Topics in Energy and Environmental Geomechanics -
Enhanced Geothermal Systems (EGS)
Lecture 2. Fundamentals of Geomechanics (2)
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Introduction
Contents of the course

— Week 1 (2 Sept):Introduction to the course/Climate change &
Emerging Subsurface Eng Application

— Week 2 (9 Sept): Fundamentals of Geomechanics
— Week 3 (16 Sept):Borehole Stability

— Week 4 (23 Sept): Borehole Stability

— Week 5 (30 Sept): No lecture (business trip)

— Week 7 (14 Oct): Hydraulic Stimulation
— Week 8 (21 Oct): Induced seismicity

(
(
(
— Week 6 (7 Oct) : Hydraulic Stimulation (focus on Hydraulic fracturing)
(
(
— Week 9 (28 Oct): Induced seismicity



Introduction
Contents of the course

— Week 10 (4 Nov): Drilling Engineering (invited lecture)
— Week 11 (11 Nov): Well logging (invited lecture)

— Week 12 (18 Nov): EGS Case studies

— Week 13 (25 Nov): EGS Case studies

— Week 14 (2 Dec): Student Conference

(

— Week 15 (9 Dec): Final Exam (closed book or take-home exam)



Borehole stability problem

* Importance?
— Economy, Safety, Environment

— Optimal trajectory and mud weight determination

» Factors
— In situ stress
— Injection pressure or mud weight
— Reservoir rock mechanics properties
— Anisotropy

— Thermal effect



Borehole stability problem
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Definitions — cylindrical coordinate

Dusseault, 2012

Onmax | Far-field

stress
Ghmin:

/1 Radial g}
Po o,  stress

X

=Y

00
0/0
Ju

Tangential
stress =z

2
=S

> [

e, "
S o
B, e
A
“Borehole stress
e
R




Nature of Underground Geomechanics

Civil structural problems: Underground Geomechanics problems:

Mechanics of “Addition” Mechanlcs of “Removal”

Lo Side view
Monitoring points
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btart of
frilling/excavation
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Borehole stability problem
Kirsch solution (1)

— Stress distribution around circular borehole (Kirsch, 1898)

— Homogeneous, isotropic rock under plane strain condition
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Borehole stability problem
Kirsch solution (2)

+ Stress redistribution(S = X = H)

Illlllllllll

| elastic rocks have rnigidity (stiffness)

y y By By 5
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/)

-;'55 \ZThese guys may “yield”

If they are overstressed

Dusseault, 2012



Borehole stability problem
Kirsch solution (3)
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Borehole stability problem

Kirsch solution (4)
Far-field
stresses | stress or pressure o, p
G}maxl
TR 7
Y minI o 0 ,
[ T G’max
T e S O pyin ===
radius —

Vertical borehole

Dusseault, 2012



Borehole stability problem
Kirsch solution (5)

* In the borehole surface (R=r)
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Borehole stability problem
Kirsch solution (6)
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Borehole stability problem
Kirsch solution (7)

* The area of stress disturbance is within 2~3 times of borehole
radius
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Borehole stability problem

Internal pressure (1)

* Increase of internal mud/hydraulic pressure
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Borehole stability problem
Internal pressure (2)

MC failure line

yield il
Mohr's circle
of stresses
T =C+0, tang’
o no yield
—— —] >
o' 0’ ¢’, hormal stress

Increasing MW (with good cake) reduces the stresses on the wall

Dusseault, 2012




Borehole stability problem
Example (1)

* Anisotropic Boundary Stress
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Borehole stability problem

Example (2)

* |sotropic Boundary Stress

Stress (MPa)
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Borehole stability problem

Example (3)
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* |sotropic boundary stress + Injection pressure (0.5)

Stress (MPa)
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Borehole stability problem

Example (4)
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* |sotropic boundary stress + Injection pressure (0.8)

Stress (MPa)
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Borehole stability problem

Example (5)

SEOUL NATIONAL UNIVERSITY

e [sotropic boundary stress + Injection pressure (2

-4)

Hydraulic Fracturing can
occur when internal
pressure is big enough

Stress (MPa)

tangenﬁal stress Ge
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Borehole stability problem
Bore hOIe TrajGCtory SEOUL NATJ UNIVERSITY

* Drilling trajectory (=l & Al = #H &
£ 4d)

— Determine the trajectory that can
induce the least stress concentration s,

min

Dusseault, 2012



Borehole stability problem Ty
Thermal stress(SEH& Y S SH) o o s

* Linear thermal expansion coefficient (unit: /K)

AI—Iza(T -T,)

» Thermal stress< thermal expansion + mechanical restraint

— Thermal stress in 1D

— Thermal stresg wh;@ 3 relclj Is completely (in all directions)
restrained

o; =3aK(T-T,)=

T-T
1—2va( 0)



Borehole stability problem
o Oy X} O

Thermal stress(

=2 O O

%28# )
S M
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* Downhole : Cooling > stabilize

* Uphole: Heating = can induce failure

Dusseault, 2012

geothermal
temperature

mud
temperature

depth

cooling
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Stress around circular borehole
Generalized Kirsch’s solution

. Boundary stress + internal pressure + temperature;
- Z Al (Principal in situ stress boundary)
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Stress around circular borehole
Generalized Kirsch’s solution

— At the borehole wall (r = R), maximum and minimum hoop stresses
are;

~ “H max W

= a (T, —T,)

® 0y min ZSShmin S - R, +
’ l-v

® Opmax = 38hmax o Shmin o I:)W + - a(TW _TO)

— Without considering temperature change, l Stmin
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Stress around circular borehole
borehole breakout vs. hydraulic fracturing

SEOUL NATIONAL UNIVERSITY

J/ Shmin

Borehole
breako

Tensile stress/

hydraulic fracturing
S H max

—>

Tensile stress/
hydraulic fracturing

— Required internal pressure to

induce tensile stress (neglect T
effect);

° P, >35S, —S

H max

— .... Toinduce hydraulic
fracturing

—— P, >35S, i, —S +T,

H max

— Required uniaxial compressive
strength not to have borehole
breakout

o O¢ > 3Shmax - Shrnin - PW



Borehole breakout
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Figure 6.15. After the formation of wellbore breakouts, they are expected to increase in depth, but
not width. This is as shown theoretically in (a) after Zoback, Moos er al. (1985) and confirmed by
laboratory studies (Haimson and Herrick 1989). It can be seen photographically that breakouts in
laboratory experiments deepen but do not widen after formation. A shown in (b}, measured
breakout widths compare very well with those predicied by the simple thoery presented in Zoback,
Moos er al. (1985) which form the basic for the breakout shapes illustreated in Figures 6.2 and 6.3,
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— wellbore enlargements caused
by stress-induced failure of a
well occurring 180 degree apart

— Induced by compressive failure

— QOccur in the direction of
minimum horizontal stress

.

Zoback, 2007



Borehole stability problem
Anisotropy

» Some formulae considering anisotropy (internal pressure,
uniaxial stress)

Lekhnitskii, 1963



Borehole stability problem
Anisotropy
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Borehole stability problem
An iSOtro py SEOUL NAINAUNIVERSITY
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Borehole stability problem
An iSOtro py SEOUL NAINAUNIVERSITY
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Borehole stability problem
Anisotropy — North Sea Example (1)

Oseberq in North Sea (Norway)

« Extended Reach Drilling (ERD) has
been employed for increasing oil
recovery.

» Total Depth = 9,327 m

» Since 1979, total depth for wells has
increased steadily.

T:ﬂndheirn
Norge
Oseberg
= 'Bergm-ﬂslu
sStavanger
Storbritannia
Danmark

Okland & Cook, SPE, 1998



Borehole stability problem o
Anisotropy — North Sea Example (2)

a) Draupne-similar Shale b) J, (Outcrop shale)

0.15 : . External Pressure Loaded and unloaded
AR tngng | | /= 18.6 MPa at approximately 20 MPa
g o1y S>—f<
:
§ D05 f
g o} swessemeesre=_ External Pressure
| = 32.2 MPa Undamaged
-0.05 : = =1
o 5 10

External pres\yre/MPa

Severely Damaged!!

Okland & Cook, SPE, 1998



Borehole stability problem

Work Flow chart

SEOUL NATIONAL UNIVERSITY

Borehole Stability Analysis

Rock mechanical properties

-Strength parameters
- Elastic moduli

Earth stresses

-Vertical and horizontal stresses
- Paore pressure

Well trajectory

-Inclination
-Azimuth

Other rock properties

- Plasticity

- Permeability

-lonic diffusivity
-Membrane efficiency
-lonic exchange capacity
- Thermal diffusivity

- Anisotropy

Borehole stresses
- Boundary conditions

- Poro-/Thermo-/Chemo-
Elastoplasticity

Other well parameters

-Mud type (OBM/WBM)
-Temperature

|

Borehole failure criterion

- Tensile failure
-Shear failure

- Pore pressure balance

Minimum permitted mud density
-Hole collapse by shear / radial tensile failure

Maximum permitted mud density

-Fracture closure pressure(p‘ H)
-Fracture initiation and propagation

Fjaer et al., 2008, Petroleum related rock mechanics, 2" ed., Elsevier




Reservoir subsidence (M &
Mechanism

Ol
L]
ol

SEOUL NATIONAL UNIVERSITY

» Subsidence induced by the decrease of reservoir formation
pressure

+ P | = effective stress T = compression

T
---------
.....

Subsidence

| Compaction

Fjaer et al., 2008, Petroleum related rock mechanics, 2" ed., Elsevier



Reservoir subsidence (Xl & 2! 6}
MeChan ism SEOUL NAINAUNIVERSITY

 More serious when;
— Bigger reservoir formation pressure decrease
— Thick reservoir
— Compressible reservoir

— E.g.) Wilmington field in California: 9 m subsidence (Fjaer, 2008)



Reservoir subsidence (Xl §& 2! 6t)
Poroelastic stress change ot ot s

» Change of horizontal stress due to pore pressure change

S
v e Eol<H|(Poisson's ratio)
k:-&3d 2 A (stress path factor, SPF)



Reservoir subsidence (Xl & 2! 6}
Uniaxial compaction mod
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D

 Compaction coefficient or unaxial compressibility, Cm;

Ah p__l (1+V)(1_2V)aA

l—v

ANEANEAN
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Reservoir sub3|dence (NS &ol)

»Annually, 5 mm (above
Injection holes)

A »Heaving and Subsidence

Rutquist et al., 2009, IJGG



Prediction of Reservoir Heaving

1 year
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Reservoir subsidence (X & & ol
Example(3): Heaving in C

—reservoir

1 B - ...
500 B After 10 years
_ R ] T L N
E -1000 T |}
After = i
1 years % "g | After 6 years
(a] 15 g (5] e oy (AT R, S
& i
~2099060 a |
00 5 oulboid S After3years \ O\
- © i
E -1000 9 i
After ¢ o
6 years §'_1500 = o2kl LS After 1.years. NN\ :
'Zzgg
) oo 5000 — 0 5000 10000
P Distance from injection point (m)
£-1000
After 5 Vertical displacement profile
10 years & 1500
= - CO; Injection point
TSN NN TR TR |SNNNT NS TN TN N |MNNT SY SN TN TN SO TN TRNNY TN T |
“2%%9000 -1000 0 1000 2o00| = After 10 years
Distance from injection point (m) _ the pore pressure . about 12 MPa
Pressure change with time - the vertical displacement : 0.87 m

near the injection point (Units: MPa)

Lee, Min, Rutqvist (2012), RMRE



: : S 2
Example of Reservoir Geomechanics Application B

Natural Gas storage in depleted Reservoir. ...

« Natural Gas need to be stored due to unbalanced
consumption during summer and winter.

Reservoir Heaving (*) & Subsidence (#)

e il

—
ol e =

Injection(¥) l '[Re-production(#)

Shear slip of fracture in caprock(*, #) Tensile failure of caprock (*)

Caprock // <\|=>

Borehole instability due to AT, AP (*, #) <]

Reservoir »lle--
-->lle

™"~ sand production due to cyclic loading (* #)

Min, 2013, Geomechanics study for Underground Gas storage of depleted reservoir



Summary
Contents — Applications
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* Fundamentals of Geomechanics
— Stress
— Strain
— Stress-strain relationship
— Uniaxial, tensile & triaxial strength

— In situ rock stress

« Stress around a cavities

— Circular hole
[ Anisotropic case

{Elastic-plastic rock

— Penny-shaped cracks



Things to remember

o Stress (Equilibrium, Principal stress, Transformation)
* Hooke’'s Law (compare with Darcy’s Law)

« Stress concentration around circular hole
(3 &-1)

* Concept of Effective Stress



