mechanical processes. Also,
the cooling of the fracture surfaces increasedrture aperture drastically due to the
temperature change and thermal and elastic rogkepties. This DD formulation was
used by Tao and Ghassemi (2010) to develop a peroabelastic model for fluid flow
and heat transport in fractured reservoirs. Howetlee fracture shear slip was not
considered and the fracture system was assumegl itodjuilibrium with the initial in-
situ stress field.

In naturally fractured reservoirs, the fracturertyoe are changed by shear slip
and opening, which in turns influences fluid anéthi#gow. Therefore, investigating the
fracture network response is directly related téeaive design of an enhanced

geothermal system (EGS) and its efficient operation



1.2 Objective of Research

The objectives of the research are:

* To study the theory of poro-thermoelsticity and emstind the fully coupled
poro-thermoelastic displacement discontinuity mdtf®DM) with fluid and
heat transport in naturally fracture

* To develop a joint model for the fully coupled DDihder non-equilibrium
condition to investigate permanent shear slip ahulmseinjection in anisotropic
stress condition

» To observe the induced pressure, temperature gt sh field by fluid injection
or production in isothermal or cooling case witimgie, regular and irregular
fracture network cases

* To investigate the fluid flow channels and tempam®aichannels and distribution
in irregular fracture network

 To compare the fracture pressure, fracture apeduocktemperature results in

both with far field stress (non-equilibrium) andtout far field stress

1.3 Summary of Thesis

This thesis consists of six sections. Section Icriess the objective of this
research with introduction of previous developmehtmodeling of naturally fractured
reservoir. In addition, the development historyeddisticity, poroelasticity and poro-

thermoelasticity theory and the displacement disnaity method (DDM) are reviewed.



Section 2 introduces the theory and derivationgefadions used in this research.
First, the elastic DDM in an infinite nonporous nawhich is developed by Crouch and
Starfield (1983) is introduced. And this sectiotraduces a brief derivation of equations
of poroelasticity DDM which is developed by Biot9dl) and Carvalho (1990) in an
infinite porous media and also introduce a briefivddion of poro-thermoelasticity
DDM. After describing poro-thermoelastic DDM, theidl transport equation and the
heat transport equations are introduced (develtyye@lao and Ghassemi, 2010). Also,
Section 2.5 describes the concept of normal andrsfracture deformation. After
completing the introduction, these equations amgpleml and detail solving procedure
are explained with the fully coupled poro-thermsgtaDDM.

Section 3 reviews the elastic joint and failure eodd\n elastic joint is
permanently deformed when the joint is fully opewedlipped. Mohr-Coulomb failure
criterion is introduced for this purpose. Sectio8 troduces the non-equilibrium
condition which means that the in-situ stressescédfthe joint initially. Especially, the
far-field stresses play a key role to permit themmment shear slip caused by injection
which decreases the amount of effective stredsdriracture.

In Section 4, we generate the permanent sheacaliped by constant injection at
the center of the fracture under non-equilibriumditbon. And, using DD method, draw
the field (matrix) distribution graphs of the ineucpressure, temperature, normal and
shear stress. Actually, under equilibrium conditidhere is no significant shear
displacement in a single fracture. So, the she&orahation mechanism in the simple

fracture network cases will be investigated. Initoid, at the beginning of this section,
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an injecting well case is investigated to verifyfully coupled DDM comparing the
results of pressure, temperature, tangential agidlrstresses to analytical solution.

Section 5 contains the simulation in regular amelgular fracture network with
injection and extraction under equilibrium and remquilibrium conditions. Also in this
section, the fluid flow channel and the flow medksamin irregular fracture network will
be investigated. In addition, using DD method, fthd induced pressure, temperature
and stress distribution graphs in field (matrix).

Finally, in Section 6, the thesis will be concludedh conclusion and future
work. This research examines the results undetictest condition. The fluid is only one
phase, water and the reservoir is two-dimensioratrefore, several future studies will

be recommended.
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2. FULLY COUPLED DISPLACEMENT DISCONTINUITY METHOD

In this section, the derivation of the equationsdusy numerical simulation will
be introduced briefly. First, the elastic displaestdiscontinuity method (DDM) is
described, and then the major features of the pwromnoelastic DDM are explained.
Second, the heat transport and fluid transport teapsgare derived to illustrate the basic
concept of flow in fractures. Third, joint defornmat in shear and normal mode is
described. And finally, the fully coupled DDM fordt transport, fluid transport and

joint deformation equations as developed by TaoG@inassemi (2010) are presented.

2.1 Overview of Elastic DDM

The elastic displacement discontinuity method (DOM mainly developed by
Crouch and Starfield (1983) with applications immg. In elastic DDM, it is assumed

that the rock matrix is impermeable.
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Fig. 2.1 A small thin fracture segment in a two-dimensiondéihite nonporous medium
(Crouch and Starfield, 1983).

The DD method is constructed by considering a $e@gment with its center at a
point (x,y) (Fig. 2.1), that is located in an infen two-dimensional isotropic and
homogeneous elastic rock. The line segment repiesensurface of displacement
discontinuity or a finite thin fracture. Both x-y-components of displacement can be
discontinuous, representing shear and normal DBpedively. By considering the
center of the fracture to be located at (0,0), Hrel length of the fracture to be 2a.
Crouch and Starfield (1983) developed equationsHerstresses caused by the DD over
the line segment. These equations (Eq. 2.1) aledckindamental solutions and provide
expression for the induced stressy( oy, ox) at a point (x,y) due to the normal
displacement discontinuityDg) and the shear displacement discontinuidy) (with its

center at the origin.
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2 3 2 3
JXX=ZGDn(aTF+ya—FJ+ZGDS[20 F oy OF ]

ay? " oy® 0x0y ~ axdy?
2 3 3
o, =26GD, 6_!2:+y0_|; —ZGDSya—F2
oy oy OX0Y© e, (2.1)
0°F 0°F _ 0°F
O, =—2GD,y——+2GD | —+y——=
Y "7 oxdy? S[ay2 6y3]

G is the shear modulus of the rock, @ik the relative position function at the

point (x,y) from center point (0,0). And the furati F is described below.

F(x y)= _ V] arctanL - arctanL
47r1l-0) X—a X+a

_(X_a)ln‘/m+(X+a)lnm} ...........................

vis the Poisson’s ratio, respectively.

o (X.¥)
2a,,

2a,.
¢ (Xps¥m)

2a -
v 231%\ (Xm—ls}' m-]}
X1.¥2)
xXLy)
X

Fig. 2.2 A curvy fracture divided byn fracture segments in a two-dimensional infinite
nonporous medium.
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The DD is used to describe fractures of any shApaurved fracture (Fig. 2.2),
e.g., is divided intaon straight fracture segments, and the effect ddediments are added
to find the stresses caused by the entire cragoiat (X,y). So, by superposition, the

induced stress components are simply:

moj
0=y 0

=1

mj

Tyy :ZUW
= OO

LA

Oy = Zny
=1
If the arbitrary point of interest, (x,y), were &ded at the center point of tit@

fracture segment, the induced stresses onitthéracture segment caused by fttle

i ] j
fracture segment are described ByB ,E and F and:

i i [ ] rereeereeeseee (2.4)
Os = E Dn+ F Ds
] [ y2F i ] 3 ] 3
A=2G a—E+(cos2 y—sin? y}?a—i—sinZyy g F2

| 0y oy OXay
i i i 2= 3c i 3= i( A2E 3=
B=2G|cog y 2-0°F +y 9 F2 -sin® yy 9 F2 +sin2 a—zﬂ‘/a—i

OXay OXay OXay oy oy

i [ igSF (i i) o°F
E = 2Gy| sin2 y—— +| cos’ y-sin y]
{ ay> { axdy>

i i( A2F 3 i i A2F 3=
F =2G|sin2 90°F +y 0 FZ —(COSZ y—sinz VJ a_z+ya_|;
oxay 0xay oy oy
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ij ij
on andos are the induced normal and shear stresses (othtekegment caused

i g7
by thejth segment).V:EJfﬂi = p; and B denotes the angle (counter clockwise) of

the fracture segments from thaxis. And upper bar abowe y and the position function

F means the local co-ordinate system of the infledrelement.
So, for the curvy fracture which is divided into@ constant DD segments, the

superposition of the influence nf DD segments for the normal and shear stress are:

i Tij Tij ]
On :ZADn +Z s
j=1 j=1
i m |] j m ] ] e (2.6)
0s=) EDn+) FDs
=1 =1

So, if there were 4 fractures in the medium, therisndorm of the expression

relating DD’s and to normal and shear stress veainrthe elements is:

11 11 12 12 13 13 14 14 1

A B ABADB A B| |Dn On
11 11 12 12 13 13 14 14
s| | Os

E F EFEZFEF
21 21 22 22 23 23 24 24

A B A B A B A B
21 21 22 22 23 23 24 24

E F EF EF E F s|—|0s
31 31 32 32 33 33 34 34

1
D
2
Dn On
2
D
3
A B A B A B A B Dn O | eeemermeeeeeeeeee (2.7)
3
D
4
D
4
D

31 31 32 32 33 33 34 34

E F EF EFEF
41 41 42 42 43 43 44 44

A B A B A B A B
41 41 42 42 43 43 44 44

E F EFEFEF

s Os

n On

s Os

If the values of the DDs are known, Eq. (2.7) carubed to the normal and shear
discontinuity,D, and Ds. In the following section, we review the poro4tineelastic

DDM.
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2.2 DD in Poro-thermoelasticity

The elastic DD was extended to poroelasticity lyr& and Carvalho (1987)
within the framework of Biot's theory. Using thenéiar theory of poro-thermoelasticity
(McTigue, 1986), Ghassemi and Zhang (2006) develdpe poro-thermoelastic DDM
which is used recently for developing the fully ptad poro-thermoelastic DD by Tao

and Ghassemi (2010) (Fig. 2.3).

Fig. 2.3 A small thin fracture segment in a two-dimensianéhite porous medium.

Biot (1941) theory of poroelasticity explains thadation of stress to strain and

pore pressure in an isotropic poroelastic medium:

U
Oijj ZZG{@.J- +9; Eekkj|_5ijap .................................................. (2.8)
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e is the strain & is the volumetric strain and; is the Kronecker delta.
When rewriting this equation for strains:

1 v al-2v)
&j = i 0w |t 9
2G 1+0 2G(L+0)

& is change of strain of the rock;; is the change of stress of the ropk.T

and ¢ are the change of pore pressure, temperaturejngneiment of fluid content,

respectively.a is Biot's coefficient,v and U, are the drained and undrained Poisson’s

ratios,G is the bulk shear modulus.

According to Eq. (2.9), only a pore pressure teeads be added to the elastic
equation, Eq. (2.1). Carvalho (1990) developedfttiewing equations for the induced
normal and shear stresses and pore pressure dththracture segment caused by a
constant fluid injection, normal and shear disptaest discontinuities ai constant DD

segments (A curvy fracture is dividetdsegments).

= T ST e, (2.10)
[ M ij | moij m o ij j
p=) LDn+» HDs+) My
=1 j=1 i=1
L L i
A,B,C,E,F,K,L,H andM denote thgth DD element influence

coefficients on thé&h DD segment. So, the induced normal and shearsssegand pore

pressure as time)(
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i m ij j m i i m ij j
Agn(t) =D 05" ®ADn+ > 0p*(1)ADs + ) 07 () Ay
j=1 j=1 j=1

i m ij j m ij i m ij i
Aos(t)=) 05" ()ADn+D oFMADs + 0 (1A
= = T (2.11)

i m i j m ij i m ij j
Ap() =) p™(t) ADn+ > p®(t) ADs+ > pU(t) Acy,
j=1 j=1 j=1

afﬁ‘”(t) : a”:?S(t), ;ﬁ(t), o*ljsd“(t) ,aué‘s(t) ,;_é‘(t), p”d“(t) : p”ds(t) and rlnlq(t)

denote thgth fracture element influence coefficients on tlte fracture segment at
given time {). In Eq. (2.11), these equations show the indyoed pressure, normal and
shear stresses with timg ependent for poroelasticity without temperatififect.

For the poro-thermoelasticity, McTigue (1986) imnoed the constitutive

equations of the linear theory of poro-thermoeditsti

1 v adl-2v) ag
L o= = 2. D+—0. T
glj 2G |:Ulj 1+v Ukkdlj :| ZG(l+V) Ju p 3 1 e (2.12)

_a@-2y) o at@-29)*A+y)
- 2G (1+ V) kk ZG (1+ V)(Vu _V) .........................

as and g are the volumetric thermal expansion coefficiehthe solid and the
pore fluid, respectively. Using this theory, Ghassand Zhang (2006) developed the
poro-thermoelastic DDM considering a normal andashéeformation, fluid source

(leakoff rate) and heat source (interface heat flate).



19

Ap(X Y1) = P (%, y,1) AD,, + (X, y,t) ADg + p(X, y,t) Adiyy

+ P (%, Y,t) Alpiny

AT, (%Y, 1) =" (%, Y, ) AD,, + (X, Y, 1) ADg +07 (X, Y, 1) Adj

+ol (Y00 (2.14)

ATs(x Y,t) =& (X, Y,)) AD, + 0 (X, Y,1) AD + ¢ (X, ¥, 1) Ay

+0¢ (% ¥,1) Ay

Using these equations, the pore pressure and s@assd by a normal and shear
deformation AD,, and ADy), fluid leakoff rate Agi) and heat flow rateAQh.in), at a
point (x,y) at timet) will be obtained. Note thatqix andAgy.in: are the fluid leakoff rate,
and heat flux rate (between fracture and matrix) fpecture length each. And the
superscriptd, is normal displacement discontinuity source,is shear displacement
discontinuity sourcegq is fluid source (injection or production) afidis heat source,
respectively.

For the heat conductive case, heat souttg.if) is not dependent on theD,,

ADs andAqjy;, so that:

AT(X Vo) ST T (X Vo) AGpoing ceeeeeeereeeeeeeeseeeeseseeseseeseses s s s eeesess s (2.15)

For the multiple ih) fracture segments on a curvy fracture,
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i m ij i m ij i m ij j m ij j
Apt)=) p"(®)ADa+> pM)ADs+ > pU(1) Al + . P (AT
j=1 j=1 j=1 j=1

i m j j m j j m ij j m ij j
Aon(t)=) 0" ®ADn+) o ()ADs+Y gD + Y ) (DA iy
j=1 =1 j=1 i=1

i m i j m i j m ij j m i j
Aos(t) =) aP()ADn+Y 0L MDD+ o)Ay + Y 0L (AU
j=1 j=1 =1 =1

i m 1 J
ATR) =D T (DA Gy
j=1

ij ij ij ij ij ij ij ij ij
P @), P, pUt), PTM), oM , o), ol(t), on (), o(t) ,

ij ij j ij
o®(t) ,od(t), ol (t)and T'(t) denote the influence of thgh element (influence

coefficient) on thdath element at a given time)( Eq. (2.16) is the poro-thermoelastic

DD equations, pressure, temperature, normal anar seesses, in multiple fractures in

an infinite two-dimensional porous medium.
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2.3 Fluid Transport in Fractured Porous Rock

Matrix

Matrix Matrix

|( Unit length, 2a

Fig. 2.4 lllustration of a single fracture segment in a fuae-matrix system and fluid
flow in the fracture.

Mass balance equation can be used for fluid tramspdractured porous rock.
General mass balance equation is shown below.

[Mass out flow rate] — [Mass in flow rate] = [In@®e flow rate] ............. (2.17)

The mass balance equation in fracture segmentis éhd Ghassemi, 2010).
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d(o¢ w; ALAN)
TR

('OfQ)out - ('OfQ)in ~ Ps VintALAh_pri'r:]j =

ps is the density of the fluidys is the fracture apertureAll = 2a) is the fracture

length, Ah is the fracture height and, is the interface fluid. So(,,OfQ)out.(,OfQ)in

mean the flow in and out through fractus@; Vi, ALAh means the interface flow rate

between fracture space and matriﬁ.fQiE,- means the injection flow rate and

35 w; ALAN)
ot

means the increase rate of fluid mass in thedractApplying 2a as a

length (Fig. 2.4) and unit height 1 m, get Eq. §2.1

9(2ap; w; )
(pf Q)out - (pr)in =280V _pri'r:ﬂ :—at .........................
In reality, the fracture surface is usually verugh so the fracture aperture varies
in every location. But using average aperture top$ify the fracture aperture, Darcy’s

law can be used for fluid flow in fracture (Withpoon et al., 1980).

_kiwi ap
U OX

ok

u is the fluid viscosity andy fracture permeability (wherds = w?/12). In this
thesis, the fluid is compressible (consider fluampressibility) and the density of the

fluid is pressure dependent.

a"i:c yo
ap L TP PTPPPP (2.21)
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. . - . . 9(p:9r)
C: is the fluid compreSS|b|I|ty.(,0fQ)out —(pr)in is rewritten to ——-——

(flow rate in fracture). So, substituting Eq. (2.20 Eq. (2.21), a simplified relation is

derived by neglecting the term that is multiplieg gmall compressibility (Lee et al.,

2003).

0(pds) __pfkf Wi 9%p
Ox H o ox?

The fracture volume changes with fracture apertscefor a unit height, the
fracture volume change is expressed below.

V¢ AL ow;
P v (2.23)

And the fracture aperture is expressed by thedraatlosure D, ). So,

oWy aD,,

TOL QL s (2.24)
Substituting Eq. (2.24) to Eq. (2.23), Eq. (2.25)erived.

oV oD,

ok OE T (2.25)
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Finally, rearrange Eg. (2.19) by substituting Efj24), (2.25) and Eq. (2.27), the

final fluid transport equation is constructed.

K¢w
L g%p= 2aw; C¢ ap_2a0 :
Y7 ot ot

gsis the injection and production ang is flow leakoff rate into matrix.

2.4 Heat Transport in Fractured Porous Rock

|< >
Unit length, 2a

Fig. 2.5 lllustration of fluid flow in the fracture with hé#&ansport.

The heat transport equation is derived using eneagservation and general
energy conservation equation is introduced.

AU = AE quctive T AE convective T Qhoint «veereeerreereereeeieieeeeeiieeeeeveeeseennes (2.29)

AU is the rate of internal energ®.in: IS the heat flow rate between fracture and
matrixX, AEconguctive aNAAEconveciive @re the energy change rate by conductive transport
fracture and convective transport within fractufdis thesis only considers that the

temperature change effects the internal energy gehdrecause the internal energy
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change caused by fracture aperture and fluid dewmariations are negligible (Fig. 2.5).

So0,AU is simplified as:

oT
AU =2aw, Pl s (2.30)

w; are the fracture aperturp,, andc, are the fluid density and heat capacity.

AEconductive ANAA Econvective are defined.

AE, = =DIQ s oottt (2.31)

AE, ==2a0,C, 0T e

g: is the flow rate in the fracture segment asds the thermal conductivity in

fluid. Applying Fourier's law Que = ~K:W, 0T ), AEconductive iS rearranged.

Substitute Eqg. (2.30), (2.32), (2.33) and (2.34Etp (2.29), the heat transport

equation is defined.
oT _ >
2awy PulCu = krw; 0T =280,€,0: UT =280 jnt ..vcvveeie (2.35)

In this thesis, convective transport within the nxais not considered because in
this work, this coupled theory is applied when eegihg convective heat transport in the

porous matrix (Ghassemi and Zhang, 2004).
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2.5 Fracture Defor mation

The joint deformation is usually modeled using Beton-Bandis (1983) joint
model in which the normal effective stress and mioemal joint closure are related

hyperbolically:

When the fracture deformation is small, this eqatcan be approximated

linearly:

a'n is the effective normal stress (Wheté, =0, *p, tension positive)Ky is

the initial normal stiffness, is the tangent normal stiffned3;, is the closure anB, max
is the maximum possible closure of the fracture.
Before yielding, the shear stress has a lineartioahip with shear

displacement:

Ks is the shear stiffness. And shear displacemerdesajoint dilation which is
accounted for by dilation angled):

ADy_gjjation = ~ADs tang

Adding Eg. (2.39) to Eq. (2.37) and expressingdfiective stress as the sum of
the total stress and fluid pressure yields:

NG, +0p ==K, (AD, +ADGtANGG ) oo, (2.40)
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2.6 Coupling Fracture and Matrix Processes Using DDM

Fully coupled poro-thermoelastic displacement aisiouity method is
developed by Tao and Ghassemi (2010) to investiglate fracture aperture and
permeability change in naturally fractured resamoiThis numerical method uses
displacement discontinuity method (DDM) for theated fracture deformation, finite
difference method (FDM) for solving the fluid floiw fractures and the Barton-Bandis
(1983) model for the joint deformation. Also, usinbis method, the pressure,
temperature, leakoff flow rate, heat flux rate, ahand normal displacements in each
fracture element at each time steps can be detedniollowing equations show the

details of numerical approaches.

2.6.1 Coupling DD Equations and Fluid Transport Equation

21X, ¥5,T) 4

T T Al
Z I
Z T
A 1 Ax(x.y3.T1)
B Ax(xiaYi:vTO)
H——t } } : >
To T Tk t T

Fig. 2.6 Time marching schemg.represent®,, Ds or gy (Curran & Carvalho, 1987).

Fig. 2.6 shows the time marching scheme and toyapplDDM equations, recall
the poro-thermoelastic DD equations, Eq. (2.16)nfi®ection 2.2 and the fluid transport

equation, Eq. (2.28) from Section 2.3.
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Prior to applying the time marching scheme to theva DDM (Eq. 2.16), fluid

i
and heat transport equations (Eq. 2.28 and 2.B6),it applied toA p(t) and fracture

deformation equations, Eq. (2.38) and Eq. (2.40)ys get Eq. (2.41):

A D) = p(t) - P

i i i i i i&
Aon(t)+ pt) - py = —K{A Dn+ADstan¢dj

i (&L in ¢l in
~Kn| D ADn+tang » ADs | cooovvvviiiiinee (2.41)
h=0 h=0
i e i &L in
Aas(t):KSADS+KSZADS
h=0

Where ¢ is the current time step artil is the previous time from 1 t§—1.

After apply time marching scheme and substitute (Ed.6), rearrange the equations by

known and unknown terms, the following four equasi@re obtained.

i m i{j i€ m ij;j i€ m ij i&
=pt)+ D pM(t-7)ADn+ > pH(t-7)ADs+ > pUt-7,) AQyy

=1 = =1
m ijT i€ i f~1 m ]d ih 1 m ijd jh
) P =Ty == Po= Y. > P (t=1)ADn =D > p®(t-7,) ADs
j=1 h=0 j=1 h=0 j=1
-1 m i ih -1 m ijT jh
‘ZZ pq(t‘Th)Aqim_zzp (t=7h)A iy
h=0 j=1 h=0 j=1
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i m e 0 e o i & i€
p(t)+> o (t=7,)ADn +KnADn+ Y 0 (t-1,)ADs +Kn tangyADs

j=1 =1

m i€ @i € St
+Z:0,?(t—r{)Aqim+Z:arT,(t—r{)Aqh_int = ZZad“(t—rh)ADn

j= j=1 h=0 j=1

&1l m o ij i -1 m ih 1 m jh

ZZads(t—rh)ADs Z odt-1,)A qim—ZZJI(t—rh)A it

h=0 j=1 h=0 j=1 h=0 j=1

i (&2 in ¢l ih i
-Kn ADn+tan(0dZADs + Do

h=0 h=0
.......................................................................................................... (2.43)
ij i€ i m ij

ng”(t—r{)ADn +szs(t_T5)A Ds-Ks AD8+ng(t_T5)A qlnt
=1 =1 =1

m o j &1 omo ih & m ] ih
Y O t-T A gy ==Y D 0 (t=7,)ADn =D > 0&(t-71,)ADs

=1 h=0 j=1 h=0 j=1

-1 m ij §-1 m i i &1 in
B zaq(t_rh)Aqlnt ZUT(t Th)Aqh it TKs ADs

h=0 j=1 h=0 j=1 h=0
.......................................................................................................... (2.44)
m i i &1 ih
ZC p(t) —2aA Dn+2aAqInt = 2aw; C¢ p(rg) ZaZAq,m qu
j=1 h=0 h=0
.......................................................................................................... (2.45)
L i i& i<

C, is the fluid coefficient matrix.ADn , ADs and Ag;, denote the
increments of a normal and shear displacement wliseoties and leakoff rate of thth
fracture segment at time,, 7¢ , 7, denote total time, current time step and the time

step counter.
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2.6.2 Coupling DD Equationsand Heat Transport Equation
To arrange the DD equation for temperature and traasport equation, recall

i
Eg. (2.16) from Section 2.2 and Eq. (2.35) fromt®ec2.4. Also,AT(t) shows the

temperature change in current time step which esggek by two terms with current

temperature and the temperature of previous tie st

A'i'(t) ='Ii'(t)—+o ................................................................................. (2.46)

Apply the time marching scheme, substituting E316§) and rearrange the

resulting equations according to known and unkntesms results:

_T(t)"'ZTT(t_TE)A Qpoing =~ To+ ZTT t=7,)0 qh St e, (2.47)
j h=0 j=1

m i

ZchtT(t)+2aAqh int 2an prwT(T{) ............................................ (8)4

j=1
ij

C,: is the coefficient matrix and, is the heat capacity.

2.6.3 Solution Procedure

To solve the fully coupled poro-thermoelastic diggment discontinuity
equations, the unknowns should be clearly defifdgere are six unknowns namely;
temperature ), heat flux rate dy.ir), Normal displacement discontinuitp{), shear
displacement discontinuityDg), pressurer) and fluid leakoff rated;). And there are

six equations; Eq. (2.42), Eq. (2.43), Eq. (2.44), (2.45), Eq. (2.47) and Eq. (2.48). So,



31

this problem can be solved using implicit numerjmalcedure (refer the Appendix A for
solving matrix, and to Appendix D for a detailedvl chart).

First, using Eq. (2.47) and Eq. (2.48), temperalyeand/or heat flux rategf.i)
are determined. And input these results to Eq2{2Eq. (2.43), Eq. (2.44) and Eqg. (2.45)
and using these four equations, determine nornsglatiement@d,), shear displacement

(D), pressurep) and fluid leakoff rated;) at the end.

2.6.4 Sign Convention

In this thesis, all equations are expressed ugiegiénsion positive convention

even though in rock mechanics, compression postveention is usually used.
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3. JOINT ELEMENT

This section reviews the elastic joint concept drelfailure criteria for shear slip
and full opening of the fracture. Also a non-edurilim joint formulation is introduced.
Considering joint deformation, there are two wagsirtvestigate it under a far-field
stress. When considering joint to be in equilibrivmth the far-field stress, only
perturbations of the stress will cause a deformatitowever, when the joint is allowed
to respond to the initial far-field stress, diffet@esults are obtained. Tao and Ghassemi
(2010) investigate the fracture aperture and pebimgachange in naturally fractured
reservoirs for joint in equilibrium with the fareld stress. In this section, the
formulations for both conditions will be presentma their results will be compared in

Section 5.3 for the same geometry and loading/nahigsrameters.

3.1 Elastic Joint

A joint deforms by normal and shear stress (Fiy). 3.

y
On
O
l
M
X

A 4
_
(a) Compression (b) Shear

Fig. 3.1 Elastic deformation by normal and shear stress.
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The joint deformation is usually modeled using Beton-Bandis (1983) joint

model in which the normal stress and the normawie are related hyperbolically:

U‘n Is the effective normal stresk,; is the initial normal stiffnesd), is the

aperture close an®, max is the maximum aperture close of the fracture. WVhee
fracture deformation is small, this equation canabproximated linearly. Eq. (3.1) is
used to set up initial condition of the normal defation.K, andKs are the normal and

shear stiffnessg,, and gy are the normal and shear stress, respectively. tota

effective stress in elastic joint is introduced@rpuch and Starfield (1983).

_Kn Dn
© e et ee e en e et ene e eeene e enenaens (3.2)
_KsD

i
Un

i
US S

According to Eqg. (3.2), when the rock joint hashag normal K,) and shear
stiffness Kg), the amount of normal and shear deformation wgelocompared to when
the rock has loweK, andKs.

However, for example, when the shear stress ismdty high, the joint slips

and the joint does not follow this elastic behawnd goes into a plastic condition.

3.2 FailureMode

There are two failure modes. One is the permartesdrsslip occurring when the

shear stress is high enough to deform the fragtemmanently or reducing the amount of
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effective stress by fluid injection. The other asdhe fully opened which occurs when

the effective stress goes to zero by pressurizitidoh

3.2.1 Shear Sip

The joint is assumed to deform elastically untié thtress conditions cause
permanent slip to occur. The Mohr-Coulomb failurgecion (Fig. 3.2) is used to

anticipate whether the joint will slip or not.

Os A
MC Line
Injecting Extracting
< ; >
Failure Zone Initial State of Joint
¢
\ﬁ) On'

Fig. 3.2 Mohr-Coulomb failure criterion.

Using the maximum shear stress equation (Eq. 3iB) mh as the effective
normal stress, andy’ as the friction angle andpy’ the dilation angle, respectively:

The maximum shear stress criterion is:

Tsmax = On XTANM@; + @) oo (3.3)
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The joint yields when the shear stress exceedsltbar strength. In this case, the
shear stress is set equal to the maximum allowaddies and the joint is allowed to slip

by an amount that corresponding to the excess sheasg, (peak).

Fig. 3.3 Tangential displacement during direct shear (Goadrh889).

Fig. 3.3shows the shear displacement change by shear &ressough joint.
But in this application, the joint is not rough, 8@t t, (peak) is close te; (residual).
Prior to reachingrp, the shear displacement is changed elastically @utomally).
However, after, the shear displacement is changed is no longewualyigproportional

to stress. So, it means that the shear displacemantler plastic condition.
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So, using Fig. 3.2, Fig. 3.3 and Eqg. (3.3), whenghear stress is larger than the
maximum shear stress (Mohr-Coulomb line), the tnacis located on the right side of
the graph (after pgpoint) and the shear displacement is changedigailgt The actual
shear stress and the maximum allowable shear stressompared to, judge whether the

fracture is yielding or not.

3.2.2 Fully Opened Fracture

According to effective stress equatioa},(= 0, — P, compression positive), the

effective stresscé"n) is positive when the normal stresg,() is greater than pressung (
in fracture. When injecting fluid into the fracturéne effective stress is decreased by
increased pressure in fracture. Later, the effecBtress value goes to below zero
(0’}, =0,-p<0) and at that time, the joint is fully opened amd a joint anymore. In

this thesis, the sign conventiontémsion positive, so the effective stress equation is:

3.3 Non-equilibrium Condition

From Crouch and Starfield (1983), the amount attinre deformation can be
calculated including initial far-field stress oraéxding initial far-field stress. Tao and
Ghassemi (2010) found normal and shear deformatiati®ut initial far-field stress, it

means that the deformations are calculated onipjegtion and extraction.
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3.3.1 Fracture Deformation without Initial Far-field Stress

From Crouch and Starfield (1983), the total swesat fracture elememntare

described in Eqg. (3.5).

os=(0,),+0.
i i i

i i
On,0Tsare the total stresse§7,)o, (T ), are the initial stresses a6, , 0

are the induced stresses. According to Crouch aadiedd (1983), the induced stresses

are defined.

m j. i j. .................................................................
(Am D, + Ass D))
=1

|
o=
j i j i

Am, Ans, Asn and Ass represent the boundary influencing coefficientsdA

also, the local induced stresses are defined.

Actually, in this condition, the induced stresses same with the total stresses

because there are no initial stresses at the feaclihe initial stresses mean far-field
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stresses or initial induced stresses by far-figll. combining equation Eq. (3.6) and Eq.

(3.7) by Eq. (3.5), Eq. (3.8) is derived.

0=KnD,+ (AmD,
j=1
i I m j j' ij [T T R T T R R L I R TR I I N I LI IIITIIY (3.8)
0=KsD,+) (AnD,+AsD,)
j=1

3.3.2 Fracture Deformation under Initial (Constant) Far-field Stress

Under non-equilibrium condition (in-situ stressesuge joints to deform), the
total stresses on fracture elemeate described by Crouch and Starfield (1983).

i . ,
On,0 s are the total stresse§7 ), (0 ), are the initial stresses a8, , 0

are the induced stresses by injection/extractioourfdary condition), respectively.
According to Crouch (1983), the initial stresses @mposed of two terms, the resolved
far-field stresses and the initial induced streshas to any deformation on the joint

element.

(Tu)o = (Gn)S +(Ta)o
i i e (3.10)
(0s)o =(0s)g +(Ts)o
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i i
(0.)0,(0,), are far-field stresses arf@,),,(0),are the initial induced

stresses. The above equations show that the sressdeformed joints are different
from the initial state. So, substituting Eq. (3.1®Eq. (3.9) results in:
i i P P
On= (Jn)o + (Un)o t0o,
i i i e (3.11)
Os = (US)O + (US)O + Us
The normal and shear stresses sum of the initizlded stresses and the induced

stresses are defined:

i m

y . ] i j moio Ji
(Tn)o + 04 :Z(Ann (Dn)o* Ans (Ds)o) + Z(Ann D, + Ans Dg)
j=1 j=1
P i m jj j ij j m jj j. ij j‘ ..... (312)
(05)0 +T5 =) (Am (Dy)o+ Ass (Ds)o) + D (As D+ Ass D)
j=1 j=1
And the total joint deformations are:
i i' i'
Dn = (Dn)O + Dn
i i T RN S (3.13)
Ds = (Ds)O + Ds
Substitute Eq. (3.13) to Eq. (3.12) yields:
i i moj il i
(Un)o +0'n = Z(Ann Dn+Ans Ds)
=1
| ] eeeeeeeeeennreneeeee s e e s (3.14)

' L T R
(0.),+0, =) (A« D,+As D)
j=1

The total stresses on joint element are relateithdatotal joint deformations as

already introduced in Section 3.1.
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g,=— K Dn

i i | reeerearaieaireiraireerreaerairaraas e iEsEEra e ettt ety (32)
Os =~ Ks Ds
Substitute Eq. (3.2) and Eq. (3.14) into Eq. (3dites:

i i m_ij i i i
_(0-”)000 =Kn Dn+Z(Ann Dn+Ans Ds)
j=1
(3.15)

~(0:); =KsD,+) (Ax D, +AsD,)

Using a time marching scheme shown in Fig. 2.6 iavipus section and

rearranging both equations, we get new equations:

m_ il T ) IT;
D o (t-1;)ADn +KnADn+ Y 0 (t-7;)ADs

=1 j=1

m i i€ m ijT i -1 m ijd ih
+) OI-T) DA+ D O (=T )D Ay ==Y D o (t=74)ADn
j:l ]:l h=0 J:l

-1 m de jh -1l m ij jh
> o (t-1,) ADs =Y > ol (t-1,)A a4y

h=0 j=1 h=0 j=1

a0 ih i &L oin i
a Zan(t_rh)Aqh—int_K” ADn—(0n)g

h=0 j=1 h=0
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m 1 & o, e 0 if
> od(t-1,)ADn+Y 0 (t-1,)ADs-KsADs

=1 =1

m 1l m i j
+Zaq(t—rg)Aqmt+Za (t—rf)Aqhmt— ZZ o (t- rh)ADn
j=1 j=1 h=0 j

f~lm i h 1l mij
- Za;‘S(t—rh)ADS—ZZJO'(t—rh)Aqmt

h=0 j=1 h=0 j=1

¢l m ] ih i &L oih i
- Z:Jl(t—rh)Aqh_im+KSZ:AD5—(0'S)§)o

h=0 j=1 h=0

.......................................................................................................... (3.17)
Eq. (3.16) represents the total normal stress efsystem. But in numerical
calculations, the effective stress equation is uSed substituting Eq. (2.40) and Eq. (3.4)
to EqQ. (3.16) gives:
i m i & i g ol I3
p(t)+Zaﬁ”(t—r5)ADn + KnADn+ZJgS(t—r5)A Ds
j=1 j=1

i ig i i€ &y i
+Kntan¢dADs+zaﬁ(t_T{)Aqint+zan(t_ré)Aqh—int

=1 =1
-1 m i jh -1 m ih -1 m i
=->> o (t-1,)ADn - ZZst(t—rh)ADs ZZJq(t—rh)Aq,m
h=0 j=1 h=0 j=1 h=0 j=1
¢l omj i (&2 in ih
- ZO’T('[ rh)A qh Zint —Kn ZADn+tan¢dZADs +p0 p0 (an)0
h=0 j=1 h=0

Therefore, using Eq. (2.42), (2.47), (3.17) and BdL8) with Eq. (2.45) and Eq.
(2.48) which are introduced in previous sectiom, timknown valuesAD,,, ADs, AGin ,

AQnint, T @andp can be determined.
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4. MODEL VERIFICATION AND MECHANICAL ANALYSIS

In this section, the fully coupled DDM is used tonglate a simple fracture

network to investigate and analyze the mechanicalament of the fractures and to

study the conditions for the onset of permanenaiskip. The input parameters used in

eth simulation of this section and Section 5 astetl in Table 4.1 and Table 4.2. The

joint parameters are extracted from Tao and Ghagq&€0).

Table4.1

Rock properties of Westerly granite (McTigue, 1990)

Shear modulus G (GPa)

Possoin’s ratiay

Undrained Possoin’s ratig,

Matrix permeability (m)

Matrix porosity¢

Biot’s coefficienta

Fluid viscosityu (cp)

Fluid compressibility (MP3)

Thermal expansion coefficient of solid (K™)
Thermal expansion coefficient of pore fluig (K™)
Thermal diffusivity of intact porous rock ¢m“/s)
Fluid densityg (Kg/m®)

Heat capacity of fluid, (J kg* K™)

Thermal conductivity of fluickr (J §' m™* K™)
Normal Stiffness (GPa/m)

Shear Stiffness (GPa/m)

15
0.25

0.33
4x10*
0.01

0.44
3.547%10"
4.2x10*
2.4x10°
2.1x10°
1.1x10°
1x10°
4200

0.6

1 x10"
0.5x10"

Table4.2
Input parameters.

Initial reservoir temperature (K)
Initial normal stiffness (GPa/m)
The maximum closure (mm)
In-situ stress (MPa)

Initial reservoir pressure (MPa)

420
0.5
0.3
30
27
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4.1 Simulating an Injection Well Using Fracture Elements

In this example, a single well is simulated usihg DD and DD element (Fig.
4.1). Injection rate (or pressure) and temperatmeeprescribed and the radial stress and
tangential stress change around the well are cdkull Refer the Appendix B for field
points coordinates. The total injection rate infeatthe 50 wells is 1 x TOm3/sec for 2
years (730 days) of operation. And the radiyg @f the circular fracture is 0.1 m,
similar to a real well. Other input parameters &@m Table 4.1 and Table 4.2.

(Variables such as in-situ stresses in Table 4ll2o@ichanged for each case study.)

Fig. 4.1 A circle fracture network for simulating a well. fi@cture elements are used in
the simulations with the same injection rate priégck on DD element (refer Appendix
B).

Cooling and heating cases are considered to ipasthow the pressure changes
in each case. The pressure changes both in camtiddheating cases shown in Fig. 4.2.

It can be seen that the pressure for the non-isotlecases%120 K) are different from

the start and after 0.1 days, they gradually capwéo the isothermal case.
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Fig. 4.2 Pressure variation in time at well in cooling, egtand isothermal cases.

According to Fig. 4.2, the fracture pressure fa tion-isothermal case changes
(decrease or increase). However, after few houpefations, the pressures in all cases

are increased gradually with injections.

irw

Fig. 4.3 Pressure (MPa) distribution after 2 years injectioisothermal condition.
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rirw ) - rirw

Fig. 4.4 Pressure (MPa) distribution after 1 hour (left)y@ars (right) injection in
cooling.

rfrw

Fig. 4.5 Pressure (MPa) distribution after 1 hour (left)y@ars (right) injection in
heating.

In Fig. 4.2, 4.3, 4.4 and 4.5, the quick (afteralit) pressure change for the non-

isothermal cases caused by the temperature of ltine itself. After 0.1 days, the
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pressures are gradually increased by injectionthadoressures in cooling, isothermal

and heating reach 36 MPa, 36.4 MPa and 36.8 MBpectively.

| NI I
-15 -10 -

rirw

Fig. 4.6 Temperature (K) distribution after 2 years injentim cooling (left)/ heating
(right).

Fig. 4.6 shows that with time, the cold or hot temgure front spread out in the
porous matrix by conduction and, the distanceseftemperature distribution from the
wellbore are about just 20 times of the radiuhatend.

To verify the result, the pressure, temperatur@iataand tangential stress caused
by injection is compared with analytical solutiareme from Ghassemi and Tao (2010).

Detail equations are introduced in Appendix C.
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Fig. 4.7 Pressure (MPa) changes by distance in isothermaling and heating.
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Fig. 4.8 Temperature (K) changes by distance in isotheroaalling and heating.

Fig. 4.7 and 4.8 show the pressure and temperaasiation for each case as a

function of distance from the wellbore. The pressdecreases non-linearly from the
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injection well. Comparing Fig. 4.7 and Fig. 4.8, it can be seen th@ pore pressure

spreads out much faster than the temperature bechisgher fluid diffusivity.
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Fig. 4.9 Radial stress (MPa) changes by distance in isothlegnoling and heating.
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Fig. 4.10 Tangential stress (MPa) changes by distance irhesotal, cooling and
heating.
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According to Fig. 4.9 and Fig. 4.10, the radial aasgential stresses are
compressive or tensile depending on the temperatua@ge. Since the rock tends to
shrink when cooled, the induced stresses are éenbibte that the magnitude of
tangential stress is higher than radial. Also,témgential stress changes the sign at some
distance from the injection well and becomes coisgive for cold water injection. This
is because of strain compatibility.

The plots of temperature pore pressure and stiesw shat the numerical
solutions are in very good agreement with the ditaly solution and there is no

significant difference between them.

4.2 Shear Defor mation and Permanent Slip under In-situ Stress

20 MPa

13 MPa 13 MPa

Injection
at the center

20 MPa

Fig. 4.11 A 40 m fracture inclined at 45 degrees. The fractisr modeled using 39
constant DD elements.

In the single fracture case, water is injected ateell located at the center of the

fracture, at a rate of 8 10° m¥sec. The rock mass is under anisotropic streds avit
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initial pore pressure of 10 MPa. The initial fagll in y-direction is -20 MPa (tension
positive) and in x-direction is -13 MPa and botlesses compress the fracture, resulting
in 3.5 MPa of shear stress along the fracture @&itl). Fracture slip, i.e., the permanent
shear movement of the crack (Fig. 3.2) is assefgedn injection time of 6 months.
When injecting under isothermal condition, the antaaf effective normal stress on the
fracture decreases as pressure in the fractureases, enhancing the shear failure
potential. On the other hand, when water is ex¢dhdtom the fracture, the opposite
occurs and the amount of effective stress increasdsicing the possibility of fracture
slip. Referring to Fig. 3.2, the fracture statusves away from the Mohr-Coulomb
failure line. We note that for the non-isothermake, the joint fully opens and this

opening causes shear slip on all fracture segments.

26 . .
" —+— P with Injection - Isothermal

| === P without Injection /—
22 | --e--P with Injection - Nonisothermal /

1.E-06 1.E-04 1.E-02 1.E+00 1.E+02
Time (days)

Fig. 4.12 Fracture pressure variation with time at injectwsll for isothermal and non-
isothermal conditions.
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According to Fig. 4.12, because of initial far-fledtress and low compressibility
of water, an initial rapid pressure rise to 16.5aMiB observed, even though the initial
pressure is 10 MPa in the fracture. With time, phessure in the fracture decreases to
the initial pressure of 10 MPa, with or withoutaofion. However, when injecting, the
pressure starts to increase after initial decayfew points are worth noting in the
pressure profiles. In non-isothermal (cooling) atind, the pressure is generally lower
than isothermal case because of lower temperaf@eK(cooling). Until the § time
step, the pressures in all three cases are almos¢.sBut in 18 time step in non-
isothermal case, the pressure starts to drop napiely because of the cooling effect
that begins to spread out to the fracture surfeara the injection well. And after several
steps, the pressure increase gradually in respgonsentinued injection. At a time of 1
day, the pressure curve begins to show an incifeddseved by a rapid leveling off at 2
days, and a subsequent gradual rise. This varrabf@gnse is caused in response to full
opening of the joint under combined hydraulic pvessand thermal stress. At this stage,
the element properties and boundary conditionschemged to that of a fully opened
fracture (when the effective normal stress is pasithe joint is opened). Fig. 4.13, 4.14,
4.15 and 4.16 illustrate the normal displacemert e effective stress change at the

injection point.
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Fig. 413 Normal DD (fracture aperture) change with time afection well for
isothermal/non-isothermal conditions.

Initially, the opening response follows the pressprofile in Fig. 4.12, but after
1 day, the fracture aperture in the non-isothervagk begins to increase more than the
isothermal case due to the cooling effect. As theliog diffuses out from the fracture
surface into the matrix, the rock starts to conjreacreasingd, and resulting in a lower
pressure than the isothermal condition. And frdfi time step (right after 1 day), the
D, is increased because of the injection. Frofi time step (right after 2 day), th,
increases rapidly because the fracture is now fafpgned by combining effect of
cooling and injection and no resistance is offdsgdhe joint stiffness. After 180 days,

the D, at the center of the fracture reaches 12.4 mm.
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Fig. 4.14 Shear DD Ds) change with time at the injection well for isotimal and non-
isothermal conditions (InitiallyDs = 0).

Before operation, there is no deformation, so it@so initially and as injection
proceeds and effective normal stress is reducedslhiear stress caused by anisotropic
in-situ stresses creates shear deformation. Fig. ghows the shear failure at the end of
the time step in isothermal condition and af' tiene step in non-isothermal condition.
Since the fracture is fully opened at the centeheffracture in early time step, the shear
failure occurs earlier in cooling condition. Upadime of 8 days, the shear displacement

is nearly constant for both cases.
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Fig. 4.15 Initial far-field shear stress and the maximumatble shear stress (Eq. 3.2)
at the injection well for isothermal and non-isathal conditions.
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Fig. 4.16 Shear stress and its maximum change at injectidhinvessothermal and non-
isothermal conditions.
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In Fig. 4.15 and 4.16, the sign convention of tffeative stress is compression
positive. In Fig. 4.15, in isothermal case, the mmaxm allowable shear stress is changed
with time because the effective stress varies ¥iitid compression and injection (pore
pressure changes). It can be seen in Fig. 4.168tuse of the fluid compressibility,
the amount of effective stress initially increasasd then decreases as the fracture
pressure starts to increase because of fluid iojecThe amount of normal effective
stress eventually declines and the condition fohMooulomb failure is reached and
permanent shear slip occurs. Note that the shesgsstalue due to the in-situ stress is
constant from the start. For the cooling case & mum shear stress rapidly drops at
about 10 days and the fracture is fully opened. Wtwoling is taken into account, the
amount of effective stress decreases drasticaltyreg 8 days and becomes negative at
time 10 days, so the joint is an open fracture oBetompletely opening, the joint also
slips in response to the reduced amount of norrfiatteve stress. At this stage, the
fracture segments at the center of the fractureopemed first. And after 30 days, the
fracture is fully opened. The joint opening profileshown in Fig. 4.17 and we can see
that the fracture segments near the center ofrttwtuire are fully opened while fracture
segments are still closed. As expected, the nanesmal injection results in the highest

fracture aperture with its maximum at the injectpmint.
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Fig. 4.17 Normal DD O,) along the joint.
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Fig. 4.18 Shear DD Ds) along the joint.

Fig. 4.18 shows the joint shear deformation alotgy length. There is no

noticeable difference between isothermal and noti&mal cases before failure
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because the shear deformation is entirely causenhitigl far-field stress and not by
injection. But after failure, the amount of shelp s different for the cooling case as
the fracture is fully opened by thermal stresshyoinjection pressure.

When comparing Fig. 4.17 and Fig. 4.18, right aféglure in cooling case, we
can see that the fracture has also slipped whee thdracture opening at the center of
the fracture. It means that when the fracture segnsefully opened at the center of the
fracture, it causes the fracture slipped at theestime.

The pore pressure and temperature distributiondlas¢rated in Fig. 4.19, 4.20
and 4.21 for 180 days of injection. The pressustribution for the isothermal case is
higher everywhere when compared to the cooling.cékes is because rock cooling
reduces the pore pressure due to differential thlecontraction of the pore fluid and the

rock matrix.

40
30
20 20
10

10

-10

30 40(my} -10 0 10

Fig. 4.19 Induced pressurap (MPa) distribution after 180 days of injection end
isothermal condition (left) and non-isothermal cibiod (right).
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However, according to Fig. 4.19, the fracture puess in isothermal and non-
isothermal cases reach about 19 MPa and 12 MRalipressure, 10 MPa) just before
failure, respectively and at the end of operatlorsé reach about 23 MPa and 19 MPa.
In the isothermal case, failure occurs by injectadrthe end of time step due to high
pressure. But in non-isothermal case, failure cc@arlier by cooling, so even though

the fracture pressure is lower, the fracture i/fapened.

-10 0 10 30

Fig. 4.20 Temperature (K) distribution after 180 days of atien.

The corresponding reservoir temperature distrilbutsoshown in Fig. 4.20. The
initial reservoir is 420 K and the temperature oblang fluid is 400 K. In early time,
even though the fracture temperature at injectiosll is very low, the matrix
temperature is still high. With time, the cold ft@preads out to the field. Note that even
though a cool fluid is injected into the fractuomoling does not spread out to other

fracture segment (the pressure is nearly uniforcabge of the conduction domination
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in fracture) as the fluid can only diffuse into theatrix without a production well

(convective transport within the matrix is not colesed in this work).

-10 0 10 20 30 40

-10 0 10 20

Fig. 4.21 Induced effective mean stress (MP&)¢'(+Ac'yy)/2, distribution right before
failure at 72 days for isothermal (left) and at d@ys for cooling (right) condition
(tension positive).

Fig. 4.21 shows the induced effective mean, avexafge ofAc'xx and Ac'yy,
(Ac'wtAc'yy)/2, stress distribution resulting from deformationder the in-situ stress,
and fluid injection in both isothermal and non-fgimal condition. The net result is -1.7
MPa in isothermal and 2.4 MPa in non-isothermalhat fracture. In isothermal case,
because of the injection, the fracture pressuiadsased. And this increased pressure
compresses the surface of the fracture and it sausgative stress around the joint. In
cooling case, its value near the center of thet jmirpositive, indicating tension. This

tension and the accompanying fracture opening,da@ucompressive stress zone behind

the tensile region. The tensile stress can be mquaby the cooling effect of the joint



60

surface. This stress distribution is consistenhwitg. 4.17 in which thé, for non-
isothermal case is higher than the isothermal ¢mmdiespecially at the center of the
joint. Because of cooling, only high joint openirgyinitially observed in its center.
However, with shear failure, tH&, substantially increases along the entire joinsoAit
can be seen in Fig. 4.21 that the induced effeathean stresses in other fracture
segments are negative meaning that the surface c®@mpression and unaffected by
cooling. Since Fig. 4.21 shows the mean effectitresses right after failure for
isothermal and cooling conditions, we can see ttaffailure occurs earlier in the case

than the isothermal case.

Fig. 4.22 Induced differential stress (MPa)Ad'x-Ac'yy)/2, distribution right before
failure at 72 days for isothermal (left) and atddys cooling (right) condition (tension
positive).

For isothermal condition, the induced she#g'(-Ac'yy)/2, stress at injection

location of the fracture is about 0 MPa (Fig. 4.Z2)r cooling condition, this stress at
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injection location of the fracture is about 0.6 MPdis tensile stress is caused by
cooling effect which opens the fracture at the eerdo these shear stresses are created
while the fracture is opening. But these stresseskiads of stress concentration shown
at the tip. The differential stress in other aréahts matrix is about 0 MPa. Therefore,
the shear stress (3.5 MPa in this example) is cabseanisotropic in-situ stresses
leading to shear deformation of the crack this cé#een failure occurs, it is not because
of additional shear stress change by injectioumt, because of the reduced amount of
effective stress by injection. Therefore, if therere no shear stress on the joint, there

will be no shear slip on the fracture caused bgatipn in this system.

10 0 10 20 30 40{m) -0 ] 10

Fig. 4.23 Induced effective mean stress (MP&)¢'(«+Ac'yy)/2 and induced differential
stress, fo'x-Aa'yy)/2, distribution at 180 days for isothermal casagion positive).
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Fig. 4.24 Induced effective mean stress (MPa)¢'(«+Ac'yy)/2 and induced differential
stress, fc'x-Aa'yy)/2, distribution at 180 days for non-isothermaegtension positive).

In Fig. 4.23, the induced effective mean stressai@lthe fracture is negative
because of constant injection. In Fig. 4.24, eveough cool fluid is injected at the
center of the fracture, the induced effective meta@ss is compressive (negative), this is
because the fracture is fully opened and@has only increased by the injected fluid.
Also, there are higher tensile stresses of abouvP2 next to both tips of the joint,
because of stress concentration. For the indudégtehtial, Ac'x-Ac'yy)/2, stress, there
is no shear stress caused by injection of cooligg after failure.

In Fig. 4.12, the fracture pressure is increasdadkuin response to the initial
far-field stresses because of fluid compressib{@y i.e., as the fluid in the fracture is
quickly compressed it causes the pressure incriedgdly. The fluid compressibility
value is from zero to 1.0 and the unit is “Paln this simulation, the water

compressibility value is 4.2 x 18pPa’.
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Fig. 4.25 Pressure variation in time at injection well witiffetent C;.

In this thesis, the fracture networks are filledhwfluid from beginning. So,
without injection, the pressures can be changeiti4sjtu stresses under non-equilibrium
assumption. In this case, the zero injection exanglsed to see how the pressures are
stabilized to the prescribed initial pressure, 1PaviAccording to Fig. 4.25, when the
fluid compressibility C) value is high, the fluid is more compressible aviten this
value is close to zero, the fluid is incompressiM¢henC; is 1.0 P&, the pressure is
almost constant with the initial pressure at 10 NdBaause the fluid is compressed and
absorbs the compression. However, in this exampblecause of lower fluid
compressibility, there is a quick pressure increasgially. When the fluid
compressibility is 4.2 x 18, 4.2 x 16 and 1 P3, the initial fracture aperture is 0.56,
0.47 and 0.41 mm, respectively. Therefore, thigdfkompressibility is the reason for

initial pressure increase in fractures.
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The possibility of permanent shear slip is checketth Mohr-Coulomb failure
criterion. In addition, the amount of elastic shdmplacement in this case is about 0.07

mm and this value is exactly 0.07 mm using anadysolution by Jaeger et al. (2007).
1 1 .
g, ZE(UXX +o,)+ E(UXX —0,,)XC0S20, + 0y, *xsiN2a,
g = % (O —Oy)%sin2a, —0,, *xc0s2a,
04 1S the angle of the fracture from x-axis.
To compare the numerical solution to analyticalgoh, using same normal and

shear stiffness given in Table 4.1 and gytis 30 MPa and changsy from 30 MPa to

150 MPa, plot the shear displacement vetsys

1.4 | |
—e— Analytical Solution (30°)
1.2 | —— Numerical Solution (30°)
- Analytical Solution (0°)
1 | ——Numerical Solution (0°)
—E~ 0.8 —e—Analytical Solution (45°)
E
o 0.6
0.4
0.2
0 \
30 50 70 90 110 130 150
O v (MPa)

Fig. 4.26 Shear DD Ds) changes by, with angle as ) 30 and 45in both methods.
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According to Fig. 4.26, the results from numerisalution and results from

analytical solution are almost same.
4.3 Mechanisms of Shear Displacement

In previous section, the induced shear stressedalg injection was zero on the
fracture surface and permanent shear slip on desfragture was caused by under non-
equilibrium condition. In this section, we investig the shear movements in case of

multiple fractures.

Fracture Branch

Injection

7 72

Main Fracture

P1

Fig. 4.27 A 20 m fracture with connected 90 degree 5 m fractat the center. The
fracture is modeled using 25 DD elements (P1, RRR8hare measure points).

According to Fig. 4.27, fluid is assumed to entethee center of a secondary
fracture at a flow rate, 1.8 10° m*sec. And initial pressure is 27 MPa, initial fatd
stress is 30 MPa (just used for initial normal @ispment set up) and operation time is
360 days. The fracture pressure, normal displactmash shear displacement changes

when the fracture is fully opened at the injectieil.
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Fig. 4.28 Fracture pressure variation with time at injectwosll for isothermal and non-
isothermal conditions.
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Fig. 4.29 Normal DD (fracture aperture) change with timemgection well and P3 (Fig.
4.27) for isothermal/non-isothermal conditions.
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The fracture pressure increases by injection aadothssure in the cooling case
is slightly lower in Fig. 4.28. The fracture pressueaches 33 MPa in both isothermal
and cooling at the end of operation. Fig. 4.29 shthvat the fracture aperture of the main
fracture is bigger than the fracture aperture efftiacture branch. The reason for this is
that the main fracture is 4 times longer, so uralaimilar fracture pressure it opens
more. Also, the fracture aperture in the coolingecs bigger than the one in isothermal

case because of cooling effect.

0.6 -
—&— P3 (Isothermal)
0.5 { =--e--P2(Non-Isothermal) —
-<-P3 (Non-Isothermal) 2
0.4 4 —@— P2 (Isothermal) f:
€ 03 / ,’
£ LAl4
0.2 S A
(a] LAy
[ ARN 4
® A
0.1 .,.‘ ’.' f
A
0 n—n—n—n—-n—n—n—n—n—-n—n—n—n—i-ML
-0.1
1.E-06 1.E-04 1.E-02 1.E+00 1.E+02

Time (Days)

Fig. 4.30 Shear DD Ds) change with time at P2 and P3 (Fig. 4.27) fotheamal/non-
isothermal conditions.

In the isothermal case, the fracture branch is/fapened at the fotime (144
days) step and in cooling case the branch is opanttet 15 time (10 days) step in Fig.
4.30. And the shear slips at P2 and P3 occur asahee time step in both conditions. It

means that this shear slip in main fracture is edulsy the opening of fracture branch.
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Fig. 4.31 Mechanism of normal and shear displacement geperati

Fig. 4.31 shows how the normal and shear displactrage generated for
intersecting cracks. Previously, under non-equiifar condition, the fracture is
permanently slipped by far-field (in-situ) stressowever, for equilibrium condition,

there is no shear slip under the initial stress.

O\
N

/ _
- //

Fig. 4.32 Mechanism of normal and shear displacement geoarati regular fracture
network.
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Fig. 4.32 illustrates no shear slip in single fusetunder equilibrium with in-situ
stresses. However, in a fracture network, becadsthe fracture deformation and

interaction, shear displacement is generated legtign or production.

F2 Fé6 F12

F7 F9 F11
Fl F3 F5 7’ F13

F8 F10

7

F4 Injection

Fig. 4.33 A 35 m fracture with 5 m perpendicular fracturessatven locations. The
fracture is modeled using 53 DD elements underibdguim condition.

In this example (Fig. 4.33), we investigate the hamism of shear displacement
in irregularly connected fracture network under iliopium condition. There is fluid
injection at the center of the main fracture andaises fracture deformation in normal

and shear because of the opening of the secontkiyscas they are pressurized.

Non-isothermal

Fig. 4.34 Mechanism of shear displacement generation inutegdracture network with
isothermal (upper)/ cooling (lower) injection.
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According to Fig. 4.34, in the main fractures netivat the center (F1, F3, F5,
F7, F9, F11 and F13), the shear displacementsarged by normal displacement in
fracture branches (F2, F4, F6, F8, F10 and F12)talugection. For cooling, the shear
displacements in fracture branches are little ffexknt because of thermal effect, but
the differences iDs are negligible. So, in both isothermal and coobiages, the pattern

of D is similar.

Fracture Branch

13 MPa \ { 20 MPa

Injection
P1

Main Fracture

20 MPa ’ \ 13 MPa

Fig. 4.35 A 20 m fracture with connected 90 degree 5 m fractat the center. The
fracture is modeled using 25 DD elements underotmupic (45, 135, 225 and 315)
in-situ stress (P1, P2, P3 and P4 are measurespoint

A 4

However, under anisotropic in-situ stresses, theasklisplacements in fracture
segments are different. Since the anisotropic tun-siresses, initially generates shear
displacement on all fractures. Fig. 4.35 showsfthaeture network with anisotropic in-

Situ stresses.
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Fig. 4.36 Mechanism of initial normal and shear displacemgaheration under
anisotropic in-situ stresses.

Due to higher in-situ stress anisotropy (13 vs. M@a), there are shear
displacements (blue arrows) initially (Fig. 4.36pmparing Fig. 4.36 to Fig. 4.31, there

is shear displacement in fracture branch in the® dsecause of in-situ shear stress.
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Fig. 4.37 Fracture pressure variation with time under in-siiess at injection well for
isothermal and non-isothermal conditions.
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Fig. 4.38 Normal DD, D, (fracture aperture) change with time at injectveell and P3
(Fig. 4.35) for isothermal/non-isothermal condigson

The pressure and fracture aperture changes foreqoitibrium condition was
studied in Section 4.2. After a quick pressureease due to fluid compressibility, the
fracture pressure and fracture aperture decreagdtime. Later when injection fluid
was enough to increase the fracture pressure aerduegs increased simoultaneously.
Fig. 4.37 and Fig. 4.38 show a same pattern irtdracpressure and aperture changes

(compare to Fig. 4.12 and Fig. 4.13). Fracturequesin isothermal and cooling cases

are uniform in all fracture segments. In coolingegtion, the fracture aperture at P3

reaches about 6.5 mm while at injection points &bout 1.8 mm.
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Fig. 4.39 Shear DD D) change with time at P1, P2 and P4 (Fig. 4.35)idothermal
conditions (Initially,Ds = 0).

When the upper surface of fracture moves left erright-hand side surface of
fracture moves up, shear displacement discontir{Difyare considered positive. In Fig.
4.39,Ds at P1 is its absolute value (actualBg at P1 has negative values). At point P1
(fracture branch), the injection does not affe@astdisplacement at this point so it does
not change significantly (just little changes calibg pressure changes in main fracture).
At P3 and P4, there are initial shear displacemaiisut 0.68 mm caused by the
anisotropic in-situ stresses under non-equilibrieondition. AndDs at P3 is decreased
by pressure decreases at fracture branch andtg stancrease by pressure increase due
to injection, and when the shear strength is ovaecty shear stress on this segment,
permanent shear slip occurs (at the end of timg).std P4, there is exactly opposite

situation. TheDs is increased (because of upper surface movemettidin) by pressure
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decrease at fracture branch and with time it startiecrease by injection. At the end of

simulation, there is permanent shear slip causeadjegtion.

0.45
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035 [ —&—P3 -
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Fig. 440 Shear DD Ds) change with time at P1, P2 and P4 (Fig. 4.35) for
isothermal/cooling conditions.

According to Fig. 4.40, in cooling operation, thesean early permanent shear
slip at 18" time step. Because of tensile stress by cold tesye, the fracture aperture
at fracture branch opens faster than for the isothecase, and causes early shear failure
in main fracture. At P1, since the injection does aiffect any shear displacement in this
location, there is no significant difference betwélee shear displacement in isothermal
and cooling cases. This result at P1 shows thantia cause of permanent shear slip in

the main fracture is the opening of a secondatdra due to injection.
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Fig. 4.41 Mechanism of normal and shear displacement geoearatider anisotropic in-
Situ stress.

This exaggerated illustration (Fig. 4.41) shows hine shape of the fracture

network is changed. When putting anisotropic in-stresses (Fig. 4.35), the fracture is

deformed initially and with constant injecting theanch fracture is fully opened causing
shear slip on the main fracture.
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4.4 Single Fracturewith Injection/Production

Injection Production
@ O

| 90m |

Fig. 4.42 A 90 m fracture with 30 DD elements with injectiand production at each
end of the fracture.

In this case study (Fig. 4.42), fluid is injectewaextracted for 180 days with 2.0
x 10° m*sec and 1.9998 10° m*sec flow rate so the injection rate is slightlgter
than production rate. In cooling operation, thadfltemperature is 300 K (reservoir

temperature is 420 K). Other input parameters amgeswith Table 4.1 and Table 4.2.
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Fig. 4.43 Fracture pressure variation with time at injectowofluction well for
isothermal and non-isothermal conditions.
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According to Fig. 4.43, initially the pressure afection well is higher than the
pressure at production well. In isothermal opergtibe pressure starts to increase after
few hours of operations, but for the cooling cdke,pressure is decreased first in early
time step and it starts to increase after 2 dayspefration because of slightly higher
injection rate. When injecting cold water into gyestem, the pressure by the fluid itself
is lower than isothermal operation. At the endiofet step, the pressure gradients are
decreased because when the cooling effect hasdellgloped at the end of theltme
step, the fracture aperture and it does increase tecause of higher injection rate. So,

the initially small pressure gradients increasendmpinjection.
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Fig. 444 Normal DD, D, (fracture aperture) change with time at injectiand
production well for isothermal/non-isothermal cdrutis.
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In Fig. 4.44, while cooling, the fracture apertunesboth wells are bigger than
those in isothermal operation because the cold fbaiuses opening of the fracture by
induced tension. The cooling effect is visible with day of operation in this figure. In
addition, the apertures at injection well are higt@n at production well in isothermal

and cooling cases.

. 0.05

0.03
0.01
-0.01
-0.03
-0.05

0 50 100(m)

Fig. 4.45 Induced pressuré\p (MPa) distribution after 10 (up) and 180 (loweayd of
injection and production operation in isothermahdition.
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In Fig. 4.45, after 10 days simulation, the indupeessure around the injection
well is positive and the pressure around the priboluovell is negative because of
injection and production. And after 180 days opemtthe pressure around the fracture
reaches about 6.5 MPa because of slightly highection rate. The induced pressure at
the end of the injection fracture segment has megatlue and the induced pressure at
the production fracture segment has positive vakeause of stress concentration. But

these are present only in early time steps angplesred by pressure increase.

-20

-40

0 50 100(m)
Fig. 4.46 Induced pressure\p (MPa) distribution after 2 (top) and 180 (lowegyd of

injection and production operation in cooling cdiafi.
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In cooling condition, the pressure is decreasedcbl fluid itself so the
pressures in matrix are decreased simultaneously.the lowest pressure reaches about
24 MPa (-3 MPa induced pressure) in fracture (Fig6). After 2 days of operation, the
pressure starts to increase (Fig. 4.43) by highjeciion rate and reached 2.4 MPa at the

end.
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4
3
2
1
0
-1
2
3

0 50 100(m)

Fig. 4.47 Induced effective mean stress in rock matrix (MRA¥x+Ac'yy)/2 after 10
(top) and 180 days operation for isothermal (temgiositive).

According to Fig. 4.47, after 10 days, the indueffdctive mean stress near the

injection well is compressive (negative) becauserafssure due to injection. On the
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other hand, this value is positive at productiorll vbecause of tensile stress due to
production. At the end of operation, the inducddaive mean stress reaches about - 3.1
MPa because of pressure increase and there arer h@gtsile stresses of about 5 MPa
next to both tips of the joint due to strain conimaty. Comparing to Fig. 4.45, the
pressure and this stresAg(+Ac'yy)/2 is distributed similarly in early time. Howevert

the end of simulation, there are stress conceatragffects at the tips, but this feature

disappears with time and the pressure spreadsseatyeto the field.

0 50 100(m)

Fig. 4.48 Induced effective mean stress in rock matrix (MRA}'«w+AG'yy)/2 after 2
(top) and 180 days operation for cooling.
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For cooling injection, the induced effective medress are higher around the
fracture early on and at the end of this operatiba, higher value is reached 17 MPa
which is generated by shrinkage of fracture s@satue to cooling operation (Fig. 4.48).
Comparing to Fig. 4.21, the higher tensile strégscts along the fracture while in Fig.
4.21 (single fracture case), the tensile stressctHfjust an area in the vicinity of
injection well. The following figure for temperatudistribution shows the reason of this

difference.

415
W
395

385
375

-20
355
345
335
325

.40

0 50 100(m)

Fig. 4.49 Temperature (K) distribution after 180 days operati

In this case, there is both injection and extracti®o, when injecting cold fluid
into system, the cold fluid flows in the fracturetwork and is extracted at the
production well while in Section 4.2, the temperatgpreads out to field evenly in all

directions conduction (Fig. 4.49).



83

5.MODEL APPLICATIONSTO STIMULATION

INJECTION/EXTRACTION; INDUCED SEISMICITY

In this section, the fully coupled displacementcdiginuity method (DDM) is
used to analyze the induced pressure, temperatgestaess in the reservoir matrix
under anisotropic in-situ stresses conditions amdsimulate injection/extraction in
irregular fracture networks to investigate flow ohals evolution. Finally, the pressures
and fracture apertures under equilibrium and nanlégum conditions will be

compared in regular fracture network.

5.1 Irregular Fracture Network with Regular Pattern

+\Injection

Fig. 5.1 Irregular fracture network having 129 fracture segts over an area of 150

150 (nf).
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In this study, the fracture pressure, temperataperture, and conductivity
changes in fracture network subjected to and awigimt in-situ stresses are considered

under non-equilibrium condition.

31MPa ,
31 MPa
29 MPa

29 MPa 29 MPa 1A

Casel 29Mpa Case2 ‘
31 MPa
' 31 MPa

Fig. 5.2 Anisotropy field stresses (31 MPa, 29 MPa) withiediént angles (030).

Initially, because of fluid compressibility, theafiture pressure will increase to
27 MPa, higher than initial pressure, and it whlem decrease with time until fracture
pressure is increased by the injection near the aéngimulation time. The resulting
pressure, temperature and normal displacementsyfeapermeability) will be different
for both cases in Fig. 5.2. In Fig. 5.1, the fliddinjected at the center of fracture
network with rate, % 10° m*sec and cooling temperature, 120 K. The geometdy a
loading condition for eth two cases are show in Bid and 5.2. Other parameters are

listed in Table 4.1 and Table 4.2.
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Fig. 5.3 Pressure variation in time at injection well withge 1 and Case 2 in isothermal
and cooling condition.

According to Fig. 5.3, the pressure decreases twith until the injection rates
are enough to increase the fracture pressure @btelays injection). However, initially
the pressures in Case 2 are higher than in Cadthén comparing Case 1 and Case 2,
the initial pressure in Case 1 is about 29.64 MRdewhe initial pressure in Case 2 is
about 29.89 MPa. The fracture pressure in Casesligistly lower than the pressure in
Case 2. In this example, the injection well is tedaa fracture which is parallel to y-
direction. And in Case 1, this fracture is compeelsat the beginning by 31 MPa in y-
direction and by 29 MPa in x-direction while in @d3 the fractures are compressed by
about 30.5 MPa for horizontal fracture elements 28 MPa for vertical fracture

elements.
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— 300000.
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— 150000.

— 100000.

— 50000,

Fig. 5.4 Permeability (Darcy) distribution in fractures afte000 days injection in
isothermal condition (Case 1).

According to Fig. 5.4, the fracture apertures fa vertical set are larger than the
apertures for the horizontal set because of lowesitu stress in x-direction (29 MPa).
So that the fracture permeability (whele,= wi/12, Witherspoon et al., 1980) in
fractures varies due to their angles, so the \@rfractures have higher permeability and
the horizontal fractures have lower permeabilitguteng in flow channeling in the

vertical direction.
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— 220000.
’ 200000.

— 180000.

— 160000.

‘ |
— 140000,

— 120000.

— 100000.

— 80000.

Fig. 5.5 Permeability (Darcy) distribution in fracture afté000 days injection in
isothermal condition (Case 2).

In Fig. 5.5, the pattern of permeability distrilmutiis similar to Case 1, but it is
more regularly distributed than Case 1 and horelofitactures experience higher
permeability than in Case 1. The fracture perméghianges from 80,000 ~ 220,000
Darcy On: 0.8 ~ 1.2 mm) and falls within the range of Casé@,000 Darcy ~ 400,000
Darcy On: 0.6 ~ 1.4 mm). This variable permeability is calibg different directions of
the in-situ stresses for each case. When theurssiésses compress the fracture network
with 45° rotation in counter-clockwise, the fracture perbility ranges from 124,000

Darcy to 140,000 Darcy.
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Fig. 5.6 Permeability (Darcy) distribution in fracture afte®00 days injection in cooling
(top: Case 1, lower: Case 2).
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Fig. 5.7 Permeability (Darcy) change with time in fractutergection well in isothermal
and cooling cases.

According to Fig. 5.8, the cold temperature spreadsonly in the vicinity of the
injection well fracture because of there is no &stion. Due to cooling, in Case 1 and
Case 2, the permeability of fractures are noticehidher at the injection well and in
horizontal fractures at the top and bottom of tijedtion point (Fig. 5.6). In other areas,
the fracture permeabiliy is under 500,000 Darcync8i the lower in-situ stress
compresses the fracture in x-direction, the fracpermeability in Case 1 is higher than

Case 2 from the start (Fig. 5.7).
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Fig. 5.8 Temperature (K) distribution in fracture after 10f#ys injection in cooling.
5.2 Irregular Fracture Network

In this case study, we simulate heat extractiomfeoreal fracture network that
consists of irregular distribution of fracturesdFb.9) used by Swenson and Hardeman
(1997), and investigate the pressure, temperatudefracture aperture change. In this
simulation, we assume that the fractures are inlibgum under the initial far-field
stress. The initial pore pressure is 27 MPa, the flates in both wells is set to %5.0*
m%sec. The injection water has a temperature of R2@hile the reservoir rock is
initially at 420 K, resulting in a maximum coolirgf 100 K. Other parameters are all

same with Tao and Ghassemi (2010).
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Fig. 5.9 Irregular fracture network having 111 fracture segts over an area of 132

108 (nf).

5.2.1 Isothermal Condition

This section investigates the pressure and fracaperture in the fracture
network and also considers the induced pressuresiesss distribution in the reservoir

matrix. This can provide insight in relation toarpretation of induced seismicity.
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— 27.000

— 26999
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— 26997
Fig. 5.10 Pressure (MPa) distribution in fracture after 10fys of injection and
production.

In Fig. 5.10, as expected, the pressure aroundhjbetion well is slightly higher
and the pressure around the production well ish#liglower than other fracture

segments and field (matrix).
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0 50 100(m)

Fig. 5.11 Induced pressure (top, MPa) and stress (lowerjildigion in the rock after
1000 days of injection and production.

In Fig. 5.11, because of pore pressure, the pressaund the injection well is
higher than around the production well. Also, ves cee the induced effective stress
(mean stressAG'xw+Aa'yy)/2) around the injection well is lower than otlaeea since the

higher pore pressure reduces the amount effedtigeses in the matrix. In contrast, the
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induced effective stress around the production weelhigher since the lower pore

pressure makes the rock (matrix) expanded.
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Fig. 5.12 Pressure and fracture aperture change with timmgention/production wells.

According to Fig. 5.12, the fracture pressure ab#ized in early time and so the

fracture aperture is also stabilized. And with tirttee fracture aperture at the injection
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well decreases and the aperture at production wetkase very slightly because of

matrix dilation and contraction (poroelastic efject
5.2.2 Non-isothermal Condition

In this section, also investigate the pressure faacture aperture in fracture
network and both wells and also investigate thei@ed pressure and stress distribution

in matrix in 100 K cooling condition.

— 21.264
‘ 21.262
— 21.260
; - 21.258
[— 21.256
— 21.254

— 21.252

— 21.250

— 21.248

Fig. 5.13 Pressure (MPa) distribution in fracture after 1d@9s of cooling injection and
production.

According to Fig. 5.13, the injection fluid flowslfowing fracture network and
cause pressure increase in fracture around thetiojewell. We can also see several
flow channels from the injection well to the protian well. It can be noted that despite

equal injection/extraction rates, the pressure iwithe flow paths is much lower than
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the initial reservoir pressure. This is becauseflind is colder and tends to open the

fractures.

Fig. 5.14 Induced pore pressure (MPa) distribution in thekrafter 400 (top), 1000
(lower) days of cooling injection and production.
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In Fig. 5.14, after 400 days of cooling operatitme pressure in fractures are

about 23 MPa and outside of fracture network ard RBPa, so in fracture network and

matrix inside or near the fracture network is lovtlean outside
because of cooling effect. And after 1000 days @ération, the

fracture network drops to about 21 MPa.

4L )

of fracture network

pressure within the

420.
410
400
390
380
370
360
350
340
330

320

Fig. 5.15 Temperature (K) distribution in fracture networkesf1000 days in cooling

operation.
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An interesting result from this figure is that theessure in the matrix is lower
than the pressure in fracture because of poro-thelastic effect. Excessive drop in pore
pressure may not contribute to shear failure is¢hareas, particularly since they are not
subjected to significant cooling-induces tensileesd. If the matrix is not fully
surrounded by fracture network and the square alsme cannot see this pattern.

According to Fig. 5.15, the temperature is 320 Karnthe injection well. The
temperatures in fracture segments located negrrdduction well and on the right side
are higher. This is because the injected fluid Somostly from injection well to
production along some of the fracture on the lele sSWhen we see the temperatures in
four corners of this fracture network, the tempamaits still high because the cold fluid
doesn’t flow the corner and also the temperatuesdwt spread out to the corners yet.
When looking the fractures at the bottom of theteearea, the temperatures are lower

because there is a fracture channel right abowsetfractures.
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Fig. 5.16 Temperature (K) distribution in the rock after 4®@p), 1000 (lower) days of
cooling injection and production.
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Fig. 5.17 Induced mean,Ac'x+Ac'yy)/2, stress (MPa) distribution in the rock aftel040
(top), 1000 (lower) days of cooling injection an@guction (tension positive).

In Fig. 5.16, after 400 days, the temperature adaine injection well is about
320 K but in production well, it still is close tbe initial temperature of 420 K. After

1000 days, the cold fluid spreads out from throfrghture network and cools down the
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reservoir matrix by heat conduction. Note the zoofelsigher matrix temperature occur
in the central regions of each block except whieswater has cooled the area from all
sides. Also we can see a smooth temperature boundanis figure; it means that the
temperature also spreads out from fracture segne@msgtrix by poro-thermoelasticity.
Fig. 5.17 shows the effective mean, average vallieAd,x and Ac'y,
(Ac'w+Ac'yy)/2, stress distribution. 400 days cooling of opiera since injecting cold
fluid at injection well, the rock (matrix) arountis shrunk and it causes tensile stress.
And after 1000 days, due to the cold temperatureasiing, we can see that most parts
of system show high tensile stress. When compdigg5.16 and 5.17, the distribution
shapes are very similar but not exactly the sancaus® the pore pressure increases by

fluid injection causes compressive stresses (stoatipared to thermal stress).
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Fig. 5.18 Fracture pressure change with time at injectiompction well in
isothermal/non-isothermal cases.
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According to Fig. 5.18, the pressure at injectiond @roduction well is 27.01
MPa and 26.99 MPa each, initially. (Because of Efftak rate, the pressure difference
in both wells is small.) After the cooling startsdffect to system, the pressure starts to
decrease in both wells. And at the end of the step, the pressures in both wells are

21.26 MPa and 21.24 MPa.

4 —O—InjectionIWeII (Isothermall)
39 F —&— Production Well (Isothermal) -0
3.4 || --@=-Injection Well (Nonisothermal) ,!’

__ 29 1 =<~ -Production Well (Nonisothermal) :ll

0.4

1.E-05 1.E-03 1.E-01 1.E+01 1.E+03
Time (Days)

Fig. 5.19 Fracture apertureD() change with time at injection/production well in
isothermal/non-isothermal cases.

According to Fig. 5.19, for the cooling ca$®, increases at the injection well
and stabilizes after 400 days while it initiallycdeases at the production well and starts
to increase after 200 days. The contribution oflingoto aperture increase at the
production well is high at the time shown and thesgre due to the pore pressure

reduction is much smaller than cooling effect.
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Fig. 5.20 Variation of temperature (K) at injection and protlon wells with time.

In Fig. 5.20, the temperature at production welkthanged by cooling effect at
200 day and it reaches about 368 K at 1000 daygefation. A temperature near the

injection well is decreased in early time step amdaches 320 K after 200 days later.
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Fig. 5.21 Permeability (Darcy) distribution in fracture afted00 days in isothermal (top)
and cooling (lower) operation.

Fig. 5.21 shows the conductivityki(= w12, Witherspoon et al., 1980)
distribution in the fracture network. For isothefresandition, the fracture apertures at
injection/production wells stabilized in early tinseep. So, the permeability values are

more stable at the beginning and equal about 83460y .
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However in cooling case, the aperture of fractegnsents are very high because
the cooling makes the fracture aperture larger.r8tbee, the fracture conductivity in

cooling is higher comparing with isothermal cormfiti
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Eig. 5.22 Permeability change at injection/production wetisisothermal/cooling with
time.

According to Fig. 5.22, the conductivity of thedtare varies by time at injection
and production well also both in isothermal andliogooperation. Due to the graph, the
permeability at the injection well in cooling ischeased quickly in early time step. After
400 days, this value is stabilized around 1,200Day.

In following example (Fig. 5.23), a fluid channeithwslightly different fracture
network is examined. The fluid flows from injectiovell to the production well so the

cold temperature mainly spreads out through thedra network.
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Fig. 5.23 Irregular fracture network (red line: slightly difent with Fig. 5.9) having 111
fracture segments over an area of ¥38 (nf).

0 100 (m)

Fig. 5.24 Temperature (K) distribution in the rock after 10ys of cooling injection
and production.
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When comparing this figure to Fig. 5.16, in Fig24.the fracture network is
slightly changed affecting the flow channels in tdeatral area. But in the outer regions
the spread of temperature in both figures are w#mjlar. The figures illustrate the
importance of fracture flow on heat transport. Tamperature profile near the edge of
these fracture networks is similar because ther® ifluid flow so the cold temperature

spreads out by just conduction (Fig. 5.24).

Fig. 5.25 Overall shape (top) and center (lower) area of big6 (left) and Fig. 5.24
(right), the cold temperature spread out throughdilfferent fracture channels.
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Fig. 5.25 shows the different flow channels in eliéint fracture network. The
cold temperature spreads out the fracture netwondkthe cold temperature spreads out
from fracture channel to matrix.

To investigate more detail temperature distributiesulting from discontinuous
injection/extraction, consider the smaller irregufeacture network for shorter route
from injection point to extraction point shown ingF5.26 to check more dynamic
temperature changes in each measure point. Theigirod well shut-in is simulated by

reducing the rate to zero while the injection wate is reduced from 3% 10* m¥/sec

to 7x 107 m¥/sec at the 10time step.

+,\ T P1 ¢ P2

b
~
b - . *
Injection 4

Production —

e ]

Fig. 5.26 Irregular fracture network having 78 fracture segteever an area of 108
96 (nf). P1 and P2 are measure points.
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0 40 20 40 60 80

Fig. 5.27 Temperature (K) distribution in the rock after 1@ys of cooling
injection/production (upper), 240 days (lower ledt)d 840 days (lower right) days of
cooling injection after shut in the production well

According to Fig. 5.27, we can see that until 1&¥s] the cold fluid flows
through the fracture network so it spread out gyi¢kom injection well towards the
production well in several fracture channels. Hogreafter 240 days from shutting the

extraction well, the temperature spreads out froactfires to field in the opposite

direction, and the temperature inside of the frastwhich are located in the middle of



110

fracture network increase again by spreading ohwimperatures from the extraction

side.
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Fig. 5.28 Variation of temperature (K) at P1, P2, injectiardgroduction wells with
time under stopped production with reducing in@ctiate.
In Fig. 5.28, the temperature in the fracture atlB@reases to about 385 K after
160 days of operation, but after production wellitsh, the temperature is increased
again because the cold fluid does not flow throtinghfracture network anymore. So, the
water is heated up by the matrix. Also, note th&l doont movement behind the
production well. After 1000 days, this temperatstarts to decrease again as the volume
of cold water injection becomes sufficient to haae impact. However, at P1, the

temperature reaches the lowest about 340 K sattke¢ps increasing at the end.
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Fig. 5.29 Induced mean,Ao'x+Ac'yy)/2, stress (MPa) distribution in the rock afte016
days of cooling injection/production (upper), 248ysd (lower left) and 840 days (lower
right) days of cooling injection after shut in teduction well.

In Fig. 5.29, until 160 days of operation, there higher tensile stresses about 16
MPa near the injection zone. After stopping extaagtthe cold fluid spreads out just

near the injection well. But after 240 days injenti the fractures connected with the

injection well and used as flow channels has higkesile stress. Due to absence of
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production well, the tensile stresses in the vigioif injection well are decreasing until

the cold effect appears again.
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Fig. 5.30 Fracture pressure change with time at injectiompction wells under
constant injection/production and stopped productiith reducing injection rate (Case
a: shut-in production well, Case b: continuousdtign/production).

In Fig. 5.30, when there is constant injection prmtluction in cooling operation,
the pressures in both wells keep decreasing witle.tiAfter shutting in the production
well, the pressure in the fracture network stamtsntrease with smaller injection rate

from 3.5x 10* m¥/sec to 7x 10" m¥sec. In both cases, there is no significant pressu

difference in both wells.
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Fig. 5.31 Fracture aperture change with time at injectiordpadion wells under constant
injection/production and stopped production witdueng injection rate (Case a: shut-in
production well, Case b: continuous injection/prciitan).

According to Fig. 5.31, in constant injection antbguction operation, the
fracture aperture in injection well is drasticaihcreased and stabilized after 400 days
and in production well, the fracture aperture isrdased due to production. But after
400 days of operation, the cold fluid reaches ttuglypction well, increasing the fracture
aperture. However, when the production well is sttut8” time step, the pressure at the

injection well increases more than the constantdgebon case and the pressure at

production well starts to increase right after shgtthe well.
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Fig. 5.32 Variation of fracture aperture at P1 and P2 withetiunder stopped production
with reducing injection rate (Case a: shut-in paithn well, Case b: continuous
injection/production).

Comparing Fig. 5.28 and Fig. 5.32, shows that tleeetemperature increases at
P1 and P2 when shutting the production well, arel filacture apertures increase
continuously. Even though the production well isitshnd the fracture temperatures are

increased, the matrix is still cold so the heatiagnot sufficient to cause fracture

apertures decrease.
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5.3 Regular Fracture Network

Tao and Ghassemi (2010) already investigate thespre, temperature and
normal displacement change for and injection/préidacoperation. However, it was
assumed that the joint are in equilibrium underitiigal stress state. In this work, non-
equilibrium under the initial far-field stress isrsidered an example simulations are
provided using the same regular fracture condiéiod input data. The fractured domain
is 2000% 2000 (nf) and has a unit thickness (1 m). The initial fuaetpressure is 27
MPa, the flow rates in both wells is set to<110% m*sec. The injection water has a
temperature of 300 K while the reservoir rock isatly at 420 K. Other parameters are

all same with Tao and Ghassemi (2010).
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Fig. 5.33 Pressure distribution after a year injection/pradunc(left: without initial far-
field stress, right: with initial far-field stress)
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According to Fig. 5.33, this pressure distributfaas a range of 25.5 ~ 28.0 MPa
which is broader than 26.8 ~ 26.92 MPa obtained &g &and Ghassemi (2010) and

reflects the impact of fracture deformation undher initial far-field stress.
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Fig. 5.34 Pressure variation in time at injection/extractwells with and without initial
fracture deformation.

When comparing the injection/extraction well pressprofile in time, large
differences are observed in Fig. 5.34. The inipate pressure is 27 MPa, but it is
increased to 30 MPa because of compression anturfeaclosure. This effect is not
noticeable for high fluid bulk modulus. The apeetuncreases at the production well

after initially closing to some extent, but in tpeoduction well, the fracture pressure

keeps decreasing.
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Fig. 5.35 Fracture apertureD(;) change with time at the wells (with and withobet
initial deformation).
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Fig. 5.36 Permeability (Darcy) change with time at the wdligth and without the
initial deformation).
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According to Fig. 5.35, the normal displacemddy)(starts from 1 mm. But in
reality, D, under initial far-field stress condition is slightsmaller than when the
response to initial stress condition is not inctliidBecause of fluid compressibility, the
fluid in the fracture is compressed and closesfitheture aperture slightly. After that,
the D, is decrease by pressure drop and at injection aidr several time steps, tbg
starts to increase with pressure increase by injectWhen theD, is larger, the fracture

permeability is larger by Cubic Law. Therefore, . F3gB6 follows the results of Fig. 5.35.

>

0
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Fig. 5.37 Temperature (K) distribution after a year injectmoduction (left: without
initial far-field stress, right: with initial fari¢ld stress).
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In Fig. 5.37, comparing the temperature distributibgures between the
simulation without initial far-field stress and Wiinitial far-field stress, these are almost
same. It means that the in this particular cass ¢d equilibrium under the initial far-

field stress has no effect on the temperatureiloigton.
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6. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, a poro-thermoelastic model for dtipn and extraction in a
fractured rock is developed by combining the DDMd dhe finite difference method.
The fracture deformation is modeled by considetirggnonlinear joint deformation and
non-equilibrium under the initial in-situ streshiefmode has been applied to investigate
pressure, temperature, fracture aperture and shgalacement for single and multiple
fractures. Also, using the model, the distributiigure of pressure, temperature, normal
and shear stresses in a reservoir are studiedifferesht injection/extraction cases and

fracture networks.

6.1 Conclusions

1. The fracture pressure and aperture increase bgtimeresulting in decreased
amount of effective stress in the vicinity of irlea point. In contrast, the
fracture pressure and aperture decrease by extmacéisulting in increased
amount of effective stress in the vicinity of extian point.

2. Since the thermoelastic effects cause significansite stress on the surfaces of
fracture (rock shrinkage), it leads to large apertand low fracture pressure
compared to the isothermal condition.

3. Under equilibrium condition, the mechanical intéi@t of individual fractures in
the network has a key role in causing shear disptants within the network.

Normal displacement caused by injection or extoactigenerates shear
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displacements on connected fracture segments. Howevhen the fracture
segments are only parallel, this normal displacéntamnot create any shear
displacement. Therefore, the fracture geometry splayp important role in
permeability evolution under injection/extraction.

. A single fracture (divided in several elements) emdon-equilibrium condition
with an anisotropic in-situ stresses, there is ampeent shear slip due to the
reduced amount of effective stress caused by cansj@ction under isothermal
conditions. In cooling, the joint fully opens aridst opening causes shear slip on
all fracture elements at the same time. The faitnogles are decided by Mohr-
Coulomb failure criterion.

Under non-equilibrium condition, there is a quickegsure increase in the
fracture because of the fluid compressibili@;)( When the in-situ stresses
compress the fracture, the pressure is increasddtlten fracture aperture is
decreased. Also, the in-situ stress causes a isgmif pressure drop with
decreasing fracture aperture in early time of sanaoh.

For cooling operations, if there is only flow into single short fracture, the
temperature spreads out evenly from the injectiomtp(as a circle) because
there is no convective transport in the matrix. ldoer, with production, the

temperature spreads out through the fracture ctabgehe flowing fluid.
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6.2 Recommendations

In this thesis, single phase water injection ardpiction is for two-dimensional
case (unit height of 1 m). So, for future studths, following topics are recommended.
» Hydraulic fracturing or propagation to naturallyadtured reservoirs which have
regular/irregular fracture network
* Two phases flow simulation (water and steam, waiter gas or water and oil)

* 3-Dimensional simulation



Ah (= 1m)

AL (= 2a)

€ (€«)
ks
kr
p
O
Cfint (= Vino)
Oh-int
Gs (= Q)
M'w
t
Wi

ij ij

Ann, Ans, Asn, Ass

]

]

NOMENCLATURE

Unit height of fracture
Length of fracture
Thermal diffusivity of intact porous rock

Heat capacity of fluid
Strain (volumetric strain)

Fracture permeability
Thermal conductivity of fluid
Pore pressure

Flow rate in fracture
Interface (leakoff) flow rate
Heat interface flow rate
Injection/production rate
Radius of well

Time

Fracture aperture

Boundary influencing coefficient in Section 2

Influence coefficient for normal stress
by normal amear displacement discontinuity
and fluid/inface flow rate

Fluid compressibility
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Fluid and heat coefficient matrix

Normal fracture displacement
Maximum closure

Shear fracture displacement

Influence coefficient for shear stress

by normal aretar displacement discontinuity
and fluid/infece flow rate

A function with global coordinate positions

A function with local coordinate positions

Shear modulus
Normal stiffness
Initial normal stiffness

Shear stiffness

Influence coefficient for pore pressure
by normal aretar displacement discontinuity
and fluid/inf@ce flow rate in Section 2.2
Temperature
Biot’s coefficient
Angle of linear fracture from x-axis
Thermal expansion coefficient of pore fluid

Thermal expansion coefficient of solid

Angle from the x-axis segment (Counterclockwise)
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Change of strain of the rock

i g7
y:E"':Bi =B,

Matrix porosity
Friction angle
Dilation angle
Density of fluid

Normal stress

Shear stress

Stress
Induced stress in x-direction

Induced stress in y-direction

Effective normal stress
Total stress

Initial stress

Induced stress
Far-field stress

Initial induced stress

Time step
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ij ij
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p™ (1), p®(t), pO(t), p" (t)
ij

T (t)

Over scripts

Peak shear stress
Residual shear stress
Viscosity of fluid

Poisson’s ratio

Undrained Poisson’s ratio
Kronecker delta

Change of pore volume

Influence coefficient for normal stress by norraat shear

displacemergatintinuity, fluid/interface flow rate and
temperaturgyiven timet in Section 2

Influence coefficient for shear stress by nornmal ahear

displacemergatintinuity, fluid/interface flow rate and
temperaturgyiven timet in Section 2

Influence coefficient for pore pressure by noriuadl shear

displacemersadintinuity, fluid/interface flow rate and
temperaturgyinen timet in Section 2

Influence coefficient for temperature by heat flmxSection 2

Index of fracture segment

Index of current time step

Index of time step
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Super scripts

q

dh

ds

Fluid injection source and interface flow rate
between fraetand matrix

Normal displacement discontinuity source
Shear displacement discontinuity source

Temperature source
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APPENDIX A

MATRIX FOR FULLY COUPLED PORO-THERMOELASTICITY DDM

1. Matrix for pressure, leakoff flow rate, normal and shear displacement
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2. Matrix for temperature and interface heat flow rate
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APPENDIX B

FIELD POINTSMAP

1. Circle Fracture
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2. Angled Single Fracture
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3. Horizontal Single Fracture
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4. Irregular Fracture Network
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APPENDIX C

INDUCED PORE PRESSURE AND STRESS AROUND BOREHOLE
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Tangential Stress
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Ko, K1, Ksare the second kind of Bessel functions with zen and two orders,

respectively.
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To prevent nomenclature confusion with main arfithee nomenclatures listed

below in this Appendix C are only for this appendind Section 4.1.
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s is Laplace variable, over script ‘~’ is Laplagese,ais borehole radius, r is

the radial distance to the center of boreh6lg,is the coupled thermal-fluid pressure
coefficient, ¢ is cohesiorGy is the thermal diffusivity Cs is the fluid diffusivity, Tr,, T+
are the temperature of mud and formatidh,. Ps are the pressure of mud and

formation, B is the Skempton pore pressure coeffiiSyis the deviatoric stresg, U,

are Poisson’s ratio in drained and undrain@ds the Biot's coefficient. All equations

and figures are from Ghassemi and Tao (2010).



APPENDIX D

FLOW CHART

( Start )

A 4

1. Import Input
Parameters
(Rock Properties
/ Initial values)

d

<

\ 4

2. Set up the shape of the fracture
(If there were field points, set field points

3. Set in situ stress, oyy andoyy
4. Initialize the pore pressure and set stresses
(on andos caused by in si stresse:

A 4

5. Set normal stiffness gkand normal displacemend{) by two options

5.1. Using initial normal stiffness (K, maximum closurely, max),
and effective stressy(), set above values using below equation

(K, = Kni ) (Nonlinear)
2

7
%n

[1_ 7
KniDnmax+on

5.2. Set K, Dy, by inputs (Linear)

y

6. Set injection/ extraction rate
(The flow rates could be seifferently by time steg

»
>

\4
7. Find temperaturelj and heat fluxd.i) using DDM

v
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8. Solving Part: Find\D,,, pressuref), shear
displacement&D) and leakoff rate/vi) using DDM

NO Iteration>100

& Temperature
difference <10

9. UpdateD,, o,, andoy

\4

10. Check failure mode in single fracture casedinmaxand
if 0s > O0smay OsiS same with th@sin previous time step
(It means Kis '0". 0smax= 0y, X tan(@; + @4) + C, where
@¢: Frictional angle@,: Dilation angle and C: Cohesive)

A 4

11. Updatep, T, Dg, Vir;, fracture permeability (K)
and other relative values

Is there field point
calculation?  (llI:
Number of field points)
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