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CFSES Research Challenges

« Sustaining Injectivity and Storage Rates
» Using Pore Space With Unprecedented Efficiency
« Controlling Undesired or Unexpected (Emergent) Behavior

Beneficial effects of fluid-driven geomechanics Negative Consequences of Fluid-driven Geomechanics

Surface Uplift T — [

Leakage Pathway
Caprock Fracturing Development

e .- o:riﬁflatlon
\(}t ula{%n) with improved
storage and injectivity

Natural fracture network

Wellbore failure Induced Seismicity
Extent of Contamed Extent of CO, plume

CO,4 plume

Extent of overpressure

Extent of overpressure
plume

plume
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Objectives

*Via experimental methods,
understand mechanical
consequences of CO2
injection in reservoir and
caprock lithologies

*Focus on chemo-mechanical
short- and long-term impact

*Quantify behavior in
advanced “constitutive laws”

*Advance lab-scale
understanding to injection
scenarios using next-
generation coupled modeling

«Inform community, regulatory
concerns, risk

Theme 1: Fluid-Assisted Geomechanics

© TEXAS

Students and Post-Docs
Aman -
Choens — experimental rock mechanics, rock physics
Feldman — experimental rock mechanics, geochemistry
Lee — phase field fracture network modeling
Major — experimental fracture mechanics, structure
Mirabolghasemi -
Reber — experimental fracture, rheology (now at ISU)
Rinehart — rock physics (now at NMT)
Shafiel — continuum modeling
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Senior Personnel

Balhoff — UT Theme lead; DEM; pore scale modeling
Dewers — SNL Theme lead, experimental mechanics
Eichhubl — experimental fracture mechanics, structural geol.
llgen — geochemistry, caprock integrity

Espinoza — experimental mechanics, caprock integrity
Ganis — continuum and fracture modeling

Hayman — experimental and theoretical fracture mechanics
Newell — constitutive modeling; fracture mechanics
Prodanovich — DEM modeling, petrophysics

Wheeler — continuum and fracture modeling 4
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Theme 1 Tasks

Experimental Fracture Propagation
Reservoir Geomechanical Evolution
Caprock Chemical and Mechanical Integrity
Fracture Propagation Modeling

Constitutive and Continuum Modeling
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Chemo-Mechanical Coupling

Near-Instantaneous Long Term
*Sub-Critical Fracture *Cement Degradation
*Water and other weakening *Mineral Alteration
*CO,-Enhanced creep *Dry-Out & Salt Effects
Clay effects

Untested 24-hr exposure to CO2 Brine
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*Double Torsion and Short-rod testing
of lithologies from Crystal Geyser, UT

Iron Oxide alteration shows a
weakening or lowering of fracture
toughness relative to unaltered
samples.

on
EZEERCERCE

Increase in calcite cementation that
has strengthened or increased fracture
toughness relative to unaltered
samples.
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«“Sandbox” experiments serve as
analogs for fracture development

*Rheology influences fracture
development; compare gelatin (far left)
with Carbopol (right)

*Model validation (below) using Phase
Field Method

x = 14.075 mm
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*QCM tests in humid scCO, show
Quartz Crystal Microbalance (QCM) progressive development of water films

*Sorption isotherms match literature
BET values

«Can measure water uptake by clays;
much less in scCO, than in air

Figure 7. A) QCM wafer with a silica coating on the upper electrode. B) QCM wafer with
a smectite clay film deposited on the crystal.
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Absorbance

1 Fracture Propagation @ TEXAS (k) beto

“loa-Uke™ or amorphous colld H20
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*High Pressure FTIR experiments using
silica-coated ZnSe crystal show
development of liquid water films in
scCO2 as humidity is increased
(capillary condensation)

*Complex structure of + and — pointing
spectra is attributed to attachment of
hydroxyl molecules to silica tetrahedra,
converting bridging Si-O-Si bonds to
silanols

Capillary condensation
in corners

Water (+ CO,)

Adsorbed film on flat surface
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In Situ Fracture Tester
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Resuits — Micro Indentation Test
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*Nanoindentation and
micro-scratch tests
permit a micro-scale
characterization of
heterogeneity in terms of
strength, elastic moduli,
and fracture toughness

*Similar to macro
fracture testing, altered
samples show a
weakening relative to
unaltered samples
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2 Reservoir Behavior @ TEXAS () ¥evors
S ot A Laboratories
HLD Index (-) Peak UCS Stress (MPa)  Air Perm. (mD) Porosity (%) XRD Mineralogy (%)
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3084 *Cranfield reservoir
‘ heterogeneity
3,088 .
captured with three
= 309 major llithofacies
Boomf X “Bambino” hammer

testing correlates
‘ with UCS estimates
3104 from ASC testing

308K ) (b) (©) (d) (€) *“TinyPerm” air perm
=8~ Picollo Mean +/- St. Dev. @ Compression Failure Tests @ TinyPerm Meas. Plug Porosity m Chlorite ® Quartz  + Kaolinite eSt| mates ag ree W|th
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B FaciesA | FaciesB [ Facies C core tests

*Used in borehole
and reservoir
coupled modeling
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Proposed work: The effect of CO, injection on ()&,

deformation and grain crushing
Mirabolghasemi and Prodanovié

Problem statement: Modeling tools
= Grain crushing is enhanced at the Discrete Element Method (DEM)
presence CO,; grain bonds weaken  for mechanical behavior using LIGGGHTS
= Mechanical and flow properties of _
the rock change after mechanical mx; = 2 K,
failure /

10, =) Mij
Research plan: J
* Analyze grain size change (grain
crushing extent) under various loads

and formation fluid acidity Computational fluid dynamics
» Quantify petrophysical properties of (OpenFOAM software) for permeability
the changed sample estimates
Each grain quantify
consists of + __ petrophysical
bonded = prop’s after




Phase Field Method

Phase Field method
interpolates between
fractured and unfractured
states

Variational method based on
energy minimization

Crack advances when
energy release rate exceeds
threshold

Nucleation, propagation, and
path are automatically
determined

4 Fracture Propagation Modeling © TEXAS (rh) i
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/

Phase Field

/\ /\

w Biot System sy« Locally Conservative Flow ]

v Irreversibility Condition
¢ Operator Split

yv<¢ Diffraction System
@ Fully Coupled Model

Couple with reservoir simulator (IPARS) b Se'sm'? fjata _
w¢ Probability density function

Multiple Joining and Branching Fractures
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*Cohesive Fracture Models
(CFM) lump inelastic behavior
into a thin zone between
elastic sub-domains

*Validated using aluminum
and Indiana Limestone

Different elastic properties in
tension vs compression

Linkage to local chemical
environment (collaboration
with Prof Rich Reguiro &
post-doc at UC Boulder)
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*Mechanics testing of reservoir rocks
from NETL partnerships shows
acoustic emission (AE), modulus
degradation; heightened creep and
reduced peak strength associated
with CO,,

Elasto-plastic and visco-elastic
modeling captures experimental
behavior in the form of constitutive
laws for reservoir-scale modeling




Modeling Effects of Injection on Wellbore Integrity

20m

Inward toward Casing

5 Continuum Modeling

Von Mises Stress vs. Distance Along the Wellbore
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Finite element modeling of Cranfield
interfaces show localized wellbore
deformation

«Can lead to casing failures in some
cases

*Used to examine repair materials
including nanocomposites (partnered
with UNM)

*Quantitative basis for “frac” gradient;
could be used to inform regulatory
constraints in injection

18
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Simulation of Drucker-Prager Plasticity

Sandia

Coupled with Fluid Flow for Modeling&-
uijie Liu D ndrg White!, Be is!, M d Jammoul,
CO2 Seguestiaha s ey

1 UT Austin, 2 UT San Antonio. 3 Sandia

* Previous compositional simulations had trouble i i
matching injection BHP, suggesting £ P
geomechanical effects occurred near wellbore. Z L0 el "3"\\»_ A-;ﬂ‘
* History matching studies concluded g 7 ‘U .' : - lim R
development of high permeability channels. S ; = ]

* Goal: model geomechanical effects oo T! .

180 230 280 330 380 430 480 530 580

deterministically with Drucker-Prager plasticity. i

A(p(do + ag, + 3 (p — o))

K
+V- (pF(Vp — ngh)) —q=0  Fluid Flow

ot
V-(e"+0,—alp—p))I)+ f=0 Stress Equilibrium
Plastic Strain Evolution Yield and Flow Functions
!/
el = AaF(U) at Y(o") =0 Y = q+00, -1

(90’" )

e =0, atY(o") <0

F = q+ Y0, — 70
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Recent Progress and Future Directiod8-

Fixed Stress Iterative Coupling Improved convergence with incremental loading steps

Newton Residual for Four Loading Steps

Algorithm for Poroelastoplasticity e : . :
5 : ;
—»| Time step n + 1 —> 1} i g i
v L.l 0\ L
Fixed stress iter. ¢ - § ' ! '
¥ TOLARRRE I IERRRER
Solve ﬂOW SyStem Loading E Loading E Loading E Loading
using Newton method 1e-6 [ SR NS B REEHEREI
(2 a i
Solve plasticity system 0 1234560123456701234560123456
using Newton method Neyton;ltaration
v Added overburden and underburden layers

Yes 1.6 No
<[00 || < TOL ? R
E7.437e~(2

—0.074236

Future Directions

T

0.074112

* Use iterative solver for mechanics
to allow for larger domain.

0.073987

7.387e-02

*Utilize compositional model for
fluid flow for Cranfield. Volumetric Plastic Strain
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Experiment

*Double Torsion and Short-Rod Fracture Testing
*Analog Mode | and Shear Fracture Interaction in Carbopol &
*New Equipment Acquisition at UT and SNL

*Design and Construction of In Situ Fracture Testing Apparatus
*Application of FTIR and QCM to Water Film Development
*Experiments Begun Examining Influence of Water Weakening

Modeling

sImplementation of Phase Field
*IPARS Coupling with Plasticity
*Kayenta Constitutive Modeling
*Cohesive Zone Modeling
*Discrete Element Methods

vvvvvv

Publications

Rinehart et al., 2015
Rinehart et al., 2016 (to appear)
Rinehart et al., 2016 (in review)
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Putting It All Together: CFSES TEXAS (A e
Research Challenges and Efforts
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Sustaining Injectivity

Experimentally validated
geomechanics models
can show where wellbore
failure could occur during
injection, and efficiency of
repair methods

Chemo-mechanical

models of near-wellbore
damage can inform
regulatory constraints on
injectivity (i.e. “frac”
gradient) and withdrawal
(borehole shear failure).

Storage Efficiency

Experiments suggest that
chemo-mechanical
stimulation of reservoirs
may improve sweep
efficiency

State-of-the-art and
experimentally validated
constitutive models
predict the extent of
damage and deformation
associated with pore
pressure hazards in
reservoirs

Controlling Emergence

Experiments and models
of fracture propagation
can predict timing and
location of networks and
cascades of fractures
and could be used to
prevent unwanted
fracturing

Caprock alteration
experiments are showing
potential for
understanding and
controlling leakage
pathway development
and flow self-focusing of
CO, plumes
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