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Take-Home Messages

* Integrated stress assessments from various
methods, it will be able to determine the
stress state in multiple spatial scales and
stress gradient.

* Mechanical relationship between in-situ stress
and fracture should be able to apply for
various topics of solid earth sciences.




Outline

Importance of Stress State for fracture
Stress Determination

Case Study

— CCS

— TCDP

— Waste Disposal

— Geothermal Wells

Summary



Importance of Stress State




Enhanced Geothermal System

EGS Development Sequence

= Steps 4-5:

Step 1: Locate Site Operate System
. Characterize and  Complete & Ve rify
: S'his“' Circulation Loop
© Drilland Log . Install Operating
. Exploratory Well Equipment

© Steps23:

Create Reservoir

: Drill Injection Well
Stimulate/Create
; Reservoir

{ Drill

. Production Well

Waste Disposal

DEEP DISPOSAL OF RADIOACTIVE WASTE - THE FINNISH MODEL
Disposal canister

!

Waste processing plant
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500m & filled
with inert

gas

Radio-
active
waste

Iron
inner
shell

Waste storage tunnels

Hole drilled in tunnel Canister transferred Canister sunk and
hole sealed with clay

Canisters stored
vertically/horizontally and lined with clay from transporter
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| |
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Geoengineering Subduction Zone

Microseismic events induced by stimulation activities
in an engineered geothermal reservoir

B .
{

[ . magnitude -1,13-1.75




Strain & Stress Determination
GPS velocity field (GPS) -

D
Focal mechanism (FM) ks
Fault slip inversion (FS) | g

Bore-based methods

— Breakout (BO), Drilling-Induced Tensile Fracture
(DIFT), Hydraulic Fracturing (HF),.....

Core-based methods

— Anelastic Strain Recovery (ASR), Acoustic Emission
(AE), Deformation Core Diameter Analysis (DCDA),
Core Observation (CO),....



F

-
-

-
-
-
-
-
-

-
-

e
-
-
-
-
.
-
i
-
.
-
.
.
.
.
.
.

.
.
-
.

"
-
.
.
.
.
.

-
-
-
-
-
-
-
.

-
-

T

{ :

-
-

-
-

e
-
-
e
s
e
-
-
.
.
i

-
-
-

-
-

o
-
-
-
-
.

.
-
-
e
s
-
.
.
-
-
-
-
.
-
-

-
-
-

’
f
o
.
.

.
|
.
St
.
-
.
-
.
.
-

-
.

=
K
o
e
.
*****
-
-
s
.
Siiein
S
S

=

-
-

.
-
e

s
:

S -
. s
L

i e

2
-
-

-
-

-

.

o
-

-

o

>
7
.

5

]
122

(Wu et al., 2008)

e ]

-
e
-
e

.
:
.
=
=
.
=
-
=
-
o
.

o
-

]
o
\
-

-
-
-
-
-

-
-

= '

r
S
s
-
-
-
i

.
-
-
-
-
i
=

.
*:
=
)

|

-
.
-
-
|
-

-
-
-

-
-
-
-
-
3
A
-

-
”

”
.

-

™
B,
(B -

n T

-
-
-
-
-

.
4
.
-
i
-

-

-

. &
i
-

.
e
i
-
=
-
-
e
-
-
-
.

-
i

B

£
fa
.
-
.
.
ko

N

-
L

.

i

N
2
.

:

.
N 7

|
oy
i,
WAL,

|

433:1;..:?4343’:]1‘\‘;11 iiiﬁga
I e, . - 'm -
gt et Ty - W o .

N N e s B
- =R g . . e\ e A

. Yhig = B e
s ‘e, = = o 3

F . M

.

e,
s

5
e
-
-
=
-
=
*:*

1
121

T
L7 &
&

o
o
.
e
v

—

-

s

N

.

-

.
-
-

-
-
-
o
-
-
-
o

g

.

"
-

-

g
-
.
;.

.
-
A
.
p
.

-

E

NG
N F
e N R

E
.

;o
b
e
L
,
P

ey

-
-

-

Strike-Slip Fauling

e
-
-
-
-
-
-
.
-

!

-
-
-
e

—
-
-
-
-
-
.

-
-
-
-

-
-
-
-
-
-

-

-
-

.

&
iy
-

fo
L

““““ X 1/

-
L
|

i

. 7
R Ay e

.0,
A0,
® G,
1

120

25}
24}
23}
22f

121°

extension

—0,00 1([3/'3|— 1)—» Sre—2400 1+(|'3/3|— ) —»

-
c
o
=
~—
3
o
“
c
Z
-

100% shortening

100% extension

~ Active fault
a» GPS station

1

(Chang et al., 2003)




Geomechanical model
Stress observation from borehole failure

Borehole Structures & Stress Stress Concentration
(Vertical Borehole) At Borehole Wall
?reakom Width: Compressive failure
A of borehole wall
qI \\\\\\\
I s S st C,
. L9
Sy Sy 5 5_
- ’\ w== g é o,, (borehole wall)
5 9]
o
= o e
o Tensile failure
Shamin T 2 of borehole wall
Ggg(MPa) ) < "
0 0 100 15 = 1 |
‘ -90 0 90

Angle relative to S, . direction

From N.C. Davatzes



Borehole Image
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Stress Polygon

SHMAX

Coulomb Frictional

Tensile

L

e 4

{

I ™ No Tensile
fractures

Coulomb Frictional
Failure for RF

Specific depth

Normal Faulting

2 SV_P}};PS(J1+M2-I—#)2

03 Shmin o

Reverse Faulting

01 SHmin — PP

— = < (V1+u2+p)?
Strike-Slip Faulting

ﬁ_SHmax_PP / ) 2
GB_Shmin_PP S( b +‘u)

To = 3Shmin — SHmax — ZPp — AP

Co = (1 —2c0s20B)Symax
+ (1 + 2c05201)Spmin — 2P,
20b = 1T — Wb,

Shmin

Zoback(2007)

Co: uniaxial compressive strength
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Safety Release
Joint

Dual Packer

Check Valve

Hydraulic Fracturing (HF)
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Pressure
FBP

) FPP
LOP

ISIP
FCP

LT = Limit Test

LOP = Leak-off Test

FIT = Formation Integrity Test

FBP = Formation Break-down Pressure
FPP = Fracture Propagation Pressure

LT
(FIT)

ISIP = Instantaneous Shut-in Pressure

FCP = Fracture Closure Pressure

— Flow rate
1

1
»-
Volume (or Time if constant flow rate)

Fig. 4. Schematic illustration of an extended LOT (after Gaarenst-
room et al. [22]). The various terms associated with such a test are
explained in the text.

Zoback et al.,(2003)
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(a) Plot of d#/dP versus P obtained from the pres-
sure decay curve after shut-in and (b) P-V, curve at the sec-
ond pressurization cycle in the HF test at 878.7 mbsf.

Ito et al.,(2013)



Stress Release




Anelastic Strain Recovery (ASR)
(a)
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Deformation Core Diameter

(transmitter) (receptor)
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Acoustic Emission

Failure stress
IV Crack coalescence /T ()

Il /'New cracking

Yield stress |
[
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Principal Stress

a 2 b
Tﬁz—ﬁss
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Fig. 2.4 Visualization of stress components in 3D on a cube a before and b after solving the eigen-
value problem of the stress matrix; engineering mechanics notation (tension positive convention)



Anderson’s theory of faulting

60“ ¢
%6 T 20 ¢ =900 |\ /
° ~ 0
LAY, $~30

ol 02

W
3 03

Normal Faulting Strike-Slip Faulting Reverse Faulting

NF SS RF
(Anderson 1951)




Slip & Dilation Tendency

g,
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o,

g,
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Ts=—2>u
O-n
T _O-l_an
L=
0; — 03

(Morris et al., 1996; Ferrill et al., 1999)

>

shear stress, ©

Conductive Fracture
NTs =Ts/Tsma

vyNon-conductive

Fracture

_Well
" Oriented

(Collettini and Trippetta, 2007)



Stress Assessment from Boreholes

* CCS:~3000m, ASR, BO, HF

* TCDP:~1300m, ASR, BO,
FM

* Waste:~¥600m, ASR, FS, FM

e Geotherm:600-800m, ASR,
FS, FM, Vein

e Geotherm: 0-2200, ASR,
HF, FM, DIFTs

e M, Miocene and younger Fms.
MI, Miocene Lushan Fm.
- Mt, Miocene Tuluanshan Fm.
- EO, Eo-Oligocene slates
- Ep, Eocene Pilushan Fm.
|| pTt, pre-Tertiary Taluko belt
| pTy, pre-Tertiary Yuli belt
- Pi, Pleistocene igneous rock
- Mafic igneous rocks
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Stress_Depth HF

Stress (MPa) == Pressure
0 1020 30 40 50 60 70 80 60 - - 600
ASR — Flow
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(Lee 2015) Pressure(Mpa) (Cheng et al., 2016)
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Taiwan Chelungpu-fault ="t .
Drilling Project (TCDP) "I ¥
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Breakout
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depth, m

Depth(m)
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H 6‘ T
800 \\ J
800 :
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1200 / \'
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(Yabe et al., 2008)
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Inter-seismic
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Waste Disposal, Metagranite, Hoping

ASR
~ NF o sv

B SH
A Sh

120 \ ' ' o
) 5 10 ——4BE(SsV) 20

150 GIME(SH)
180
00 —— 4 ME(Sh)
\“A
300
R\ y = -35.403x
400 A< RZ=0.9902
A‘-\
500 A
\:\
con y = -48.008x - 110.26
R?=0.8701 vy =-40.008x - 109.59

(Li, 2015)

s NF — AE

L B BN BB BN BN BN N BN BN BN IR BN BN B BN BN BN BN N B BN BN B BN B N N

axial stress, MPa
= =}
1 L

=

@ Vertical stress-506  [] AE+DRA-506 -@ average-506
® ® Vertical stress-532 [ | AE+DRA-532 @ average-532

<>

=

1 v I = L ]
40 80 120 160
azimuth, deg

(Pan et al., 2013)

Sv: 26MPa/km
SHmax: 22MPa/km
Shmin: 19MPa/km

w7




ASR 330 °

NF | P

300 . 60

27o~'- : ' e 90

240 | 120
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Variance: 0.19
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(Huang et al., 2012)



Open-Filling Fra
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Core Observation

vein, calcite, open



depth: 600 -- 800

n = 462

strike

Nofilling

NoFilling vs Open Filling

10

depth: 600 -- 800
n =47

Open Filling




Hydraulic Fracturing

o intact rock u

Indarama fractures (fractures
with tensile strength >0, but less
than the intact rock mass)

fractured rock mass
with no tensile strength

, orientations of fractures with
partial strength that fail by shear

N orientations of fractures with
NN partial strength that fail by dilation

. Pf>o,

Pf = aT, + o3 (McKeangey et al., 2004)



Stress-Vein Integration
Stereonet Mohr

G,

T A P
Kint 0, — 03
Kmax l GH q) = K = O‘ O'
» —_—
g %} d'3 5 Gl max 1 3
|
Bingham concentration

P,  parameter
ﬁ (ke = K =0)

(Jolly & Sanderson, 1997; Yamaiji et al., 2010)




Shear

Hoek-Brown Criteri

Creep Law

on(MPa)



SanHsin Geotherm, llan
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Stress Magnitude
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e SHmax orientation

e Mean Vector = 006.3" £05.9";
Average Length = 0.8948

e Circular Variance = 0.1052;
 kappa =4.8587
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Open-Filling Fracture

* Open-Filling Fracture
\N24.2W/78.2NE




50 40 30 20 10 10 20 30 40 50




Future Works

* Critical pressure perturbation
* Fault reactivation analysis
e Stress magnitude from focal mechanism



Critical Pressure Perturbation
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Fault Reactivation Analysis
Seismic Hazard

S REHE

R

(B52 S ERORHRE 0, 2015)



Depth (m)

Stress Magnitude from Focal Mechanism
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Take-Home Messages

* Integrated stress assessments from various
methods, it will be able to determine the
stress state in multiple spatial-scales and
stress gradient.

* Relationship between in-situ stress and
fracture should be able to apply for various
topics of solid earth sciences.
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