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Benefit to the Program

Contribute to Area of Interest 1 — Geomechanical Research by developing
and demonstrating innovative instrumentation and theoretical techniques
for characterizing the strain field resulting from injection (Research Need 3)

Carbon Storage Program goal to support industry’s ability to predict CO,
storage capacity in geologic formations to within £30 percent.

Benefits Statement: The proposed projectwill contribute to Area of Interest 1 — Geomechanical Research by
developing and demonstrating innovative instrumentation and theoretical techniques for characterizing the
strain field resulting from injection (Research Need 3). The field data and inversion method will advance
characterization ofgeomechanical properties and evaluation of stress change throughoutthe formation,
including in the vicinity of faults and lithologic contacts. These contributions will improve the reliability of
theoretical models, thereby advancing estimates of storage capacity and assisting in future monitoring
decisions and risk assessment. Preliminary analyses ofthe proposed method demonstrate animprovementin
accuracy of property estimates by an order of magnitude (from 25% to a ~1%) and a reduction in uncertainty
by more than 50%, relative to baseline methods. These improvements contribute to the Carbon Storage
Program goalto supportindustry’s ability to predict CO, storage capacity in geologic formations to within £30
percent.
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Project Overview:
Goals and Objectives

Overall Goal: evaluate how subsurface strain measurements can be used to improve
the assessment of geomechanical properties and advance an understanding of
geomechanical processes that may present risks to CO2 storage.

— Instrument Development Task Design/build instrumentation for measuring the
in-situ strain tensor and evaluate performance characteristics relative to the
existing state of the art.

— Theoretical Analysis Task Develop theoretical analyses for characterizing the
strain field associated with injection in the vicinity of critical features, such as
contacts and faults, and then develop and demonstrate innovative methods for
inverting these data to provide a quantitative interpretation.

— Field Demonstration Task Demonstrate the best available strain measuring
instrumentation during a field injection test, interpret the result data, and compare
the interpretation with currently available information.

NG
3y



Strain Measurement
Overview

Geodetics Geomechanics Borehole Stability
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Instrument Design

* Multiple components of strain
* Geodetic resolution (~ng)

e Cost

— Commercial sensors
— Removable or disposable
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Strainmeter *Scoft DeWolf

With Two-Axis Physical Pendulum
Tiltmeter (Acronym?)

* Two packages: electronics package and instrument
package

> Each is 24” long

Titmeter * Separate clamping mechanisms
e [solates most sensors from electronics
slower » Packages are allowed to “float” along the vertical axis
Mechanism e Removable!
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Prototype Tiltmeter

* Crossed flexure design

e Offset hinge +/- 11.5°

* Re-zero sensors +/- 4.2°
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Interpretation
I
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Loading efficiency []

log10 Permeability [m2]

Interpreting Strain and Pressure Signals

Reservoir

Geomechanical
Parameters

Signals

< 10° Pressure [Pa]

-15

| | | | .
100 200 300 400 500 Time [S]
lterations

1 0[}lsplacement [mm]

0. 4
0. 3-
0. -
0 ffv'}i,i" |
160 200 3(50 400 5(|)0 -
lterations Time [s]

Young’s Modulus

Permeability
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Algorithms in Hybrid Optimization

Space Filling

 Monte Carlo

« Sparest sampling (Voronoi)
Uncertainty Evaluation (Exploration)
« Markov chain Monte Carlo (McMC)

* Reversible jump McMC (heterogeneous
reservoirs)

High Efficiency Minimization (Exploitation)
» Genetic Algorithms (NSGAIIl, SPEA2) - global
« Gradient descent - local



Analytical solutions to Poroelastic Problems

* Displacements in infinite space [Goodier, 1937] &

—_ Deformed
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14+ v [ g(r)d3r
oy =1 | S
9,
wo (x,y,2) = ~ 5,90 (x,y,2)

&o: transformation strain distribution, from poroelasticity

e Use image points [Mindlin and Cheng, 1950] to
get displacements in half space

w(x,y,z) = wo(x, y,2) + B—4v)wy(x, —y,2) — ZZaiZWO(x, —v,7)

* Analytical expressions developed using Mushkelishvili
potentials for nearly any shape in 2-D and for some
shapes in 3-D (e.g., ellipsoidal or rectangular
inclusions)

— Use analytical expression for deformation to start
inversion process. Quickly identify important regions of
parameter space. Use numerical after that.
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Field Demonstration

id >~
Josh Smith

Measure/interpret strain during waterflood
as analog to CO2 injection
North Avant Field, Osage County, OK
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Field Experiment

Work Plan, Design, Dec 2015

Install Geodetic Strainmeter, Spring 2016
Install Clemson Strainmeter, Fall 2016
Water flooding, Winter-Spring 2017
Interpretation, Spring-Summer 2017
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Accomplishments to Date

— Strain instrument v1.0 designed

— Prototype components, full system being fab'd
— Hybrid inverse method developed

— Poroelastic elliptical inclusion sol'n tested

— Field site recon

— Geologic model taking shape

— Expected deformation at site feasible to
measure
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Synergy Opportunities

— Anyone need to measure strain?
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Summary

Measure and interpret strain tensor during injection
— New instrument

* high rez, removeable
 Under construction

— New hybrid inversion method

 fast and thorough
« Evaluate using various geo-scenarios

— Field demo
« Being designed
« Field work starting in 2017
* Field data at my talk next year??
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Field Experiment Design

Geology

Predicted strains
Location of sensors
Evaluate inversion



Applications

Measurement Type

Data (Observed + Fit)
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Open Science Grid:

Task 3 Theoretical Analysis

Develop theoretical analyses for characterizing the strain field associated with injection
in the vicinity of critical features, such as contacts and faults, and then demonstrate
innovative methods for inverting these data to provide a quantitative interpretation.

Geostatistical method Low
to build parameter ¢——— dimensionality
field parameterization

Update errors, Collect /process
pareto ranking measurements

Postprocessing .
Geostatistical Assessment :
Analytical Solutions

—> | rjMCMC

—— (e
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Figure 7. (a) Meandering-fluvial reservoir of elliptical geometry. Red is the pressurized zone. Blue line
is the borehole and red line is the depth of the profile shown to the right (b) Normal and shear strainand
tilt as functions of distance at a depth of 600 ft above a pressurized inclusion representing a channel.
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Applications

Data Location, Measurement Type
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2-D model of Field Test
Waterflood

15000 ft

1650 ft Overburden
N
§ 50 ft Meandering deposits
2 40 ft Braided deposits
4000 ft Basement

* Wellbore pressure = 300 psi

Displacement gradient, rZ component (1)
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Technical Status

* Use the remaining slides to logically walk through the
project. Focus on telling the story of your project and
highlighting the key points as described in the
Presentation Guidelines.

« When providing graphs or a table of results from testing
or systems analyses, also indicate the baseline or
targets that need to be met in order to achieve the
project and program goals.
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