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Overview ) 2=,

" |ntro and Background
= Types of Seals — materials and functions
= Seals fail, Pt. 1 — so what?
= Seals fail, Pt. 2 —why?

= (Case Studies

= Nuclear Waste Disposal
= Background on waste inventory and disposal concepts
= Deep Borehole Disposal Concept and Field Test
= Evaluating seal performance via THC modelling
= Wellbore Integrity during Geologic Storage of CO,
= Geomechanical modelling to predict in situ stress and strain
= Microannulus evolution and permeability
= Seal repair development and performance

= Conclusions, ongoing, and future work
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Seals are guardians of conduits that pass through
stratigraphy — without seals there is potential for direct
communication between subsurface, hydrogeologic
units, and the surface
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Seals are typically composed of: ) 2=,

= Cementitious materials (cement, concrete, shotcrete)

= (Class G or Class H wellbore cement

= Low pH Portland cement (pozzolans to achieve pore sol’'n pH < 12)
= Bentonite

= primarily smectite

= Swells when wetted

= (Cation getter

= Backfill

= Compatible with and/or composed of host rock

= QOther getters

= Anionic getters, zeolites




There can be many, many seals!

Typically, there are thousands of (known) abandoned wells 1n
a field (Re-completion 1s prohibitively expensive).
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Seals can FAIL! .. but can also e
fail quietly

e = |n many cases (O&G), finding
1 a bad seal is like finding a
needle in a haystack

= Field scale models are
essential to predicting seal
behavior and identifying
those with failure risk




Case Study #1 — Deep Borehole
Disposal of Nuclear Waste




Nuclear Waste Overview ) 2=

= Broadly speaking, there are two “types” of waste:

= Spent Nuclear Fuel (SNF) — Fuel rods from the reactor
* Commercial SNF — CSNF compromises >95% (by mass) of SNF waste
* Defense SNF — DSNF
= High Level Waste (HLW) — products from processing materials
associated with US Defense-related activities
= Vitrified Glass

= Typically, waste is classified according to the activity from
which it was produced:
= Commercial (CSNF)
= Defense (HLW and DSNF)




Installations

Deep boreholes
in crystalline rock

Disposal Concepts e
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Relative Size of Waste Packaging May Have an (i) i _
Impact on Disposal Options

Proposed
Hanford HLW

canister
Cesium/Strontium
capsule

Approximate Scale

Dual-purpose canister
for commercial SNF,
inside storage cask

SRS HLW
canister

\

E:' Spent fuel
assemblies

Dual-
purpose
canister

Storage
cask

The smallest forms of
HLW and SNF that
can fit into small
diameter canisters
could be candidates
for deep borehole
disposal




Deep Borehole Disposal Concept

<17” holeto 5 km

Straightforward
Construction

Robust Isolation
from Biosphere

Conditions at Depth
= Low permeability

= Stable fluid density
gradient

= Reducing fluid
chemistry

= Old groundwater




Deep Borehole Field Test Objectives

Design and construct
I terization borehol Developandiestsysbns Desian and

Evaluate site

Emplacement
hazard

analysis
Characterize -
overlying
sediments, .
fluids, Destlgn el
and hydrologic system
conditions
Evaluate WP, WF,
casing, cement,
Characterize and seal materials
the borehole disturbed
) In situ thermal test

Characterize crystalline
basement, fluids, and
hydrologic conditions

Assess post-closure safety No radioactive waste will be
Synthesize field test activities, usedin conjuncton with
test results, and analyses into a
comprehensive evaluation of
concept feasibility

the DBFT activities (DOE RFP 2016).




Radioactive Waste Forms Specific to )

the DBH Concept
= Waste Properties

= Thermal output
= Physical size

= \Waste total volume

*" Primary Waste Forms

= DOE-managed high-level waste

= Liquid reprocessing wastes:

— Borosilicate glass logs

— Cs-137/Sr-90 capsules

— Calcine powder

Hanford tank farm 2,000 Cs/sSr Capsules [=3” diam.]
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Radioactive Waste Volumes

Commercial and DOE-Managed DOE-Managed
HLW and SNF HLW and SNF

DOE-Managed HLW

Treated sodium-bonded
fuel wastes

132
<1% WVDP HLW glass

245
1%

Germany HLW glass
3
<1%

Sodium-bearing
waste

721
3%

DOE HLW
26,260
Existing SRS
HLW glass

12%
Treated
Calcine waste 2,969
11%

Commercial SNF
183,896 v ‘ et
0, '’
85% 14%

Projected SRS
HLW glass
3,988
15%

DOE SNF
(includes naval SNF)
7,165
3%

Projected Hanford
HLW glass
14,089
54%

Projected volumes given in m?

= 30% total curies of radioactivity at Hanford

HLW = High-Level Waste
SNF = Spent Nuclear Fuel




Disposal Concept vs. Field Test ) .
= Deep Borehole Disposal (DBD)

= Boreholes in crystalline rock to 5 km TD

= 3 km basement /2 km overburden

= 1 km basement seal

= 2 km disposal zone

A
= Single borehole or grid Seal
Interval
1 km
. Bedrock
= Deep Borehole Field Test (DBFT) 3 km
= Department of Energy — Office of Nuclear Disposal
Interval
Energy (DOE-NE) > km
= FY 2017-2021 project \
Y

= Two boreholesto 5 km TD

= Science and engineering demonstration



Reference Concept for Disposal Borehole i)
Completion and Sealing

—_—

. Disposal zone cased-f?jz ﬁlzlg;ggg 1 [€— Casing Cement
. . scheme to surface <«— Intermediate 1 Casing
= Cemented guidance casing
= Emplacement fluid } b
Cement Plug (100 m)
= Bridge plugs Upper, cased Bridge Plug
Approx. sealing / plugging zone ]
B Sealing/Plugging Zone o 5 =« Cement(100m)

= Remove guidance tieback (13-3/8”)
= Remove intermediate casing (18-5/8")
= Seal/plug with alternating layers of

compacted bentonite clay, cement Lower, uncased Backfll
. sealing / plugging zone - Sand / Crushed Rock
plugs, and cemented backfill
. : Cement (100 m)
= Extend upward across unconformity, o Ballast
into the overburden | Comem100m)
S Bentonite (50 m)
Arnold et al. ( -| «—— Cement (100 m)

Bridge Plug
Cement (100 m)

B Overburden Interval
km depth A 4
= API* type plug, fully cemented O e eacomontoone

*American Petroleum Institute v

- Not to scale




Sealing Materials and Methods

Clay plug in perforated copper tubes

= Sealing *

= Smedctites, illites, zeolites

Concrete plug

= Emplacement methods

Fracture zone

= Cement *

= Material properties and longevity

Stabilized part of
the fracture zone

= Emplacement methods and setting time

" Fused Borehole Plug
= Rock Melting

= Low permeability plug

Clay plug in perforated copper tubes

Laboratory
immersion 24 hr

(Pusch, R.
Borehole sealing
with highly
compacted Na
- bentonite. SKB
- TR-81-09)

= Controlled annealing of host rock

*Following 35+ years R&D for sealing investi-
gation boreholes and repository shafts




Performance Assessment (PA Models)

3466 mbs
8 DRZ
= Performance Assessment (PA)
. Ballast
MOdEIlng Y4 'S SZ cement plug
{iomier) |’1ﬁ\~ Bentonite seal

Use standard reference:
= geology

: 4466 mbs g
= borehole design 3= ¢ waste packages
_ -
= Assume single boreholes Cs/Sr E7 “} EZ cement plugs
7 4
= Assess long-term post-closure safety +— Cs waste packages

SUVUER ™ EZ annulus (Emplacement fluid)

Thermal-hydrological-chemical
processes simulated via PFLOTRAN

500x horizontal exaggeration

(Freeze et al. 2016) SAND2016-10949R 6000 mbs
Deep Borehole Disposal Safety Analysis




Performance Assessment (PA Models)
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Performance Assessment (PA Models)

135CS
=== Deterministic
= Mean
=== Median
=== g=5%
=== g=95%

Parameter
Bentonite k
Cement k
DRZ k

Bentonite ¢
Cement @
WP Breach Time

=

[Cs-135] M

Cs K, bentonite
Sr K, bentonite
Cs K, crystalline
Sr K, crystalline
Cs K;DRz

SrK,DRZ

1020 — 1016
1020 — 10-16
1018 — 1015
0.01-1.0
0.40-0.50
0.15-0.20
1-100
120 — 1000
50 — 3000
5-40
0.4-3
5-40
0.4-3

m2
m2

m?2

L/kg
L/kg
L/kg
L/kg
L/kg
L/kg

[Cs-135] M
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10t 102 10° 10* 10° 10° 10’
Time (years)

1071 [
[ — .

107
10} -
1070
108 -
100
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" For more
information,
search OSTI Deep Borehole Field
] Test Conceptual
(www.osti.gov) Design Report
o
fO r Dee p Fuel Cycle Research & Development
Borehole Field

Test Conceptual
Design Report”

Prepared for the
U.S. Department of Energy
Used Fuel Disposition Campaign

Sandia National Laboratories

Albuquerque, New Mexico
June, 2016
FCRD-UFD-2016-000070 Rev. 0
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Case Study #2 — Wellbore Integrity
during Geologic Storage of CO,,

23




Carbon Dioxide Capture and
Sequestration (CCS)

=  Emerging technology for J 5
reducing greenhouse gases in Injection Well Abandaned e

- Cﬂzl _'iﬂ!'_n-ﬂ
the atmosphere cﬁ i aE 1y
hvd e

= |njecting into porous subsurface | ———
media, saline aquifers or =y
depleted O&G formations

= |solation compromised by =
abandoned wells that have
developed preferential flow
paths (leaks)

= Leaks may be cracks in cement;
or interface degradation at
steel-cement-host rock
interfaces




Understanding wellbore leakage )=,

= What are the stress and displacement conditions at the casing-
cement interface?
= What are the conditions in the field?

= What conditions can be replicated in the laboratory?

= What is the hydraulic aperture relation to mechanical
stiffness?

= What materials are available to repair existing wellbore
leakage?
= What is the strength of these materials in comparison to cement?
= How effectively can they seal existing leaks?

= How easily can they be delivered to flow paths (specifically, flaws or
microannuli in the steel/cement interface)?

25




Joint Sandia/UNM research program @,

Goal is to develop nanocomposite materials to repair wellbore
seals in CO2-injection environments

= Experimental component

= Bench-top experiments of integrated seal system in an idealized scaled
wellbore mock-up to test candidate seal repair materials

= Computational component

= Bench-scale numerical models to identify and evaluate the essential
hydrologic and mechanical properties of candidate sealants; gain
understanding of wellbore microannulus compressibility and
permeability

= Field-scale model of a pilot CO, injection operation to develop a stress-
strain history for wellbore locations

= Wellbore-scale model examines the impacts of various loading
scenarios on a casing structure

26




Field-Scale Model ) =

= Field-Scale computational
model for Cranfield, MS CCS
site

= Thermally active reservoir
coupled with pore
pressure caused by
dynamic CO, injection

2600 m depth

3564 m depth

= Mechanical properties | 5000 m square
(Kayenta porous media
plasticity model) of
injection layer obtained
from lab tests

Selma Limestone (confining unit)

Py b . B
""‘:f,??;',' ——————— Upper Tuscaloosa (Saline aquifer)
';f,&,'f;,'t iy Middle Tuscaloosa (confining unit)

= Lower Tuscaloosa (injection aquifer)

:}3’;’ 'la"'i"‘?’

= Preliminary coupled THM
calculation have been
completed

Uity i
i

Lower confining unit

. -/
Injection 4 boreholes,
borehole  gpaced 100 m

from injection and
he 100 m apart
/. 27




Mechanical Properties of Injection Layer @&,

= Laboratory experiments with Lower

Tuscaloosa sandstone (UCS, 50MPa, 70 300 1
MPA confining) (Rinehart & Dewers, 2015) 2000 - _

= Strains measured as axial stress oo
increa Ses —Kayenta model

; 2000 -

= Kayenta — generalized plasticity model
that includes yield surface, generalized
to include inelastic material response
including microcrack growth and pore
collapse

" Bu'k' Shear mOdU|| CaICUIated from %.000 D.EI)OS 0.610 0.615 0.620 0.625
stress/strain data as functions of first
and second stress tensor invariants,
plastic strain: |
- UCS experiment

bZ b4 3500 |
K = fK bO + bleXp |11| - bgexp |€ | i UCS Model

- 50 MPa experiment

1500 -

Bulk Modulus, MPa

1000 -

500 |

4500 -

4000 -

[
o
[=]
o

[y}
a
(=)
o

W]
(=4
(=)
o

—50 MPa model

1 — g1 exp (—92121/2)] g4
G = fG {go _ 1= P — g3EXp <— m) | ——70 MPa experiment

Bulk Modulus, MPa

=Y
[42)
(=]
o

500 - ~—T70 MPa model

0.000 0.005 0.010 0.015 0.020 0.025

Strain




Yield Properties of Injection Layer

* Kayenta defines a yield function Fin
stress space such that elastic states
satisfy F< O

* Yield surface parameters for Lower
Tuscaloosa also derived from
laboratory tests (Rinehart and Dewers,
2015)

F.(l)=a, - ae ' +a,l,

Kayenta parameter values for Lower
Tuscaloosa sandstone

Parameter, units Value
BO, MPa 2846
B1, MPa 100
B2, MPa 150
B3, MPa 2561
B4, dimensionless 0.0020
G0, MPa 1200
G1, dimensionless 0.01
G2, 1/MPa 0.0002
G3, MPa 1080
G4, dimensionless 0.0030
al, MPa 26.5
a2, 1/MPa 0.03
a3, MPa 6.51
a4, dimensionless 0.210

29



Field-Scale Model Results

Field-Scale computational
model for Cranfield, MS CCS
site —9 months of CO2
injection
= CO2 injection plume
extend significantly past
400m borehole

= Effective vertical stress
along casings can be made
tensile by CO2 injection

EFFEGTIVE_STRESS_ZZ

TIME Z24.16E+86

TIME 24.16E+6




Wellbore-Scale Model

Calculations of effect of shear at
rock interface on casing
materials completed

Epoxy microannulus ideally

would experience no plastic
strain under shear conditions
that would cause plastic strain,

STEEL CASING

cracking in cement

Results from testing, modeling of
nanomaterial epoxies indicate
such epoxies can be formulated
(e.g. Novolac, low modulus
polysulfide-siloxane epoxies;
nanomaterials include multiwall
carbon nanotubes (MWCNTs),
nanoclay, nanosilica, and
nanoalumina particles)

7.E-02
6.E-02
5.E-02

@ 4E02

o]

w
3.E-02
2.E-02

1.E-02

EQPS vs. Distance Along the Wellbore

——Cement Filled Microannulus: Steel Contact

-=-Cement Filled Microannulus: Cement Contact
——Epoxy Filled Microannulus: Steel Contact
=+=Epoxy Filled Microannulus: Cement Contact

9.7 9.8 9.9 10 10.1 10.2 103

Distance Along the Wellbore (m)




Wellbore-Scale Model — ) S,
CO2 Injection

=  Pore pressures, host rock strains
from field-scale model applied
to wellbore scale with steel and
cement liners, epoxy annulus

= Intent is to apply stresses/strain @) " b)
environment induced from
injection process to microannuli
of different materials, evaluate
applicability under field
conditions




Wellbore-Scale Model — -
CO2 Injection

ISPLACEMENT ¥

= CO2 injection causes significant
porous expansion in Lower
Tuscaloosa, inducing large
lateral deformation in borehole
casing (~3 cm)

= Significant plastic strain in
cement, shear stress in steel
casing

= Epoxy microannulus material
would experience significant
strain, transmit shear stress to
casing; epoxies evaluated thus
far not yet tested to this
magnitude of deformation

o
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Field Scale Modeling of Relevant
Problems Needs Chemistry

Selma Limestone (confining unit)

= Upper Tuscaloosa (Saline aquifer)
Middle Tuscaloosa (confining unit)
ower Tuscaloosa (injection aquifer)

Wl
il

it
el

Wi

i

0
i

__ 2600 m depth

3564 m depth

[ |
I 5000 m square 1

Lower confining unit

i
0
<

Injection 4 boreholes,
borehole  gpaced 100 m

from injection and
e i‘ 100 m apart
e

PORE_PRESSURE

PORE_PRESSURE DISPL_Z
25.00E+8 -0.0300
5.
Wi Wi B
B ge-REE -gg: = g:?ggg
L N ER M -gg: L WY
= 27. : ®=-0.0149
Rl P 2: 37 EA PR

TIME 23.G6E+6

1,
" ,' TIHE 0.0000 Y,
%
X

TIME 23.56E+6

Pore pressure, time = zero Pore pressure, time = 270 Vertical displacement, time
days = 270 days ”




Why is Chemistry important? @&

= Cement, despite its ubiquity, is a complex and dynamic
material
= Complex mineral phase assemblage
= C-S-H (chains of calcium silica hydrate, act as binder)

= Portlandite (calcium hydroxide)
= Afm, Aft, etc.

= High surface area
= Porous media, saturated (at equilibrium)

= Pore solution is alklaine (pH ~11 - low pH cement) to extremely
alkaline (pH ~ 13 - OPC)

= Not at chemical equilibrium in most subsurface environments
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Multi-scale Geomechanics + chemistry —
towards coupled chemo-mechanics for predicting seal integrity

Inward toward Casin

~32m ‘

80U m depth

3564 m depth

5000 m square !

CEMENT MICROANNULUS

STEEL CASING 36




Ongoing and Future Work-
Chemo-mechanic coupling

= microCT, SEM-EDS, TEM-EDS,
nano-indentation,
optical/Laser Confocal/AFM
profilometry, and MAS-NMR

g sl :

U,

giiwa
c

L

S

& Check Valve

CO, Bottle

Syvinge Pump Pump  Pressure Vessel

Compression Test System Brine-CO, Equilibration System




PFLOTRAN: Problem Setup &
Preliminary Results

Schematlc representation of modeled domain

y/Bent

S Cla

Preliminary Results

Reaction front

Clay Cement

Argillite Rock

Clay| Cement

Argillite Rock

t=1year Arrows denote t = 600 years

775 1 : 105 12 direction of PH
Ty frontmigration M\H\Tuuwu\ﬂuﬁww‘z

Clay Cement

Argillite Rock

Clay Cement

Argillite Rock

Total_Ca++ (M)
Total_Ca++ (M) 2690002

WIKHHH‘HH\HH“HW
M e t= 1 year IEE——

M\“HHHH“HHHH‘HHM t=600

1D reactive-transport (RT)
PFLOTRAN simulations:

Simulate development of
reaction front between cement
and interfacing materials

3 material domains:
clay/bentonite, cement, clay-
rock

3 distinct pore solution
chemistries

Cement resembling OPC
composition: portlandite,
CSH(1.6), calcite, and ettringite

Focus on reactivity at interfaces
and reaction front migration

Next = Interrogate simulation
results:

» Pore solution chemistry
« Secondary phases
* Influence on porosity
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The Endgame — fit-for purpose seal materials

1) Use an integrated modeling and experimental approach to
fundamentally understand failure mechanism at cement-
geomaterial interfaces. 2) Use this fundamental knowledge as a
design basis for a fit-for-purpose seal repair material

Multi-scale Seal Repair

jzati Material
Characterization Interface failure ateria

-micro- ' -robust at in sit
micro-CT, velocimetry of i "Rate dependencies i u in situ

interfaces \ . conditions
-predominant failure

- - lysi -ductilit
post-mortem analysis(SEM, modes uctility

TEM, EDS, AFM) A Istrai -penetration into
_PFLOTRAN-Sierra ~stressesistrains flaws
Mechanics modeling -self-healing

39




Conclusions )

= Laboratory scale experiments have developed data that represents
permeability of microannuli, strength of cement and epoxy sealant
materials

= Laboratory-scale computational model shown to effectively
simulate behavior of materials in lab-scale tests

= Field-scale model predicts stress-strain environment under which
epoxy will be subjected

= Wellbore model can predict effect of field environment on sealants

= Ability of epoxy to be effectively injected into microannuli to be
investigated

= Model development continues, including eventual comparison of
predicted field stresses and displacement to available site data

40




Sandia
Laboratories

Backup Slides
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Seal Repair Design and Evaluation® .

= Synthesis and
Characterization

= Bond strength
measurements

= Rheology
measurements

= Polymer and
nanocomposite Fluidaccess (2

separate lines})

engineering Porous disk or

repair reservoir

Axial load
fluid

Axial loading
platens

= Evaluation

Confining
fluid

Cement
= Seal mock-up

Pressure. . ;i Rock
cell

= Permeameter for post-

repair gas and liquid i
flow measurements




Conventional repair methods vs. Nanocomposite ] s
Repair Material

Microfine
Cement




Kayenta )=,

Kayenta is a three- =
invariant plasticity
material model suitable
for modeling quasi-brittle
materials such as
concrete and rock
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Activities to date:

1. Kayenta model updated with bug fixes

2. Kayenta model source code migrated to new server

3. Kayenta model source code tests updated to newer test harness
4. Elastic and poro-elastic parameters fit to limited concrete data
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