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Outline

* Establishing a common ground: Principles and Definitions
* Geomechanical risks at GCS sites

* Geomechanical characterization

* UIC Class VI requirements

* Using SOSAT to assess geomechanical risks

 Example Application: FutureGen 2.0 Site
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Establishing a common ground: Principles and Definitions (1)

State of Stress

e What is the ¢“State of Stress”?

* Compressive stress exists everywhere at depth in the earth

* The state of stress is the estimation of both the magnitude and the orientation of those

stresses

* Need to be determined to perform safe subsurface operations
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Vaariation of relative stress

magnitude with depth for the
three Andersonian stress regimes
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Establishing a common ground: Principles and Definitions (2)

Changes in stresses associated to CO, injection

* Pore pressure and stress: * Poroelasticity: pore pressure/stress

* Rock strength is controlled by coupling
effective stress (S 4 = S- Pp) * Stresses are a function of elastic properties
(Terzagh) e Stresses evolve with pore pressure (“stress path”):
* Fluid injection decreases the AS),
effective stress in the reservoir I'= 5
p
Reactivation of pre-existing fault
palw
g ﬁ With pore
§ & ~ <~ = pressure/ stress
2 E - mupling
II \1
5,-P . 5,-P S,-P S.-P
P Effective Normal Stress P P Effective Normal Stress ' ° 4
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Geomechanical risks associated with CO, injection

* CO, injection operations and associated pressure build-
up in the reservoir alters the state of stress

* These changes from the initial reservoir conditions
may:
* affect existing fault stability
* lead to creation of new fractures (hydraulic fractures) “—

* Geomechanics-related risks include:
* Induced seismicity (property damage, public acceptance)
* Contamination of drinking water with brine or CO,

* Critical to build a geomechanical model to avoid
these risks!
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Geomechanical characterization

* Optimal characterization data needed to build a geomechanical model

Acquisition method
Vertical Stress (S,) Density logs

Minimum horizontal stress (S,,.,;,) Geomechanical tests (e.g.,minifrac, extended
Maximum horizontal stress (S;,,,., Geomechanical tests, wellbore failure
_ modeling, dipole sonic logs
Orientation of wellbore failure, dipole sonic
logs

Pore pressure (P,) Pressure monitoring, wireline formation tester

Elastic properties Core measurements, logs

Faults, fractures Seismic surveys (2D, 3D, crosswell, and/or
microseismic), wellbore imaging (FMI logs)
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Meeting the UIC class VI requirements

* Geomechanical risks: a key element of the UIC Class VI regulation

§146.84 Area of review and corrective
§146.82 Required Class VI permit action.

information. (a) The area of review is the region

surrounding the geologic sequestration
project where USDWs may be
endangered by the injection activity.

o A -
(iv) Geomechanical information on
fractures, stress, ductility, rock strength,

and in situ fluid pressures within the S . .
.. The area of review is delineated using
confining zone(s);

Inf " i ‘amic histor computational modeling that accounts
(v) Information on the seismic history for the physical and chemical properties

ln(‘:luc‘hng the presence and d?pth of of all phases of the injected carbon
Se1simic 50':11"(3?5.311(1 a deterlnlpatlon dioxide stream and is based on available
that the seismicity would not interfere site characterization, monitoring, and
with containment; and operational data. §146.88 Injection well operating
§146.83 Minimum criteria for siting. requirements.
~ (1) An injection zone(s) of sufticient (a) EXCEPt during stimulation, the
areal extent, thickness, porosity, and owner or operator must ensure that
permeability to receive the total injection pressure does not exceed 90
anticipated volume of the carbon percent of the fracture pressure of the
dioxide stream; e ——
(2) Confining zone(s) free of }n!ect%on zone(s) 50 a's.tcn ensure that the
transmissive faults or fractures and of injection does not initiate new fractures
sufficient areal extent and integrity to or propagate existing fractures in the
contain the 11?]ected carbon C%lOXIde‘ injection zone(s). In no case may
stream and displaced formation fluids niecti e initiate fractures i
and allow injection at proposed injection pressure initiate fractures in
maximum pressures and volumes the confining ZO]]E[S] or cause th?
without initiating or propagating movement of injection or formation
fractures in the confining zone(s). fluids that endangers a USDW. Pursuant
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SOSAT: A tool to evaluate the geomechanical risks

¢ Pur p O0OSC O f S O SAT: [ i | State-of-Stress Assessment Tool E@ﬂj

State-of-Stress A t Tool - Main P
* To help operators and regulators evaluate the e
geomechanical risks at a given depth by |

taking into account uncertainties in the field
properties

Enter Parameters

i | SR
Generate ‘ Wf*f,_-;-;’ﬁh i

| A set of Python modules have been developed to assist in performing a
|| geomechanical risk assessment for a carbon storage reservoir. The primary
geomechanical risk considered here is the risk of induced seismicity.

P

Version: 2018.08-1.0
Main Contact: Jeffrey Burghardt

l — L] Email: jeffrey.burghardt@pnnl.gov
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What is SOSAT?

Calculated stress probability distribution

— — 1.00x 107" <
140 - 2
* SOSAT provides an integrated framework to: 1201 1 B
a 100} 41 H6.00x107° &
* Estimate the probability distribution of the state of 2 gl Il io0x 10 S
stress at a given point 60 1H200x105 2
. eq e . . . . 40 B n 2
 HEstimate the probability of activating a critically- LA l0.00x10" 2
oriented fault over a range of pore pressure increase DR
. . . ay, (MPa)
* account for uncertainties in parameters \ Fault activation probability
0 8 T T ! 1 !
* Based on assumption that a critically oriented 207
e .
fault exists (very conservative approach) £ o5
S 04
5 0.3
S 0.2
01 | | | | |

25 30 35 40 45 50
Pore Pressure (MPa) 9
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When to use SOSAT?

* From site screening to end of
injection operations

* To evaluate what type of data are
critical to reduce uncertainty in
geomechanical risk

* To make informed decisions about
operational parameters (i.e.,
maximum injection pressure allowed)

& U.S. DEPARTMENT OF

@) ENERGY

’

Site-screening

h

‘ Site

Facility Name:

Facility Contacts:

FutureGen 2.0 Morgan County CO; Storage Site
IL-137-6A-0001 (Well #1)

Kenneth Humphreys, Chief Executive Officer.

ATTACHMENT A: SUMMARY OF REQUIREMENTS

CLASS VI OPERATING AND REPORTING CONDITIONS

FutureGen Industrial Alliance. Inc., Morgan County Office.
73 Central Park Plaza East. Jacksonville, IL 62650, 217-243-8215

Location of Injection Well: Morgan County. IL; 26—-16N-9W: 30 80111°N and 90.07491°W

Characterization
Injection Well Operating Conditions:
', PARAMETER/CONDITION LIMITATION or PERMITTED UNIT
VALUE
Maximum Injection Pressure
‘ Surface 1,171 psig
T Downhole 2237 psig
Permlttl ng & Annmulus Pressure 100 munimum psig
Construction Annulus Pressure Tubing Differential 100 above surface injection pressure ps1g

2

(4

Injection
Operations

Post-injection /
Stabilization
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Shutdown Procedure:

injection pressure, which serves to prevent confining-formation fracturing, was determined
using the following formmla/methodology:

+  For maximum injection pressure using a downhole pressure gauge, the maximum pressure is
calculated as follows: 90% of fracture pressure of the injection zone. Therefore, the maxinmm
injection pressure using downhole pressure gauge is 2.232 psia or 2,.252-14.7 =2,237 psig.

«  For surface maximum wellhead injection pressure, this limitation was calculated using the
following fornmla: [{90% of fracture gradient-(0.433psi/ft)(specific gravity)} X vpper depth of
perforated interval ] - atmospheric pressure. The maxinmm wellhead injection pressure is:
[{0.585-(0.433)(0.64 )}3850] -14.7 = 1,17 1psig.

If the downhole pressure gauge fails to function properly, then the maximmm injection pressure shall
immediately be limited to the calculated surface pressure until the downhole pressure gange is repaired or

The permittee has not developed procedures for implementing a gradual well shutdown.

BERKELEY LAB

Summary of Requirements for FunireGen Alliance
Permit Number: IL-137-64-0001 (Well #1)
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How to use SOSAT? EO®"©® ©

Reser\rou Propemes Regional Stress Info | Stress Measurement | Calculation and Plot

Median friction coefficient 07 | State-of-Stress Assessment Tool - = ¥ @@“
Standard deviation of logarithm of fault friction co... = 015 File
. : sl egional StressTnfol :
Pa ram et ers re q uire d by S OS AT Maximum possible friction coefficient 15 Reservoir Properties ‘ Regional Stress [nfoi Stress Measurement = Calculation and Plot
A Reservoir depth 2344 Normal faulting weight

Reservoir depth
Pore pressure gradient 9.81 Strike-slip weight

Rese rvoir pO re p ressure Average overburden density 2500.0 Thrust faulting weight

o Maximum injection pressure 50
Density of overburden K-thrust 100
K-55 100

Regional tectonic regime

Reservoir rock mechanical properties

‘| *Hover over a label to see its full description here.

Stress measurements (S, ..i.) | |

Revert Parameters to Defaults

| *Hover over a label to see its full description here.

Revert Parameters to Defaults Cancel | Save

* Application of SOSAT to FutureGen 2.0: revisiting the first UIC class VI

permit issued ”
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Overview of the FutureGen 2.0 Project

Power Plant CO; Injection
Wells

e 1.1 MMT /year for 20 years (22 Mt)
injected into the Mount Simon Formation

* First-ever UIC class VI permits issued in
the U.S.

* Project cancelled in 2015

* Extensive characterization and modeling
etforts

CO; Plume

e Used as a reference case to test NRAP
tools
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FutureGen 2.0 reservolir properties (1)

Depth (ft)

Reservoir depth

Porosity Permeability (mD)
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Terzaghi Effect

Pore pressure gradient
= 0.440 psi/ft
. (9.96 MPa/km)
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FutureGen 2.0 reservolir properties (2)

on_—

Average overburden density Lognormal distribution of friction coefficient
DenSity Log Sv . A /\ FutureGen 2.0 Dataset
20 DenSitz.s[g/cm3] 30 0 zpot:: SS::J;i [F:::J]o 8000 -‘g " // \ H0= 0.7 {.a'\\utec‘“;:l
g / \ c,=0.15 <:I;/
500 — - -] L § / é
] &-q - /
1000 - - © ,4/ . I : . P Effective Normal Stress 7P,
1500 | | Friction. Coefficient |
: 1.12 psi/ft Injection pressure
% 1 (25.27 MPa/km)
EL 2500 ] . g 40 CFR 146.88(a): “Operator must ensure that injection pressure does
: not exceed 90% of the fracture pressure of the injection zone”.
2. 5§m /emiiZ | ] 3
g -_— ] g Prax = 0.65 % 0.9 * z;,;
00 - E L \ s P ax at 4,030 ft is 2358 psi (16.23 MPa)
I Zone i
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Regional stress observations

Regional stress observations
from World Stress Map

Probability distribution of
the regional stress state

a) g4 :WODI 44 .
e, | | « Regional
';j\. observations(HF | :
< |0 measurements) 06 - ( o 1:
by~ A “ Indicate a strike- Pt
i . . 4? =
: slip faulting £ 0.4 o
| reg|me '8“ TF | SS NF
. | e | . & 0.2- |
%L | SHmax > Sv > Shmin
00 —
= ~1.0  -05 0.0 0.5 1.0
38" \\“ T ?T _J\ 3 d Shm|n m ay re aCh e
N S
values close to Sv TF = thrust faulting (reverse)
1 "" — (SS%TF) SS = strike-slip
e L st - | - NF = normal faulting
Id Stress Map Rel 2015_91 oo -87°30 Prascion Mercator 1 5
NATIONAL = A
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FutureGen 2.0 In-Situ Stress Measurements

e Two reliable estimate for S obtained

in the Mount Simon Ss.

hmin

* These two measurements represent the
bounding values of S, .

o Strike-slip stress faulting regime:

SHmax > Sv > Shmin

Open Borehole Test Section

Depth
(ft bgs)
3,800

Geomechanical Tests

T Eau Claire.
¥ (Lombard Dol. Mbr.)

b Eau Claire
3000 | G (Elmhurst Ss. Mbr.)
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0 2000 4000 6000 8000 10000
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3900 4@ |
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? Shmin SHm
[ ] | ] = =
. i
+ | |
= | Precambrian
basement
+ | e | B
T T | T T T '| T T T I T |

16

Pacific Northwest
AAAAAAAAAAAAAAAAAA MNATIONAL LABORATORY



Reservoir Stress Path

* Horizontal stresses evolve as pore

pressure increases
e Limited data on elastic properties (3 =
triaxial tests on core samples from Mount 3 NC
Simon Ss.)
S,-P

P
* P Effective Normal Stress '

e SOSAT Input: 04<T,<0.6

e Total horizontal stresses are expected to
iIncrease by 40 to 60% of the increase In

pore pressure

17
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Results: Posterior Stress Distribution

oy (MPa)

60 I I I
55 F
50 |
45
40 |-
35

30
25
20

[ ] ] I
O mn O
N ON ™M

* Smin Well constrained

« Uncertainty on S,

: ‘Aml?’r.

U.S. DEPARTMENT OF

9.00 x 10*
7.50 %1074
6.00 x 104
4.50 x 1074
3.00 x 10~*
1.50 x 1074
0.00 x 10°

New feature: incorporating Breakouts and
Drilling induced tensile fractures (DITF) analysis

80
70
60
50
40
30
20

Tl (MPa)

1.20 x 102
1.00 x 1072
8.00x 1073
6.00 x 1073
4.00 x 10°*
2.00x 103
0.00 x 10°

 Absence of breakouts or DITF excludes
very high values of o4 (Sy1ax)

« Data needed: mud weight, rock
strength, mud temperature, etc.
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Risk of induced shear failure on a critically oriented fault

e With new feature (currently being tested)

* The probability that the Mount Simon reservoir 1s

initially critically stressed is relatively high (25%) » * The probability that the Mount Simon reservoir is

initially critically stressed is low (2%0)
* When the pore pressure increases to max. injection

b probability reaches 43% * When the pore pressure increases to max. injection
ressure, probability reaches 43%.

pressure, probability reaches 6%.
* Based on assumption that a critically oriented fault exists
but no such fault has been identified at the FutureGen

2.0 site

* Fault reactivation is not a major risk

0.07 . . . ! .
0.06
0.05
0.04
0.03
0.02
0.01

040 — ~

035 -

0.30 — -

0.25 — -

Probability of Fault Activation
Probability of Fault Activation

0.20 T T T T T T T T

12.5 13.0 135 14.0 14.5 15.0 15.5 16.0
Pore Pressure (MPa)

Initial pore
pressure Max. P,nj Pore Pressure (MPa) i

UL- @s Alamos %
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Risk of unintentional hydraulic fracturing

Getting further

* Maximum allowable pressure under initial
conditions = 18.2 MPa (permitted:16.23
MPa)

* Once pore pressure increases in the
reservoir, the injection pressure can be
increased while maintaining the same
probability of inducing hydraulic

fracturing.

* Risk of hydraulic fracturing is very
limited

=%, U.S. DEPARTMENT OF

{®) ENERGY

» (MPa)

Max. P

17 I [ | I [ | | I
Initial pore  412.5 13.0 13.5 140 14.5 15.0 15.5 16.0

pressure Average Pore Pressure (MPa)

Injection pressure that would produce a 1%,
probability of hydraulic fracturing as a
function of reservoir pore pressure
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User Feedback & Conclusions (1)

* Application to FutureGen 2.0:

* Confirms the validity of max. injection pressure allowed by the UIC Class VI
permit

* Some data were missing to build a comprehensive geomechanical model and
reduce uncertainties.

* Importance to know the critical data for proper planning (characterization plan)
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User Feedback & Conclusions (2)

* SOSAT:

e Geomechanical risks can be evaluated

* Gaps for characterization data can easily be
identified

* User-friendly interface, flexibility with units and
parameters

* Users: SMEs (geologists / geoscientists with
background in geomechanics)

* Additional features currently being tested to reduce
uncertainties (breakouts and drilling induced tensile
fractures analysis)
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Abstract

Numerical models are commonly used to estimate the state of stress in the subsurface for various engineering applications. These
estimates are subject to considerable uncertainty, and yet, the estimates are almost always deterministic, yielding no information
about the certainty of the prediction. For some applications, unguantified uncertainties in stress are often acceptable, because the
risks related mg:mn:dulus.s may be 0! Iuw relative i lmmll.: mm'pultd to other risks (e.g., recoverable resource volume), for
which unc are often quantifi b -hanics-related risks in the petroleumn industry are relatively
short-lived (e.g., well bore stability) and decrease in mrpuum:: with time. In contrast, for wastewater injection or geologic carbon
sequestration (GCS), geomechanics-related risks (e.g.. seal integrity, induced seismicity) are on par with resource-related risks
and are of long-term concern, with the risk generally increasing in importance for a significant period of time. For these reasons,
the deterministic stress estimation and risk analysis approaches generally applied in the petroleum industry are insufficient for
GCS applications. This paper describes a Bayesian approach to geomechanical uncﬂ'mm[) quantification and risk assessment
The method is demonstrated using data from an active enhanced oil recovery/geologic carbon ion field as a case study.

Keywords Uncertainty quantification - Stress estimation - Waste injection - Induced seismicity - Risk analysis

List of symbols P Mean stress
T Probability density function q Equivalent shear stress
11, Homogeneous probability density function P, Pore fluid pressure
a The components of the Cauchy siress tensor xy  Spatial coordinate in the vertical direction
expressed in 6-D (Mandel) space ry  Spatial coordinate in the direction of the maximum
& The components of the Cauchy stress tensor horizontal stress direction
expressed in 6-D (Voigt) space uy  Displacement in the vertical direction
ay  Total vertical stress iy Displacement in the direction of the maximum hori-
oy Total maximum horizontal stress zontal principal sress
o, Total minimum horizontal stress g,  The components of the infinitesimal strain tensor
Ty Maximum horizontal-vertical shear stress expressed in 6-D (Mandel) space
my  Minimum horizontal-vertical shear stress E The components of the Infinitesimal strain tensor
ryy  Horizontal shear stress expressed in 6-D (Voigt) space
@, Largest total principal stress ey Vertical strain
ay,  Intermediste total principal stress £y Maximum horizontal strain
oy Smallest total principal stress g,  Minimum horizontal strain
&y Vertical Terzaghi effective stress ruy  Maximum horizontal-vertical shear strain
&y Maximum horizontal Terzaghi effective stress (tensorial)
5,  Minimum horizontal Terzaghi effective stress fay  Minimum horizontal-vertical shear strain (tensorial)
ra  Horizontal shear strain (tensorial)
Cyy Comg of fourth-order linear elastic stiffness
5 ), Burghardt lensor
jeffrey burghasdu@ pnl gov €, Components of elastic stiffness tensor expressed in

' . L 1 6-D {Mandel) space
Pacific Northwest National Laboratory, Richland, WA, USA

&) Springer

22

coeeen LI- 2 '
‘ | ° LOS Alamos  pacific Northwest

"M'D"“l‘;"-‘:ff“”o“* NATIONAL LABORATORY
1

BERKELEY LAB



	Assessing Geomechanical Risks at GCS Sites Using the State of Stress Assessment Tool
	Outline
	Establishing a common ground: Principles and Definitions (1)
	Establishing a common ground: Principles and Definitions (2)
	Geomechanical risks associated with CO2 injection
	Geomechanical characterization
	Meeting the UIC class VI requirements
	SOSAT: A tool to evaluate the geomechanical risks
	What is SOSAT?
	When to use SOSAT?
	How to use SOSAT?
	Overview of the FutureGen 2.0 Project
	FutureGen 2.0 reservoir properties (1)
	FutureGen 2.0 reservoir properties (2)
	Regional stress observations
	FutureGen 2.0 In-Situ Stress Measurements
	Reservoir Stress Path
	Results: Posterior Stress Distribution
	Risk of induced shear failure on a critically oriented fault
	Risk of unintentional hydraulic fracturing
	User Feedback & Conclusions (1)
	User Feedback & Conclusions (2)

