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• 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

Outline
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• 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

State of Stress

Variation of  relative stress 
magnitude with depth for the 

three Andersonian stress regimes 
(tectonic regime)

Establishing a common ground: Principles and Definitions (1)
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• Pore pressure and stress:
• Rock strength is controlled by 

effective stress (Seff = S- Pp) 
(Terzaghi)

Changes in stresses associated to CO2 injection

• Poroelasticity: pore pressure/stress 
coupling

• Stresses are a function of  elastic properties
• Stresses evolve with pore pressure (“stress path”):

Γ =
Δ𝑆𝑆ℎ
Δ𝑃𝑃𝑝𝑝

Establishing a common ground: Principles and Definitions (2)

• Fluid injection decreases the 
effective stress in the reservoir

Reactivation of pre-existing fault
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• CO2 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 CO2

• Critical to build a geomechanical model to avoid 
these risks!

Geomechanical risks associated with CO2 injection
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• Optimal characterization data needed to build a geomechanical model

Geomechanical characterization

Parameter Acquisition method
Vertical Stress (Sv) Density logs

Minimum horizontal stress (Shmin) Geomechanical tests (e.g.,minifrac, extended 
leak-off) 

Maximum horizontal stress (Shmax) Geomechanical tests, wellbore failure 
modeling, dipole sonic logs

Stress orientation Orientation of wellbore failure, dipole sonic 
logs

Pore pressure (Pp) 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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• Geomechanical risks: a key element of  the UIC Class VI regulation

Meeting the UIC class VI requirements
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• Purpose of  SOSAT:
• To help operators and regulators evaluate the 

geomechanical risks at a given depth by 
taking into account uncertainties in the field 
properties

SOSAT: A tool to evaluate the geomechanical risks
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• SOSAT provides an integrated framework to:
• Estimate the probability distribution of  the state of  

stress at a given point 
• Estimate the probability of  activating a critically-

oriented fault over a range of  pore pressure increase
• account for uncertainties in parameters

• Based on assumption that a critically oriented 
fault exists (very conservative approach)

What is SOSAT?

Fault activation probability 

Calculated stress probability distribution 
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• 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)

When to use SOSAT?
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How to use SOSAT?

• Application of  SOSAT to FutureGen 2.0: revisiting the first UIC class VI 
permit issued

Parameters required by SOSAT

Reservoir depth

Reservoir pore pressure

Density of overburden

Regional tectonic regime

Reservoir rock mechanical properties

Stress measurements (Shmin)

1 2 3 4
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Overview of the FutureGen 2.0 Project

• 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 

efforts
• Used as a reference case to test NRAP 

tools
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FutureGen 2.0 reservoir properties (1)
Reservoir depth Pore pressure gradient

4,030 ft
(1228 m)

Mt Simon Ss. Pore pressure gradient 
= 0.440 psi/ft
(9.96 MPa/km)
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FutureGen 2.0 reservoir properties (2)
Average overburden density Lognormal distribution of friction coefficient

2.58 g/cm3

1.12 psi/ft
(25.27 MPa/km)

Injection pressure

Sv = �
0

z0
ρgdz

40 CFR 146.88(a): “Operator must ensure that injection pressure does 
not exceed 90% of the fracture pressure of the injection zone”.

𝑷𝑷𝒎𝒎𝒎𝒎𝒎𝒎 at 4,030 ft is 2358 psi (16.23 MPa) 

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 = 0.65 ∗ 0.9 ∗ 𝑧𝑧𝑖𝑖𝑖𝑖𝑖𝑖
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Regional stress observations

Probability distribution of 
the regional stress state• Regional 

observations(HF 
measurements) 
indicate a strike-
slip faulting 
regime

• Shmin may reach 
values close to Sv
(SSTF)

Regional stress observations 
from World Stress Map

TF = thrust faulting (reverse)
SS =  strike-slip
NF = normal faulting

𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 > 𝑆𝑆𝑣𝑣 > 𝑆𝑆ℎ𝑚𝑚𝑚𝑚𝑚𝑚
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FutureGen 2.0 In-Situ Stress Measurements

• Two reliable estimate for Shmin obtained 
in the Mount Simon Ss.

• These two measurements represent the 
bounding values of  Shmin

• Strike-slip stress faulting regime:

𝑆𝑆𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 > 𝑆𝑆𝑣𝑣 > 𝑆𝑆ℎ𝑚𝑚𝑚𝑚𝑚𝑚
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Reservoir Stress Path

• Horizontal stresses evolve as pore 
pressure increases

• Limited data on elastic properties (3 
triaxial tests on core samples from Mount 
Simon Ss.) 

• SOSAT input: 0.4 < 𝚪𝚪𝒉𝒉 < 𝟎𝟎.𝟔𝟔
• Total horizontal stresses are expected to 

increase by 40 to 60% of the increase in 
pore pressure



18

Results: Posterior Stress Distribution

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

• Absence of breakouts or DITF excludes 
very high values of 𝜎𝜎𝐻𝐻 (SHmax)

• Data needed: mud weight, rock 
strength, mud temperature, etc.

• Shmin well constrained
• Uncertainty on Shmax
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Risk of induced shear failure on a critically oriented fault

Initial pore 
pressure Max. Pinj
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• The probability that the Mount Simon reservoir is 
initially critically stressed is relatively high (25%) 

• When the pore pressure increases to max. injection 
pressure, probability reaches 43%.

• Based on assumption that a critically oriented fault exists  
but no such fault has been identified at the FutureGen 
2.0 site

• The probability that the Mount Simon reservoir is 
initially critically stressed is low (2%) 

• When the pore pressure increases to max. injection 
pressure, probability reaches 6%.

• Fault reactivation is not a major risk

• With new feature (currently being tested)
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• 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

Risk of unintentional hydraulic fracturing
Getting further

Injection pressure that would produce a 1%, 
probability of hydraulic fracturing as a 
function of reservoir pore pressure. 
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• 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)

User Feedback & Conclusions (1)
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• SOSAT:
• 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)

User Feedback & Conclusions (2)
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