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Needs in Geo-Engineering Innevation — “Evolutienary?”

(@iteridimMitchellFNRE: COGEEF Opportuniuesticr ResearchraneNiechneleay Inneyvatoen)

Characternzatoen (In space and time)

(Easier, merenelianl el ESSIEXPERSIVE MGIrENRIGHIau o)

iHIgh=level Analysis (1 space and time)

(Easter merenelicnl el ESsIEXPENSIVE, IMGIEraCeUlEile)
- Uneerstandingl Natural/Augmented! Processes
- Perfiermance; of structure

Improvement Viethods

(WhigiyeUNdGAVItSHIE IEW d2ia7)
Remedial Actions

Monitoring Response

(DUrineand pPest=Censtirtction)




Current Case for DUSEL

SCIentific & Engineenng Merit
s Scale Effects — eveniding theme....related te...
1. Complex ceupled process interactions (THVIC-B)

2. Rock deformation and state ofi stress — Influences
O rock engineering

2. Role ofi fractures on hydraulic and mechanical
PENAVIGK

4 Elow and transport in the deep suksurface



Scientific Rationale
Societal Imperatives

e Resource Recovery \
¢  Petroleum and Natural Gas Recovery
¢  |n Situ Mining
e HDR/EGS
e  Potable Water Supply

Mining Hydrology
Waste Containment/Disposal
¢  Deep Waste Injection
¢  Nuclear Waste Disposal
e  CO, Sequestration
¢  Cryogenic Storage/Petroleum/Gas

Site Restoration
e  Acid-Rock Drainage
¢  Aquifer Remediation

Underground Construction
¢ Civil Infrastructure

¢  Mining

¢  Underground Space

e  Secure Structures

Both GeoHydrology
and GeoMechanics

Mainly GeoHydrology

Mainly GeoMechanics




Current Case for DUSEL

Societall Needs

Complex coupleal precess interactions; (THNVC-B)

Rock deformation and state ofi stress — Influences
O rock engineering

Role of firactures on hydraulic and mechanical
PENAVIGK

Elow: and transport ini the deep sulksurface



Permeability, m?
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Scale Effects in Geo-hydrology — Space and Time
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Scale Effects in Geo-Mechanics — Space and Time
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Current Case for DUSEL

Societall Needs

SCIentific & Engineenng Merit
s Scale Effects — eveniding theme....related te...

2. Rock deformation and state ofi stress — Influences
O rock engineering

2. Role ofi fractures on hydraulic and mechanical
PENAVIGK

4 Elow and transport in the deep suksurface



Complex coupled process interactions (THMC-B)

Solid- & Fluid-Environment Interaction
o Models of Fracture Development
o Coupled Processes

>  THM
> CB
> THMCB
—» 4_
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Importance of Large-Scale In-Situ Experiments

¢ Validation of coupled reaction-transport
conceptual and numerical models requires _
well-controlled /n-sifu experiments (not found ~ Example of thermal-hydrological-

in nature) chemical processes in boiling
s Effective reaction rates are controlled by the unsaturated fractured rock

hierarchy of scale of fluid flow - e.g., flow in a
fracture, through the fracture network, and

pH PCO2
flow between the rock matrix and the 4 1
adjacent fractures
. ™~ silica dissolution
¢ Reaction-transport processes can be strongly Aumnosicae
coupled to permeability changes from rock
mechanical processes and can affect rock o

deformation as a result of changing Rook atri i R
mineralogy, permeability, and the chemical Fracture Vapors Ll S 5 e orncive
environment at fracture tips [N ol e T

¢ The Drift-Scale Test at Yucca Mountain has
been used to study coupled thermal-
hydrological-chemical-mechanical processes
in unsaturated fractured tuff

¢ However, different geological and chemical
environments can result in different system
evolutions

Zone of Active
Silica Precipitation

Heat Source

ROCK
[Courtesy: E. Sonnenthal] ARMA-NSF-NeSS Workshop AH HEgce




Coupled Thermal, Hydrological, and Chemical
Processes in the Drift Scale Test at Yucca Mountain

[Courtesy: E. Sonnenthal]

Purpose of the test is to evaluate
coupled thermal, hydrological,
mechanical and chemical
processes surrounding the potential
repository

Dimensions: ~ 50 meters long by 5

Connecting
Drift

meters in diameter

Electric heaters activated Dec. RS =

1997, turned off Jan. 2002 =
Maximum drift wall temperature =

reached ~ 200°C

Water, gas, and rock samples
collected from boreholes for
geochemical and isotopic studies

Reaction-transport modeling
performed prior to and during test
(examples on following slides)

ARMA-NSF-NeSS Workshop

Observation

Heated
Drift

= Wing Heaters
Thermal
= Mechanical
Hydrological
= Chemical

AR ROCK
T




CO, Evolution in the Drift Scale Test

* CO, concentrations in vapor migrating through fractures reflects coupled
processes of boiling, vapor condensation, diffusion and reaction of flowing
fracture water with calcite coatings on fracture walls

* Reactive transport models using alternative geochemical systems are
tested against measured gas concentrations (figure on right)

Modeled Fracture Gas CO,: Jan 02

30000
| Borehole 74 Interval 3
250001

20000 4

15000 -

[meters]

10000

5000 -

-0 0 10 20 30 40 50
[meter‘s] 0 —r - r - T - T - T r T T T T T T 1T
____ IIEEEEEEEEEES

6.4 -5.4 -4.4 3.4 24 16
CO, Concentration [Log Volume Fraction ) AMERICAN
: 109 b 5F-NeSS Workshop ARIVIA Bock

MECHANICS
ASSOCIATION

-850 -

Test Duration [Months]

[Courtesy: E. Sonnenthal]



Current Case for DUSEL

Societall Needs

SCIentific & Engineenng Merit
s Scale Effects — eveniding theme....related te...
1. Complex ceupled process interactions (THVIC-B)

2. Role ofi fractures on hydraulic and mechanical
PENAVIGK

4 Elow and transport in the deep suksurface



F
Excavation face l )
TBM Disc

(

Plastic region

Probable
chip path

Stress distribution beneath a TBM Disc Indenter
after the stable vertical crack has developed

Excavation
face

CMM Disc
(undercutting)

(/

Plastic —
region
| Excavation
face
Unstable
crack Crack path produced by
propagation CMM Disc Indenter

Note: Tensile crack can not propagate
until plastic region reaches critical size

Disc tip CMM Indenter Force (N/mm of contact length)

radius S=25mm S =50 mm S =100 mm S=o

6 mm 1,700 (74%) | 2,310 (100%) | 2,700 (117%) | 3,000 (130%)

8 mm 2,500 (100%) | 3,150 (126%) | (3,500?) (140%?)
12 mm 3,150 (100%) | 3,600 (114%) | 4,200 (133%)

Note: Indenter Force Increase is small for large increase in cutting depth S.

Comparison of chip formation in classical TBM and in CMM (undercutting)

[Courtesy: C. Fairhurst]



F = Thrust

P = Penetration
- S =Cutting Depth

WIRTH-HDRK Continuous Mining Machine (CMM) [Courtesy: C. Fairhurst]



[Courtesy: C. Fairhurst]

Rock cuttings produced by CMM



Log10 seismic
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Current Case for DUSEL

Societall Needs

SCIentific & Engineenng Merit
s Scale Effects — eveniding theme....related te...
1. Complex ceupled process interactions (THVIC-B)

2. Rock deformation and state ofi stress — Influences
O rock engineering

4 Elow and transport in the deep suksurface



Role of fractures on hydraulic and
mechanical behavior

Mechanical and Transport Behavior
. Connectivity of Fracture Networks
® Multi-phase Flow
e Particulate (Colloid/Bacterial) Transport

Producton

A Ewcellent - Major
| compartments
intersected

Significant -
Interference from
wells sharing
compartmenis

Poor - No major
compartments
mnlersecied

ARMA-NSF-NeSS Workshop AH oG




Current Case for DUSEL

Societall Needs

SCIentific & Engineenng Merit
s Scale Effects — eveniding theme....related te...
1. Complex ceupled process interactions (THVIC-B)

2. Rock deformation and state ofi stress — Influences
O rock engineering

2. Role ofi fractures on hydraulic and mechanical
PENAVIGK



Flow and transport in the deep subsurface

Characterization of Mechanical & Transport Properties
. Hydraulic Methods
. Tracer Methods

> Natural

> Forced :
Aqueous (Conservative/Reacti
Thermal
Particulate

o Geophysical Methods
. Drilling Methods

ARMA-NSF-NeSS Workshop ARVIA Rock




We think that this image might be telling us something about
fracture orientations and intensity, but it is not clear what

o e

MECHANICS
ASSOCIATION

[Courtesy: P.om e




What we would like to be able to do is to accurately infer the
fracture pattern, so that wells could be sited and completed to
enhance numerous recovery processes

[By] (i3] m [A] (i3}

ARMA-NSF-NeSS Workshop AﬂMAgg.g.,g

[Courtesy: P. LaPointe]




Geophysical Methods -
Waterflood Acoustic Events
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Hew: DUSEL [May] Eit These Needs

Wihat kind ofi expernments; could oe: dene?

Wihat kindl off experiments; have Been
done?



Wihat's soi special about DUSELL?

Principal Attributes

| 1. Unusual spatial

' Spatial scale, x,y,z scale

2. Long-term access
3. Depth gives stress

and thermal
regimes......

..and others

Geology different from
waste disposal
sites?

Depth, z -> Ac; AT



Underground Science: [Laboratory
Prority: Attrbutes: off Earthlals

Long-term acceess to large (20 cubic km) volume of sulbsuriace
Diverse chemical and physical environment (rocks, structures,
hydrelegy, fitids)

Geological features wellf characterized 1 3-D

IHost rocks ter 120°C (at —5 km), water-filled fracture system

Ability: ter access this environment through drllfholes, underground
WOrKIngs, andl Ghsenvateres

Ability: tor medify: envirenmental leads; (thermmall, stress, chemical
tracers, hydraulic conditiens:.)

Cemmunity, access terarchive: off data/samples; it mine chosenias
DUSEL



How: DUSEL [May] Fit These Needs
\What's se) special abouit DUSEL?

Wihat kindl off experiments; have Been
done?



Science & Engineering Needs (Cont'd)

Imperatives

s Scale Effects — overriding theme....related to...
1, Complex coupled process interactions (THMC-B)

2. Rock deformation and state of stress — Influences on rock
engineering

3. Role of fractures on hydraulic and mechanical behavior
4. Flow and transport in the deep subsurface

Approach
¢ Run-of-Mine/Facility Experiments (HCB)

’ Experiments Concurrent with Excavation of the"‘
Detector Caverns (HM)

. Purpose-Built Experiments (THMC-B)
> Large Block Tests/Observatories...
> Mine-By and Dirift Structure Tests

ARMA-NSF-NeSS Workshop




Run-of-Mine/EFacility: Experiments

Access to very large block
Charactenzation

Scale effects andl heteregeneity.
\/ariable stress; temperature

Depth, z -> Ac; AT



Experiments Concurrent with Excavation
|eff the Detector Caverns and other aceess.. |

Characterization

= Prediction and
Correneration

Scale effects on
Processes In EDZ:

s Vechanical
s Hydraulic

http://www.lassondeinstitute.utoronto.ca/young/research/url/mineby.htmi
http://www.euridice.be/downloads/Andra-1299-jdba.pdf



Purpose-Bullt Experiments

Large Block Tests

[BERAVIGIE G tHENRISUNE ERVEY]

Engineering eguivalent of scientific
ebservatories

Characterization

Scale efifectsi on processes; in| pristine
envirenment:

n  Mechanical

s Hydraulic

Confirm predictions and correborate
models by exhumation

Mine-By and Dt Structure Tests

[BERAVIGI GiFthErdiTitNtURRE)suticiure]
e g

e o g
U '.:‘l'f ’L 1
"r. "rrli..\{_

Figure 1. 3-Dimensional view of the Drift Scale Test showing the hydrology borehales (blue)
that contain Viton™ packers, wing heater horcholes (red), and SEAMIST™ holes
(green).

|nfirastructure installation and
durability

Detonations and lifeline
sSURvIvalility

Excavation efficiency: studies
Others......



Earthl.alb... Propesed Experiments

PDeep’ Elovw andl Palaeoeclimate: [Laneratery
and Okservateny.

Ulra-deep undergroundl Glosernvatony. for
pielegical anadl biegeochemical educanon
and research

EarthLab Report to NSF, 2003.



Induced Eracture Processes Laboeratory

Evaluate and' refine models' of firacture
Intatien and prepagatien

= Resource recovery

n  COZ sequestration

s \Waste isolation

Examine effects on proximal fluidi flew.
and transport including| proppants

s \Wellbore interaction effects

s Pressure solution in fractures

a  Examine roles of different propellants

Examine roles of fractures in bacterial
colonization

Examine the long-term stalbility: and
duralility’ off underground opEenings

4/ 14/
S,
i ﬁf”f% k;r;:f.-’:’;:.’;.

5N iy

s

"

http://www.earthlab.org/



Deep Couplead Processes lLalboratory

Characterize coupled-precesses that
afifect critical environmental
engineering, and complex subsurface
Earth processes

m COZ2 sequestration

a \Waste iselation

s In situ mining

s Mineralization and! ore body/ fermation

Characterize coupled processes under
ambient: conditions

Chemical fate and transport including
disselutien/precipitation and
modificatien e mechanical and
transport parameters

Multiphase: flew: andl transpoert
Microbial colonization

http://www.earthlab.org/



http://www.earthlab.org/
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Hew: DUSEL [May] Eit These Needs

\What's se) special abouit DUSEL?
Wihat kind ofi expernments; could oe: dene?



[Courtesy Tom Doe: NRC COGEE presentation of August 2003]

What kind of experiments have been done?

What is going on with radwaste
research facilities over past 25y?
B Granite

B Clayrock

B Salt & Tuff

What are the scientific issues and
accomplishments




What Questions Remain Unresolved?

... O WOIKING| groups?
(Joint with' Tlemimy: Phelps)

WhHERCERNIENC BRENC PN ANVAEIFCARNBLY

Coordination of activities

Integrate: site-characternzation With project



~ Attributes of different gEeo-environments

Sci/Eng Focus

Relevant Attributes

Overall/Gee/Eng

Low-high' stress

Low-high thermal gradient
Small-large site velume
IHomegeEneouUs-heterogeneous
Unfractured-fractured

Ranip access — shaiit access

Geoe-hioclogical

Sterile-teeming

Geo-chemical

Reactive-inert
HIgh-lew electrechemical fltx

Gee:-hydrological

Permeable-porous e nen-poreus/iractured

Geo-mechanical

Brittle-ductile
LLow-highj stress

Geo-physical

Aseismic-Seismic




PDefine Incompatibilities

EXplesions & Blast mechanics: :AEN]

Radie:laneleadl tracers e intered
radieactiverwaste?!?]::radiation detection
EXPERMERTS

Deep-hot-wet environment::getting
anytning done



Basic Trechnical Requirements, for
DUSEL Modules?

....... Eer working greups te decide.....?
Conditioned hy:....
..... The excellence of the science...
....... The relevance: ofi the .engineerng....
..... types of expernments needed....

Cemplementary: [not competitive/duplicative]f with current URLSs and
IDP studies

Separated-firom or Integratea-with; detector sites/caverns?

Brioad community consensus ofi Impoertant ISSUes



Wihaat Will 1be' Done: in 201 years?

Never make predictions, especially’ about the future....
SamreelcwmIVIayes

[Heavier tham air flying machines ane impossible.....
Coxd Kelving President; Reyal Seciely, 1890-95;

Digital/transparent/glass Earthifior charactenization| of structure and
PrOpPENtiES

(Easter moere reliahlesessieExpensive; more Inermation)

Transparent prediction ofi Processes

(Easter, moere reliahle; I EssiEXPENsIVE IMoNe ACCUrate)

...... especially these that contrikute to:
s Complex THVMCB interactions
m Post-peak:behavior of rocks

...... andl therefore: arfect the performance of natural processes and
engineered structures..... In space and time...............



What will we need to do better in 20 yez
Grand Challenges.....

¢  Resource Recovery
¢ Locate resource
e Access quickly and at low cost
e Recover 100% resource at chosen timescale
¢ No negative environmental effect

¢ Waste Containment/Disposal
¢  Characterize host at high resolution
¢ Access and inter quickly at low cost
¢ Inter completely or define fugitive concentration
output with time

¢« Underground Construction
Characterize inexpensively at high resolution

¢ Excavate quickly and inexpensively
¢  Provide minimum support for maximum design life
&




Rapidi and Non-invasive Eine-scale Characterization

of Material Characteristics

Non-invasive distributed
measurements

e.g. INSAR

Passive and
Active
Geophysics

Other?

Invasive point measurements

Surface bellows-DT-
wvalve sensing units

e.g. Strainmeters
Tilt, CGPS

Structure -> Spatial scale effect

Complex Phisio-Chemical THMCB -> Temporal scale effect




Complex Coupled THMC Processes

Elne-scale: resoelution

ofi Influence: of S curorcor 0%
phySicaI and Chemical - Stage 1 (20 °C) Stage 2 (Reverse flo 2G°C]i Stage 5 (80 °C) Stage 6 (120 °C
Interactions, of fiuids N\ -

and rock on

PrepEerties, e.q.
rfeactive chemistry in
a Stressed 400 800 1200 1600 2000 2400 2800 3200
EnVirenment on Time [h]
physicall hydrology......

€
=
o
=
=
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Rock Eracture and Post-peak Fallure
Behavior — Time: to Fallure?

eAnalysis: Since Galileo?
eCharacterization

eStructure

e|nitial Conditions

eConstitutive Relationships
DUSEL Offers:

eLong occupation

eLarge-scale lab



Rock Fracture and Pest-peak
Ealltre: Behavior

Prilling and excavation efficicncy.
MinRinal' excavation: SUpPort
Securty and vulneranility’ ofi structures

Earthguake mechanics

a Second-erder firiction; efifects
x Rele of fluids

s Mechanisms of healing



Underground Science: [Laboratory
Poetential for Scientific and Engineerng lnnovation

Genetic materials, micreorgansisms with novel capabilities;
pietechnoelogy. applications

Instrumentation’ fior moeniterng/mapping In extrenme: environments
(subsurface MEMS/NEMS imaging/sensors), applications: in
exehiology’ & underground mine mapping (rehotics, lasers)

Envirenmentall remediation! teclinelegies: (contaminated
gleunedweater)

CO2 sequestration field testing (leakage, Impact)

Drlling| & excavation technology: (reck engineesnng|, structural
sUpport ofi rock Masses)

Natural reseurce exploiation andl develepment

EarthLab Report to NSF, 2003.



That's All Folks!
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