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Critically stressed faults and fluid flow i,
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o Critically stressed faults and fluid flow

Fractures are often main conduits for fluid flow in low-permeable formations

* Importance of stress analysis in fault in relation to in situ stress

In situ stress constraints
Fluid flow analysis — oil and gas
Hydraulic stimulation — shear stimulation for shale gas and geothermal

Earthquake analysis

 Topics

Influence of fracture and faults on reservoir permeability
Geomechanical control on fault sealing and leakage in fault bounded reservoir

Dynamic constraints on hydrocarbon column heights and reservoir pressure in fault bounded
reservoir

a We may go beyond the interpretations based on structural closure



Chapter 4. Rock Failure in compression, Limits on in situ stress from the frictional strength of faults @

tension and shear

« Normal and shear stress at fractures
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Fractured reservoirs and fluid flow
Critically stressed fault — Stress polygon

SEOUL NATIONAL UNIVERSITY

* Hypothesis of ‘critically stressed fault’ can be applied to constrain the

range of in situ stress

— Stress polygon help to draw the range of in situ stress

— Stress state above the line of Sy, = Simin
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Zoback MD, 2007, Reservoir Geomechanics, Cambridge Universit(ﬁ:’ress R
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Fractured reservoirs and fluid flow Fii),
Critically stressed fault — observations o o

* In situ stress measurement
Byerlee's law seems to work

Earth crust appears to be in a state of (failure) equilibrium
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Figure 4.26. In situ stress measurements in relatively deep wells in crystalline rock indicate that
stress magnitudes seem to be controlled by the frictional strength of faults with coefficients of
friction between 0.6 and 1.0. After Zoback and Townend (2001). Reprinted with permission of
Elsevier.

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Fractured reservoirs and fluid flow
Critically stressed fault
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* |dentifying active faults is important both hydraulically & mechanically

 “faults that are mechanically alive are hydraul/cally alive and faults that

are mechanically dead are hydraulically dead”
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Fractures with varying orientations are under various
combinations of normal stress + shear stress
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Permeable faults and impermeable faults plotted with

respect to failure criterion and stress condition (Cajon Pass
scientific borehole near the San Andreas fault)

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Fractured reservoirs and fluid flow (88
Critically stressed fault — basic law RO
* Shear failure of a fault (fracture) — Coulomb Failure criterion
0,=S,-P,
T, |
On T

—

p: Coefficient of friction

 Coulomb Failure Function (CFF)

— Shear stress minus resistance. (-) no slip, (+) slip
CFF =t — poy, CFF=1- u(S,-P,)

* Critical pore pressure

iy

P?}]Ii[ =S —T/K



Fractured reservoirs and fluid flow
Critically stressed fault — basic law
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 Range of u (Byerlee’s law)

At higher effective stress (10 MPa)

0,=5,-P,

l

0.6 <u=<1.0

Coefficient of friction in general lie in
those ranges regardless of rock
type and roughness

John Jaeger

“There are only two things you need
to know about friction. It is always
0.6 and it will always make a
monkey out of you.”

Shaly rock u < 0.6

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press

Shear stress, T (MPa)

60

50

40

30

20

80 - Plaster in joi

704 . Gnei

Maximum friction

EXPLANTATION

SYMBOL ROCK TYPE

Limes G bbro

Weber 5 : ne , fo ud

Weber Son ds one , oot

Greywacke | Sands! 0 e, Gromite
Granite ,Gubbvo

nt of Quortz Mon;

Quortz Monzonite joints

Granite

Gronodiorite

ss ond Mylonite

1 1 ' A A1
0 10 20 30 40 50 60
Normal stress, oy, (MPa)

I 1
70 80 90 100

Figure 4.23. Rock mechanics tests on wide range of rocks (and plaster in a rock joint)
demonstrating that the coefficient of friction (the ratio of shear to effective normal stress) ranges
between 0.6 and 1.0 at effective confining pressures of interest here. Modified after Byerlee (1978).



Fractured reservoirs and fluid flow )
Critically stressed fault — mechanical behavior

* Normal mechanical behavior

— Unit: Stress/length (MPa/m) - j,xfij "t tac
7 strength
— Linear model o =K & : ] ,!
. ‘ [l f ) .
— Non-linear model . .
O, Ty

5, =

c+do,

« Shear mechanical behavior Lm v
r\aﬂ

— Unit: Stress/length (MPa/m)

— Linear model 5 =K 6.

Shear

dilation

— Non-linear model: e.g., Barton’s equation

Rothert & Baisch (2010)

_DNilat: .1 normal dilation >
D||at|0n angle ¢di|ation = tan [shear displacement (b) Shear displacement 8,

Rothert E & Baisch S, 2010, Passive Seismic Monitoring: Mapping Enhanced Fracture Permeability, 10" World Geothermal Congress, Paper No.3161
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Fractured reservoirs and fluid flow
Critically stressed fault - fluid flow along a fracture/fau
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Idealized rock fracture

. ING 38 N
measured normal to the fracture wall

AR g i 32, S'.‘ 1
a2, .t:_ﬁg'?‘;fo.t'-. T Conceptual

model

v:—gi(ez _4y2)d(,‘;v;(gh)

> o 4
Q= _J‘ev(wd )“Hd_( gh)
2 e _ p,9¢° dh Kz%gk
v Qz_ﬁd_( P ==

pge?/12y = hydraulic conductivity (K) of a fracture
pge®/12y = transmissivity (T) of a fracture
€2/12 = permeability (k) of a fracture

P, density of fluid

<€— with zero elevation g: acceleration of gravity

U viscosity (=n)

— Cubic law: for a given gradient in pressure and unit width (w), flow rate through a fracture is
proportional to the cube of the fracture aperture.

plate approximation for fluid flow through a planar fracture. For a given fluid viscosity,
1), the volumetric flow rate, Q, resulting from a pressure gradient,V P, is dependent on
the cube of the separation between the plates, b,

h:l

— __vp 5.1
0= 1 (5.1)




Y

2
i

2
%

Fractured reservoirs and fluid flow (el
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Critically stressed fault — shear dilation

» Shear dilation observation (Olsson & Barton, 2001)
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Olsson, R. and N. Barton (2001). "An improved model for hydromechanical coupling during shearing of rock joints." International Journal of Rock Mechanics and

Mining Sciences 38(3): 317-329.
Rothert E & Baisch S, 2010, Passive Seismic Monitoring: Mapping Enhanced Fracture Permeability, 10" World Geothermal Congress, Paper No.3161
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Fractured reservoirs and fluid flow ;@@

Critically stressed fault — shear dilation

g««?

Brecciation through shearing

JOINT

\ —
A —
SHEARED JOINT \

increase in permeability

Increase in shear deformation

ONSET OF DAMAGE
MBI R
Figure 5.2. Schematic illustration of the evolution of a fault from a joint (after Dholakia, Aydin

2 Q ‘ -
Ay
3 3" K D T
et al. 1998). As shear deformation occurs, brecciation results in interconnected porosity thus

I~
BRECCIATION IN SHEAR ZONE enhancing formation permeability. In the Monterey formation of California, oil migration is
strongly influenced by the porosity generated by brecciation accompanying shear deformation on
faults. This can be observed at various scales in core (a) and outcrop (b). AAPG®© 1998 reprinted by
permission of the AAPG whose permission is required for futher use.

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Fractured reservoirs and fluid flow n{
Critically stressed fault — shear dilation and dilation a g

Direct shear test on 57 single fractures (Glamheden, 2007)
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- Shear dilation varies a lot at moderate normal stress (~ 20 MPa, ~ 500 m)

- At deep depth, dilation seems fairly small but it still enhance permeability a great deal
Glamheden R, Fredriksson A, Rdshoff K, Karlsson J, Hakami H and Christiansson R (2007), Rock Mechanics Forsmark. Site descriptive modelling Forsmark stage 2.2. SKB.



Fractured reservoirs and fluid flow %’v
Critically stressed fault — shear dilation and dilation angle X
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« Example:
— Stress dependent permeabilit¥ of fractured rock (Min et al., 2004)

impermeable
Y
O.
x L.
1N
g " p1
(1) Apply Stress (2) Measure permeability

Min, KB, Rutqvist J, Tsang CF, Jing L (2004). "Stress-dependent permeability of fractured rock masses: a numerical study.” International Journal of Rock
Mechanics and Mining Sciences 41(7): 1191-1210.



K=1.0

— —m— - kx (elastic)

— —o-— = ky (elastic)

—a—— kx (MC model)

—+=— ky (MC model)

\

K=30  K=40 K=5.0

- Fluid flow enhancement by

0] — .y
! E | cenowien— Critically stressed fault/fracture
Bt - Critically stress fault/fracture
E | carry most of fluid
D- - - -
j T o = This partly explains why fluid
e “ee g™ flow in a few fractures are
Fnisonopic permeanily h dominating the fluid behaviour
. e T S S e

Ratio of horizontal to vertical stress, k

/ﬂﬂ e
. e R -
>

", o

K=3.0 K=40  K=50

Min, KB, Rutqvist J, Tsang CF, Jing L (2004). “_Stréss-dependent pernTeai)iIity of fractured rock masses: a numerical study." International Journal of Rock

Mechanics and Mining Sciences 41(7): 1191-1210.
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Fractured reservoirs and fluid flow
Critically stressed fault — shear dilation and anisotropic fluid flow =Y
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» Shearing induce anisotropic flow in a fracture plane:

— Flow perpendicular to the shearing direction is much larger than
that in parallel to the shearing

Rock fracture replica after shearing

Koyama, T., et al. (2006). "Numerical simulation of shear-induced flow anisotropy and scale-dependent aperture and
transmissivity evolution of rock fracture replicas, IJRMMS;43(1): 89-106.



Fractured reservoirs and fluid flow 1y
Calculation of normal and shear stress on a fault
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» Calculation of normal and shear stress on the fault with given
orientation

— Input: in situ stress, fault orientation, friction coefficient
— Normal (S,) and shear (1) stress acting on the plane

— Analysis: Coulomb failure analysis

t = Si

Snzﬁ'l

Si 0 0 Stmx 0 0 <,
S=|10 S 0 |= 0 Sy 0
0 0 S 0 0 Sy 7 1= p(S,-Py

Fault orientation: 77 = (ny, n,, n,)
< unit normal vector

- Fault element



Fractured reservoirs and fluid flow . W_’y’fvjc‘;w“i;jw cudiin
Calculation of normal and shear stress « Camchy's ﬁymm (4 .
on a fault =

Sy ?H SJL> g“\_WSS o
S"‘I Su :

Cauchy’s formula

— Input: stress tensor & Foont
unit normal vector of a i
plane (= fault)

FV"VV\. Fov&,q Eq"‘_'hb\/?um/
v Fx = §.lmqo%+ 811010%—"(',01.03:0
T\fgl\-égg_+81|%‘_x_

ral
+hickhess =8

— Output: Traction vector R = O,y =50, ), 84 2 cusq 42 - STo
AL Fa)
(stress vector) at the

plane (= faU|t) SFy = Sastsr + Siaoysr ~TzaLsr=o.
T'L - g\’z ' 4&&’ She 4L = glLU‘SG + gn. Smb

e

T = S wse +S2,5w8 = Suhx+ Saihy

4L
" — gl’- hq( ”\'8\27 nl/L
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T = (Tl ) =[Sy S )(n’t =[ Su S n’\\
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Fractured reservoirs and fluid flow i)

Calculation of normal and shear stressonafault . >

(ff
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1. Calculation of normal and by_chasiy  pncipal Strocee. aligned e

-~

xS Ay Ny, ol r'\§? o |

< /’

shear stress on a fault

— Input: Traction vector (stress
vector) and unit normal vector
of a plane (fault)

t

Ny

— Output: Normal and shear
stress on the surface (fault)

2. Coefficient of friction .

Cllowvn n 1o _*_l'\JZ

shaded surfate
= 2 N -
= 91K, +SN2 tS3h;

S5Sw = TN _=|[Sih\\
3. Pore pressure at the fault ~ rettavs, \S?n,z s
Sy
(SMW\ S hes

Calculation of Coulomb @) T = Trastion fonsontial T the shoded suhice
. . 3\1 'P\ﬁhoﬂumc 'r"\e rem |, T — T — Sn 5 .
Failure function (CFF) ,Jf nEesontt sint) ~Lonssontesint]
:"n F Nt hy = i & unit ne vmal ve ctuy™
o = CSimsamind 4 (s Mo 4 C5os )t
CFF =T — j[‘iﬂ-['l -i— '|(§\“S‘L)2h\zh + (G2~ S?) o ”7 f(gs" gl)tnizh'l

CFF=T — ”(Sn_Pp) Wi lfi/o\ 2\\\//2«& ,-GC;MSV\ Nla/)f; > Wi L’\,



. . QEDD
Fractured reservoirs and fluid flow 'ty
Critically stressed fault and conductive fault

« Examples

— Majorities of hydraulically conductive faults are critically stressed

Hydraulically conductive  Hydraulically non-conductive Orientation of wells that would intersect
codl aoronze | NON-YDRAULIGALLY CONQUCTIVE FRACTURES the greatest number of critically stresses
o gi n=202 =10 u=08 / faults
g > 0.33 o, .o: % H
3 % oo = e Cajon Pass
S o ' - Fractured Granite/granodiorate
00 02 04 06 08 1 - ~3.5km
(0n - Po)IS, '
9 o — - ~4 km from the San Andreas fault
sodn=tm pelo pe08 s R AR - Strike-slip ~ normal faulting
g G 02 .0 & 02 i« v
g 13 o 0.1
g 0.4 : R o
00707 02 03 04 05 06 07 08 0 01 02 0.3 04 05 06 07 08 LOI‘lg Va||ey:
(on - P&y {on - RSy - Fractured metamorphic rock
034 n-9 u=10 p=08 03] n=186 H=10 ,-06 : dri"ed_~ 2_km
12, AT~ o ; - Investigation of the structure/caldera
g g oy . € o %% - Strike-slip ~normal-slip stress regime
z
00701 02 03 04 05 06 07 90 01 o2 03 04 05 06 07
(O’n 3 PD)JSV (Gn & Pp)/fsv Sllmu\ . . .
Nevada Test Site (Yucca Mountain project)
Figure 11.2. Normalized Mohr diagrams of the three wells that illustrate that most hydraulically conductive - Tuffaceous rock
faults are critically stressed faults (left column) and faults that are not hydraulically conductive are not _ potential site for nuclear waste repository

critically stressed (center column) along with stereonets that show the orientations of the respective fracture
sets. The first row shows data from the Cajon Pass well (same Mohr diagrams as in Figure 11.1b), the second
from the Long Valley Exploration Well and the third from well G-1 at the Nevada Test Site. After Barton,

Zoback MD, 2007 Rés&rbir Geomechanics, Cambridge University Press

- Hole was drilled >1.7 km
- Normal faulting
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Fractured reservoirs and fluid flow
Critically stressed fault and conductive fault
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« Examples

— Majorities of hydraulically conductive faults are critically stressed

40 - T I I | | |
35;_ i =150 — A Cajon Pass (conductive)
L = 0.6 2
" 30 : - i “ /\  Cajon Pass (non-conductive)
%E o 3 " ,?;‘;“{? -:f‘ ;,m,f 5‘ %gm 12 % ” ‘ Long Valley (conductive)
‘é 20 - A2 Ay abadL iﬁ%&a éA&MA%A A a4 =
5 sk N, 2‘2" ] O Long Valley (non-conductive)
(73]
10 ;':-' ﬁgﬁ% - I Nevada Test Site (conductive)
°F 'as i g | | Nevada Test Site (non-conductive)
00 ‘10 20 50 40l o 150‘ = |6|01 - I710 g

Effective normal stress (MPa)

Figure 11.3. Shear and normal stresses on fractures identified with borehole i 1magmg in Cagon £y
(triangles), Long Valley (circles), and Nevada Test Site (squares) borehol i
hydraulically conductive fractures and faults, and open symbols re
From Townend and Zoback (2000) based on original data in

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Fractured reservoirs and fluid flow
Critically stressed fault and conductive fault
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* Direction of fluid flow (permeability anisotropy)

4

Map view Stereonet Mohr circle Cross-section Focal mechanism

O Direction of the largest permeability
O Direction of the 2" largest permeability

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Fractured reservoirs and fluid flow
Critically stressed fault and conductive fault
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» Relationship between critically stressed fault orientation and
In situ stress

CFF: Shear stress minus resistance. Pp/Sv: relative pore pressure required for shear slip
(-).no slip, (+) slip
a. b. = 10N
3000 0t T T 7"
Critically stressed
3100 3100 fA i1
Reverse
, Faulting
3200 3200 [
: DEPTH
VD = 3325.58
€ TVD = 3325.58 T : %
E A e sy E
£ 30 STRESS 3300 |- smEss3 !
a S, = 70.6113 : s, = 70.611
= b ~1s2.0000 | [ DI
Sy = 56.489 Sy = 182. Y
I SN S, = 42,5986 i Sy, = 84.7335 4 05 0 05 1 15
aa00 b M5 B P, = 33.2612 : | pp = 33.2612 CFF/S PorSe
iy i | | azisH = 10 i 3 pist = 10 = 0.6
8
e ! 6
3500 - 3500 |- ¢ 4
2
: : 3 0 5
1, H A ] 3600 3 : PR 0 5 1 18 2
0 5 100150 ©0 30 60 90 0 1 2 3 4 5 (05~ PYIS,
ol Do (G- PYS, Sie o 30 oDipso % o~ Fp) ’
Sy 8 Shmin P - Critically stressed fracture ® S3-norma
" . ottty A R Sy Sumax Shmin Pp e Not critically stressed frac

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Fractured reservoirs and fluid flow

Critically stressed fault and conductive fault
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* How to detect permeable faults or measure permeability

Table 11.1. Detection of permeable faults and fractures in wells

Technique

Basis

Depth of investigation

Benefits

Drawbacks

Packer tests

Thermal
anomalies

Electrical
images

Stoneley-wave
analysis

“Spinner”
flowmeter logs

Isolation of specific faults and
fractures using packers allows
the transmissivity (permeability
times thickness) to be measured
directly

Measures flow-induced thermal
anomalies

Quantifies electrical conductivity
of fractures with respect to host
rock

Permeable fractures attenuate
Stoneley waves

Measures variation of flow rate
with depth as the logging tool is
lowered, or raised, in the well

Fault permeability in region

surrounding the
wellbore.

Near wellbore

Near wellbore

Near wellbore

Formation surrounding the

wellbore

Determines absolute
permeability

Easy to acquire and process
data

Easy to acquire image data and
identify fractures

Straightforward to implement
and carry out waveform
analysis

Directly measures fluid flow

Very time consuming and costly to v

test numerous intervals

Difficult to use if temperature log
is noisy or if there are so many
closely spaced fractures and
faults that it is difficult to
interpret

Assumes fluid flow and electrical
properties are related at the
wellbore wall

Relatively insensitive. Stoneley
wave attenuation can be caused
by various factors

Requires high flow rates

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Fractured reservoirs and fluid flow Sl
Detection of permeable fault - Temperature Logging..... ... .ven

X
=
R

 Measure bore fluid not surrounding rock.
* |t takes time to re-equilbrate with recently drilled hole
 The amount of time ~ magnitude of disturbance. ~ 10-20 times of drilling time required.

» Temperature anomaly

— Can be used to detect natural fractures and hydraulic fractures

-----

-----

Depth, meters

r T T T !
70 100 150 200 260 1 1
eeeeeeeeeee o Temperature, °C

Change in borehole temperature with time Temperature anomaly by hydraulic fracturing

Rider M and Kennedy M, 2011, The geological interpretation of well logs, 3" ed., Rider French



Fractured reservoirs and fluid flow )

u u ﬁ-&x&g
Detection of permeable fault - Spinner log
o Spinner

— An impeller used to measure fluid velocity

— Frequency proportional to the relative
velocity between the tool and fluid

i -
http:/lwww.geothermal.ug.edu.au/06-October-2010
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Rider M and Kennedy M, 2011, The geological interpretation of well logs, 3" ed., Rider French
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Critically stressed faults
Case StUdieS SEOUL NATIONAL UNIVERSITY

Example (Monterey formation,
California)

Under the same in situ stress condition,
orientations of fractures are different and
direction of major fluid flow varies

Critically stressed fault: Critically stressed fault: Critically stressed fault:
Reverse fault Strike-slip Strike-slip
JOINT
)
— \ s
SHEARED JOINT i
EZ
S [}
8E
; 53
o
-1 -05 0 B tS 2 -0.5 05 1 15 2 - 05 0 05 1 15088 S o= 5 £
CFFISy Pp/s CFF/Sy Po/Sy CFF/S Py/Sy W = b
- a @
8 8} -l 84 ¢ S B
8 P 6 - 8} - ONSET OF DAMAGE £
“f 4 P (5 4 At 7
2k 2 2|
0 ) 0
0 5 1 15 1 15 0 &
(0n - Fp)fS, (- P 0, - D)/s
BRECCIATION IN SHEAR ZONE

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Critically stressed faults
Case Studies

SEOUL NATIONAL UNIVERSITY

 Example (Monterey formation, California)

— Permeability may not increase even at critically stressed fault

Controlling factor of fault

permeability increase

- Degree of alteration and
cementation of brecciated
rock (fault sealing
Diagenetic history
Current effective normal
stress
Precipitation in the fault

Diagenically immature shale
(%d0] 2 MY)-> slip may
not contribute to permeability
increase

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University

All Planes

Siliceous
Shale Mbr,

—

Monterey Fm.

INNARE
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Permeability ~0.1 md

e

Permeability
~100~1,000 md




Critically stressed faults iy
Case Studies -

SEOUL NATIONAL UNIVERSITY
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« Example: Sellafield project, UK
— Strike-slip faulting regime

— The orientation of permeable faults is exactly by hypothesis of
‘critically stress fault'.

Fractures from
All fractures transmissive zone only
‘: & L FRACTURES FROM SIT = N':S’mgg’ffg OF A’fEQSMONLY
| Ot \ 11

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Critically stressed faults gj@ﬁﬁ
Case Studies

SEOUL NATIONAL UNIVERSITY

 Example: Dixie Valley (Geothermal)

— Competition:

competition
sealing due to precipitation in the fault ~ «<—  Creation of permeability due to dilation and brecciation

bt Borehole televiewer image Temperature gradient
amilitude —
°Ckm
60 —40 20 0 20 40 60
Hydraulically conductive faults DIXIE VALLEY GEOTHERMAL RESERVOIR | ' > 2 4 T L 1901
WELL 73B-7
n=90 p=10 ﬁ e
Large-scale flow anomalies
.sz.r_’..b . g 1902
’ . LA ® Stillwater fault
B Fe . 2\
/- Non-hydraulically conductive faults - 1903
/ \ 4 37 n=25 . u=08
7 A SRS ‘ Bl ey
0 A 2 3 4 5 6 7 AT N8 [ 1904
o~ 2f I N £ 2 qg\
(on- IS, 3 AR P T
= /s Ne | oo
il e N L 1905
0~ L ’l { ‘ '
0 1 2 3 4 5 6 7 | 1906
(04— PVS,

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Identification of critically stressed faults and )
breakout rotations

SEOUL NATIONAL UNIVERSITY

* Fluctuations of stress orientation around the active faults due
to fault S||p Breakout orientation fluctuations

Breakout orientation (N°E)

0 90 180 270 0 90 180 270
3000 T 5000 1
Results i
. e
Predicted vs. Measured stress (KLX04) A
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Min KB, Effect of Deformation Zones on the State of In Situ Stress at a Candidate Site of Geological Repository of Nuclear Waste in Sweden, Tunnel &

Underground Space: Journal of Korean Society for Rock Mechanics, 2008;18(2):134-148
Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Intentionally induced microseismicity to %@%ﬁg
enhance permeability —

SEOUL NATIONAL UNIVERSITY

» Critically stressed fault can be used for hydraulic stimulation

« Example at Yufutsu gas field (Japan)
— Injection: 5,000m3 for 7 days

— Seismicity parallel to Syyax

Figure 11.12. Perspective view of four wells in the Yufutsu gas field, some of the larger faults in the
reservoir and the cloud of microseismicity induced by injection of 5000 m* of water over 7 days
(after Tezuka 2006). The cloud of seismicity is elongated along the direction of the vertical plane of
a hydrofrac at the azimuth of Sgmax.

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Fault seal/blown trap
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SEOUL NATIONAL UNIVERSITY

* Critically stressed faults cut through reservoir

— Evidence of potentially large hydrocarbons in the past but not present today: blown trap

problem

- A-CENTRAL FAULT

-

HIGH REFLECTIVITY
DUE TO GAS IN THE
BRENT RESERVOIR

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press
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Dynamic constraints on hydrocarbon migration )

SEOUL NATIONAL UNIVERSITY

 (Geomechanical analysis such as shear slip potential can give
Insight into the hydrocarbon migration mechanisms

Structural controls Dynamic controls

CAPILLARY ENTRY PRESSURE
“One drop in, one drop out”

FILL TO SPILL

Column accumulates
until a structural
point is reached

o HYDRAULIC FRACTURE LIMIT 4

In normal faulting regime:
Buoyancy pressure = Shmin

FAULT LEAK POINT
Sand on sand

juxtaposition
DYNAMIC FAULT SLIP
Buoyancy pressure = critical pore pressure
Results in slip on optimally

N ' oriented faults

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



