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NAE Grand Challenges,

as determined by a committee of the National Academy of Engineering (NAE) - 2008. 

άAll are associated with four broad realms of human concern: Sustainability, Vulnerability, Health and the Joy of LivingέΦ 

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                                                                 
Reverse-engineer the brain                                                 
Prevent nuclear terror                      
Secure cyberspace     
Enhance virtual reality   
Advance personalized learning       
Engineer the tools of scientific discovery

http://www.engineeringchallenges.org/cms/challenges.aspx

!  ΨDǊŀƴŘ /ƘŀƭƭŜƴƎŜΩ  ƛǎ ƻƴŜ ǘƘŀǘ ƛǎ

άvisionary, but do-ŀōƭŜ ǿƛǘƘ ǘƘŜ ǊƛƎƘǘ ƛƴŦƭǳȄ ƻŦ ǿƻǊƪ ŀƴŘ ǊŜǎƻǳǊŎŜǎ  ƻǾŜǊ ǘƘŜ ƴŜȄǘ ŦŜǿ ŘŜŎŀŘŜǎΤέ 

ŀ ŎƘŀƭƭŜƴƎŜ ǘƘŀǘΣ ƛŦ ƳŜǘΣ ǿƻǳƭŘ ōŜ Ψgame-ŎƘŀƴƎƛƴƎΩ-ƘŀǾŜ ŀ άǘǊŀƴǎŦƻǊƳŀǘƛǾŜέ effect on  technology.                                

NAE President Charles Vest, Press Conference, AAAS , February 15, 2008  

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


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

άEngineering applied to the discovery, development and 
environmentally responsible production of subsurface earth 

ǊŜǎƻǳǊŎŜǎΦέ

Committee appointed in October 2009 to 
define the leading (five or so) 

Grand Challenges in Earth Resource Engineering.  

ϝŦƻǊƳŜǊƭȅ άaƛƴƛƴƎΣ DŜƻƭƻƎƛŎŀƭ ŀƴŘ tŜǘǊƻƭŜǳƳ 9ƴƎƛƴŜŜǊƛƴƎΦέ

The name was changed in 2006 to recognize  the                                                                               
broadening spectrum of subsurface engineering activities.



The  Restless Earth

Mining
Surface & Underground Groundwater

Oil, Gas, Coal

CO2 sequestration
Nuclear Waste

Underground Space
3D  Cities ; IsolationEarthquakes  

When ?  Where ? Geothermal

Isolation /Protection

Do you understand what you are doing  to me?

EarthResources Engineering

DUSEL* Research 
Particle Physics ςCosmic Rays

Rock Mass Properties  and Processes
Biology-Deep Life

Lithosphere

ά9ƴƎƛƴŜŜǊƛƴƎ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ŘƛǎŎƻǾŜǊȅΣ ŘŜǾŜƭƻǇƳŜƴǘ ŀƴŘ ŜƴǾƛǊƻƴƳŜƴǘŀƭƭȅ 
ǊŜǎǇƻƴǎƛōƭŜ ǇǊƻŘǳŎǘƛƻƴ ƻŦ ǎǳōǎǳǊŦŀŎŜ ŜŀǊǘƘ ǊŜǎƻǳǊŎŜǎΦέ

Methane 
Hydrates

9ŀǊǘƘ wŜǎƻǳǊŎŜ ŀŎǘƛǾƛǘƛŜǎ  ŀǊŜ ŀƭƭ ǊŜƭŀǘƛǾŜƭȅ ǎƘŀƭƭƻǿ ƛƴ ǘƘŜ ƭƛǘƘƻǎǇƘŜǊŜΤ ώƛΦŜΦ ǎƻƭƛŘ ŜŀǊǘƘΩǎ ŎǊǳǎǘΤ ~40 km-300 km thick.]

Deepest borehole is 12 km. Deepest mine is 4 km.        
Rock temperature increases approx. нрɘɘɘ ɘ/κƪƳ ŘŜǇǘƘ  
Vertical rock pressure ̀v increases ~ 27MPa/km. 
Horizontal pressure ̀h ~ (0.5- 3) ̀ v

Earthquakes  vary from ~20 km to 700 km in focal depth. 

Extraction

*DUSEL -Deep Underground Science and Engineering Laboratory 
see www.dusel.org

Civil Engineering 
Dam Foundations;  
Tunnels; Rock  Slopes       
Energy Storage ,etc.



ÅRapid Population Growth

ÅRising expectations world-
wide.

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

ÅRising  worldwide demand 
for earth resources - minerals,  
groundwater. 

ÅIsolation potential of solid 
rock cover 

ÅGlobal warming ; reduce 
carbon footprint  

ÅMove to metropolitan areas.
demands on surface space; 
3D  urban design.

World Population   1 AD to  present  

Rising Demands on Earth Resources 
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World Population 1AD to present

Rising Living  Standards  lead to Increased use of Minerals

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



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 isolation - subsurface  

Energy Information Administration - Annual Energy outlook 2010
S.Pacala and R.Socolow (2004) Solving the Climate Problem for the Next 50   
years with Current Technologies Science, Aug.13, V..305 No.5688,pp.968-872 



Scale !

Earth Resource Engineering 
problems involve an 

exceptionally wide range of scales,

both

Spatial and Temporal.



4 x 106 m

Inter-atomic spacing,   10 -9 m   

Length Scale  - Range  10 15

Plate tectonics   106 m 

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



Zero Strength ? 

t̀  = 0
Threshold  Strength ?                 

t̀  ~ 0.5̀ c 

Tectonic  deformation 
n ~ 16

( ~ 100 million years)
Blasting;  n ~ - 3
(milliseconds)

TimeScale- Range 10 19

Large bench blasting in 
one round in a mine near 
Kuala Lumpur.Malaysia.

Photo Nitro Nobel 

All rocks are not 
created equal!



Grand   Challenges in Earth Resource Engineering 

Overarching challenge 

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

Specific Challenges 

ÅTransparent Earth 

ÅSubsurface  Processes 

ÅMinimally Invasive Extraction

ÅProtecting People and the 
Environment. 



Add depth to EarthScope(www.earthscope.net)

We should attempt to map the upper 10 km of the ŜŀǊǘƘΩǎ 
crust (with particular emphasis on the upper 500m) in more 
than just descriptive terms .  (Member comment)

Very Large Scale  ~ 1000 km

Large Scale    ~ km
3D   Seismic  + Well logs 

CAT  scan  of petroleum shale sample  to determine  

porosity structure and  kerogendistribution 

Very Small Scale  mm

Transparent Earth.

to do for Earth Resource Engineering 
what imaging etc, is doing for Medicine. 

( wide range of length scales.)   

http://www.earthscope.net/


Coupled Processes in  the Subsurface.
Controlling  influence on most  aspects  of subsurface science and   

engineering  - from earthquakes to occurrence of  mineral deposits. 

Fluid  (water-gas ςchemically reactive) flowing at depth through hot rock under pressure



Coupled Hydro-Mechanical  Effects 
τLarge Scale

(ZeuzierReservoir)

Adapted from Biederman(1982)

ZeuzierArch Dam 
(Switzerland)



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

Minimally invasive extraction
Extend beyond petroleum



Directional  Drilling  in  Radioactive  Waste  
Repository  Exploration.  Bure,   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

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.

Improved Urban Infrastructure



Much of  Earth  Resource Engineering  has relied on  Empirical  Rules
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. Leopold Müller:
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?
ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦ

Müller:
Für das Gestein, getestet in Labors, ja. Für das Gebirge nein. Diese Festigkeit 

Ƴǳǎǎ ƎŜǇǊǸŦǘ ǿŜǊŘŜƴΦ 5ŀƘŜǊ ōǊŀǳŎƘŜƴ ǿƛǊ ŜƛƴŜ αLƴǘŜǊƴŀǘƛƻƴŀƭŜ ±ŜǊǎǳŎƘǎŀƴǎǘŀƭǘ ŦǸǊ CŜƭǎΦά
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  
ŀƴ ΨLƴǘŜǊƴŀǘƛƻƴŀƭ wŜǎŜŀǊŎƘ LƴǎǘƛǘǳǘŜ ŦƻǊ wƻŎƪΩΦ 

ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ

ISRM was founded  because 
ά²Ŝ Řƻ ƴƻǘ ƪƴƻǿ ǘƘŜ ǎǘǊŜƴƎǘƘ ƻŦ ŀ ǊƻŎƪ ƳŀǎǎΦέ



Synthetic Rock Mass  and  Fracture Network Engineering 

Advances  in Computing Power  
now  allow 

Strength of Rock Mass to be 
computed.

Field Verification 
of 

Predictive Numerical Models 
is now the
Challenge! 



Molecular   Model 
of  Body Structure

Infinitesimal              
Calculus

Newton   (ca 1687)

Continuum Hypothesis

Continuum Mechanics

Computer ( 1970 -)

DiscontinuumMechanics      
(Discrete Element Mechanics; DEM)

Rock   

Rock

Empiricism



Fracture 
representation ς

3D Discrete Fracture 
Network  (DFN) 

Intact rock 
representation

(including brittle 
fracture)

Synthetic Rock Mass

Bonded-particle assembly intersected 
with fractures (Smooth Joint Model ς
SRM)



Approximate FLAC 
Failure Surface

PFC2D v. FLAC Model

Particle Velocity Vectors



Bench C2
West Wall Slope at Chuquicamata

note offsets

Reversed plot from
PFCmodel


