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Fault 99

1. Introduction

Schematics of general geologic setup is shown in Figure 1.1. Code, Fault 99 is a Mathcad 8 Pro file to
analyze stresses and displacements around a depleted poroelastic reservoir as well as the stability of the
nearby faults. It allows to compare different depletion/injection strategies and how they affect the fault
stability. Fault 99 also allows to estimate of the magnitude of the fault slip due to the reservoir depletion or
fluid injection in the reservoir. Fault 99 does account for the interaction between the slipping fault and
depleting reservoir although the back influence of the reactivated part of the fault on the depleting reservoir
is not included. This important option will be available in the next release of Fault 99.

The employed concept is based on the following assumptions:

(1) The reservoir is represented by a Winkler-like, poroelastic inclusion embedded in an elastic material.
(2) The material of the fault gouge obeys Mohr-Coulomb strength criterion.

(3) Reservoir is deep, thin, smooth, soft, and isolated (no interaction with the earth surface, other
reservoirs and preexisting faults).

(4) The residual stresses are assumed to be known. Residual stresses are stresses that would remain in the
absence of remote stresses and reservoir pore pressure.

(5) Two-dimensional (plain strain) conditions are considered.

The modular structure of the employed algorithm allows the user to easily change material parameters,
reservoir shape, pressure distribution, and fault slip criterion. The user has to be only minimally
familiar with Mathcad 8 Pro to be able to use Fault 99.

Oy / Op
;aﬂ /( - h
/O ..~ Reservoir

Y

y ek
ix Vo
R

/ Potip

Fauflt Figure 1.1. Fault and reservoir

positions.
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1.1. Main Parameters, Definitions, and Notations

NOTE: The highlighted expressions below represent important places where the introduced
parameters and functions are defined (specified).

MPaEIOG‘Pa

Young's modulus of surrounding rock
Young's modulus of reservoir rock
Poisson's ratio of surrounding rock

Poisson's ratio of reservoir rock

E v
AE v o= el Lame parameter of reservoir material
L+vy - 1=-2v,
BN = Shear modulus of surrounding material
21 4v) s of s ¢ materia
E : :
WE gy Fe——— Shear modulus of reservoir matenal
2- 14V
Half-length of depleted part of reservoir
h ;ﬁﬁi:@b»nﬂ Maximum thickness of reservoir
hoh o Fpax i=h e k) Reservoir thickness
if&(é'iﬂi:i#"-.yla frk )€1 Dimensionless distribution of reservoir thickness, i.e., fy( x)=hi< )
IMPORTANT!
Function f;(x) has to be redefined every time
the shape of the reservoir is changed.
P =2500-= Rock density
3
; m
g =9.8066 m-s "’ Acceleration due to gravity

Depth of reservoir (needed only for in-situ stress estimate)

o=p gH Major principal stress
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¢

K=tan( ()

C

o p : 1

N:= 100

Georgia Tech/Shell Fault Reactivation Project Page 3

NOTE: Type in the ¢, value directly if you do
not want to use the lithostatic pressure, i.e.,
weight based estimate. Otherwise, disable the
second expression.

In-situ stress ratio, i.e., A=04/0,

Minor principal stress

NOTE: Major and minor principal stresses are the greatest and least
stress components in terms of their absolute value since according to
the adopted sign convention, compressive stresses are negative. These
stresses do not necessarily coincide with o, and o, shown in Figure
1.1. For example, in the reversed/thrust stress regime, the major
principal stress is horizontal while the vertical stress is minor. In
Fault 99, notations, o; and o3, do not necessarily correspond to major
and minor principal stresses.

Angle between the fault and reservoir
Angle between the reservoir and minor principal stress
Angle between the fault and minor principal stress

Angle of internal friction of fault gouge material

Coulomb friction coefficient

Cohesion of fault gouge material
Biot's poroelastic constant

Number of collocation points

IMPORTANT!
The number of collocation points, /V, is specified for
the whole file.

Reservoir pressure before depletion/injection

NOTE: From the physical stand point, p, should not be too high to
avoid the possibility of hydraulic fracturing of the reservoir and/or
the surrounding material. Therefore, the user is recommended to
check the stresses both inside and outside the reservoir calculated
in Sections 10.3 and 10.4. It is generally safe to make sure that all
the normal stress components are compressive (negative)
everywhere.
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Maximum pressure depletion/injection in the reservoir (will be
redefined later as needed)

Initial maximum pressure depletion/injection in the reservoir (will
not be redefined anymore, needed to compute initial or residual
stress distributions)

fapb ) <1, Dimensionless distribution of pressure depletion/injection in reservoir

IMPORTANT!

Function f,,(x) has to be redefined every time
the distribution of pressure depletion/injection
in the reservoir is changed.

Distribution of pressure perturbation (depletion/injection) in the reservoir

Current pressure in the depleted reservoir

Pore pressure in the fault gouge

g=X Dimensionless coordinate along the reservoir
a
n=d Dimensionless coordinate normal to the reservoir
a
=X+ vy Complex variable associated with the reservoir coordinate set (Figure 1.1)
(== The same as above but normalized
d
h
f : ; .
n S Point where the fault intersects the 1 axis
d
& Point where the fault intersects the § axis
IMPORTANT!
Sign convention: compression is negative, pore
pressure is positive, depletion corresponds to
Ap<0. Fluid injection corresponds to Ap>0.
G :é‘ o \ Parameter used for normalizing stresses (can be any nonzero
' ' quantity of stress dimension)
IMPORTANT!
Because in many places g, is present in the denominator, it is the
user responsibility to make sure that its value is not zero. For
example, if 0,=0, its value cannot be used for normalizing.
2=+ Y Complex variable associated with the fault (Figure 1.1)

== Same as above but normalized
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1.2. Mathematical Model

In a usual way, the problem under consideration is decomposed into two problems (Figure 1.2):
(1) auxiliary problem for the reservoir (zero remote in-situ stresses) and
(2) reference state problem with remote and residual stresses without the reservoir.

NOTE: In the original problem shown in Figure 1.2, the residual stresses are not
shown but present implicitly. Accordingly, they are also implicitly present in the
reference state problem. Therefore, reference stresses below include both the
remote and residual stresses defined by Fault 99 (see below).

Original Problem Auxiliary Problem

Reservoi 3 :
oir pressure p(x) Reservoir pressure p(x)

No+iTo+(-Oyy p)+(- Txy r)i

Reference State

Problem
[ep) N}\f O3
s N \\ % e , _
‘R . No inclusion
Dy T gy

Figure 1.2. Problem decomposition.
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Residual stresses are those that would exist even in the absence of the remote stresses, 0, and 0, and the
reservoir pore pressure, p (Figure 1.2). As the reservoir depletes, the total stresses are perturbed but the residual
stresses are not affected. It is this stress perturbation, which, at least in principle, can be modeled if the
materials involved are linear. However, fault stability 1s affected not by the stress perturbations but rather by
the total shear stress on the fault. At any stage of depletion, the total stresses are the sum of the initial in-situ
stresses and the stress perturbations. Therefore, knowing the initial in-situ stresses is essential for modeling.

It is usually recognized that accurate evaluation of all the components of the in-situ stresses may not be not
feasible. They are affected by various factors including the presence of the pressurized reservoir disturbing the
stress field inside and around it. Nevertheless, a reasonable distribution of either the initial in-situ stresses or
the residual stresses has to be assumed to make the model fully determined. In Fault 99, we have provided two
extreme options for residual stresses:

1. Zero residual stress so that the initial in-situ stresses are completely defined by the remote stresses and
the reservolr pressure.

2. Residual stresses are such that the total stresses are lithostatic before depletion.

The residual stresses are constant for a given set of parameters and do not change when the pressure is
changing (see Section 4.4).

The logic of the solution, described by Germanovich et al. (1999), is as follows:

1. Find the relation between displacements of reservoir sides and tractions generated by the reservoir

deformation in the approximation of generalized Winkler's conditions. We have for the original problem (Figure
125

Ay

- , d \
N g(x)=k(x)-Av 5(x) - 5 5 E h mp{x) +h () Aug(x) +4 -au 0 avlx) @ p'P(( ) (1.1a)
ug x+1 -h +upx —1 -h .
W (0= M = (1.1b)
- 2
T ok )= 21 8y h i :
o€ J=mCx)-Au gk )= o= T top(X) M pot(X) PAV QL ik y = 2V g gy() (1.1c)

) X+1 'htop +vy Xx—1 -h bot

Vo _av(®¥)= 2 (1.1d)
where pg )=p ( + Ap(x) 1s the current reservoir pressure, k(x) and m(x) are normal and shear reservoir
rigidities, respectively,
Apt24y o
k()= m(x)=—— (1.2)

h(x) hk )
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and Avg(x)+i -Au gk ) are the displacement discontinuities between the upper and lower interfaces of the
reservoir in the original problem under consideration (Figure 1.2), and ug_ay and vg_,y are the displacements
averaged over y inside the reservoir (it is assumed that the displacements vary linearly across the thickness of the
thin reservoir). For a symmetric reservoir (with respect to x-axis), the second terms in (1.1) are identically zero. It
is further assumed that the reservoir is symmetrical with respect to x-axis.

NOTE: If the second terms in (1.1) are retained (in case of asymmetrical reservoir), then
equations for the calculation of the coefficients, o's and 3's, will be coupled. However, the
adopted approach can still be implemented although in the case of the symmetrical reservoir,
the calculations are much simpler because equations for «'s and 's become independent of
each other.

2. Find remote in-situ stresses in the reservoir coordinate set (x, y) shown in Figures 1.1 and 1.2 (remote stress
problem):

(1.3)
(1.4)
(1.5)
Total normal stress (which may be used as a reference for stress normalization) is:
3. Introduce tractions on the reservoir surface in the auxiliary problem (Figure 1.2):
NN (%) = 0 vy remote (8
T(x)=Tpk )=t Xy_remote (1.8)
The displacements and displacement discontinuities in the original problem can be represented as:
Uo=U+ U emote Vo=VE VY remote Au (ZAU+ AU feppge AV ) FAV+ AY remote (1.9)

where Av(x)+1 -Auk ) are the displacement discontinuities between the upper and lower interfaces of the
reservoir in the auxiliary problem.

4. Find tractions on the crack sides in the quxiliary problem:

- d .
NEx)=K(x) -Av(x) + A E'au av(X)+ A+ 2 e yy_remote © A 1€ xx_remote ™ pPE ) =0 vy remote (1.10)
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e T A e 1) (1.10a)
2
d
T(x)=m(x)-Au(x) + L | ‘d—vav(x) +2p e Xy_remote ~ T Xy_remote (L.11)
X
i 0 (xm i 0
Vav(x}=V(x+l Y+ v(x—1 -0) (1.112)
2
where
1 - vz v
€ xx_remote™ 3 10 xx_remote ™ ]_':'G yy_remote * (1.12a)
1= v v
g yy_remote"T' G vy remote I_—:.G XX_remote (1.12b)

are the strains in the x and y directions, respectively, in the remote stress problem.

5. Assume or obtain residual stress distribution.

NOTE: In Fault 99, we have provided two options for residual stresses. First, zero residual
stress and second, residual stresses are such that the total stresses are lithostatic before
depletion. The residual stresses are constant for a given set of parameters and identified in
Section 4.4.

(1.13a)
Gxx_l.=0' ‘;?ix_remot'q +o xx_r_c,éiffu@l (1.13b)
Txy =T xy remotet © xy_residual (L:136)

Identifying residual and remote stresses corresponds to choosing the reference state with respect to which all
stresses and displacements are calculated. It would be convenient to suppose that the reference state corresponds to
zero displacements, stresses, and reservoir pressure. However, because the remote stresses are homogeneous in
Fault 99, this assumption does not correspond to the /ithostatic conditions (when the initial stresses are also
uniform throughout the formation). In other words, only one of initial and residual stresses can be assumed
homogeneous but not both.

6. Obtain the solution of the original problem (Figure 1.2) under consideration by solving the auxifiary
problem and adding the stresses and displacements from the reference state.
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2. Numerical Algorithm

Numerical algorithm is based on the analytical formulae that generalize the McCartney and Gorley
(1987) approach to the case of thin poroelastic inclusions. The algorithm is based on the formation of two
matrices for the computation of coefficients o'sand B's. Then, stresses and displacements around the
reservoir are calculated based on these coefficients through the derived analytical formulae.

2.1. McCartney and Gorley's (1987) Representation

McCartney and Gorley (1987) suggested a convenient representation of displacements and
stresses in a plane with a crack. Their equations (34), (35), and (36) are reproduced below:

ae ? . I _ G, (6)
umi = D, e, -{G“ft;)—x-[an(L:)]]Jr'c—t Y a-iB, @.1)
H 1= n=1 4.IC2-—1
‘ i 3 i g, S0 (2.2)
—(0 e + 0 o, ' =Re -1 p — 2.2
2 XX Yy n 1 1 :
n=1| AL =1
N
: G (L)
EI‘ 0 = Oy 1 T i G200 Z p— . (2.3)
n=1 1;2—1
N
_ G_(0)
+%-ez" 0 7 Z o -i B - no f 2 o (G
n=1l Qz—i £ =1 ?;2—[

Displacement discontinuities between the reservoir sides are given by equation (27) in McCartney and Gorley

(1987):
N
AVE) +1 -Au >=§-«fl—cf- S Loari B, U (©) (2.4)
n

n=|

where E'= for plane strain, E=E for plane stress, U (&) are the Chebyshev polynomia of the second kind, i.e.,

l—v'j

for 0<a<n (n20),

sin((n+ 1)) (2.4a)

Un (cos(a))=
sin( o)

Here ¢{=2=f +i m is the normalized local coordinate system attached to the crack, 0 is the the crack inclination to
i@

the x-axis in the global coordinate system (McCartney and Gorley's (1987) notations). Accordingly, in our case
(Figure 1.1) the local and global coordinate sets of a discontinuity coincide, while 8 is simply used to denote the
angle between the fault and reservoir (Figure 1.1).
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[ N N
G (€) - G (L)
o ,y=Re Z CI S e i, Z B —" (2.5)
n=1 alf;z 1 n=1| 4?@2— 1
N G (O)
! I n C ]n =
+E . Z o —-i B 2 t— | -
L = -1 6 - -
N N
e LA e S R e (2.6)
n=1 AC-1 n=1 i B e
N
G (L)
ow=2Re > i -Gy 2.7)
e aJQz—- 1
where auxiliary functions are defined by
G (D)= L=AL = 1 n21 (2.8a)
=1 (7 = sl ’\}Q
g, (0= (D)+i - (L)= (2.8b)
i“— L g
) -:,. n > n
I(Lo )=Re _“[Q ! J(Ep y=Im C_““_C__T}_ (2.8¢)
- e
Here {=£+1 m and (=& +i m' are the normalized coordinates associated with the reservoir and fault,
respectively (Figure 1.1).
Taking into account that G_(§)=G_(§+i 0)= £~ Al - E;,z ({E)[ < 1), the average displacements inside the
reservolr (Q—E:E-i m=0) can be written as
It o +i P i
. _a 1B n g
U, - -vav—zl—t;-(l—K)ve : Z - Re & — i =& n=0, £ <l (2.9)
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2.2. System of Linear Algebraic Equations

As demonstrated below (see also Germanovich et al., 1999), McCartney and Gorley's (1987) representation
allows to conveniently solve problems not only for cracks but also for elastic inclusions. Generalizing their
approach, we arrive at the following formulation.

Boundary condition for reservoir:

N(E)+i T(E)=0 (E)+i T ([E) for £ <1 n=0 (2.10)

where N(§) + i T(§) are the tractions acting on the hanging and foot sides from inside the reservoir in the auxiliary
problem (Figure 1.2). Substituting Eq. (2.4) into Eqgs. (1.10), (1.11) and using the result along with Egs. (2.5),
(2.6), (2.8) and (2.9) in Eq. (2.10) for 8 = 0 (there is no fault at this stage and global and local coordinate sets
coincide) and ¢ - ET2m‘=0 ., we obtain a system of 2V linear algebraic equations (N complex equations) with
respect to 2N unknowns, o, and 3, (n=1,2,....N) :

N . i m ; N
%, J}__ -é_’lz‘ Z k QJ th‘l”n éj F’_—._Un_l ‘3_.' =Re Z o - i .B“.,[In é,‘ +i _g} ]
n=1 .

n=1
N : N
oAy =i By oo
5 Za' ) il 1=K peld g 7 &k Z B-[l B bk o é-}
5 4 dﬁ no 7 nfLn ) noT
n=1 ] n=1
HD{a,p 's;.j 0 yy remote ™! T xy_remote ™ AptZa e yy_remote "
F(-1)R € xx remote = 271 H 1€ Xy_remote

where j=1,2.N is the equation number and we choose Chebyshev's collocation points: .
e (20 1)
g, (,0>|i—2.N ] (2.12)

Separating the real and imaginary parts in Eq. (2.11), we obtain

N 4k§j-a ] 2[_] i l]l-vKR d .
Z e . S L S Rt T R E,Gﬂ Bt || BP0y remote
n=1 e DA 2 e _\ry_rf:rrwtc_;’k 1€ xx_remote
(2.13)
and

N
- dmg 2 By g-x_ |a .
Z Bnh T Jiem éj - éj ~A ﬁj - :4—u n . EGn 5 || T xy_remote ~ 2y Xy remote (2.14)
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Introduce normalized reservoir thickness:

h h
h
5(x}=_ﬁ=ﬂ‘..rhg JEB o LK) amax=ﬂ (2.15)
a a a
Introduce normalized reservoir rigidities:
Ap+2u 20 =% [Blmns E
CE ol i e ,= ‘ - (2.16a)
E L4V b=2v E
L 1 - 2E
Tl gy=2 =Y 1 (2.16b)
3! L+v E
A E, v
e =L (1-x) e = il D% 5 5 awy (2.16¢)
4. I+\'|-|-2-v| 2E
u E
gd=._1.-{}—x) gd=7l-l+v-(—2+4-v'; (2.16d)
4.1 2ol 4 v I 2-E
Below we rewrite (2.13) and (2.14) using these notations and quantities
_— E
£ = f=y |y =ity '] (2.16¢)
Ly s l=2ww 1-v| E
2 E
e = = | oy gy gt (2.16f)
T+v = 1=2v l-v] E
E
1 +v 1
Em— = (2.16g)
[+v E

which represent the coefficients on the right hand sides of (2.13) and (2.14) after the remote stresses are replaced
by remote strains through the Hooke's law. We will also need quantities

4%& a hi+2pn . 258 B B v
L ol lamle 2772 2 D70 (2.17)
B h-E' h )

4-m ﬁj a 4

g

~1="b (2.18)
E hE  h i4v, BE 3§
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Then, using Eqgs. (2.15) through (2.18) in Eqs. (2.13) and (2.14), we obtain,

i 2¢
a B d G & - |
A 5 b B,y &j =1, §te Re E n'S! [T pPS T =8 O gy remote ™ € k'O xx_remote
n=1 ]
(2.19)
and
N
- 2y I Red G & ||=i1-¢ 2.20
Z B, Py A & Uy 5= 116~y EE a5 | ST € m T xy_remote (2.20)
n=] |
Equation (2.19) can be now represented in the matrix form;
N
DAL o R or AR 5 2.21)
n=1
where comma does not mean differentiation but rather separates the matrix indices (standard Mathcad 8 Pro
notation). Here
-zlaa-l—azu g =1 Eive RddG E 2.0
‘i‘nn_-.S— | T 5t TR d‘gnj (2.22)
Normalized vector of ¢ coefficients is:
%
o
2| 1
eo = | — (2.23)
n (o] 0
oy
The normalized "right hand side" in (2.21) containing external stress and inclusion response:
o, pE + l-g,0 —£.,0
g yy_remote k™ xx_remote
a= ! = (2.24)
1 [¢] 0

Similarly, Eq. (2.20) can be represented in the matrix form as :



Fault 99 (Final).med 1/5/00 7:31 PM

Georgia Tech/Shell Fault Reactivation Project

N
Z BJ,:I’! &[511:]:( BJ ar B€ B=RE'
n=1
where
B EbAI—?QIU Em T By SRS G (E
in s 3 Ey i~ cd dE’j'n'J
B
Bz
Ep = iy
Irj]l 0'0
Py
Rﬁ' L€yt Xy_remaote

90

Page 14

(2.25)

(2.26)

(2.27)

(2.28)
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2.3. Defining Auxiliary Formulae for Calculations

Relative reservoir thickness:

Normalized rigidity of reservoir material:

Page 15

(2.29)

(2.30)

(2.31)

(2.32)

(233)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)
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Chebyshev's polynomia of the second kind

Coordinates of Chebyshev's collocation points along the
Ieservoir:

Page 16

(2.39)

(2.40)

(2.41)

(2.42)

(2.43)

(2.44)



Fault 99 (Final).med 1/5/00 7:31 PM Georgia Tech/Shell Fault Reactivation Project Page 17

3. Computing Chebyshev coefficients

3.1. Formation of Vector «

IMPORTANT!

Functions f;(x) and f,,(x) have to be redefined every time (3.1)
the reservoir shape and distribution of pressure

depletion/injection inside the reservoir are changed. After

redefining them, all the calculations based on these (3.2)
functions have to be repeated and this is why some parts of '
the code are repeated as well.

(3.3)

(3.4)

(3.5)

(3.6)

3.7

(3.8)

(3.9)
(3.10)

NOTE: o is needed to compute initial (3.10a)
or residual stress distributions in
Section 4.4.
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3.2. Formation of Vector p

NOTE: B, is needed to compute initial or (3.17a)
residual stress distributions in Section 4.4.
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4. Stresses Outside and Inside the Reservoir

4.1. Stresses Qutside the Reservoir in Auxiliary Problem (Figure 1.2)

In the reservoir coordinate set:

In the inclined (fault) coordinate set:

4.2. Remote In-Situ Stresses (Figure 1.2)

In the inclined (fault) coordinate set:

Page 19

(4.1)

(4.2)

(4.3)

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)
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4.3. Total Stresses Qutside the Reservoir in the case of Zero Residual Stresses

In the inclined (fault) coordinate set:

(4.10)
(4.11)
(4.12)
4.4 Residusl Stresses NOTE: These to_tal stresses are only needed to -
compute the residual stresses in the next subsection
4.5. After that they will be redefined for the general
case of residual stresses (i.e., not necessarily zero). (4.12a)
(4.12b)
(4.12¢)
(4.12d)
yyl80.y00 ool (4.12¢)
©xy.resdual{ wp(68.0h,0 [ ag,p (4.120

NOTE: In Fault 99, the user currently has two options:

(1) residual stresses are zero;
(2) initial stress state is uniform (lithostatic).

Accordingly the user have to enable/disable one or another pairs of
these expressions. If the user wishes to consider different
residual/initial stress distribution, the corresponding expressions
have to be typed in on the place of those provided here.
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4.5. Total Stresses Outside the Reservoir (General Case of Residual Stresses)

(4.12g)
(4.12h)
(4.121)
4.6. Stresses Inside the Reservoir
From Eq. (2.1), displacement discontinuities across the reservoir are:
(4.13)
(4.14)

From Egs. (1.1) and (1.2),

(4.16)
4.17)
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5. Criterion of Fault Slip

Mohr-Coulomb strength criterion is employed.

Shear strength along the fault is:

(5.1)

Coulomb shear stress along the fault is defined as the difference between the available shear stress and friction
resistance (accounting for cohesion would constitute the Mohr-Coulomb stresses which is called driving shear
stress in the next section): '

(5.2)

(5.3)
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6. Fault Positions and Data Points along the Fault

Three fault positions are considered (Figure 6.1). Given the fault inclination 6, they are defined by the
points, FD,,- where the fault intersects the reservoir axis;

Non end faults ~ NOTE: The user should define the desired fault positions here. The user
can define more than two faults by adding the number of rows in this
array.

End fault

Fault inclination, which 1s defined in Section 1.

Non end fault number

Ml =M+ 1 Number of data points used for plotting along the fault lines
1:=1,2.M+1 it:=1,2.M1+1 Data point counter
E' min =-4 & max =4 Minimum and maximum coordinates along the fault lines
AE! 1= i max o max
5 24 NOTE: a¢'= [see (2.15)] but can be redefined by the user along
2
with other £'-parameters used here for identifying the plotting
region.
b s o E e ;L i ; 5 :
& min_1 =4 5 max 24 Minimum and maximum coordinates along the end fault line
g max_1 A & min_2 7 AG

Minimum and maximum coordinates of the segment along the
end fault line excluded from computation.

NOTE: For the end fault, the points, |£'|<AE'=h/(2a), are avoided
because of the inherent singularity near the reservoir end. The
solution in this region is linearly interpolated between {=AE', n'=
and £'=Ag', n=0.

Coordinates of data points along the fault lines are defined by:
i g max ~ &

S min .
gi] _é m}n+ M1 (I[-l)

U
max_1 min_1 fi-1y) it i$M+ 1
M=1

|_ 2
g max_2~ g min_Z‘ - M+ 3
M- 1 2
2

g end, =118 min_1 t

et 2 :
5 min_2t otherwise
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Coordinates of data points along the reservoir are defined by:

res, :=-1 1__:_)[4( ~1)

X, ;75 f + &', cos(6)

X end_I =g fendt & cndi‘cos{e)
Yiti =g sin(6)

Yend ‘=8 end sin(0)
1 1

oo =X .+ 0y

i, l,] il,)

Cemi.I =K end, +iy end,
X mip :SMIN(X) Y 0 = min(y)

X max - SMax(X) ¥ e cTmaxly)

Complex coordinates of data points along the fault lines in the
reservoir coordinate set

Complex coordinates of data points along the end fault line in the
reservoir coordinate set

Minimum values of fault lines coordinates (to set limits for plots)

Maximum values of fault lines coerdinates (to set limits for plots)

RESERVOIR AND FAULT POSITIONS
T T | q :

# !1 #
’ o ¢ Iy
' i £
& & #
F F #
L o F 4
L ; L4 L =|
o 2 ; s ’
= 4 ’ #
£ & & '
= ¢ ¢ #
E [ s Fd
= F ’ £
o ’ # 7
= ¢ ! ’
=3 ’ F # (]
= & & ¢
a = £ et —— s
= 0 ¢ ’
g ’ ’ #
g # ’ s
o # ¢ Fs
- # s ’
= 4 , #
el & ' o,
B ’ ’ #
=3 £ i ’
L]  d 7 #
=9 = ¥ 4 & 4 -
# # xr
# ! r
& r &
Z 2 ’
# & r
# F ré
£ & &
ke I3 ls ) |
-3 -2 =1 0

Coordinate along the reservoir

Figure 6.1.
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Note: If the user wishes to consider only one fault position, this option is available
by choosing either one of ﬁf values defined above (see example in Figure 6.2).

RESERVOIR AND FAULT POSITIONS
I [ | 1 [

¢
P
¢ O
2
’
= £ =
v 2 4
o #
= &
o
2 s
= #
| ‘s
o 7 0
?"‘:‘ o ?f —
& 7
= &
] g
£ ’
T ,’
= /
L '
_2 - i -
&
’
'
’
’
4
2
| 1 1 f |
-3 =2 -1 0 |

Coordinate along the reservoir

Figure 6.2.
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7. Parametric Analysis of Driving Shear Stress (Fault on the Verge of Instability)

For the chosen reference parameters, Coulomb shear stress, Teyu/oms. 15 calculated for different
depletion/injection pressures along the fault line. Coulomb shear stress, Tey,,omp given by Eq. (5.2) is
defined as absolute value of shear stress minus tan(¢) times the absolute value of normal stress along the
fault line. Coulomb shear stress minus the cohesion gives the driving shear stress, 1.€., T ivine
=|t]-|lopjtan($)-C. If the driving shear stress is positive, 1.e., Ty = 0, it implies that the fault may
reactivate at this point.

Two extreme cases and one general case are considered below. First, in Section 7.1, the friction angle, o,
of the fault gouge material 1s chosen as zero and the cohesion required to maintain the stability of the fault

line is calculated at each point along the fault line by equating the driving shear stress to zero:

T =0or|t -C=0 (7.1)

driving
The maximum value of the cohesion thus obtained along the fault line is chosen as the cohesion for that
fault line.

Second, in Section 7.2, the cohesion of the fault gouge material is chosen as zero and the friction angle
required to maintain the stability of the fault line is calculated at each point along the fault line by
equating the driving shear stress to zero:

Triving =0 0T T /= o -tan($)=0 (7.2)
The maximum value of the friction angle thus obtained along the fault line is chosen as the friction angle
for that fault line.

Finally, in Section 7.3, arbitrary friction and cohesion can be assigned by the user.

To see the effect of any individual parameter, one can change the parameter specified in the Section 1 and
observe the driving shear stress distribution along the fault line in this section.

NOTE: The shape of the reservoir, f;(x), and the distribution of pressure
depletion/injection, f, ,(5), are defined in Section 1. Thereby, if the user wants to see the
effect of changing the shape of the reservoir or the depletion/injection strategy, then these
functions have to be redefined in Section 1.

The choice of depletion/injection stratcgy,f@,{ﬁ), may appreciably affect the driving shear stress distribution and is
tested in Section 8.
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7.1. Zero Friction

Choose friction angle as zero and calculate the driving shear stress, Ty, =T-Optan(¢)-C, and strength,
T~0ptan($)+C, along different fault lines for the reference parameters (Section 1):

First compute the coefficients o's and 's (Section 3.1 and 3.2):

o =0 EE 5V, [ 801 A0 1 AD s P ge & p Bi=PBUEE VoV oh nn 8010 R, 6 (0 AD (s D i b

Coulomb shear stress along the fault lines before depletion/injection is defined by:
i Clmb_no_friction_l!.I i =% Couiomb‘{;it,j’e Yohoo g, oBo no_frictionj’p fi

T Clmb_no_friction_end_ II. =T Coulomb’ ¢ endi 0.7,4,0 [ERLE B.o no_friction_end*P £

Cohesion required to maintain stability of the fault before depletion/injection assuming friction to be zero
is calculated by equating driving shear stress to zero, i.e., by solving 1t - C=0:

- <z W <>
C no_friction ‘= [M4% T Clmb_no_friction_I I Max' T iy no friction | >0°Pa
0-Pa otherwise
C no friction_end = | M3 T Clmb no friction end 1 ' M3 T cjmp no_friction end_1/>0Pa

0-Pa otherwise

11.57
€ no_friction = { 1198 ]"MP& C no_friction_end = 18.89°MPa
C no_fricti 0.1157 C 1o fricti
frict fi d
no_friction :[ } no_friction_end _ | 000
g 0.1198 6y

Shear strength along the fault lines before depletion/injection is:

T no _l’riczion_l“ i =L C'n ,.i’e‘q(’k'c I’a'B’{;’ no_friclionJ’C no_friclion}.*p f

T ho_friction end_ I] =T Cc:ndl’9 1A O ]+ B.o no_friction_end® C no_friction_end-P £

Now, change reservoir pressure, 1.e., partially deplete the reservoir: Ap

OE0 By E Vi g g s Y3040 15AD s P 0:%p B =R BLE oWV 1B aes8 Y A6 18P g P 0% p
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Coulomb shear stress and strength along the fault lines as a result of the partial depletion are:
T CImb__.no_friction_ZI] j =T Coulomb t~'i|,j'9‘Y‘JL’G 1 10, B,0 no_frictionjep f!

% Clmb_no_friction_end_2, =T Coulomb | & e‘-:nd.l'9 A0 0B 0 G friction end P £

< — e o e
% no_friction_2 | i L ,}’B‘Y*R‘G 1% B0 rm_ﬁ'mlmnj‘C no_frlct!on.i‘p f

T no_friction_end_2, =T £ & end -0, Y:4:0 1,0, B+® no_friction_end* € no_friction_endP f;

NOTE: The above arrays are used for plotting in Section 8.

Coulomb shear stress and strength along the fault lines as a result of full depletion are: ﬁ% et

o=a EE |,v,v | ,h 02,740 AP PO p' B:=f E.E|.v,v,h_ . .a7.kc,Ap max'P 0% p

r CIn“hb_no_friction_3.1| ; =T Coulomb Ci] ,j’IB A0 0B, 0 m)__frictionj’p f

* C|i‘TIl.'J_no_fricli(m_f:nd_}t =T Coulomb gcndh‘e‘?"’)"‘(j | 08,0 no_friction_end'P £

¥ no_friction_3, i =rply o8R0 08,0 no_i’rictionj’c no_ﬁ'ictionj‘P f

T no_friction_end_3, =1el end"e Y. h,o p,0,B.0 no_friction_end>C no_friction_endP £

7.2. Zero Cohesion

Choose cohesion as zero and calculate the driving shear stress, Ty, =T-Optan(9)-C, and strength, T=0tan($)+C,
along different fault lines for the reference parameters (Section 1):

-ohesion_end =" Pa

First compute the coefficients o's and B's (Section 3.1 and 3.2):

0 =0 ESE VoV D e 8016 1 AP as P s @ B=P EE VoV b a0 154,6 4P 40P 0%p

Friction required to maintain stability of the fault before depletion/injection assuming cohesion to be zero
1s calculated by equating driving shear to zero, 1.e., by solving t© -| ¢ 'tan(¢)=0:

g o 12.56
g =184 f;“‘j,ﬁ.*{,l,(s 1@, B.C no_cohesionj'p f ¢ no_cohesion, Fmax ¢ ® no_cohesion :{]2 93 °deg

® end] =o_req andi‘e’y‘ Ao o,B.C no_cohesion_end>P f ¢ no_cohesion_end = Ma% 0 end ¢ no_cohesion_end ~ 17.75deg
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Coulomb shear stress and strength along the fault lines before depletion/injection are:

T Clmb_no_ cohcsion__l.I1 .’ =T Coulomb t-':‘L,j‘e’q(’?l"c I’a’ﬁ'q) no__cohesioni‘p f

L Clmb_,r:{)_cohesion_end_lI =T Coulomb g endi‘e YoA, 0 I,CL,B,d) no_cohesion_end P f

t no_cohesion_lil i i {:n ,,’8 k0 |,0:,B,¢ no_cohesionj'c ma_cohesionj'p f

T na_cohesion_end__}l = g end."8 YA, 0 1% B.o no_cohesion_end’ C no_cohesion_end’P f

Now, change reservoir pressure, 1.e., partially deplete the reservoir: '

o:=a EE|,v,v ,h a7, A0 AP oy P g O P Pi=P"E,E [,v.V [ h a1 A6 AP oD g @ p

Coulomb shear stress and strength along the fault lines as a result of the partial depletion are:

i C!mb_no_cohesmn_Z“ i =T Coulomb cil.j’e'q"')\"c |‘0£‘B’(P nohcohcsionj'p E

& CImb_no_cohesi0n_end_2I =T Coulomb g endi’ .17,4,0 [2% p.o no_cohesion_end"P f

T ; *:fgnd,e,y.l,ol C

no_cohesion 2.

i oL Bad no_cohesionj‘

no_cohesion}*p fi
T no cohesion_end_2. =ted end.ﬁ‘eﬂ”?"G 130830 1o cohesion_end>C no_cohesion_end*P £

NOTE: The above arrays are used for plotting in Section 8.
Coulomb shear stress and strength along the fault lines as a result of fu/l depletion are: apm =-19 0
o:=a" E,E|,v,v,h max,a,y,l,o’ 1:8P max:P g @ p B:=p"E.E 1YY 15D faxe @ VA0 LAD o P e O

P

% Clmb_no_cohesion 3, =T Coulomb 5y Il,B‘le»G 1-o.BLg no“cohcsionj'P F
T Clmb_no._cohesion_end_3, =% Coulomb S end +8:7:4:6 1180 10 conesion end P £
i no_cohesion_3 ; =% § gl Ij,ﬂ,*{.}\.,o‘ 1’“‘[3’¢' no_cohesion}.’c no_ cohesioni’p f

e no_coi’n:s;ion_end_SI S g endl'e YiA, @ 1 0B no_cohcsion_cnd’c no_cohesion_end*P f
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7.3. Arbitrary (User Defined) Friction and Cohesion

Choose friction part of that required without cohesion (7.2) and cohesion part of that required without friction

(7.1):

6.3
¢ arbitrary = 6.5 °deg

¢ arbitrary_end = 9 edeg

5.8

c arbitrary [5 9

}"MPa

[ =9.6°MPa

arbitrary_end

NOTE: If the user wishes to change the above values for friction angle and cohesion,
the new values should be typed in directly instead of those highlighted above.

First compute the coefficients o's and B's (Section 3.1 and 3.2):

0 =0 EE [V, h s 80V A6 AR ey P g O p' B=f"E.E | ViV B o @750 6 | AP s P 0:%p:

Coulomb shear stress and strength along the fault lines before depletion/injection are:

T Cimb"arbirrary_llj ; =T Coulomb Ci! ,ye'"{'l‘a I’a’B'¢ arbitraryj’p f
L Clmbharbitrary_end_ll =T Coulomb: g endi‘e ko | 0B arbitrary_end P 1
iz arbirrary_l” i =T f;gu,j’e’YvLG 1,02,[5,43 arbitraryi’carbitraryj'P f

T arbitrary_end__l._ =Ef g cndi'e YA, Pty B.o arbitrary_end qe arbitrary_end P f-

Now, change reservoir pressure, i.e., partially deplete the reservoir.
Coulomb shear stress and strength along the fault lines as a result of the partial depletion are: Apn‘mx :=-0;-5-p-;d
o= E'F | iV e h n}axva"r'lsc | sAp max’p O?a p B ::ﬁ' E‘E 1 VLV | 'h max‘a’y‘k'g | 'Ap maf‘(‘p {},[I P

i Clmb_arbitrary 2, - =T Coulomb 5y .j'e'T'7L~0 1a.BLo arbitraryj_’li’ f
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% Clmb_arbitrary_end_2, =T coulomb' 5 cndi'e’"{‘l’c 1-0:B.0 atbitrary_end*P £
T arbilrary__Qi[ j e gii,}’e’ry‘x"ﬁ 1‘05’5'43 arbitraryj’c arbitrary]fp fi

T arbitrary_end_2, =R gcndi'e k6 1,080 arpitrary_end: C arbitrary_end P
NOTE: The above arrays are used for plotting in Section 8.

Coulomb shear stress and strength along the fault lines as a result of full depletion are

o= (EE v,y l'['l 1\:1:,1)(’51'1”%’6 I’Ap max'P 0> & p' Bi=PE,E I:¥a¥ l'h max’a'Y'l’G 1+AP max-P 0@ p

T Clmb_arbitrary_3. . *~ T Coulomb Cil ,_i’B‘Y‘k’G 1 0Bl 0 arbitraryj'p f

1l

T Clmb arbitrary_end_3, =T Coulomb! 5 end.l’e"‘/’l-"j 19B5® arbitrary_end P £

E arbitraryj‘I ; i Ci1 ,ye Y.hoo 1 0, B.0 arbitraryj'L arbiiraryj*p f

t arbitrary_end_3, =tel end_t'e A0 08,0 arb]"frar),f_end'C arbitrary end P f
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7.4. Plotting

Reference Parameters defined in Section 1:

5 peElleE, ,
E=1:10 "°Pa 2a 10
v =0.25 h max
v =035 v =04deg
E =
_1':0_3333 6 = 60°deg
E
— p
o*p=1 LA
Qi
Po
S
A =075
o
ol =
S0
& LOGSMP IMPORTANT!
e o a ] L
0 Here, the user must make sure that ¢ ,#0 because it is further used for normalizing.
M~ .
C no_ﬁ‘iction] C no_friction_end C no_fr'iction2 1157 1889 1198
C = C no_cohcsion] C no_cohesion_end ¢ no cohesion2 C=| 0 0 0 =MPa
- ~ . 5.8 96 59
C arbitrary, c arbitrary_end C arbitrary,
[ ? 1o friction, ? no_friction_end @ no_friction, 3 " 5
o =0 no_cohesion] o no_cohesion_end o no_cohesion, ¢ =|12.56 17.75 12.93 |=deg
: 6.3 9 6.5
L4 arbitraryl ¢ arbitrary_end ¢ arbilrary2

NOTE: In the above matrices, the columns represent three different fault
lines (Section 6) while the rows are related to three different cases, i.e., no
friction (i.e., only cohesion), no cohesion (i.e., only friction), arbitrary
cohesion and friction. Subscripts "1", "end", and "2" mark remote, end, and
crossing faults respectively (Figure 6.1).
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Initial and final pressure distributions in the reservoir (needed only for
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plotting)
Reference RESERVOIR AND FAULT POSITION DEPLETION STRATEGY
Parameters | A prosmnmmS T e
from Section I: P S : |
; = I
21— gz — z 1 "
E=1-10"Pa / T ]
= :
e E A '|
v =0.25 ’ 0 g : !
. o | |
o fg D S == E | :
v | =035 K B *
.Jf! ?l'a : 1
E) ‘ l i
-—-=0:3333 B - . |
E ; D L !
/7 - =05 0 05 1
b | . === No depletion
o =1 . 0 === Full depletion
P === Fault
®me  Reservoir
p
g _0. — ]
%o

Cohesion C, | =11.57"MPa, no friction
G| and friction ¢, =63-deg

No cohesion, friction ¢, =12.56deg

User defined cohesion C,  =58MPa

%o
A =075 REMOTE FAULT
REMOTE FAULT

; [ S S S
of —03 ; :
S E 3 E

5 “ E
2 10 én En !
" max 5 z
v = 0-deg E =

s

0 = 60-deg

— No depletion, no friction

— No depletion, no cohesion — No depletion

—— Full depletion

Full depletion, no friction
Full depletion, no cohesion

Figure 7.1.

NOTE: The figure on the left is plotted using the friction and cohesion
computed in Sections 7.1 and 7.2 for the fault at the verge of instability. The
figure on the right is plotted for the parameters identified by the user in Section
T3
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Reference
Parameters

from Section 1:

E=1-10"-Pa
v =025
v =0.35

Ej
e =13333
E

¥ = 0-deg

6 =60~deg

NOTE: The figure on the left is plotted using the friction and cohesion

Normalized driving shear stress

RESERVOIR AND FAULT POSITION

I I ’
&
o
F
i ff -
.
" 1
é
f/
. 0
o ;---—- —
#
£
s
&
4
J
'J'
_2 — r —
+
&
¥
&
A |
-2 0
== Fault

®mee  Reservoit

Cohesion C, ,=18.89"MPa, no friction

No cohesion, friction ¢, , =17.75deg

END FAULT

= No depletion, no friction
——— No depletion, no cohesion
=== Full depletion, no friction
"""" Full depletion, no cohesion

Narmalized driving shear stress

Figure 7.2,

Georgia Tech/Shell Fault Reactivation Project

Noramalized reservoir pressure
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DEPLETION STRATEGY

=== No depletion
=== Full depletion

User defined cohesion C, ,=9.6"MPa

and friction o, | =9-deg

END FAULT

=2 0 2
— WNo depletion
=== Full depletion

computed in Sections 7.1 and 7.2 for the fault at the verge of instability. The
figure on the right is plotted for the parameters identified by the user in Section

s

o 2 e e A M R e A A ——
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Reference
Parameters
from Section 1:

10,

E=1-10"-Pa
ESERV ] S
RESER 2( AND FAUL{T POSITION DEPLETION STRATEGY
v =0.25 4 i e e rTTTTT
0 ¢ : i
Ii w ! |
v =035 1k P E \
(4 3 | |
J’ E. l:- ____________________ !
E | 3’3 'g ! -:
AR g 0 g |
E 0o - “.-p‘--. — 2 | ]
# = ! I
’ e '
’ TGS S =7
o, =1 P g ! i
P ’ Fa : 1
-2 7 g . ;
P l| 1 [ ' |
_p_O_: f” ST TSsT T T e T T ey T
LR —bz lu === No depletion
=== Full depletion
e Baiylt
g mae  Reservoir
i
9.0
A =075
Cohesion C | =11.98"MPa, no friction User defined cohesion ¢, =59-MPa
P . e and friction = 6.5
ot =03 No cohesion, friction ¢ ;= 12.93deg 05,5 =6:57deg
O 0 o
0
CROSSING FAULT
22 _ CROSSING FAULT
B max [ ! '
i 0!
0+ |
¥ =0-deg :
0 = 60-deg - 005+

Normalized driving shear stress
Normalized driving shear stress

No depletion, no friction
No depletion, no cohesion
=== Full depletion, no friction
"""" Full depletion, no cohesion

No depletion
=== Full depletion

Figure 7.3.

NOTE: The figure on the left is plotted using the friction and cohesion
computed in Sections 7.1 and 7.2 for the fault at the verge of instability. The
figure on the right is plotted for the parameters identified by the user in Section
T3
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8. Parametric Analysis of Depletion/Injection Strategy

As mentioned earlier, depletion/injection strategy 1s an important factor. Generally, changing the reservorr
pressure does affect the driving shear stress distribution along the fault lines. The fault may not necessarily
activate due to one depletion/injection strategy but may activate as a result of another one.

This part of Fault 99 is devised to demonstrate this effect and the same reference parameters as chosen in Section
1 are used for calculations in this section. Different depletion/injection strategies can be plotted and compared
with respect to their potential impact on fault reactivation.

The driving shear stress distribution is calculated before depletion/injection such that it just touches the zero line
(fault on the verge of instability). The reservoir 1s then partially depleted, and three intermediate stages are
compared. After that, the reservoir is completely depleted (pg = 0 or Ap = —py). For comparison, all the driving
shear stress distributions are shown in the same plot.

NOTE: Driving shear stress distributions for uniform depletion/injection
was computed in Section 7. In this section, the user is provided with the
option to compare uniform depletion/injection with three other pressure
distributions. The plots below are grouped in two sections, 8.1 and 8.2,
representing two sets of examples of pressure distributions along the
reservoir. Other cases can be easily considered by disabling the regions with
suggested pressure distributions and introducing the desired ones. The same
parameters as in Sections 1 and 7 are used in this section. They are shown
below only for reference and cannot be changed at this point.

E=1-10"pa 6 = 60¢deg
E|=03333E

a. =1

p

v =0.25

p g =100-MPa
v =035
a=150m
b hax =30m
U] =-100=MPa
A =075
g 3 l,(‘f | =-75*MPa
p p=30=MPa

¥ =0¢°deg
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8.1. Example of Uniform, Linear, and Step-Like Intermediate Depletions

Reservoir is linearly depleted from one end to the other:

=

E-ﬂmin::'] gma)c

NOTE: These two expressions should be disabled and
replaced by the desired pressure distribution if needed. The
second formula is used only for the convenience of plotting.

&~ E!min
pr_I.(&) ::fl +-—-':'f2- f]
max ~ E-'min

The following calculations are for evaluating the coefficients o and P:

ji=1,2..N
R (:L]j "=pr'%‘
R =1
i
——a p'ﬁﬁ e

R EE .V, v 1.7, A,6 8D 1y P 0%p' =R 4+
%0
I-E|-E,E|,v,v [

.23 yy_remote'%l"ﬁ i

+(-1)e  E,Ey,v,v 'O [ W SR
T k l 1 xx_remote { 1 pPo

o2
S0

€ a-E,E [V, V l,hmax,a,y,l,d 18P rax: P O'ap' =lsolve A E,El,v,v l'hmax'a"Ra E.E |,v.v ],7.1,6 [+AP pa P g &

P

OEE VAV 1R a0 87 A6 1D P 0 O geEE o EE ViV a8 A0 10AD e P g o p %0

J=1R et

0 =0 E B g Vg B 8% 80 0 158D s P 0:%p

B=P E.E|.,v,V 1,0 0ax:@ YR8 L8P oy P g O p
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Coulomb shear stress and strength along the fault lines as a result of linear depletion are:
t Clmb_no_friction_L| J ‘=T Coulomb! C”‘j,g,"{,l,ﬁ 1:0,B.0 nc;_frict}(:m]'p f

T C]mb_no_fricti(m__end_lal =T Coulomb Cendi'e YA, G [+ 0 B.o no_friction_end*P f!

L no_friction_L“.j Shf C.| ,j’e YA.0 l’a’ﬁ":’ m:u__,friclionj’C no frictionj’p f

* no_friction_end_l,! =168 cnd‘.‘9 Yohiop,00B.0 no_Friction_end*C no_friction_end-P f

T CImb_no_cohesion_L“.j =T Coulomb tm ,j’e YRG0 BLd cohesionj'p f

T Clmb_no. cohesion_end_Li =T Coulomb: § cndi’e’y‘l‘c 1 oL Blg no_cohesion_end> P f|

T J,B‘"(,?L,Gl, C

e ¥ . . .
no_cohesion _L‘.I i =Tt a.B.0 no__cohesmni’ no_cohesmnj’p f
T no_cohesion_end_L, g g cndl'e’ﬂ{’l'ﬁ | o, B0 no_cohesion end+C no_cohesion_end P fi

£ (I]mb_arbitrary_l.” j =T Coulomb Cu ,J'B’le’c I’G'B'q’ arbitraryJ=P f

T Clmb_arbitrary end L, =T Goulomb: & endi'e Yoh,o,a,Blo arbitrary_end>P f

* arbitrary L. i F1eky .j’O*Y‘l‘G 1-e.B.0 arbitraryj'c arbitraryjsp fi
i arbilrary_end_T_i =T g § f:nd"e Yok, | By arbllrary_cnd=c arbitrary_end' P f'

Reservoir is depleted by a step-like distribution of pressure at the center from the left:

_f@f&“i' 2 :,I_l. . .‘;Sﬁ" NOTE: These two expressions should be disabled and
0 otherwise replaced by the desired pressure distribution if needed. The
second formula is used only for the convenience of plotting.

fap_2(8) = [0.98 if £<0

0.02 otherwise

The following calculations are for evaluating the coefficients o and B:
ji=1,2.N

R Ctlijzpr 5
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o2
i

o _-Ap
g P max
R EEq,v,v 15120 1A jax-P 0°%p' .—Ral-—c_—
0

‘I—EIE,EI,V,VI I'ny_remotc:'f.}h,c‘l'...

+(-1)e BE [,V,V 110 4« remote V»2:0 |+ pPg

+Ru2-
S

€q EEEVoy bhpana A0 L,Ap oy 0% p =lsolve A E,E ;,v,v ,h .2 R ESE,v,v ,7,4,0 (,Ap 0P 0:%p
o E,E ,v,v l.hmax,a,y,l,s AP max: P 0:%p! = G BB, viv 5 h i3, Y A0 AP axe P 0:%p o

JEL20 lasti§ ¢

a =a' ' B.E ,v,v vh 2,7 A0 154D oy P g p

B:=p E,E|,v,v [-h max,a,y,?\.,c 1>AP pax:P 0:%p!

Coulomb shear stress and strength along the fault lines as a result of step-like distribution of pressure depletion at
the left half of the reservoir are:

4 Clmb_no_friction_step,, J::T Coulomb Siy .J.’B k00 Bo no_fricticm}_‘P fl

T C.Imb_no_frictim_end_step.I =T Coulomb ¢ endi’{i Yoho oL Blg no_friction_end* P !

P Y I ol 3 T
i no_friction_step., . * Trsy ,j‘e’Y’l'G l’()t*B"tJ l\G_ft'JClIOnJ'(" no___frictionj‘p f

il
T no_friction_cnd_stcp.l Rl 5 cndl'e'y’?“‘c | 20, P,0 no_friction_end‘c no_friction_end:P
% Clmb_no_cohesion_step, | ; =T Coulomb &y ,j’e‘v’l'ﬁ 1030 o _cohesionj'p f

i Clmb_no_cohesion_cnd_sicpi =T Coulomb- g endi‘ 8.v.4,0 el B.o no_cohesion_end P f

C

% n()_cohcsion_stcp” i =lp Cn ,_|’B‘7’7L’6 lfa'B'q’ no_cuhcsionl’ no_cohcsioni‘p f

T no_cohesion_end_step. S § er*»cl."e"'f'?"Cs 1 0B, 6 no_cohesion_end’ C no_cohesion end'P f
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T Clmb_arbitrary. 'Slep“,j =T Coulomb t-\“ ,3-»9 YA, 0 o,B.0 arhitraryj’P £
T Clmb_arbnrary_end_stepi =T Coulomb 5 t:ndi'e Yok,0 [9¥s B.o arbitrary_endP f,
% arbitrary_step,, | =14 ,J‘B'Y'l'o 120 Bs0 arbitraryj’c arbitraryj’p fi

T arbitrary_end. step, =1el end1'e Y6 1,0, B.0 arpitrary end>C arbitrary_endP fi
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Reference i Intermediate pressure distribution in the reservoir (needed only for plotting)
Parameters '

from Section 1:

RESERVOIR AND FAULT POSITIONS DEPLETION STRATEGY
I | I [ I
10 a
E=1-10"Pa ;7 »
2 @ = 2
J" z
v =0.25 oF I e s S i1
’ = ! peentt
’ 0 5 N
¢ ) .
V= 0.35 ¢ o FFET |
0= # a1 — - A I * ]
g & S s
E 1 !J g 0
. =0.3333 / 2z
E /
—2 f— F |
[
3,’ I | |
o, =1 o l =05 0 0.5 1
|4 | “ No depletion
* 2 Full depletion
Po === Uniform depletion
S=1 === Step depletion
Sy *==*** Linear depletion
i P ; Cohesion C, | =11.57 MPa, no friction No cohesion, friction ¢, =12.56 deg
%0
. REMOTE FAULT ... REMOTEFAULT
A =0.75 ' ' : : ' '
p 0 : 0
o3 ; N i i ; iy
99 i o B N ATy
7! / 2 [ .
5 3 3 '-" L
: Z o s u KRy
; 23‘ =10 ;:’n 2 i o -:_-'-_."v.f' f 3 '.;."
B max 2 g B e 7 Tr‘+ .,-"‘m
= = g E LT S
B 2 R - 3 L1 R
= = I TR
¥ =0-deg £ g : | || o
2 e o1 ‘._. ;,-' \‘ ’.,:
6 = 60 deg | ] |
LT PRI SRR SO, R p

'S
(5]
-
B

: N Mormalized coordinate along the fault
MNormalized eoordinate along the fault _— No dep]&:ti()n

................. No depletion Full depletion

Full depleti
U?:ifof:?ﬁz:);}etion == Uniform depletion
] P === Step depletion

=== Step depletion . o :
. Linear depletion Linbaraeplesion

Figure 8.1.

NOTE: The figures above are plotted using the friction and cohesion computed
in Sections 7.1 and 7.2 for the fault at the verge of instability.
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Reference
Parameters
from Section 1 RESERVOIR AND FAULT POSITIONS DEPLETION STRATEGY
E=110"Pa
v =0.25
v j =0.35
E | 13 0
=0.3333
ap, =1 -0.5 0
No depletion
Full depletion
PO., Uniform depletion
A Step depletion
0 Linear depletion
a/l . User defined cohesion ¢, 58MPa
°0 and friction ¢ =6.3deg
| =0.75
REMOTE FAULT
Pf
=03
ao
28 _
y= O-deg mnXizr..:.:—_ 7 * t[& S
0 =60-deg V 4
i
\
015

Normalized coordinate along the fault

No depletion

Full depletion

— Uniform depletion Figure 8.2.
"*  Step depletion

‘' Linear depletion

NOTE: The figure above is plotted using the friction and cohesion identified by
the user in Section 7.3.



