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NAE Grand Challenges,

as determined by aommittee of the National Academy of Engineering (NABPS8

OAllare associated with four broad realms of human concern: Sustainability, Vulnerability, Health and the Joy¢offLiving

Make solar energy economical
Provide energy from fusion
Develop carbon sequestration methods
Manage the nitrogen cycle
Provide access to clean water
Restore and improve urban infrastructure
Advance health informatics
Engineer better medicines
Reverseengineer the brain
Prevent nuclear terror
Secure cyberspace
Enhance virtual reality
Advance personalized learning
Engineer the tools of scientific discovery

http://www.engineeringchaknges.org/cms/challenges.asp;
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NAE President Charles Vest, Press Conference, AZ&A&iary 15, 2008


http://www.engineeringchallenges.org/?ID=9414
http://www.engineeringchallenges.org/?ID=9414

NAE Section 11,
Earth Resources Engineering. (est. 2006

OEngineering applied to the discovery, development and
environmentally responsible production of subsurface earth
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Committeeappointedin October 2009 to
define the leading (five or so)

Grand Challenges in Earth Resource Engineering.
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The name was changed in 2006 to recognize the
broadening spectrum of subsurface engineering #&s/
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Deepest borehole i42km. Deepest mine ig km.

Rock temperature increases approspabk] Y RSLK
Vertical rock pressure, increases 27MPa/km.
Horizontal pressure,, ~ 0.5-3) °,

Earthquakes vary from20 km to 700km in focal depth.



Rising Demands on Earth Resources

ARapid Population Growth

Rising expectations woHd
wide.

Axpansion of BRIC nations
(Brazil, Russia, India, China.)

1950 1975 2005

2000 2045

MRising worldwide demand World Population 1 AD to present
for earth resourcesminerals,
groundwater. Copper: Per Capita Intensity of Use 1998

Consumption/capita Kg (log scale)

Asolation potential of solid
rock cover

Sweden Germany

10 USA

Brazil

AGlobal warming ; reduce
carbon footprint
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MMove to metropolitan areas. 5 GDPcapta Uséona :
demands on surface space,;
3D urban design. Rising Living Standards lead to Increased use of Minerals

Source, Crowson Phillip. Inside Mining,Mining Journal Books Ltd, London, 1998



Stabilization Wedges

Figure 1. U.S. primary energy consumption,
1980-2035 (quadrillion Btu)

Billions of Tons
Carbon Emitted per
Year

D Rentmamﬁﬁw""“
Total | ”"”,wmu:\lll”"")
Biofuels

Liquids

<«— Eight “wedges”

Goal: In 50 years, same
global emissions as today

Flat path —

Natural gas

Nuclear

Coal

1995 2008 2020

Energylnformaton Administration - Annual Energy outloole010 S.Pacala and R.Socolow (2004) Solving the Climate Problem for the Ne:

years with Current Technologies Science, Aug.13, V..305 N0.5688,p.BE

World Energy supply over next several decades.

60% delivered through a borehole (Oil and Gas)
90 % from Subsurface ( Coal 23% Uranium 7% )

Geothermal- subsurface: Waste isolatieaubsurface



Scale |

Earth Resource Engineering
problems involve an
exceptionally wide range of scales,

both

Spatial and Temporal.
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Inter-atomic spacing, 10m Plate tectonics Hm

Length Scalee Range 1G°

See C.H.Scholz The Mechanics of Earthquakes
and Faulting. 2" Edition, Cambridge 471p.



Time to feifure (10" sec.)
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Tectonic deformation
n~16
(~ 100 million years)

Blasting; n~3

(milliseconds)

Zero Strength ?  Threshold Strength ?
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Applied compressive load as fraction of UCS (o, 0,)

TimeScale- Range 1019

arge bench blasting in
2 round in a mine nea
laLumpur.Malaysia
Photo Nitro Nobel

All rocks are not
created equal!



Grand Challenges in Earth Resource Engineering

Overarching challenge

Ato supply society with its energy, minerals and groundwater while protecting
people and the environment.

Specific Challenges
ATransparent Earth
ASubsurface Processes
AMinimally Invasive Extraction

AProtecting People and the
Environment.



EarthScope Instrumentation

* 3.2km borehole into the * 400 transportabie seismic stations
San Andreas Fault occupying 2000 sites

+ 875 permanent GPS stations * 30 magneto-teliuric systems

+ 173 borehole strainmeters + 100 campaign GPS stations

+ Slaserstrainmeters * 2400 campaign seismic stations

* 39 Permanentseismic stations

Very Large Scale ~ 1000 km

Add depth toEarthScopgwww.earthscope.net)

Weshould attempt to map the upper 10 km of - NIi K Q &
crust (with particular emphasis on thper500m) in more
than just descriptive terms(Member comment)

e E———— ST

Large Scale _km
3D Seismic + Well logs

Green = Kerogen

Red = unconnected
porosity

Blue = connected
porosity

[From EOG/Ingrain]

Very Small Scale mm

CAT scan of petroleum shale sample to determine
porosity structure andkerogendistribution

Transparent Earth.

to do for Earth Resource Engineering
what imaging etc, is doing for Medicine.
( wide range of length scales.)


http://www.earthscope.net/
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Frictional/Deformational Heating

@
Modified Reactive Surface Area =
Mechanical ‘ Chemical
Modfied after Yow and Hunt (2002) Heating\Weathering\Dissolution

Fluid (watergasc¢chemically reactive) flowing at depth through hot rock under pressure

Coupled Processes in the Subsurface.

Controlling influence on most aspects of subsurface science and
engineering - from earthquakes to occurrence of mineral deposits.
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Minimally invasive extraction

L Extend beyond petroleum X
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Sensor package

Drill collar Stabilizer 4 control system Motor rotation CCW @ collar speed Drill bit
R e — "
i . s~ W
Power Collar rotation CW Motor . Bearings
generating Eccentric Stabilizer

turbine coupling

Schematic of Directional
Drilling from off-shore oil

platforms .
The red borehole is guided remotely

to stay within the center of a narrow
(ca 4m) producing horizon for several
kilometers




SW . »
Depth (m) Main shaft Auxiliary shaft
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- Kimmeridgian marls

Oxfordian limestone

Callovo-Oxfordian a
(host formation)

Bathonian limestones

Bajonian limestones

900 b pL ADPE 03-0426 / D
0
Scale :

Directional Drilling in Radioactive Waste
Repository ExploratiorBure France

Copyright : ANDRA



Wall Street New York 1918

Typical chaotic development of
subsurface of major cities in past
century .

This greatly increases construction
costs and forces future uses of
underground space to deeper and
deeper levels.

Taisei(Japan)concept, 1990
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Use of underground space to create new
commercial space linked to
transportation and utility infrastructures
while freeing up precious surface space.
In 2004, Japan created a public zone for
deep underground space beneath major
cities to ease the administrative burden
of developing major underground

infrastructure linkages
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Improved Urban Infrastructure




Much of Earth Resource Engineering has relied on Empirical Rule
because of the complexity of the processes and the inadequacy of
closed form continuum solutions.

Computer s are changing this.



Extract from Radio Interview of Prof. LeopdUililler:
May 24, 1962. Salzburg
(after registering ISRM as an International Society)

Reporter:
Zum Begriff der Sicherheit. Sind denn die Festigkeiten der Gesteine bekannt?
With respect to safety
Do we know the strength of rock?
XXXXXXXXXXXXXXXXXXXXXXXXD
Mdller:
FlUr das SSesteirj, getestet ip Lavboﬂrs, ja. Fur das erirge nein. Digse Eestigkeit
Ydzida ISLINNFTU SNRSY®P 51 KSNIJ 0NI dzZOKSY & ANJ !
For rock (specimens) tested in the laboratory, yes.
For a rock mass, no.
This is what we need to determine.
This is why we need ISRM
Y WLYOGSNYlFOGA2y It wSaASIENOK LyaiAa
XXXXXXXXXXXXXXXXXXXXXXXXX

A I§RI\/I was founded because A
G2S R2 y20 1y2¢6 0GKS adl



Advances in Computing Power
now allow
Strength of Rock Mass to be
computed.

Field Verification
of
Predictive Numerical Models
IS now the
Challenge!

Synthetic Rock Mass and Fracture Network Engineering



Newton

Molecular Model
of Body Structure
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Computer ( 1970)

DiscontinuumMechanics

(Discrete Element Mechanics; DEM)empiricism

\

(ca 1687)

Infinitesimal
Calculus
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Continuum Hypothesis
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Continuum Mechanics
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Synthetic Rock Mass

Intact rock
representation Fracture
(including brittle representationg
fracture) 3D Discrete Fracture

Network (DFN)

Bondedparticle assembly intersected
with fractures Emooth Joint Modek
SRNM



PFC2D v. FLAC Model

Particle Velocity Vectors

' Approximate FLAC: * . &
Failure Surface ~ - = 7. 7L



Bench C2

West Wall Slope at Chuqu

ICamata

note offsets
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