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o Effect of reservoir depletion

Surface subsidence

Casing collapse

Drilling problem — need to lower the mud weight

Depletion induced faulting (seismicity)
Hydraulic fracturing performance

Compaction drive
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Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Subsidence
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Fig. 12.1. Compaction and subsidence

Fjaer E et al., 2008, Petroleum-related Rock Mechanics, 2nd Ed., Elsevier




. . 2 UG
Effects of reservoir depletion(X| 75 nZo| A3 &
Topics SEOUL NATIONAL UNIVERSITY

* Changes within the reservoir
— Stress changes within the reservoir — stress path
— Depletion induced faulting within reservoir

— Stress rotation by depletion on one side of fault

 Changes outside (around) the reservoir
— Deformation and stress surrounding the reservoir

— Induced slip outside the reservoir

* Deformation due to depletion

— Deformation within a depleting reservoir — DARS (Deformation Analysis in
Reservoir Space)

— Permeability loss and porosity loss

— Compaction drive
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* Poroelastic theory to predict the magnitude of stress changes with
depletion

— |sotropic, porous and elastic reservoir with infinite lateral extent

— With no lateral strain, relationship between vertical effective stress, horizontal
effective stress.

SHor = (L) (Sv) +|TF(] — L) (12.1)
I_l.' I—ll

where Spge corresponds 1o both Spyay and Spgmin (Lorenz, Teulel et al. 1991), o 15 Brot's
coelhicient and v 1s Poisson’s ratio. Taking the denvative of both sides wath respect to
pore pressure and simphifying yvields

(1 —2v)

AP, (12.2)

ASHue = -
. (1—vwv)

— Stress path parameter

Rearranging equation (12.2), 1t 15 possible to deline a stress path ol a reservour that

often, vy is used corresponds to the change in hornzontal stress with changes in production, A, as
(1—2v) . A SHor

= A= -
Y U= " AE

(12.3)
2
Witha=1,v=0.25 ASHor ™ _?l P,
Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Reservoir stress paths - derivation
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Introduction
Prediction of in situ stress
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* Heim's rule
- Assumption: no lateral deformation
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* Some observations ASp =22 AP

— No change in vertical stress

— Lateral to thickness ~ 10:1(= lateral: height), the model works. With
smaller than (10:1), some consideration is necessary

— |nelastic behavior is not taken into account
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Production Induced faulting in normal faulting areas

» Both injection and withdrawal of fluid can induce faulting in
reservoir

akes

Strachan field in Alberta (Canada). Average
static bottomhole pressure at 2.8 km

Number of Earthqu

Pau basin (France). M >3 earthquakes and
average reservoir pressure

MNMumber of Earthquakes
(M=3)

Number ot earthquakes recorded per year and decline in average reservoir pressure (Segall, 1989)

Segall, 1989, Earthquakes triggered by fluid extraction, Geology, 17:942-946
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Sy — P,
Normal faulting -+ = —2*— P

— = [+ D2 4 pup
a3 Shmin — Pp

. . . S F: - P ]
Strik-slip faulting g _ Otmax 7 7p <[+ D"+ up
a3 Shmin — Pp
a S max ~— P ]
Reverse faulting 21 2Hmax T 7p <[+ DV 4+ u)?
0y Sl. - .Pp
Sv — (P, — APFy)
[Sv = (Fp — ARy)] = f() (12.4)
[{Shmjn — AShmin) — (Pp - QPF,}]
where
flw) =2+ 1+ py
Simplifying this results in:
Sv=h [1 _ Al = APy M"] fay— 20 (12.5)
Shmin - Pp Shmin - Pp Shmin - Pp

In areas where normal faults are in frictional equilibrium, the left-hand side of equation
(12.5) is equivalent to f(p) such that,

ﬁ‘lshmin - ﬁPp fﬁPp
fy=fu)— ————flw) ———
Shmin — Pp Shimin — -Pp
-&Shmin_ﬁppf{lu}z_ fﬂ‘Pp
Shmin - Pp Shmin - Pp
-&Shmin - -ﬁpp _ 1
fﬁpp flw)

Substituting A = ASpmin/ APy yields the stress path, A*, which if exceeded, can lead
to production-induced normal faulting:

Ld 1 -
, Vs E 14 ) o
Zoback MD, 2007, Reservoir Geomechanics, C%mbrldge University Press
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Ap, AS: magnitude of decreased
pressure/stress
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Condition for depletion induced faulting. A > A*

_ {I_ v) ‘l'"i:'-l‘l-::-l |
TR0 - T ar, A*=1-

(VHE+ 1+ p)?

Sufficient depletion will eventually result in production induced faulting

Vertical stress is assumed to be constant

— s,

A=04
50 stable path A=0.9 or0.67 |

nstable path

& a0 Reservoir space 1
= (DARS)
o
301
o Stress
@'a\“a Path A
20 W0 1 04
2 0.9
3 0.67
10
0 . . .
0 10 20 30 40 50 60 70

P, (MPa)

Schematic stress paths in reservoir space
Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Variation of horizontal stress change with pressure as a
function of Biot coefficient, and Poisson’s ratio
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Reservoir stress paths
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« Example 1) (Gulf of Mexico)
— All of the wells depletion follow the same paths

— S3 change is also measured

— Considerable depletion from ~80 MPa - ~25 MPa (for 25 years)

— Stress path parameter ~0.54 - stable

Interpolation/extrapolation?

— Initially, it was in a frictional failure equilibrium (through extrapolation)
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Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Measured A
(stress path) = 0.54
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Pore pressure & S, decline in reservoir space
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Example 2) Valhall oil field in North Sea
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* Valhall oil field in Norwegian North Sea

— Fractured chalk reservoir, trend NW-SE an elongated anticline

— 1975 Discovery well, 1982 production, ~ 2,400 m subsea

Chalk (242}): A porous marine limestone
composed of fine grained remains of
microorganisms with calcite shells,

coccolithophores, such as the White Cliffs of
Dover (UK). The Austin Chalk of the US Gulf

coast is a prolific, fractured oil reservoir that
spurred widespread horizontal drilling activity.

— Porosity ~ 50%, permeability ~1 md —> reservoir permeability (150 md) controlled by extensive
natural fracture system

— Concerns: active faulting, numerous casing failure, appreciable gas leakage through shale cap rock
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Zoback MD, Zinke JC, 2002, Production induced normal faulting in the Valhall and Ekofisk oil fields, Pure & Applied Geophysics, 159:403-420
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* Pore pressure and S3 with respect to depth

— Very scattered at the reservoir

0 0
+ Pore a o FIT b
Pressure e |OT
500F 500 <4 Minifrac
Sv (Integrated Density Log) Sv (Integrated Density Log)
1000p 1000F )

E E ®
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= o

L ]
2000 2000F
L
o
o 0
-
2500} W ; 2500} R
¥ : .
Hydrostatic Hydrostatic
3000 A . 3000 A ”
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Pore Pressure [MPa]

Least Principal Stress [MPa]
Zoback MD, Zinke JC, 2002, Production induced normal faulting in the Valhall and Ekofisk oil fields, Pure & Applied Geophysics, 159:403-420
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* Pore pressure and S; in reservoir space
— Initially p, and S, were high close to Sv.
— Clear reduction of p, and S; with time < Effect of depletion

— Normal stress condition at crest initially and this was maintained
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‘oback MD, Zinke JC, 2002, Production induced normal faulting in the Valhall and Ekofisk oil fields, Pure & Applied Geophysics, 159:403-420
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Example 2) Valhall oil field in North Sea .
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Zoback MD, Zinke JC, 2002, Production induced normal faulting in the Valhall and Ekofisk oil fields, Pure & Applied Geophysics, 159:403-420
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* Microseismic monitoring (1998)
— Vertical section of the well, Six 3-component seismometers with 20 m spacing

— 328 microseismic events for ~ 7 weeks, mostly 200 m to the west of the well

— Location: at the top of the reservoir or shale cap rock aﬁj N
— Focal mechanism was normal faulting confirming the theory Q
— Normal faulting propagating up into the cap rock from the reservoir o »Ta s
— Reverse faulting on the top of reservoir??? Qﬂ
N A
- ————ee s | [ X
® Geophones 4 - 1 rw 2T
+ PLfTFORM +  Recorded Micro- 1700b ++ \1!%‘ \/ P L
o] J seismic Events GA&% HOD /“10@
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Zoback MD, Zinke JC, 2002, Production induced normal faulting in the Valhall and Ekofisk oil fields, Pure & Applied Geophysics, 159:403-420
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Summary — depletion induced faulting is a good news and bad
news situation

— Concerns
§ active faulting
] numerous casing failure

§ appreciable gas leakage through shale cap rock

— Explained through depletion induced stress path

— Despite the reservoir compaction accompanying depletion, reservoir productivity
remained steady or slightly increased

] This is explained by active faulting in the reservoir increased the permeability
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Zoback MD, Zinke JC, 2002, Production induced normal faulting in the Valhall and Ekofisk oil fields, Pure & Applied Geophysics, 159:403-420
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« Stress rotation

— If a reservoir is bounded by an impermeable fault, stress change
IS not isotropic

— In laterally extensive reservoir, Shmin & Shmax decrease by the
same amount < isotropic horizontal stress change

Impermeable fault —| [ / \
j [ depletion \l-.\
RN
N

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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* Fault often has a core that is impermeable

Fault core

= PiSer T
fer hydraulic behavior for a fai

zone embedded in a stratified geological
. Davatzes and Aydin (2005). (%) Fault zone which is transparent to
Only across-flow is possible depending on the permeability of the

ich is highly permeable (compared to the host rocks).

Fig. 5.3: End men
layer, modified afte
fluid flow along its plaite
surrounding rocks. (b) Fault™z
Due to the permeability contrast between fault and surrounding rock, fluid preferentially

<]

flow along the fault, while a minor across-fault flow is still possible. (¢) Fault zone consisting
of an impermeable fault core and a highly permeable damage zone. Three dimensional flow
occurs within the damage zone but not across the fault.

Guido Blécher, 2020, “The role of fractures and faults in reservoirs — thermal-hydraulic-mechanical characteristics and processes in Enhanced Geothermal
Systems (EGS)”, Habilitation Treatise, Submitted to Technical University of Berlin.
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« Some explanations about the stress rotations.

— In a nutshell, stress tends to align with the impermeable faults

— Rotation is a function of Sy....., Syminy AP @nd angle with the

impermeable fault.

NO CHANGE IN
PORE PRESSURE

AN AAP,

L.

PORE PRESSURE
DROPS BY Ap

FAULT

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press

AAP,
St = (SHmax — AAP,) — T(l —cos 26) (12.7)
AAP,
Sy = (Shmin — AAP) — 5 (1 + cos20) (12.8)
AAP, .
Ty = sin 26 (12.9)

The rotation, y, of the new maximum, principal horizontal stress near the fault
relative to the original Symay azimuth can be found by
| O { 27y } | [ AAP,sin20 ]
Yy = —lan - = —lan
2 S.\ - S“ 2 (Sllnmx - Shmin) + AAPp cos 20

(12.10)

The sign of y is the same as the sign of §. If we define g as the ratio of the pore pressure
change (positive for depletion) to the original, horizontal differential stress,
AP,
Shumin)
following Zoback, Day-Lewis et al. (2007) we can express the stress rotation simply
as a function of ¢, the stress path (A), and the fault orientation (8):
1 Agq sin 26 ]

y = —tan”!| ———
2 1+ Agcos26

q

_ (12.11)
(S]Imux -

(12.12)
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 Example: Arcabuz-Culebra field in Mexico

- observed

----- calculated

P

N\

Figure 12.9. Comparison of the calculations presented in Figure 12.8 with data from the field
presented in Figure 12.6d. The observed stress orientation is shown by the inward arrows. The
dashed lines show the orientation of a sealing fault required to explain the observed rotation.
Because there is liftle specific information available on the amount of depletion or the magnitude of
SHmax . the calculations were done assuming g = 2. After Zoback, Day-Lewis e al. (2007)

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Drilling and hydraulic fracturing in depleted reservoir
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* Drilling
— Unintentional lost circulation
— Unintentional hydraulic fracturing due to decreased principal stress

— Differential sticking

LESS
STABLE

—  Wellbore stability problem

— Alternative

Required mud weight

] Drilling in optimal direction to avoid hydraulic fracturing and lost circulation

MORE
STABLE

] Use some additives to present mud penetration/strength the formation

>

Breakout width

Required strength

Wellbore Stability @

Preventing wellbore instability during drilling @
Basics

+ Mud weight window

— Difference between the minimum and maximum mud weight

+ Problem of raising mud weight

- Inadvertent hydraulic fracturing

- Minimum mud weight: pore pressure to prevent well collapse \ i
) o — Lost circulation

| = pore pressure (to prevent inward flow while drilling) T “0
£ REAF B 201 - 1

T — Decreasing drilling rate (ROP)

5 Pore pressure to ensure stability

< pore pressure - underbalanced driing - Formation damage (due to mud infiltration)

- Maximum mud weight: lost circulation
- Mud loss
'§ = pressure to cause Lost circulation (or

frac gradient) - Differential sticking {Condition in which Drilling string cannot

be moved along the axis of the borehole)

p
Differeninl sicking. As fme goescn he meabecomesloger
Frac gradient pressura gradient necessary to hydrauicaly frackre Itasca Short Course, 2011 (chiumbenger ot fiekd gloszmary)

% Fracturing of borehole wall (fensile)

+ Assumption of a perfect mud cake
- Full difference between Pm and Pp

eservoir Geomechanics Lecture Note
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* Hydraulic fracturing
— In general more advantageous than prior to depletion
— Due to stress rotation, new fracture to a new azimuth possible
— Inadvertent vertical fracture growth can be avoided (due to decreased S,)
?3
3 =t -
SHALE “ _____62 = Jéi 9
By =5
= S
SAND = — 22
6 S
SHALE Progpant___ o ] b P ;L
.- ~ (=1

\ b. d.
DEPLETED @

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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o Effect of compaction outside the depleting reservoir
— Subsidence

— Induced faulting (seismicity)

......
.......

........ il

Subsidence

| Compaction

Fig. 12.1. Compaction and subsidence

Fjaer E et al., 2008, Petroleum-related Rock Mechanics, 2nd Ed., Elsevier
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« Compaction

.
— Simple model of compaction = subsidence

Ah

Ah 1 d+v)1-2v)

1-v

adp

/ e _'/g‘.
0 = = O e 5
o7 vV v T

. = — 6 =6 &
\/’ g = 5T &
\

e

N

67 = V(5m10?p)l

v ( 519-( \72‘)'

— 6o = [/(I/(6_7L—r6’&) =5 6\'&)

= \/7—0’»#— v(V+) 62 —
(1=v?) Ex =y (VH) T3
=v) v )
G“)L = \/

l—v

6 2
Sinlonly €4y = LAY Y
Wit \f = A~ 0, zrgi&ia:—? & a ]

_—

Ty N, W A L
& e l~v(6%> €\ \/614_ o
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Subsidence
— Disk-shaped reservoir , thickness H, radius R, depth D % . o
— Effect of compaction on surface subsidence in elastic D

half-space
H]
Subsidence in vertical and lateral (radial) direction @

Subsidence/compaction of the reservoir

where A and B are linear combinations of the elliptic integrals of the first and second
AH =f C (—)ﬁp(-—)i— kind (Fy. Ey) and Heuman’s Lambda function ( Ag)
o M 1
x ——Fo(m)— “Ao(p.K)+1 (p<1)
_ -Da 4 2
u.(r0)=-2C, (1 —V)ApHRﬁ e J (aR ), (cr )dax Af 1
A= ——Fo(m) +3 (p=1
) v _Da
u, (F,O) 1 ZCm (1 _V)APHRr e Jl (aRlll(m‘)da ——Fo(m) + IA(}(P k) (p>1
n 4/p
u-(r, 0)
= A(p, ) B==_"_[(1-1¢)Fm-E
AH == > o(m) — Eo(m)
I, (I'.. 0) B{ ] where
= P, 1] 2101 — »)2 2
AH J*;*r::(l:#qq and p:k[(l 03 ]
A=p)y+n (I=p)" +k2

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press p=r/Rand n=D/R
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Compaction and SUbSidence SEOUL NATIONAL UNIVERSITY
 Normalized subsidence (vertical displacement in the i
surface) —
Wl
— Concentrated on the center
— Depends a lot on the depth, D/R~0.2 > 80% %
— Wilmington field (California) 9 m from 1 km deep reservoir b

(18 km x 5 km) HIQ ?
% —

80% of total compaction in the
surface in a shallow reservoir

0 1i 2 3 4 5
=R r'R H IE i )

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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 Normalized horizontal displacement i

— Concentrated in the boundary W

— Wilmington field (California) ~3.7 m

| S

D

07 : . : i : H I@
% —r

=R

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Compaction and subsidence

Displacement (and strain) in the surface

o
I

L

C

Figure 5. Calculated surface displacements u,, u,, and strain ¢,
(extension positive) for a/D = 1.0. Geometry is shown in inset.
Displacements are normalized by 2(1 + v,) BTAm(t)/3np,, strains
by 2 (1 +v,) BTAmM(t)/3p,D.

Segall, 1989, Earthquakes triggered by fluid extraction, Geology, 17:942-946



. . . . SLED®
Deforrggtlon and stress ghan es outside of depleting reservoirs g“’%
(M55 FHol Hel8s ¥l L
SUbS|dence SEOUL NATIONAL UNIVERSITY

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press

« Example 1. Leeville and Lapeyrouse fields (Louisiana)
— Maximum subsidence 3~9 cm (Leeville)

- LapeerUSG, D=4.5 km, H=10 m, R=1 km ~2.5 km) Vertical Displacement

b.
10
£
=
3
—
5
— Comparison between Station and Prediction
g 0L \ 0 e A v
] I | | - S L
b= - U—a o
= 5 Po— S
é . -A,__ 33 T \\\' R /,,/
3 ; E_ J_ SIS § 10 N3P
& = N }
8 \ [N\
§ 15 o..“"f“] . 4
-10 & N ‘
2 20
? _n
25 | — Model Prediction Station M%)
| = Measuremenls
_15 T I 1 30
0 5 10 15 20 0 6 12
Distance from reference station (km) Distance from Station U (km)

Leeville Lapeyrouse
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Deformation and stress ¢
(MFS FH2 BelIS
Subsidence

« Example 2. - CO2 storage (heaving) in hypothetical site

— Coupled hydromechanical numerical analysis ——— -

100,000 m (Not to scale)

After 10 years
= __ 08|
- £ |
After p= bt
1 years ‘é__ g | After 6 years
(=] E 06
[
a9 :
ko)
% F |
2 5oL S /) After3years \ N\
= 2 5
E- 20 © i
After < 12 g |
6 years & 14 = ool S S V3 B D . !
a 12 [
10 I
8
6 B After 30 days ‘
o0 ~5000 — 0 5000 10000
£ Distance from injection point (m)
After g Vertical displacement profile
10 years @ 4500
- . CO; Injection point
it IS I s WA S WS v T |
2009355 -1000 0 1000 204 = After 10 years
Distance from injection point (m) _ the pore pressure . about 12 MPa
Pressure change with time - the vertical displacement : about 0.87 m

near the injection point (Units: MPa)

Lee, J., Min KB, Rutgvist J (2013). "Probabilistic Analysis of Fracture Reactivation Associated with Deep Underground CO2 Injection.” Rock Mechanics
and Rock Engineering 46(4): 801-820.
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+ Example 3. - CO2 storage (heaving) in In Salah - Ground Heaving due to fluid (CO,)
injection

— Based on InSAR (Interferometric Systhetic Aperture Radar, difference in the phases of
waves to Satellite, ~mm scale) data for average distance change (~ vertical displacement)
from Aug 2004 to March 2007

— 5 mm/year (with up to 1 million ton/year)

— 2 km deep 20 m thick sandstone reservoir

5km o |
CeErTE——— 3 - 3 0 [mmlyr] 5

Horizontal CO2
injection wells

N KkBs01 |

& Algeria (’8*6
Krechbar=
as field \
In s'} h Gas
Mali oject

Rutqvist, J. (2012). "The Geomechanics of CO2 Storage in Deep Sedimentary Formations." Geotechnical and Geological Engineering 30(3):
525-551.
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« Stresses around the reservoir

, aheve £ T
— Reverse faulting at the top/below T ‘

— Normal faulting at the side

— (Normal faulting within the reservair),

AL X
" /",j_»\ M

Fg e5.C surface dif Uy, Uy, and strain e,
(ext iun positive) for a/D = 1.0. Geometry is shown in inset.
Disi I ents are normalized by 2(1 + v ) BTAM(t)/3mp,, strains
by 2 (1 ) BTAM{1)/37p,D.

Relative change of horizontal
/ stress. Notice: Tension (+)

Compression

Compression

tension

1 |
3 2 1 0 1 2

Segall, 1989, Earthquakes triggered by fluid extraction, Geology, 17:942-946




s\&‘*&s
Deformation and stress changes outside of depleting reservowsg'g
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Stress changes
Stress changes above a flat-lying ellipsoidal reservoir

&Sh_ ((1—21))(1)(3)) 12.29)
N AR\ UV AVVAST: (1%

— InValhall, H/2R~0.03, ~1% —> 0.2 MPa

— Above and below the reservoir
] Reservoirs located in reverse faulting regime = faulting may happen

— Edge of the reservoir
| Reservoirs located in normal faulting regime - faulting may happen
4 X3

W

Fig. 3. Model reservoir with semi-major axes a,, a», a; where

a) =mm > as.

Segall & Fitzgerald, 1998, A note on induced stress changes in hydrocarbon and geothermal reservoirs, Tectonophysics 289:117-128
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Deformation in depleting reservoirs
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compaction with increased confining pressure

ST
==

SEOUL NATIONAL UNIVERSITY

* Porosity tends to decrease with confining pressure

Ci= A(ol, — B)° + D

where Cy is the formation compressibility and oy, 1s the laboratory stress. A, B, C
and D are constants derived from laboratory experiments and, in the case of poorly
sorted unconsolidated, they have the values of —2.8 x 107,300,0.14,and 1.18 x 1074,
respectively. Given that Cr = A¢/Ap, by rearranging equation (12.13), the porosity

34 T
-~ Yale et al. Compaction curve for unconsolidated sands
e /
~
321 -
Fay S
a S
o, N Y - high porosity samples
aof B fa .*a___
R A A
o Boooog . gmea s
‘o o A 4 R
. R ..i- .-
Q’\,; 28 . ; E
= .
£ ° .
o
5 ® . A
o 261 )
@ ®
24} low perosity samples
o o]
O
[ ° 0.
e .
ool e . . o 0
. K2 . °
20 1 1 ) L L ! . -
0 10 20 30 40 50 60 70 P t f
Confining pressure (MPa) OrOSI y VS- Con Inlng pressure

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press from Gulf of Mexico (fleld X)
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Depletion-induced permeability loss
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« Permeability loss
— Permeability tends to decrease with increased confining pressure
— Various empirical (and semi-analytical) relations exist
— Permeability-stress or permeability-porosity
— Kozeny-Carman relation is an example

— Factors: porosity, percolation porosity, grain crushing

1

B¢? ,d?

72872 ¢ T ( ) g
where k is the permeability, B is a geometric factor, 7 is tortuosity and d is the average %
grain diameter. The porosity, ¢, and the specific surface area, S, can be expressed by: §
o= K g 5= R (1218

= an = — . g
A A 5

where R and A are the radius and the cross-sectional area of the imaginary pipe.

0.1

Kozeny-Carman Relationship

B(p—-9,)"'d*
(1+¢,—0)F

E_(ﬂ”*ﬂ)c)sﬁ i —)°

K (0= 0o P+ o—0)°

K=

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press 085 0 o

Normalized Porosity (¢/¢;)
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Depletion-induced permeability loss
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 Model of permeability change

Depletion (MPa)

200 1 T I Ll T T I I T I
—~ In situ permeabilty o WellA
= 150(5. 4 measurements Reservair quality: moderate ]
3 ﬁ% '{l= - - _
3 100 g ® T —— L .
= _ —_— .
5 — e e
o 50 Predicted permeability from 1
In situ stress measurements
O 1 Il L 1 Il 1 Il Il 1 Il
0 10 20 30 40 50 60 70 80 90 100
Depletion (MPa)
600 T T T T T T T T T T
Well B
= ~. Heser\.roirquality:good_
§ 400@ % "=~ _ _ 4 owerbound of permeabilty loss
@ -~ C— -
§200 | ‘. = — C—
5 - e  — - . -
o I - Upper bound of permeability loss
0 1 I 1 1 I 1 L I 1
0 10 20 30 40 50 60 70 80 90 100
Depletion (MPa)

600 T T T T T T T T T T
2 R Reservoir quality: good
£ 400 %i. - |
@ ., - —

@ | - = _
£ - = - R
Eok O T T |
o
O 1 | L 1 | 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Depletion-induced permeability loss

SEOUL NATIONAL UNIVERSITY

« Compaction drive

— Expulsion of oil due to large reduction in the pore volume with depletion

— Reduction in permeability tends to reduce recovery

— Trade-off between porosity decrease and permeability decrease needs to be

evaluated

— Produced fluid volume as a result of pore pressure decrease

fa 1""'|1||||.| = '.I""l|'|{'l::lr' 8 {---;rl-r}-"."'j'-:'f

(-\";p -

(1 Vi) (,-b Ky 3(1 Vi )¢
: K << K the equation simplifies to

I+ vg o Cm
31 — Vi )P Ky ¢

;'r
Cpp =

Fjaer E et al., 2008, Petroleum-related Rock Mechanics, 2nd Ed., Elsevier

4 vy a | 2(1 — 2vp )
_+_

]l
—1|—
K
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Depletion-induced permeability loss
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 Compaction drive

Ci‘; = Y
Pl 3(1 = v) @ K (1 = vy )@

' Ky <€ K¢ the equation simplifies to

l4+vye a | [2(1 — 2vg ) l] I
K-

e I+ v . Cm
PR3 - wp)p Ky @

A Vorod = —Vp(Cr + Cap)Apy

{Q\P‘m;)a. P qu'n |
VR * V >

gt
& &

7\
2 € 1 V),k]é KF»— §
A\/de = -—\/PCC(_"’ C{if))aP—F

T) KF "p °\\‘ ot [ G\Po\

Kﬁ, o~ | (A ro\
¢ "~ 0. L—r
vV ~ 0.3

' - L+to. 3

2 v Gpe

3C\~0.3) 0% x( Afa ~

C ‘F = l /C(! Pe.

W) K~ loa,
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?( o~ (0 ~0 |
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Depletion-induced permeability loss

» Production considering compaction drive
— Compaction drive with no perm change
— Compaction drive with perm change

— Constant compressibility

30
251 . . R
Compaction drive ~abiity 10581 —
(with no perm change) o eound of permeatity
£ 20}
%]
=
put Compaction drive with
% permeability change —1
2 151 b
o
a
2
&
=2
E 10}
=
o
[ «—— Constant compressibility
5 -
D | L L L L L L
Q 1000 2000 3000 4000 5000 6000 7000 8000
Days

MMSTB: million stock tank barrel

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press




