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Abstract

Depletion-induced faulting has been documented in a number of hydrocarbon reservoirs. This
type of faulting has mostly been attributed to poroelastic effects: in-situ horizontal stresses are
coupled with a pore pressure change according to a certain coupling coefficient (known as the
stress path), which is generally less than 1. For faults with certain orientations, if the stress path
is sufficiently high, the shear stress and effective normal stress resolved on the fault increase in
such a manner that the fault is brought towards the shear failure line. An underlying
assumption associated with this mechanism is that homogeneous pore pressure depletion
occurs on both sides of the fault. This study addresses an additional mechanism for depletion-
induced faulting in cases where the pore pressure reduction is bounded by a hydraulically
impermeable fault. Unbalanced pore pressure changes on the two sides of the fault, in
conjunction with the poroelastic response, cause redistribution of the stress state. Two key
assumptions are made: (1) pore pressure depletion is homogeneous within the reservoir on one
side of the impermeable fault, and (2) the overburden stress and shear stresses are decoupled
from pore pressure, while the two horizontal principal stresses are coupled with pore pressure
by their respective stress paths (we show that the poroelastic coupling effect is anisotropic).
Given a fault that is arbitrarily oriented with respect to the original stress field, we derive a
generalized 3D analytical solution for the new state of stress after depletion. We then quantify
the change in magnitude and rotation of the three principal stresses. Finally, we compare the
corresponding Coulomb Failure Functions and Mohr Circles before and after depletion. For
demonstration purposes, we determine the stress path tensor using poroelastic plane strain
solutions in conjunction with frictional equilibrium for three different faulting regimes. Our
hypothetical case studies show that, for bounded reservoirs, depletion-induced principal stress

rotation and magnitude changes have a significant impact on fault stability, and are a complex
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function of fault orientation, the original in-situ stress state and pore pressure, the degree of

depletion, and the degree of poroelastic coupling.

1. Introduction

The stress state within a reservoir is coupled to pore pressure changes resulting from fluid
injection and withdrawal. The most commonly observed coupling is between the least
horizontal principal stress and pore pressure. The coupling coefficient, dSyui/dPp, is commonly
known as the stress path. The stress path associated with depletion at reservoir scales ranges
from 0.34 to 1.18 (Addis,1997; Hillis, 2000; Altmann et al., 2010), and is between 0.6 and 0.8 for
over-pressured compartments at basin scales (Engelder and Fischer,1994; Hillis,2001; Tingay et
al., 2003). Coupling between maximum horizontal principal stress and pore pressure is
predicted but has rarely been reported in the field due to difficulties in measuring the
relationship. Overburden and shear stresses are generally assumed to be de-coupled from pore
pressure changes.

One particularly interesting coupling phenomenon is the rotation of principal stresses due to
stress-pore pressure coupling effects, which has been documented in a number of studies.
Mourgues and Cobbold (2003) demonstrated via sandbox experiments that a fluid overpressure
gradient induces seepage forces, which act as additional stress components, modify the total
stress tensor, and induce principal stress rotations. Such rotations have also been revealed by
stress inversion techniques using focal mechanisms of fluid injection-induced and depletion-
induced seismic events (Martinez-Garzon et al., 2013). In the case where the coupling effect is
substantial, even the overall stress regime can be altered (Schoenball et al., 2014).

One challenge associated with studying fluid pressure-stress coupling and the resulting stress
rotation is the determination of the coupling coefficient. While this coupling relation can be
established empirically for specific sites (Aadnoy, 1991), it can also be predicted using a number
of analytical models suitable for porous media; these models assume known stress regimes,
boundary conditions, and reservoir geometries. One such model, the uniaxial strain model, is
derived from Boit’s theory of poroelasticity by prescribing zero lateral strain. This model gives a
reasonable prediction for laterally extensive reservoirs under normal faulting regimes, and has
been widely used for various purposes, including predicting in-situ stress (Van Ruth et al,,
2003) and explaining production-induced normal faulting (Zoback and Zinke, 2002). The effects
of material anisotropy can be incorporated into the uniaxial strain model (Addis, 1997).
Frictional limit theory (Zoback et al., 2002) serves as another model for constraining stress
paths, and is not limited to any specific stress regimes. These two models are parametrically
and geometrically sensitive, and introduce uncertainties during work such as fault stability
analysis (Vidal-Gilbert et al., 2009; Segura et al., 2011) . A completely different approach is to
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use Eshelby inclusion theory (Eshelby, 1957) to derive the pore pressure change-induced stress
perturbation within the reservoir to account for complex geometric effects (Segall & Fitzgerald,
1998) and to further construct stress paths under different geometric and parametric conditions
(Rudnicki, 1999). Note that all of these models are associated with an important assumption:
that pore pressure change is homogeneous within the reservoir. Thus, when using the coupling
coefficients derived from these models to explain depletion-induced faulting, an underlying
assumption is that pore pressure depletion occurs on both sides of the fault, and that depletion-

induced faulting is a consequence of poroelastic effects only.

In this study, we incorporate depletion-induced principal stress rotations into fault stability
analysis. This step is particularly important for a reservoir bounded by hydraulically
impermeable faults. Unbalanced pore pressure changes on the two sides of the fault, in
conjunction with poroelastic response, cause redistribution of the stresses to honor the traction
boundary conditions across the fault.

We first derive a generalized 3D analytical solution for the new state of stress within a reservoir
after depletion. We determine the stress paths for three stress regimes using poroelastic plane
strain solutions in conjunction with frictional equilibrium theory. Then, we quantify changes in
the magnitude and orientation of the principal stresses through a number of hypothetical
studies and show that including consideration of principal stress rotations can result in
radically different predictions than those made based solely on poroelastic effects. These
predictions are a complex function of fault orientation, the original in-situ stress state and pore

pressure, the degree of depletion, and the degree of poroelastic coupling.

2. 3D Stress state after depletion without principal stress rotations

Let 6p be the pore pressure change due to depletion (6p<0). We make the following
assumptions: (1) pore pressure change 6p is homogeneous within the reservoir; (2) temporal
effects are neglected; (3) Sv and shear stresses are decoupled from &p; and (4) Shmin and Spmax are
coupled with pore pressure change by their respective stress paths Ay and A (in this study, the

terms stress path and coupling coefficient are used interchangeably).

We define the stress path tensor as:

as,
4= O

Based on the assumption above, Ajis then:
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4 0 0
4,=|10 4, 0 (2)
0 0 O
where
oS
A =—L 21
" o (21)
oS
A, =—1L 2.2
T op 22)
So the new in-situ stress tensor after pore pressure change is:
S, +40p 0 0
Sf:Sﬁ+Aij5p: 0 S,+4,0p 0 3)
0 0 S

v
and the new effective stress tensor is:

O';B sz—a(p+5p)5ij

S, +4,0p—a(p+op) 0 0 n
=0 S, +A4,0p—a(p+op) 0
0 0 S —a(p+dp)

3. 3D Stress state after depletion with principal stress rotations

3.1 Geometry

Let x be along one of the Shmin directions, y be along one of the Sumax directions, and Sv point
upward - such a configuration allows a general solution without the need for specifying the

-4-
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SHmax direction. Assume that an impermeable planar fault has azimuth ¢ with respect to Stmax,
and a dip of 6. Here, 0< ¢ <211, and 0< 0< 11/2. The norm of the fault in x-y-z is then:

- . . . T
n=(sindcos¢, -sindsing, cosd) 5)
Sy
i v
|
i %‘l Horizontal plane z' (fault norm)
| . .
/ | No depletion, S,vj¢ Shmin % Fanit ke
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|
|
|
|
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el x (along Simin)
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Figure 1: Left: A 3D schematic model of a reservoir bounded by an impermeable fault. One-
sided pore pressured depletion and anisotropic poroelastic response of the in-situ stresses
require redistribution and re-equilibration of the stress state to honor the traction boundary
condition across the fault. This equilibration causes changes in the magnitudes and rotations of
principal stresses. Right: Old and new coordinates with respect to fault geometry and stress
orientation.

3.2 New stress state within the reservoir after depletion and rotation of
principal stresses

A 2D analytical solution is provided by Day-Lewis & Zoback (2007), who follow the approach
of Sonder (1990); in this approach, the new stress state within the reservoir after depletion can
be found by superimposing the uniaxial fault-normal stress perturbation onto the depleted
background stress state (see Appendix A.1). This solution is derived graphically using a Mohr
circle. The stress path is assumed to be the same for both Shmin and Sumax, meaning depletion is
treated as isotropic, inducing no shear stress on the fault. In reality, this is generally not the
case. To account for the anisotropy of the stress path, an alternative approach utilizing stress
transformation is provided in Appendix A.2. This section generalizes the approach into 3D.
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Compared to original stress state, the depletion induced additional loading in x-y-z is:

ASp 0 0
A,=|0 4,6p 0 (6)
0 0 0

The associated traction resolved on the fault is then:
T
T=An, = (Ah§p sindcosg, —A,5psindsin g, o) 7)

We choose a new coordinate system x’-y’-z” such that the fault plane is one of the orthogonal
planes (see Figure 1), and let ex’, ey” and ez’ be the directional cosines of the base vectors along
x’,y’, and 2z’ directions with respect to x, y and z:

;xv=(cosécos¢, —cosdsing, —siné)T (8.1)
- . T

eyv=(s1n¢, cosq, O) 8.2)
;z-=(sin6cos¢>, —sindsing, cosé)T=1; (8.3)

Since the stress path is anisotropic, both normal and shear stresses will be induced by Aj. In x"-
y’-z’, they can be found by the dot product of the traction and directional cosines:

§" =88 = T ej = A4, 6psindcosdcos’ ¢+ A, 6psindcossin’ ¢ 9.1)

x

S? _Si‘ =ie7,=(Ah—AH)épsinésingi)cosqﬁ 9.2)

y'z'
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§ = T ; = 4, 6psin® dcos’ ¢+ A, Opsin’ dsin’ ¢ (9.3)

The corresponding maximum shear stress on the fault is thus:

o =57 (57, ) = ~(s.) 10

and the stress perturbation tensor in x’-y’-z” is:

o 0 s
s’ =0 0 s (11)
s? S§P 8P

2y 2yt 2zt

The stress perturbation tensor in x-y-z can be obtained via the following stress transformation:

Sp=A'S" 4 (12)
where
a-e o e (13)

The new stress state in x-y-z can be found by adding E.q.(3) and E.q.(12):
new B
S; " =8"+5] (14)

The new principal stresses and their orientations can be found by solving for the eigenvalues
and eigenvectors of the new stress tensor:
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det (S, ~ 45,) =0 (15.1)

(3= 18,)1,=0 (15.2)

The absolute net rotation is 3D space is given by:

QY
S

y=cos™ (16)

(N

S

where @ and b represent the old and the new principal stress directions. Take the acute angle:

, <z/2
_ e v 17)
T—y, t/2<y<rw
The new effective stress state within the reservoir is:
O';.EW = S:ew —a(p+ 5p)5l.j (18)

Using the effective stress tensor, we can calculate the effective normal stress and shear stress on
the fault for determination of the CFF value and stability of the fault.

4. Determine stress path tensor using poroelastic plane strain solutions
and frictional equilibrium theory

4.1 Plane strain solution for three principal stresses

Assume a homogeneous, isotropic, and linear-elastic reservoir with a uniform pore pressure

distribution. Using Hooek’s law:
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2ue; =Sij_rSkk§ij__—ap§ij (19)

Assume plane strain along the direction of the intermediate principal stress (e2=0), we arrive at
the following (note that &3 is coupled with pore pressure):

S, =v(S,+8,)+(1-2v)ap (20.1)

LAY S e I (20.2)
1-v 1-v 1-v
1- 1-2 2

S =Yg - oap-He (20.3)
14 14 |4

4.2 Normal faulting regime

In this case, Sv=S1, SHmax=S2, Shmin=53, and ex=0. Thus the two horizontal principal stresses are:

RO e VT (21.1)
l-v l-v l-v
S,y =v(S,+S,)+(1-2v)ap (21.2)

and the two corresponding stress paths are:

4 = s, :a1_2V+ 2u oe, @21)
op I-v 1-v op
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A, =%=vAh +a(1-2v) (22.2)

op

Unfortunately, further information is required in order to determine ¢, / Op. Here, we further

assume &£,=0; under this assumption, the case reduces to a uniaxial strain model that is suitable
for a laterally extensive reservoir with respect to reservoir thickness, and the stress paths reduce
to:

6s, oS, 1-2
A=A, =202 _ g "2V (23)
dp Op I-v

In the case where in-situ horizontal principal stresses are anisotropic, we further assume that

the initial stress state is one of frictional equilibrium, hence:

Sh=ls K

Here

K= 1+ u) (25)

where 11 is the coefficient of friction.

We define a stress ratio as:

Thus Sumax becomes:
S, =¢S,+(1-9)S, (27)

-10 -
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Two stress paths are given by:

Ah:c%wK_la (28.1)
op K
as
Ay =—L=(1-¢)4 28.2
n=" ~U=0)4 (282)

where c is introduced as a perturbation factor, which allows depletion to perturb the initial
frictional equilibrium (c>1 for depletion). We call this a synthetic model.

4.3 Reverse faulting regime

In this case, SHmax=51, Shmin=S2, Sv=S3, and en=0. Thus the two horizontal principal stresses are:

S, = S, - ap———e¢, (29.1)
1% 1% 1%
S, =v(S,;+S,)+(1-2v)ap (29.2)
and the two stress paths are:
oS 1-2 2u o
A, =2m o TV, KOG (30.1)
op 1% v Op
oS
4, =8_ph=VAH +a(1-2v) (30.2)

Similarly, if we further assume &,=0, the stress paths reduce to:

-11 -



Jin, Depletion-Induced Stress Rotation and Faulting

(31.1)

4, =0 (31.2)

This is suitable for a reservoir with a significantly stiff caprock that inhibits vertical strain. We
refer this as a stiff caprock model in this study.

4.4 Strike-slip faulting regime

In this case, SHmax=51, S5v=52, Shmin=53, and &,=0. Eq.(20.1) becomes:
S, =v(S, +S,)+(1-2v)ap (32)
Taking derivatives with respect to p gives a relation between Anand An:

P AN (33)
op Op 1%

Again, if we further assume that the initial stress state is one of frictional equilibrium, we get:
S, =KS,+(1-K)ap (34)
Substituting Eq.(34) into E.q.(32) and rearranging gives:

S, - 1 Sv—l_v(l+K)a
v(1+K) v(1+K)

(35)

The stress paths are thus:

-12 -
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A4, = = a (36)

-4, (37)

In the following hypothetical studies, this will be referred to as a hybrid model.
5. Hypothetical case studies

Here, the changes in magnitude and the net 3D rotations of the three principal stresses and the
resulting changes in the Coulomb Failure Function will be demonstrated via hypothetical case
studies under three faulting regimes. A polar coordinate system, as explained below, is
introduced for visualization purposes.

Shmin

Figure2: Polar coordinates introduced for visualization in this study. Location of the blue dot
represents the fault orientation with respect to the stress field: ¢ is the fault azimuth with
respect to y direction (one of the Sumax directions), and & is the fault dip. In this case, it
represents a fault of azimuth 60° relative to y direction and dipping at 60°. Note that Symax is not
necessarily along a north-south axis.

-13-
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5.1 Normal faulting regime: uniaxial strain model

For demonstration purposes, consider the following hypothetical variable values: depth=2000m,
overburden density paverage=2300kgm=?, Pp,= hydrostaticx120%. Spmax and Snmin are calculated
using Eq.(21.1), Eq.(21.2) by setting lateral strain to 0. These give an initial stress state
Sv=46MPa, SHmax= Shmin=28.13MPa, and Pp=24MPa. Other parameters: a=0.8, y=0.25, p=0.6.
These yield stress path Ahn=An=0.53 using Eq.(23).

dp=-5MPa dp=-5MPa dp=-5MPa

dp=-10MPa dp=-10MPa dp=-10MPa

.
&

dp=-15MPa dp=-15MPa dp=-15MPa
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Figure 3: Changes of the magnitude of principal stress S; (left), S; (middle) and Ss (right), for
depletion of -5 MPa (upper), -10 MPa (middle) and -15 MPa (lower). Three columns are

assigned their respective color scales. Within each column, the three rows share the same color
scale.

dp=-5MPa dp=-5MPa dp=-5MPa

dp=-10MPa dp=-10MPa dp=-10MPa

dp=-15MPa dp=-15MPa

I

2 4 0 20 40 60 80 0 20 40 60 80
S7 rotation (° ) S2 rotation (° ) 83 rotation (° )

o
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Figure 4: 3D net rotations of principal stress S1 (left), S2 (middle) and S3 (right), for depletion of
-5 MPa (upper), -10 MPa (middle) and -15 MPa (lower). Three columns are assigned their
respective color scales. Within each column, the three rows share the same color scale.

dp=0MPa dp=-5MPa o rotation)

dp=-5MPa (with rotation)

dp=0MPa dp=-10MPa (no rotation) dp=-10MPa (with rotation)

dp=-15MPa (no rotation)

dp=-15MPa (with rotation)

20 -10 0 20 -10 0 20 -10 0
CFF(MPa) CFF(MP2) CFF(MP2)

Figure 5: Changes of the Coulomb Failure Functions. Left: Before depletion; middle: after
depletion without rotation (depletion occurs on both sides of the fault); right: after depletion
with rotation (depletion occurs on one side of the fault). Pore pressure depletions are -5MPa
(upper), -10MPa (middle) and -15 MPa (lower). Blue indicates the orientation of a stable fault,
while red indicates the orientation of a fault that will be induced to slip due to depletion. All
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plots share the same color scale. Comparison of the left and middle images clearly shows that
depletion induces slip on faults of certain orientations due to the poroelastic coupling effect;
comparison of the middle and right images shows that stress rotation induces faults that are

even less favorably oriented to slip.
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Figure 6: Mohr circles. Fault orientations are mapped into 1-0, space and colored by CFF values.
Pore pressure depletions are 5MPa (upper left), -10MPa (upper right) and -15 MPa (lower). In
each case, upper: before depletion; middle: after depletion, without rotation (depletion occurs
on both sides of the fault); lower: after depletion, with rotation (depletion occurs on one side of
the fault). This plot shows in a different way how depletion induces slip on certain faults, and

how stress rotation brings more faults towards shear failure.
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5.2 Normal faulting regime: synthetic model

Consider the following hypothetical case: depth=2000m, overburden density paverage= 2300kgm?3,
Pp=hydrostaticx120%. Samax and Snmin are calculated using Eq.(24), Eq(27). These give an initial
stress state with Sv=46MPa, SHmax=36.89MPa, Shmin= 27.79MPa, and Pp=24MPa. Other

parameters: a=0.8, y=0.25, p=0.6, =0.5, c=1.25. These yield stress path Ax= 0.34, A=0.68 using
Eq.(28.1), Eq(28.2).

dp=-5MPa dp=-5MPa

dp=-5MPa

dp=-10MPa dp=-10MPa dp=-10MPa

dp=-15MPa dp=-15MPa dp=-15MPa

- 20 -15 -10 -5
dS1(MPa) dS2(MPa) dS3(MPa)
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Figure 7: Changes of magnitude of principal stress S; (left), S; (middle) and Ss (right), for pore
pressure depletion of -5MPa (upper), -10MPa (middle) and -15MPa (lower). Three columns are

assigned their respective color scales. Within each column, the three rows share the same color
scale.

dp=-5MPa

dp=-10MPa

dp=-15MPa dp=-15MPa

0 5 10 0 5 10
S1 rotation () S2 rotation () S3 rotation ()
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Figure 8: 3D net rotations of principal stress S; (left), S; (middle) and Ss (right), for pore pressure
depletion of -5MPa (upper), -10MPa (middle) and -15MPa (lower). A same color scale is
assigned to each principal stress undergoing three different pore pressure changes.

dp=0MPa

dp=-5MPa (no rotation) dp=-5MPa (with rotation)

dp=-15MPa (no rotation) dp=-15MPa (with rotation)
20 -10 0 10 20  -10 0 10
CFF(MPa) CFF(MPa) CFF(MPa)

Figure 9: CFF values for the same hypothetical case study. Left: Before depletion; middle: after
depletion, without rotation (depletion occurs on both sides of the fault); right: after depletion,
with rotation (depletion occurs on one side of the fault). Pore pressure depletions are -5MPa
(upper), -10MPa (middle) and -15 MPa (lower). Blue indicates the orientation of a stable fault,
while red indicates the orientation of a fault that will be induced to slip due to depletion. Again,
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e —————————————

comparison of the left and middle images clearly shows that depletion induces slip on faults of
certain orientations due to the poroelastic coupling effect; comparison of the middle and right
images shows that stress rotation induces faults that are even less favorably oriented to slip.
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Figure 10: Mohr circles. Fault orientations are mapped into t-0, space and colored by CFF
values. Pore pressure depletions are 5MPa (upper left), -10MPa (upper right) and -15 MPa
(lower). In each case, upper: before depletion; middle: after depletion, without rotation
(depletion occurs on both sides of the fault); lower: after depletion, with rotation (depletion
occurs on one side of the fault). Again this plot shows in a different way how depletion induces

slip on certain faults, and how stress rotation brings more faults towards shear failure.
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5.3 Reverse faulting regime: stiff caprock model

Consider the following hypothetical case: depth=2000m, overburden density paverage=2300kgm3,
Pp= hydrostaticx120%. Sxmax and Spmin are calculated using Eq.(29.1), Eq.(29.2). These give an
initial stress state with Sv=46MPa, SHmax=99.6MPa, Shmin=46MPa, and Pp=24MPa. For
calculation purposes, a 2MPa perturbation was added to Spmin. Other parameters: a=0.8, y=0.25,
p=0.6. These yield stress path Ap=-1.60, Ax= 0 using Eq.(30.1), Eq.(30.2).

dp=-5MPa dp=-5MPa dp=-5MPa

dp=-10MPa dp=-10MPa dp=-10MPa

dp=-15MPa dp=-15MPa dp=-15MPa

10 20 30 40 6 -4 2
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Figure 11: Changes of magnitude of principal stress S; (left), Sz (middle) and Ss (right), for pore
pressure depletion of -5MPa (upper), -10MPa (middle) and -15MPa (lower). Three columns are

assigned their respective color scales. Within each column, the three rows share the same color
scale.

dp=-5MPa dp=-5MPa dp=-5MPa

dp=-10MPa dp=-10MPa dp=-10MPa

dp=-15MPa dp=-15MPa

0 20 40 60 80 0 20 40 60 80
S7 rotation (° ) S2 rotation (° ) S3 rotation (° )

Figure 12: 3D net rotations of principal stress S; (left), S; (middle) and Ss (right), for pore

pressure depletion of -5MPa (upper), -10MPa (middle) and -15MPa (lower). A same color scale
is assigned to each principal stress undergoing three different pore pressure changes.
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dp=-5MPa (no rotation) dp=-5MPa (with rotation)

dp=0MPa

-80 -60 -40 -20 O -80 -60 -40 -20 O -80 -60 -40 -20 O
CFF(MPa) CFF(MPa) CFF(MPa)

Figure 13: Mohr circles. Fault orientations are mapped into t-0, space and colored by CFF
values. Pore pressure depletions are 5MPa (upper left), -10MPa (upper right) and -15 MPa
(lower). In each case, upper: before depletion; middle: after depletion, without rotation
(depletion occurs on both sides of the fault); lower: after depletion, with rotation (depletion
occurs on one side of the fault). Again this plot shows in a different way how depletion induces

slip on certain faults, and how stress rotation brings more faults towards shear failure.
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Figure 14: Mohr circles. Fault orientations are mapped into t-0, space and colored by CFF
values. Pore pressure depletions are 5MPa (upper left), -10MPa (upper right) and -15 MPa
(lower). In each case, upper: before depletion; middle: after depletion, without rotation
(depletion occurs on both sides of the fault); lower: after depletion, with rotation (depletion
occurs on one side of the fault). Again this plot shows in a different way how depletion induces

slip on certain faults, and how stress rotation brings more faults towards shear failure.
5.4 Strike-slip faulting regime: hybrid model

We design the following hypothetical case: depth=2000m, overburden density paverage=
2300kgm3, Pp= hydrostaticx120%. Spmax and Smmin are calculated using Eq.(34), Eq.(35). These
give an initial stress state with Sv=46MPa, SHmax=100.38MPa, Shmin=45.22MPa, and Pp=24MPa.
Other parameters: a=1.0, y=0.25, p=0.7. These yield stress path Ap= -2.1469, An= 0.1469 using
Eq.(36), Eq.(37).
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dp=-5MPa dp=-5MPa

dp=-10MPa dp=-10MPa dp=-10MPa

dp=-15MPa dp=-15MPa dp=-15MPa

20 40 60

4 2 -8
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Figure 15: Changes of magnitude of principal stress S; (left), Sz (middle) and Ss (right), for pore
pressure depletion of -5MPa (upper), -10MPa (middle) and -15MPa (lower). Three columns are
assigned their respective color scales. Within each column, the three rows share the same color

scale.
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dp=-5MPa dp=-5MPa
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dp=-15MPa dp=-15MPa

0 20 40 60 80 0 20 40 60 80
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Figure 16: 3D net rotations of principal stress S; (left), S; (middle) and Ss (right), for pore

pressure depletion of -5MPa (upper), -10MPa (middle) and -15MPa (lower). A same color scale

is assigned to each principal stress undergoing three different pore pressure changes.
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dp=-5MPa (no rotation) dp=-5MPa (with rotation)

dp=0MPa dp=-15MPa (no rotation)
-100 -50 0 -100 -50 0
CFF(MPa) CFF(MPa) CFF(MPa)

Figure 17: Mohr circles. Fault orientations are mapped into t-0, space and colored by CFF
values. Pore pressure depletions are 5MPa (upper left), -10MPa (upper right) and -15 MPa
(lower). In each case, upper: before depletion; middle: after depletion, without rotation
(depletion occurs on both sides of the fault); lower: after depletion, with rotation (depletion
occurs on one side of the fault). Again this plot shows in a different way how depletion induces

slip on certain faults, and how stress rotation brings more faults towards shear failure.
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Figure 14: Mohr circles. Fault orientations are mapped into t-0, space and colored by CFF
values. Pore pressure depletions are 5MPa (upper left), -10MPa (upper right) and -15 MPa
(lower). In each case, upper: before depletion; middle: after depletion, without rotation
(depletion occurs on both sides of the fault); lower: after depletion, with rotation (depletion
occurs on one side of the fault). Again this plot shows in a different way how depletion induces
slip on certain faults, and how stress rotation brings more faults towards shear failure.

6. Conclusion

We propose an additional mechanism for depletion-induced faulting in cases where a reservoir
undergoing pore pressure depletion is bounded by a hydraulically impermeable fault.
Unbalanced pore pressure changes on the two sides of the fault, in conjunction with complex
poroelastic responses, cause redistribution of the stresses within the reservoir. When the fault is
not in alighment with one of the principal stresses, principal stresses will be re-oriented. Given

a fault that is arbitrarily oriented with respect to the original stress field, we derive a
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generalized 3D analytical solution for the new state of stress after depletion by considering
anisotropic stress path. Using this solution, we quantify the changes in magnitude and the
rotations of the three principal stresses. We then compare the Coulomb Failure Functions and
corresponding Mohr circles for three different cases: before depletion, after depletion without
stress rotation, and after depletion with stress rotation. For demonstration purposes, we
determined the stress path tensor using poroelastic plane strain solutions in conjunction with
the frictional equilibrium theory for three faulting regimes. Our hypothetical case studies show
that, for a bound reservoir, depletion-induced principal stress rotations and magnitude changes
have a significant impact on fault stability, and are a complex function of the fault orientation,
the original in-situ stress state and pore pressure, the degree of depletion, and the degree of

poroelastic coupling.
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Appendix
A.1 A simplified 2D approach
The simplified 2D analytical solution for quantifying the rotations of the principal stresses is

provided by Day-Lewis & Zoback (2007). The stress path is assumed to the same for both
horizontal principal stresses, inducing only a fault-normal stress and no shear stresses.

SHmax - APp
4 AAP, :
< : NO CHANGE IN
Spi - AZ ™~ PORE PRESSURE
hmin PA ‘\
PORE PRESSURE AAP,
DROPS BY Ay
X

FAULT
y

Figure A1l: 2D conceptual model for calculating principal stress rotation after isotropic depletion
on one side of the fault (Zoback 2010) .

The new stress state within the reservoir is:

1" = (S — AAPP) —%AAPp (1-cos20)

(A1)
hew 1

1" = (S i —AAPp)—EAAPp(1+c0520) (A.2)
new 1 :

S, = iEAAPp sin26 (A.3)

The rotation of Spmax is given by:
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1 AAP sin260
v =Ltan » (A4)
2 (S a —Shmm)+AAPp cos26

where vy is the rotation, A is the stress path, and 0 is the acute angle between Sumax and the fault
plane.

A.2 A general 2D approach

Depletion

—

-
y’ Fault strike T Shmint+AnoP

No depletion
SHmax +AH5P
0 Sy
> Ap=An
X > -
Shmin
X’ T
Fault normal

SHmax

Figure A2: 2D conceptual model for calculating principal stress rotations due to depletion at one
side of an impermeable fault

Compared to the original stress state, the depletion induced additional loading is

Aop 0
A, =| P (A5)
© 10 A4,0p
The traction associated with this additional loading is:
Aop 0 n, Aopn,
=0 = "7 _| (A.6)

and the additional normal stress is then:
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c,=Tn =A0pn’+A4,0 pny2 (A7)

n

If An=An=A, then:
o,=Aop (A8)

and the additional shear stress is 0.

After depletion, assuming Ar=An=A, the background stress within the reservoir becomes:

) = (A9)
"0 S, +A4,5p

o _[Sitddp 0
0 S, +A5p

[S,,+A5p 0 }

On both sides of the fault, the stress state is perturbed by the depletion-induced normal and
shear stresses on the fault. In the case of Ax=An=A, this perturbation can be found by applying
a uniaxial stress perpendicular to the fault and determining the resulting stresses in x-y
coordinates. The new stress within the reservoir is a superposition of the background stress
and stress perturbation.

The perturbation in the new coordinate system is:

ST ST | T4asp 0
seo=| 2| 0P (A.10)
oSt ost 0 0

Transformed into x-y coordinates, it is:
Sy =A4'S" 4 (A11)

where:

-34 -



Jin, Depletion-Induced Stress Rotation and Faulting

. cos(x',x) cos(x',y) | cos(7/2-6) cos(z—0) [sin@ -coso 1o
cos(y',x) cos(y',y) cosé cos(7/2-6)| |cosf sind (A-12)

Thus:

lA§p(1—cos29) —lAé'psin 260
sr=| 2 1 1 2 (A13)
—EAé'psté’ EA&p(1+cos 20)

The new stress state is:
new __ QB P
S; " =S8 +S; (A.14)

where the components are:

s = (S, +A5p)+%A§p(l—cos(26’)) (A.15)

S =(S, + A5p)+%A5p(1+cos(20)) (A.15)
new 1 :

Sy =+ A psin(20) (A.16)

The result is consistent with Eq.(A.1)~Eq.(A.3). Note that here, Syuin is along x direction, and 6p
is negative for depletion.
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