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Terminology
Rock Mechanics/Geomechanics

— Rock mechanics: discipline concerned with the stressing,
deformation and failure of rock

— Geomechanics: Rock mechanics + Soil Mechanics € becoming
more popular in energy industry

— Rock Engineering: Rock mechanics + application to engineering

— Geotechnical Engineering: (Rock mechanics + soil Mechanics) +
application to engineering < used more by civil engineering
industry

— Specialized Rock Mechanics/Geomechanics:
Mining ---, Petroleum ---, Reservoir ---, Borehole ---,



Area of Applications
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Mining Engineering

— underground mine, surface

mine

Petroleum eng

— hydraulic fracturing,
borehole stability,
subsidence control

|

H Rock Mechanics/Geomechanic

N

S
|

|

"| = nuclear waste disposal,

Energy & Environ.
ISsues

geothermal energy, CO2
sequestration

Civil/Geotechnical Eng

— tunnel, foundation on rock,
road slope




Nature of problem
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oneofthe biggest rock core in the
world at AECL URL in Canada
(2002). ~ 1m

Rock cutting from Pohang
EGS site. ~few mm
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Nature of problem
Data limited problem
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Well-posed problems

Data

Data limited problems
- Rock Engineering?

4 | 2

Understanding

Recited from Starfield and Cundall (1988)



Nature of problem
Effect of fractures & Scale

Forsmark, Sweden, 2004

Forsmark, Sweden, www.skb.se




Nature of Underground Geomechanics

Civil structural problems: Underground Geomechanics problems:
Mechanics of “Addition” Mechanics of “Removal”
¢ Side view
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Nature of problem

Structural problem/Rock Mechanics

HRIES FAEZEN|
Civil Structural Problem

Mz Sl =4

Material & nature of its
properties

H#Z B2 E23L|E
Steel, Concrete

- Ol 3= %! (Man-made
material)

- 2 (Homogeneous)
- o 2= %| (Continuum)
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A| (Heterogeneous)
Z=%]| (Discontinuum)
(A 2| E -], contain joints)

A=
Boundary condition (loading
condition)

XIES + AMH|A 8= (Weight
+ service load)

- =24 d & Z (low
uncertainty)

HA|SH (In situ stress)
- E e 2 (great
uncertainty)

otSAote| B=

Stress Concentration source

=22l =7} (AHXH) (Addition
of material)

M=E AU (ZZ removal
of material: excavation or
drilling)
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Groundwater
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Applications | Foid
Mining Engineering (1) — Surface Mine

Pasir Mine, Indonesia, 2010



Applications

Mining Engineering (2) — Underground Mine
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Applications il
Mining Engineering (2) — Underground Mine

 Drawpoints

Defected steel rib 2| O &l Z4X| &2
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Applications i)
Mining Engineering (2) — Underground Mine

Relatively large ore size and intact concrete lining Slabbing at the side of opening (production level)

13



Applications
Mining Engineering (3) — Quarry

 Dalhalla Concert hall in Sweden — abandoned limestone quarry

http:/lwww.dalhalla.se



Applications
Petroleum Engineering (1)

 Areas of Reservoir Geomechanics
 Hydraulic Fracturing
* Borehole Stability
 Fault reactivation

- A
* Subsidence R 7

e Sand Production

Sand Transport

Ings Hydraulic
n Fracture

Fault Seal Fractured-Réservoirs

http://lwww.helix-rds.com/EnergyServices/HelixRDS/Capabilities/Geomechanics/tabid/178/Default.aspx



Applications
Petroleum Engineering (2) — Shale Gas production ., . 2% ..

Pump capacity: 20 - 30,000 HP (e e
Pump pressure: ~10,000 psi S
Water: 4-6 m gallon E ']

proppant: 2-3000 ton** el

In situ stress |

e

Additional steel casing
and cement to protect
groundwater

Hydraulic
Fracturing

Protective Steel Casing

Shale Rractures

Y S 7.
8 Fr JF

Borehole stability

X10 (¢ M¥)

Not to scale Approximate distance from

Chesapeake Energy, 2011, Hydraulic Fracturing Fact Sheet, April Srceaieet
* O’Sullivan, 2012, GHGT-2012, Kyoto, Japan



Applications
Petroleum Engineering (3) — wellbore stability

Oseberq in North Sea (Norway)

 Extended Reach Drilling (ERD) has
been employed for increasing oil
recovery.

» Total Depth = 9,327 m

* Since 1979, total depth for wells has
increased steadily.

T:ondheirn

M
Oseberg = "°9°
LREL *Dslo

sStavanger

Storbritannia

Danmark

Okland & Cook, SPE, 1998



Applications
Petroleum Engineering (3) — wellbore stability

Slide not publishable



The Swedish system

. . www.SKB.se
Applications
Geo-Environmental Engineering (1) -
Geological repository for nuclear waste
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Applications

Geo-Environmental Engineering (1) — Geological repository for nuclear
waste

SEOUL NATIONAL UNIVERSITY

Driftormrade

Ventilations-
station

Bergupplag

Ramp
Cladding tube Spent nuclear fuel Bentonite clay
“entilations-
\ " g I schakt
\ e ‘

=

)

a

. Hiss-
schakt

Skipschakt

Franiufts- B
schakt

Deponerings-
omraden

Fuel pellet of Copper canister Crystalling
uranium dioxide with cast iron insert bedrock

www.skb.se



Applications

Geo-Environmental Engineering (1) - Geological reposjtq;y for
nuclear waste e 2
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Applications

Geo-Environmental Engineering (1) — Geological repository for nuclear ol
Waste SEQUL NATIONAL UNIVERSITY

 Underground Research Laboratory in Winnipeg, Canada -
Similar observation can be found in underground
construction/mining

V notched failure due to high in situ stress
(400 m, Winnipeg, Canada, Chandler, 2004)

g

Winnipeg, Canada (Min, 2002)



Applications

Geo-Environmental Engineering (2) — CO2 GeoSequestration... ... s
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Pressure change with time - the vertical displacement : about 0.87 m
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Lee, Min, Rutqvist (2012), RMRE



Applications
Civil/Infrastructure (1) — Tunnels

o Civil/Infrastructure
— Tunnel
— Slope
— Dam
— Oll/Gas Storage Cavern &8

— Foundation

T-centralen, Stockholm subway (Per Olof Ultvedt 1975)



Applications
Civil/Infrastructure (1) — Tunnels

e 24.5km long, 10m wide

« Three 30 m wide mountain hall | -

* Qver 1 km overburden Aurland 1ioycafwa\—"~ K g Lerdal
BOOIN GO0
L e 400




Applications ()
Civil/Infrastructure (1) — Tunnels

Rt BLALRTE Rap e or M

-----

v Tunnel Boring Machine (TBM)

st bad
Gottard Base Tunnel 0f] A&



Applications B
Civil/Infrastructure (2) — Slopes

Slopes to be scaled

Goksong, Korea (1999)



Applications
Civil/Infrastructure (2) — Slopes

Reinforcement: Rock Anchor Artificial tunnel
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Chunchon, Korea (1999) | Inje, Korea (1998)



Applications
Civil/Infrastructure (3) — Dams

=
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Three Gorges Dam (Christoph Filnk6RI) N

Ship Iocs for river traffic |



Applications iy
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Civil/Infrastructure (4) — Oil/Gas Storage Cavern . ..o e
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Applications
Civil/Infrastructure (5) — Foundations
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Foundation under line load on transversely isotropic rock (radial
stress is shown)

P P ) v ] r =
l WA - % gace
Q / =
Isotropic intact rock \\__)lr // _/

(Goodman, 1989)

FEM modelmg (Park and Min, 2015)

Goodman R, Introduction to rock mechanics, 1989, 2" ed., Wiley

Park, B. and Min, K.B., Discrete element modeling of transversely isotropic rock applied to foundation and borehole problems, 13 ISRM Congress, 2015,
Vancouver, Canada
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Applications
Geothermal Energy — example

Laboratory scale experiment

— Hydraulic fracturing on cylindrical rock sample
(~ 5.4 cm diameter) inside CT-chamber

— Basis for conceptual design of hydraulic
stimulation

Thermal performance

— Conceptual calculation by analytical solution

Hydraulic shearing initiation and
propagation analysis

— Condition for upward and downward migration
of hydroshearing

Hydraulic shearing and fracturing simulator
— DFN-Hydraulic stimulation-borehole stability

Hydraulic Stimulation




Methods for Rock Mechanics/Geomechanics
Analysis
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o Of| A B (Analytical method)
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Aitik Mine, Sweden, Min, 2012

http:/www.statoil.com/en/NewsAndMedia/News/2010/Pages/26MarMarcellus.aspx

Enhanced
Geothermal
System

Mining Engineering
Depth : ~ 2.5 km

Shale gas
production &
oil/gas

depth: ~ 3.0 km

Driftomrade

uuuuuuuuu

2 THINKBIG!
GO DEEP!!

sssss

/ SKB, 2010 IPCC, 2005

Underground repository CO, sequestration
for nuclear waste deéth‘ ~ 2.5 km

depth: 0.5 ~ 5.0 km
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