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Area of Applications @
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Mining Engineering

- underground mine, surface

mine
Energy & Environ.
Petroleum eng issues
- hydraulic fracturing, +—— || Rock Mechanics/Geomechanic — nuclear waste disposal,
borehole stability, geothermal energy, CO2
subsidence control \ ‘ sequestration

CivillGeotechnical Eng

- tunnel, foundation on rock,

road slope
Nature of problem @
Features of Geomechanics

+ Introduction to Rock Mechanics/Geomechanics
— Terminology
- Area of Applications
— Nature of Rock Mechanics/Geomechanics

+ Applications of Rock Mechanics/Geomechanics

+ Methodology to solve Rock Mechanics/Geomechanics
problems

Terminology .
Rock Mechanics/Geomechanics

+ Limited access to geological data
- Data limited problem.
- Heterogeneous and anisotropic
+ Effect of fractures

- Solid understanding on continuum mechanics + consideration on discontinuity needed
needed

+ Effect of scales
— What you see is not all and try to see bigger picture
+Uncertain boundary condition
- Insitu stress estimation is the key component
+ The mode of loading
- Removal of rock is the key
+ Coupled problem
- Thermal, Hydraulic and Chemical processes interact each other

Nature of problem
Data limited problem

- 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 ---,

Il Well-posed problems
[
|

2

Data

Data limited problems
- Rock Engineering? |y

Understanding

Recited from Starfield and Cundall (1988)



Nature of problem
Data limited problem

Nature of problem
Data limited problem - heterogeneous
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+ Intact rock — Elastic modulus and Poisson’s ratio

DREAM

— Forsmark, Sweden

Young's Modulus (uniaxial tests) [GPa] Poisson's Ratio (uniaxial tests) [-]
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Nature of problem

Nature of problem
Data limited problem

Data limited problem - heterogeneous
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iptive modelling Forsmark
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* Geological Repository for Nuclear Waste * Fractures — Fracture Normal and Shear Stiffness

— Forsmark, Sweden

Normal stiffness, K [MPa/mm] Shear stiffness, K so 5 [MPalmm]
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Nature of problem
Data limited problem - heterogeneous

&
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Nature of problem
Data limited problem - heterogeneous

iptive modelling Forsmark
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+ Intact rock — uniaxial compressive strength and tensile
strength

* Fractures — Fracture Dilation behavior

— Forsmark, Sweden
— Forsmark, Sweden

Dilatancy angle 0.5 MPa, v, [7] Dilatancy angle 5 MPa, s []

Dilatancy angle 20 MPa, Yz [7]
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Nature of problem @
Data limited problem — Anisotropic
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Nature of problem
Effect of fractures & Scale
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+ Foundation under line load on transversely isotropic rock
(radial stress is shown)

,
JP JL a=90° l e L
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(Goodman, 1989)

FEM modeling

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

Nature of problem @
Data limited problem - Anisotropic

SEOUL NATIONAL UNIVERSITY

(Park and Min, 2015)

« Effect of fractures has to be properly considered

— Fractures are main conduit for fluid flow, and more deformable
than intact rock

+ Scale also matters

Forsmark, Sweden

Nature of problem ‘
Effect of fractures & Scale (example from Forsmark)... ...

Variation of Elastic Modulus (Cho et al., 2012)  Siw = BB 1u Bio BipS g
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(a) Asan gneiss (b) Boryeong shale

Variation of Thermal Conductivity (Kim et al., 2012)

(c) Yeoncheon schist
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(a) Asan gneiss (b) Boryeong shale (c) Yeoncheon schist

Cho JW, Kim H, Jeon S, Min KB, Deformation and strength anisotropy of Asan gneiss Boryeong shale, and Yeoncheon schist, JRMMS, 2012;50:158-169.

Kim H, Cho JW, Song I, Min KB, Anisotropy of elastic moduli, P-wave velocities, and thermal conductivities of Asan Gneiss, Boryeong Shale, and Yeoncheon
Schist in Korea, Eng Geol, 2012;147-148:66-77

Nature of problem @
Data limited problem - Anisotropic
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sor Intact rock
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| Elastic moduli of fractured rock is

lower than those of intact rock

Elastic moduli T with stress T
- highly stress-dependent

Effect of fracture/stress is more
evident in low stress condition.

b
Displacement distribution
Min KB, Stephansson O, The DFN-DEM Approach Applied to Investigate the Effects of Stress on Mechanical and Hydraulic Rock Mass Properties at Forsmark, Sweden, Tunnel

& Underground Space: Journal of Korean Society for Rock Mechanics, 2011;21(2):117-127

Nature of problem
Uncertain boundary condition - In situ stress
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Variation of Permeability (Yang et al., 2013)
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(a) Normal k. linear scale (b) Elliptical form (1/Vk)

Berea Sandstone ~ 20% porosity

HY Yang, H Kim, K Kim, KY Kim, KB Min, A Study of Locally Changing Pore Characteristics and Hydraulic Anisotropy due to Bedding of Porous Sandstone, J
Korean Soc Rock Mech, 2013 23(3):280-240

* In situ stress estimation

— Forsmark, Sweden
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Nature of Underground Geomechanics

Civil structural problems: Underground Geomechanics problems:

Mechanics of “Addition” Mechanics of “Removal”

Side view

Monitoring points

3 BN

2

efore
rilling/excavation

stress

tart of
rilling/excavation

strain
4
4
urther advance of
rilling/excavation
Flowrates:

Zero stress

K=1.0 K=2.0
' —=— kx(MC model)
I - —a— = kx(elastic)

[ —=— ky(MC mode)
I = —o— = ky (elastic)

- stress-induced channelling is

Nature of problem

Structural problem/Rock Mechanics
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UHIES TEEH
Civil Structural Problem

orsofst

Geomechanics

N2 R Ed

Material & nature of its
properties

52 23gE
Steel, Concrete

- oI 37 (Man-made
material)

- o+ Z (Homogeneous)
- 12+ 1| (Continuum)

ot4 91 % (Rock & Soil)

- At EH (Natural material)
- 27 Z (Heterogeneous)

- 2 Q12K (Discontinuum)
(2| Z &3, contain joints)

BA=H
Boundary condition (loading
condition)

AHE + M H|A 815 (Weight
+ service load)

-E2HE XS (ow
uncertainty)

B X|-2 3 (In situ stress)
-284Y F (great
uncertainty)

StEA5kel A2
Stress Concentration source

M =2| 2=7} (4 XH) (Addition
of material)

MEE Y (2%, removal
of material: excavation or
drilling)

X|5h4=0f g
Groundwater

0§2 =92 & very important

37| &1} Size effect

0§ &2 & Very important

Applications

Mining Engineering (1) - Surface Mine
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Permeability (m?)
3
T

reproduced.

- This partly explains why fluid flow in a

behaviour

I Y Emm few fractures are dominating the fluid
~ e from dilation
””” = S ky

Development of
anisotropic permeability

1 2 3 4 5
Ratio of horizontal to vertical stress, k
AVA W

X Y

= K=3.0 K=4 K=

Min KB, Rutquist J, Tsang CF, Jing L. Jing, Stress-dependent permeability of fractured rock masses: a numerical study, IJRMMS; 2004;41(7):1191-121

Nature of problem
Coupled Process

&
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Pasir Mine, Indonesia, 2010

Applications
Mining Engineering (2) - Underground Mine
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CO2 Geosequestration Increase of injected CO2 pressure

Generation of thermal stress
THERMOSHEARING

Nuclear waste repository

K=3.0

K=40

Increased hydraulic pressure = hydraulic stimulation

HYDROSHEARING

Geothermal Energy —
Enhanced Geothermal System

o Sl ZHA (Hendersen Ming), 222t =, O] =
- 1976 A 2 FA|E} (A2 1014 2 Of $500 million £ XH)
- MAZICHO S22 E 4

— 1000 O] E{ SH5L0f ZHAY|, % CH Al & 1,600 O] Ef

MINE SITE

ML STE

Hustrulid & Bullock, 2001



Applications @ Applications
Mining Engineering (2) - Underground Mine Petroleum Engineering (1)

* Drawpoints * Areas of Reservoir Geomechanics
* Hydraulic Fracturing
+ Borehole Stability
* Fault reactivation
+ Subsidence

« Sand Production

Defected steel rib £ 0 &l ZHX| £ G
cleciedsieelt 25 http:/iwww.helix-rd: i i i id/178/Default.aspx

Applications @ Applications

Mining Engineering (2) - Underground Mine wowonosre PEtroleum Engineering (2) - Shale Gas production ., ..

Treatable Groundwater Aquifers Private Well

Pump capacity: 20 — 30,000 HP
Pump pressure: ~10,000 psi
Water: 4-6 m gallon

proppant: 2-3000 ton** e
In situ stress

Hydraulic
Fracturing

Protective Steel Casing

Borehole stability

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

X 10 (€ 42
Not to scale Approximate distance from
26 et 013 GHET 2012 Ky s
Applications @ Applications
Mining Engineering (3) - Quarry Petroleum Engineering (3) — wellbore stability

+ Dalhalla Concert hall in Sweden — abandoned limestone quarry

Oseberg 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.

Oseberg 5
L]

ED REACH DRILLING (ERD)
Stathritannia (ERD)

Danmark

http://www.dalhalla.se Okland & Cook, SPE, 1998




The Swedish system www.SKB.se

Applications

Geo-Environmental Engineering (1) -

Applications

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

Geological repository for nuclear waste waste SEUL NATIONAL UnIVERSITY
=== |« Underground Research Laboratory in Winnipeg, Canada -
o K|St EA|M: Similar observation can be found in underground
construction/minin
- SFR(BXES = d

2007

2008

- CLAB(RZES| AIX )

Final

operational waste (SF! 0

- DEHET (F) e
* X|StATAIE =

Central interim storage facility / o

- Stripa Mine for.apent niiclear fuel (Claty / o V notched failure due to high in situ stress
(1980-1992) .. (400 m, Winnipeg, Canada, Chander, 2004)
— Aspd HRL (1995 - ) o

Final repository for
ar fuel

};&ﬁym 4 2020 Winnipeg, Canada (Min, 2002)

Applications @ Applications

3::;5nvwonmental Engineering (1) - Geological repository for nuclear _  “><* Geo-Environmental Engineering (2) - CO2 Geosequestration..... .cou wues
-
After 10 years
_ 08
E
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Cladding tube Spentnuclearfuel  Bentonite clay 5 0e / / \\
8
A
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20 o
After 1 E
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o Distance from injection point (m)
\E;mm
10Af;:;rs £ Vertical displacement profile
810 CO, Injection point
& e
Fuel pellet of Copper canister Crystalline 200560 Dj‘:;m . o " »10‘00 a0f * After 10 years
uranium dioxide with castiron insert  bedrock Istancefromnjectionpointi(m) - the pore pressure : about 12 MPa
Pressure change with time - the vertical displacement : about 0.87 m
near the injection point (Units: MPa)
www.skb.se Lee, Min, Rutqvist (2012), RMRE
Applications @ Applications
Geo-Environmental Engineering (1) - Ggszlgg]pel repository for Civillinfrastructure (1) — Tunnels e

nuclear waste ~ e SR 1152 A0 B T2 7Y

2 #xt2ol Wty

te WEH BHE HY AYRUME AHSBEO @Y -

+ Civillnfrastructure

« 29|l SFR - Tunnel
- &lZ:60m - Slope
- 2FA|EE 19884 - Dam

- XM%&-82k63,000m

Oil/Gas Storage Cavern

construction: SEK 740 million
“Gost of operaten: approx. SEK 40
millonlyear

Rscsr\:‘\;\g ww—e&(luu
capacity: m¥lyear .
- BQ mx70m . % — Foundation

Forsmark ®

Ringhals
.

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

SFR Expansion plan . 232 Zeold = |
Barsebéck MES W78

www.skb.se@| Mats Jerndahl Of| M 33 HY =7t



Applications @ Applications
CivillInfrastructure (1) — Tunnels Civillnfrastructure (2) — Slopes

+ 24.5km long, 10m wide

SEQUL NATIONAL UNIVERSITY

+ Three 30 m wide mountain hall A —
—~r T
+ Over 1 km overburden Aurland <y\/ﬁ 1 Q\ g Lerdal
f iV .
A T Reinforcement: Rock Anchor Artificial tunnel
2.1 %) — 27 ¥
S e Emmme- AW i

bhunchon, Korea(m1 Inje, Korea (1998)

Applications @ Applications
Civillnfrastructure (1) - Tunnels Civillnfrastructure (3) - Dams

SEOUL NATIONAL UNIVERSITY

v Tunnel Boring Machine (TBM) =

Three Gorges Dam

A*IA

Gottard Ba:e T_unnel ofl Al

Ship locks for river traffic

Applications @ Applications
CivillInfrastructure (2) — Slopes Civillnfrastructure (4) - Oil/Gas Storage Cavern
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Slopes to be scaled

A DI

1985, 11 ~ 1988, 11

S

: Propane, Butane

Butane : 225,000 m?
a

Youngyang, Korea (1999)

2
LT
Goksong, Korea (1999)



Applications
CivillInfrastructure (5) - Foundations
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Foundation under line load on transversely isotropic rock (radial
stress is shown)

Jr S [ oo

Sl

(Goodman, 1989)

- -'
FEM modeling (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

Applications
Geothermal Energy

&
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+ EGS (Enhanced Geothermal System, 2| &M 5=
X EAAH): E+E0|Lt SFEO| H2 it
O] ZMIE QI X|H 4k

kimjo

> No
ord
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- EGS ol 7=
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- ABNES WY
- XHRs Sy
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Geothermal Explorer, 2010

i —_Al-llk Mine, Sweden, Min, ZEZ Enhanced
Geothermal
System

Mining Engineering
Depth: ~ 2.5 km

Geothermal Explorer, 2010

THINK BIG!
GO DEEP!!

“ ;l;B, 2010
Underground repository
for nuclear waste
depth: 0.5 ~ 5.0 km

Shale gas
production &
oil/gas

depth: ~ 3.0 km

jr==
Lan

IPCC, 2005

CO, sequestration
depth: ~ 2.5 km

Fundamentals of Geomechanics -
Introduction of the course(Week1, 5 Sept)

Ki-Bok Min, PhD

Associate Professor
Department of Energy Resources Engineering
Seoul National University

SEOUL NATIONAL UNIVERSITY

Methods for Rock Mechanics/Geomechanics @ Introduction
Analysis Schedules, Room and Instructors
, + Lectures (3 credits)
+ ofi A& 2 (Analytical method)
- LK Qe SN SIS 0830 32 BISIS A4t - Mon: 15:30 - 16:20
- H%|8) (Kirsch solution) 50| IS 3= F Q|| SHMEfE
AHERGE UG T R + Lecture Room: 38-323
o ZE A gt (Empirical method) . .
- 558 2HE 0I8sI0 03 BFOI W RO e * Instructor and Teaching Assistant
s A_| = o= °© = = = projection method
ottt=r 2 H 0| [ X Ol 0| (RMR (Rock Mass Rating), Q- - Ki-Bok Min, R00m238-303, kbmin@snu.ac.kr
system) .
o K|S AR e (Numerical Method) — Kwang-Il Kim, Sehyeok Park, Saeha Kwon
- ORI AAEADSHAM HEE A|EY 0N
Jghd JER WA N TR
- %@I—‘o‘j agél'o'”)\-l ﬁﬂl—&! O\:I Stresdislnbulionarounda
- 9359 A (Finite Element Method, FEM), - 5FXFHE = (Finite ~ cireular opening
Biéf&r)ence Method, FDM), 7i{ & @ 4 & (Discrete Element Method,



Introduction Introduction @
Objectives of the course References
. Objective; + References (specialized Geomechanics)
- Paterson MS, Wong T-f, 2005, Experimental rock deformation - the brittle field, 2nd ed., Springer
- Understand the fundamentai Concepts Of geomechanics - Gueguen Y and Bouteca M (eds), Mechanics of Fluid-Saturated Rocks, Elsevier, 2004 (should be a good
publication, haven't checked in detail)
- FOCUS on bOth, - Zimmerman RW, Compressibility of Sandstones, Elsevier, 1991 (Prof Zimmerman's PhD thesis)

- Coussy O, Poromechanics, 2nd Ed., Wiley, 2004 (highly theoretical)

aclassmal development of rock mechanics pr|n0|ples - BaiM and Elsworth D, Coupled Processes in Subsurface Deformation, Flow and Transport, ASCE Press, 2000

(not particularly reader-friendly)

§ State-of-the-art application of the disciplines
- Fjaer E etal., Petroleum-Related Rock Mechanics, Elsevier, 2nd Ed., 2008 (publication by a diligent group in
Norway, a lot of experience, application to petroleum engineering)

- Topics includes;

- Zoback MD, Reservoir Geomechanics, Cambridge University Press, 2007 (timely publication for

‘Rock Failure Criteria petroleum/geothermal applications, mostly Zoback's group's work)

X ) A - Jing L and Stephansson O, Fundamentals of Discrete Element Methods in Rock Engineering, Elsevier, 2007 (good
|ln situ stress estimation summary for DEM)
5 Stress distribution around an opening - Q)rgaeiziivz)and Stephansson O, Rock Stress and Its Measurement, Chapman & Hall, 1997 (comprehensive and
yHydromechanics of Rock —  Stephansson O and Zang Amo, Stress Field of the Earth’s Crust, Springer, 2010 (thin with useful animations)

X - Aadnoy BS and Looyeh R, Petroleum rock mechanics - Drilling operations and well design, Elsevier, 2010 (focus
gRock Anisotropy on wellbore rock mechanics)

Introduction @ Introduction @

Contents of the course Assessment
- W1-5 Sept Introduction to the course/Elasticity « Assessment
- W2- 12 Sept Elasticity
W3- 19 Sept Rock Failure Criteria - Home Assignment :50 % ~10 home assignments
- W4 - 26 Sept Rock Failure Criteria — Final Exam 120 %
- W5- 30ct Anisotropic Rock Mechanics — Term paper 20 %
- W6- 10 Oct Rock Mass Properties
- W7- 17 Oct - No Lecture (ARMS9 Symposium) ~ Participation +10%
- WB8- 24 Oct In situ stress and its estimation
- W9- 31 Oct In situ stress and its estimation
- W10-7 Nov Stress distribution around an underground opening
- W11- 14 Nov Hydromechanics of Rock
- W12- 21 Nov Hydromechanics of Rock
- W13 - 28 Nov Numerical methods in Geomechanics

- W14 -5Dec Students Conference

Introduction Introduction ‘
References Home Assignments (50%)
* References (general Geomechanics) * Review of classical/recent papers/book chapters (2 pages in both .doc
- Jaeger JG, Cook NGW and Zimmerman RW, Fundamentals of Rock Mechanics, 2007, 4th edition, Blackwell in ppt)
Publishing (highly recommended, many typos). :
— Hoek E and Brown ET, Underground Excavations in Rock, Inst Mining & Metallurgy, 1980 (a classic) - Summary (objective, data, methodology, conclusion, implication)

- Goodman RE, Introduction to Rock Mechanics, 2nd ed. John Wiley & Sons, 1989 (a good and tested book)

- Hoek E, Practical Rock Engineering, http:/www.rocscience.com/hoek/PracticalRockEngineering.asp (practical and
concise)

- Critical review (limitation/strength, further work)

- Brady BHG and Brown ET, Rock Mechanics for Underground Mining, 4th ed., Kluwer Academic Publishers, 2004 * ShOUld glVe 2-3 manteS presentatlon durlng the class

(excellent for mining application)

+ Expected to complete ~2 papers/week, ~20 papers/course

- Cornet FH, Elements of Crustal Geomechanics, Cambridge Univ Press, 2015 (new and filling the gap in the
engineering geoscience)

+ Submission to eTL (09:00 Monday; Late submission NOT accepted)

- Hudson JA and Harrison JP, Engineering Rock Mechanics |, Pergamon, 1997 (provides a good perspective but full
of typos)

- Harrison JP and Hudson JA, Engineering Rock Mechanics Part II, Pergamon, 2000 (fun to read)

—  Hoek E, Kaiser PK and Bawden WF, Support of Underground Excavations in Hard Rock, Taylor & Francis, 2000
(practical and useful)

- Obert L and Duvall WI, Rock Mechanics and the Design of Structures in Rock, John Wiley & Sons, 1967 (many
typos)

- Pusch R, Rock Mechanics on a Geological Base, Elsevier, 1995 (emphasis on geology)



Introduction
Term Paper (20%)
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Introduction
classical papers

SEQUL NATIONAL UNIVERSITY

- Select Geomechanics problem of your interest.

— Athorough literature review with your own integration, analysis, criticism and

insight

- Coverage of 5-15 papers may be relevant

- You are welcome to choose the topic you are working on or completely different

ones

- Timeline
824 Oct

‘5 Dec
Presentation (15 m)

Proposal (1 page)

Introduction
Term Paper

Final Term Paper Submission (must be < 10 pages) &

&

SEOUL NATIONAL UNIVERSITY

* International Journal of Rock Mechanics and Mining

Sciences, Volume 1 1964

International
Journal of

Rock Mechanics
and

Mining Sciences

Volume 1 1964

Editor-in-chief: Dr. A. Roberts

@ Pergamon Press

Oxford London New York Paris

Introduction
classical papers

HEADINGTON HILL HALL 12 5
'OXFORD. ENGLAND. NEW v
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* Presentation

— Presentation is an extremely important part of your professional
life. Therefore, you have a good reason to be serious about this.

— 12 minutes + 3 min (questions)

— Ask questions

Introduction
Term Paper

SEOUL NATIONAL UNIVERSITY

+ Fifty years of Rock Mechanics/Geomechanics

+ List of the papers shows the advances and longstanding
difficulties in the geomechanics

CONTENTS
January

SIR ANDREW BRYAN: Foreword

A. Ropers: Editorial

D. W. Hoans: A simple method for assessing the uniaxial compressive strength of
rock

R. KVAPIL: Tectonic experiments on natural rocks

1. MANDEL: Tests on reduced scale models in soil and rock mechanics. a study of the
conditions of similitude

C. GAGNIERE: A review of rescarch carcied out by Cerchar on the protection of
electrical installations in underground workings

R. TeaLE: The mechanical excavation of rock—experiments with roller cutters

SHEILA E. H. SHUTTLEWORTH: Ventilation at the face of a heading. studies in the
laboratory and underground

R. E. GoopwaN: The resolution of stresses in rock using stereographic projection

R. J. HAMiTON and G. KNIGHT: Laboratory studies of the suppression of dust from
broken coal and shale

Reports of Meetings

Home Assignment #1

PAGE

1
3

5
17

31

43
6

79
93

105
n7

March
T. SCZUKI. S. OpA and Z. SonARA: Methods of solving mine ventilation network
problems 127
G. Evrating: Comments upon the definition of shear strength 145
Discussion on *Comments upon the definition of shear strength’ 155
D. . Berry: The ground considered as a transversely isotropic material 159

N.G. W. Coox: The application of seismic techniques to problemsin rock mechanics 169

K. H. HoreR and W. MenzeL: Comparative study of pillar loads in potash mines
established by calculation and by measurements below grou

Yos#10 HIRATMATSU and YUKITosH1 OKA: Stress on the wall surface of levels with
cross sections of various shapes 199

M. R. H. RAMEZ and S. A. F. MURRELL: A petrofabric analysis of Carrara marble 217

P. B ATTIWELL and D. BRENTNALL: Internal friction: some considerations of the

frequency response of rocks and other metallic and non-metallic materials 21
P. FooTe: An expanding-bolt seam-tester 255
N. J. PRICt:: A study of the time-strain behaviour of coal-measure rocks m
Yosiio HixAwATSU and Masho NiskiHaRA: Recent progress of rock mechanics in

Japan 05
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* Your term papers will be
published as proceedings.

* Your term papers may be used
in the introduction of journal
papers in the future.

Procesdings of

2011 SNU Student Conference

- Numerical Analysis in Rock Engineering -

* Review one of 35 papers from [JRMMS Vol.1 (1964)

- You need to provide not only summary but also your own insight
and criticism based on the selected papers.

- If necessary, you will have to conduct your own analysis and refer

to other papers.
+ Marking will be
— A (100): Excellent
(80): Good
(60): Fair
(

B
C
D

40): Poor (You don’t seem to know what you are talking about.)



Fundamentals of Geomechanics
- Elasticity with Geomechanics focus
(Week2, 12 Sept)

Ki-Bok Min, PhD

Associate Professor
Department of Energy Resources Engineering
Seoul National University
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Elasticity with Geomechanics focus @
Main References
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Geomechanics @
comparison with fluid flow - a convenient truth

SEQUL NATIONAL UNIVERSITY

Porous media fluid flow wizum=o gugsy  Geomechanicsesiasy
Darcy’s Law k dP Hooke’s Law

. 9=—"—r c=Ec=E s
Fluid Flux wdl Stress (S 21) dx
Pressure gradient strain (HE &)
Permeability Elastic modulus (Young’s Modulus)

& Poisson’s ratio

Time dependent Not time dependent (elastic)

time dependent—> creep

Conservation of mass Equilibrium Equation

Stress (22) @

Definition

SEOUL NATIONAL UNIVERSITY

+ Jaeger JG, Cook NGW and Zimmerman RW, 2007, Fundamentals of
Rock Mechanics, 4th edition, Blackwell Publishing

— Chapter 2. Analysis of Stress and Strain (p.9-64)
— Chapter 5. Linear Elasticity (p.106-144)

+ Other Elasticity or Continuum mechanics textbooks (Timoshenko, 1970;
Fung, 1994; Malvern, 1969)

THMC Processes
Physical variables for THMC problems

SEOUL NATIONAL UNIVERSITY

- Stress
w: a force acting over a given area, F/A < simple definition

sthe internal distribution of force per unit area that balances and reacts to
external loads applied to a body < exact definition

— Normal stress: Normal force/Area

F,
o=—
A
— Shear stress: Sr}gar force/Area
r=—
A

— Unit: N/m?=Pa, 106Pa=MPa, 10%Pa=GPa
145 psi = 1 MPa = 10 bar = 10 kgZ/cm?

Stress
Normal stress & Shear stress

SEOUL NATIONAL UNIVERSITY

Physical problem Conservation State Variable Flux Material Source Constitutive

Principle u 4 properties f equation
V.g=0 k o= lku'

Elasticity Conservation of | Displacement Stress Young’s modulus | Body Hooke’s law
linear momentum | u a & Poisson’s ratio | forces
(equilibrium)

Heat Conservation of Temperature Heat flux | Thermal Heat Fourier’s law

. energy T Q conductivity sources

conduction X

Porous media | Conservation of | Hydraulic head Flowrate | Permeability Fluid Darcy’s law

flow mass h Q k source

Mass Conservation of | Concentration Diffusive | Diffusion Chemical | Fick’s law

transport mass C flux coefficient source

P q

Structure of state variables and fluxes are mathematically similar -
a convenient truth!

+ Stress: average force per unit area
+ Normal stress: act in perpendicular to cut surface

« Shear stress: acts tangential to the surface gf the material

N, Normal stress l
a——> d ﬁ V, Shear Force
—
0
Al
: f—a—
(a) (b)

O = £ T= 4
A P: Axial Force (N) 4

V: Shear Force
A: cross sectional area (a x b)

— Unit: N/m? = MPa



Stress @

Definition
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Stress (221) & Force(g)
stress in 3D

SEQUL NATIONAL UNIVERSITY

+ Sign convention

— Normal stress:
typical mechanics: tension (+), compression (-)
rock/geomechanics: tension (-), compression (+)
— Shear stress:

gacts on a positive face of an element in the positive direction of an axis (+) :
plus-plus or minus-minus

wacts on a positive face of an element in the negative direction of an axis (-):
plus-minus or minus-plus

‘ <— Positive normal & shear stresses in other mechanics

__l o|_1___ in rock mechanics ~—> . [( Wl
& T
Stress (S2) & Force(&) ]

SEOUL NATIONAL UNIVERSITY

stress in 2D

9 components = 7 =7x —>

- Stress in 3D
O-X .
z - ==z

O-y o-; Ozy

O'z (e

r i /L> s

” ,/‘L O | T ”

Tx: T
ALY o ; :
(Tensor form) UG A %

(matrix form)
T.,=T

xy »

6 independent components

Stress
Definition in 2D and 3D

SEOUL NATIONAL UNIVERSITY

— Stressin 2D

Gx Txy T
2D: [ X
Tyx O-y A / y\
Direction of surface normal
upon which the stress acts

Direction of the
stress component

— Normal stress: acting perpendicular to the plane
I
|

— Shear stress: acting tangent to the plane

Sy
— Stress is a 2" order tensor T
wForce is 15t order tensor (=vector) f*_l OL |LJ
5 Can be defined according to the reference axis . o '
| Principal stresses are defined ' o
Stress (221) & Force(g) @

stress in 2D

SEOUL NATIONAL UNIVERSITY

+ 2D & 3D Cartesian Coordinates

Three-dimensional
z

+ Polar & Cylindrical coordinates

Stress (22) & Force(&)
Stress Transformation

SEOUL NATIONAL UNIVERSITY

Tyx O'y

- Stress component in 2D [O-x Txyj

Mg — 7, =7, — 3 component is independent
|
Dy|
I
x| ILJ
"Xy -

- Uniaxial stress example

Oq Tuu| (cos® sind)(o, 0) cosd sing)
Tan Oy " =sin@ cos@ )l 0 0){-sin® coso

o, :ﬁ:fcoszg 15:—1:—£sin6’0059
) |

2, 1 : O,

0, =0,c08 0=50”(1+00520) 7,=—0, sinfcos0 =— 5

sin26

— Stress transformation is conducted by multiplying the direction
cosine twice (S 2| HatA| 2 ek AALRIO0| & H
oMM Lo ).



Stress (221) & Force(g!)
Stresses on inclined sections (Transformation)
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Stress (221) & Force(g!)
Stress Transformation

&

SEQUL NATIONAL UNIVERSITY

+ A different way of obtaining transformed stresses

— For vector

Fy) (cosf sing\(F,
F,) \~sind cos@ )| F,

— For tensor (stress)

Cu  Tan) [ cosd sin@\(o, 7.\ cosd sind !
Tan Oy "\ -sin@ cos6 7, 0, )\-sinfd cos@

x]

o,.—0, —0, .
o =Ty T V026047 sin20 T Lsin20+ 17, cos 26
x 2 2 xy N xy

&

SEOUL NATIONAL UNIVERSITY

Cauchy’s Formula

- of)

Stress (221) & Force(gl)
Stress Transformation

&
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+ Knowing the component of stress, we can write down at once
the traction vector (stress vector) acting on any surface with
unit outer normal vector whose components are (n,,n,,n,).

+ ...assures us that the nine components of stress are
necessary and sufficient to define the traction across any
surface element in a body. Hence, the stress state in a body
is characterized completely by a set of quantities, <.

Stress (221) & Force(g)
Stresses on inclined sections (Transformation)

SEOUL NATIONAL UNIVERSITY

Foh #8¥ - -4
(maximum B
P Principal stresses) 00T

I 0, =40 MPa

@
S

—

@
=}

=
o
=
0
(]
Ty =28 MPa 2
o, =110 MPa e
. l 0 I o 40
i 2
5 [
Tr— g
ot in l" 7} 20
:lined ¥ s
5 Of
x| AXODH ’g !
EH2FSH - S 20F
(minimum o
Principal stresses) -40 [ :
L TR T S [T S S S I ]
/D/\ 90 " 180I h 270 360
O rotation angle (theta
Z=Z} (Principal angles) gle (theta)

Stress (22) & Force(&)
Stress Transformation

SEOUL NATIONAL UNIVERSITY

+ Stresses acting on inclined sections assuming that o,,, 0y, Ty
are known.

- X4y, axes are rotated counterclockwise through an angle 6

o, +0 -0 .
o =—2+ 2cos20+1_ sin20 T
5 2 X 00
‘\
i
Ty
s
o 7
._l 3 —
Ty

« Principal stress (=S =)

- The largest (or smallest) normal stress and shear stress at that plane is 0 (7t &+

2 $722{0|0{ HEHS30]0 Q)

- Vertical stress in the earth is usually principal stress and the other two principal
stress is in horizontal direction (54 X| 2} 0| =Z18}5k0| =22 0|4,
A.u.d HPokOEE = 7H Ol = O E=1 X-Igl 7}%)

— Usually denoted as 0;, 0,, 05 (27| =2 2 0,,0,,0; S 2 HA|)
{ =40 MPa \ .

Principal stress \

Feeud i
%!

— T

Tyy = 28 MPa
oy rr =110 MPa
1 o

:lined Y




Stress (221) & Force(2)
Principal Stresses and Maximum Shear Stresses

Mohr’s Circle
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Stress (22) & Force(g!)

SEQUL NATIONAL UNIVERSITY

+ Stress element is three dimensional

+ Mohr’s Circles for 3D

— Three principal stresses (o, ,0, and 05) on three mutually

perpendicular planes

N
Stress @ Mohr’s Circle
Stresses on inclined sections 3D - example
For example,
consider the following stress state acting on a point:
500
c,=[0 2 0
X 00 1
Free Body Diagram P ToAgsee 0\ diate th g .
Question: Calculate the normal and shear stress on the plane
> Ty Ao with normal vector:
3 . (L1
l express in terms of “Force” TyAotan 8 2’2" 2
\ Lr\ Agtan 6
+ Force Equilibrium Equations in x, and y, directions * Direction cosines
1 o
F, =0, 4sec0-0 A4 cos0~7 4 sin0 m=cosp= #=60
-0, A tanfsin@ -7, A tanfcosd =0 n =cos€=g 0=45°
D F, =1, dysecO+0,4,sin0 -7, 4, cos6
-0,4,tanfcos@+7, 4, tanIsin 0 =0 N

Stress (221) & Force(g)
Mohr’s Circle

SEOUL NATIONAL UNIVERSITY

Stress

&

deviatoric stress/stress invariant

SEOUL NATIONAL UNIVERSITY

N\,

+ Deviatoric stress

+ Stress invariant

|

i =0y +0,+0;
- 2 3 2
Iy = 0,0y + 0y0; + 0,0, — Tay — Tyz — Tox

- 2 2 2
I3 = 04090, + 2TayTysTox — OaTyz — OyTzx — Ozlxy

L=o1+0+03
I, = 0,09+ 0203 + 030,
I

010203

11 812 S13 J11
521 Sz S| = |0z
531 S Sag 31

&
[

012 013 7 0
g2 O3 — |0 7 0
O3z Oa3 00w
Ty =7 712 13
= Ta1 O3 =T 23 B
O — T

031 T32

S =0,
35551 = 3t1(s”)
(st 3+ o))
H(on —om)*+ (022 — 033)" + (033 — 011)"] + 0%, + 0% + 03,
(o= 02 + (02— 09) + (03 — 01)]
1 1
if-nL= 3 [tr(a’z) - gtr(a)z} s
det(s;;)
%Susﬂski = étr(ﬁ)
518283
21— tnI + Iy = L [tr(0®) — tr(o?)ta(0) + 2tr(e)?] .



Strain (HA &
1D & 2D

) & Displacement (£ 9])
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Strain and displacement
Transformation equation for plane strain

SEQUL NATIONAL UNIVERSITY

+ Geometric expression of deformation caused by stress
(dimensionless)

Ad =& dxcos@+¢e dysin0+y, dycost

Tensor

1(0u, Ou,
£ =—| —=+—=
= 2( 0z  Ox J
form matrix form  Engineering
Strain is also a 2" order tensor and symmetric by definition.strain

Strain and displacement @
Transformation equation for plane strain

SEOUL NATIONAL UNIVERSITY

L AL
o e=Teg =
1D L dv
Ad dx ds . dy
Eg=——=¢ —cost+¢& —sinf+y  —cosb
ds ds ds s
e Ay aux Ou
' Fu T T 2 ) .
g v £,=¢&.cos O+eg sin"O+y_ cosdsind
au,( 614}, y Xy
7):1/ =—+t—
£y = Pus = By T o0y Ox
5 By
2D & 3D elasticity @ Strain and displacement
Strain - 2D & 3D Transformation equation for plane strain
* Shear strain y,q,;:
- Decrease in angle between lines that were initially along the x1
Ou, and y1 axes.
ou, ou, ou, & =2l ot
gxx :+781’1’ :_’gzz = > ax
ox 7 Oy 0z
o _Lfou, O
YTy . . Van =0+p
xx xy Xz
£, 614 Y % gyx gyy gyz
g 62 6)} gzx gzy gzz 7. 7,
% =—(¢,—¢,)sinfcosO + T’Cy(cos2 0—sin” 0)

FIG. 7-34 Shear strain Yo associated
with the x,y, axes

Strain and displacement
Transformation equation for plane strain

SEOUL NATIONAL UNIVERSITY

y edxcos 0 %

Y1 Ts dy
1 21| |
Zal Iy 2 & | 4
< s
b @ i [ ‘
0 X o X
PR F S P P
(a) (b)
y Yoy dy cos 6 %
" Yydly
A I
/o ds
7 > L dy
= ) 3 l
FIG.7-33 Deformations of an element in L
plane strain due to (a) normal strain €, 9, i ) *
f

(b) normal strain €, and (c) shear
strain ¥y, (©)

+ Transformation equations for plane strain

p o, =——=+——"Lcos20+7,_ sin20
: 2 2

_ExtEy g —-&
2 3 ycos29 din 260

OSZHW

2 % sin20+ 7,,c0s26

2 sin 20 TABLE 7-1 CORRESPONDING VARIABLES IN
THE TRANSFORMATION EQUATIONS FOR
PLANE STRESS (EQS. 7-4a AND b) AND
PLANE STRAIN (EQS. 7-71a AND b)
Ey, +E,, =&, +E i
xl yl X y Stresses Strains
o e
—Similar to the transformation of plane stress o, €,
Tey Yayl2
o, &
Teyyy Yy l2




Strain and displacement
Transformation equation for plane strain

&
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Constitutive Equation
Hooke’s Law

&

SEQUL NATIONAL UNIVERSITY

— Principal Angles

tan 26, =t
Ex—&y

— Principal Strains

By B G e
£l = | E=DP
12 3 ( > )"+ ( 5 )

— Maximum Shear Strain (and normal strains for the maximum

shear)
7max= (gx_gy)2+(7_xy)2 £ :£x+8y
2 2 2 2

Strain and displacement
Mohr’s Circle

SEOUL NATIONAL UNIVERSITY

' gr=—k—
+ Hooke's law dx
oh

J:ESZE% / qxz_Kxg

+ Elastic (Young’s) modulus, E (N/m2=Pa) _— High E~More Stiff
o,
E=—2

&

+ Poisson’s ratio, v (dimensionless)

,__lateral strain &,

axial strain g,

Low E= Less Stiff

+ Typical range of properties

- Concrefe 0,=20-50MPa E~25GPa . =%
0, = 100-200 MPa E ~ 60 GPa
E ~ 200 GPa

- Granite

- Alloy steel o, =>500 MPa e e

dLx

&

SEOUL NATIONAL UNIVERSITY

Constitutive Equation
Hooke’s Law

+ Mohr’s Circle for plane strain < same as plane stress

€

TABLE 7-1 CORRESPONDING VARIABLES IN L =20
THE TRANSFORMATION EQUATIONS FOR 5
PLANE STRESS (EQS. 7-4a AND b) AND

PLANE STRAIN (EQS. 7-71a AND b) =

Dy,

MY

Strain and displacement
Strain Measurements

Stresses Strains Py
0 Py @ T I €
oy € J Wl S
ke - =
o, €, / D(6=6)
sy -]
. A0=0
Ty Yy /2 &+ 6 & ¢
[ Caver= "3 —L—‘— 7
oy €, .
Tx1yi Yenl? i

&
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+ Hooke'’s Law D | o=Es
+ Shear modulus G Ty =07y
L v vy 90
+ Generalized Hooke’s law (isotropy) vl
e = = L 0o 0 of(¢s
* E E E X
I B P R R B
|| E E E o
, wllo o o L o o™
+ 2independent parameters (E, v) for |7« G 7.
isotropic material ) o o o o é 0| 7
G-_E 0 0 0 0 0 é
2(1+v)

Constitutive Equation
Hooke’s Law (in inverse form)

&

SEOUL NATIONAL UNIVERSITY

« Strain gages

— A device for measuring normal strains on the surface of a stressed

object (e.g., rock)

— Electrical resistance of the wire is altered when it stretches or

shortens = converted to strain
- Sensitive: can measure 1x106

— Three measurement -> strains in any direction

+ Strain rosette

— A group of three gages arranged in
a particular direction




Constitutive Equation
Hooke’s Law
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Hooke’s Law
General Perspective - Anisotropy

SEQUL NATIONAL UNIVERSITY

+ Normal strain in pIane Stress wmmseietone +xuye

i
. 1 v e} f:» v
Normalstrain,e, = zo. + -30 e —
< ¥
— Similarly
e o 1y
£ = %(UA —vo’y) /r 2 z “M\
* Normal strain in plane stressizegaioie newas L

— Shear strain is a change of anglexcys

rlo
N
n
lo
&
Jot

- No influence from 6, & 0, (=220, 210, & @l eich)

g, =%(o‘v —VO'X) £ = _%(UA +0\')
7,
— G M
Plane Strain (W HH S 2) @

Plane strain versus plane stress

SEOUL NATIONAL UNIVERSITY

+ The most general case
— Stress and Strain are linearly related

;ﬁ
%)

S S Sy S5 S Oy
£y Sy Sn Sn Su S Sy Oy
& | S5 Sp Sy Sy S Sy o,
7z Sy Sp Siz S Sis Sus Ty
Vi S Sy S5z Sy Sss o Ss Ty
Y S S Ses Ses Ses Ses Ty

+ Compliance matrix has 21 independent parameters
(By the symmetry of stress tensor, strain tensor and consideration of strain energy)

Orthotropic
Three orthogonal planes of elastic symmetry

SEOUL NATIONAL UNIVERSITY

Plane stress Plane strain

Tn‘
—
a Yoy oS ;
-« I——» o, 1 !
[9) — 0, ;.
= ¥ ¥
o T

0.=0  7.=0 7,=0 =0  7,=0
Stresses
0. 0, and 7,,, may have 0y, 0y, 0, and 7, may have

nonzero values nonzero values

Ye=0  %:=0 €=0  %=0 %=0
Strains
trains €0 €. and 7, may have
nonzero values

€, €, €, and 7, may have
nonzero values

Hooke’s Law @

General Perspective - Anisotropy
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B
E, Ev\. E.
_ﬁ ! _ﬁ 0 0 0
€, E, E E o,
€, v, o,
e Lo 0 o ’
e| | E TE E o,
7y 1 Ty
0 0 0 — 0 0
Ve G, 7.
Yy 1 Ty
0 0 0 0o — 0
Gtz
1
0 0 0 0 0o —
G,

+ Three orthogonal planes elastic symmetry

+ 9 independent constants

Transversely Isotropic
One axis of symmetry

SEOUL NATIONAL UNIVERSITY

mgrofrormatim

diﬁerrent directions

Coupling of normal in 1 ) Coupling of normal &
the same directions E Shear
x
-_ vry

SX EX G-X

£, Ve o,

g:: _ EX o-z

Yz .« [

7 E, Ty

Ve Tz« Ty

E, Coupling of shear in
different directions

Coupling of shear in
the same directions

Lekhnitskii(1963) & Hudson (1997)

+ Transversely isotropic — 5 independent parameters

E =E =E
£ r ' (o, ] E =E'
L v vy 0 !
E E E V.=V, =V
£, v' 1 v' o, _ o
E' E' E' 0 0 0 Vi 7‘/)'2 =V
. g
e | |- XL g o oo G,=6G.=G
| E B E
1
’. 0 0 0 = 0 0 Tz
0 0o o o 2V
Vu E T,
o o0 o o o X —
7] b G

(H. Gercek, 2006)



Plane Strain (4 HHH &)
Plane strain versus plane stress
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Governing Equation

+ Stress and strain in different dimensions are coupled. Therefore, we
need a special consideration —plane strain and plane stress

+ Plane strain

00
- 3 dimensional strain goes zero . ) 0 0o
~ Stresses around drill hole or 2D tunnel ” %}@;% 00 of|7
0 0 :ﬂ_ooo%oo’"
£, &, o. O - "
™ » > 4 T 0 0 0o 0 é 0 Ty
w Ey 0 On Oy 0 o 0 0 002
0 0 0 0 0 o,
a=v) v(+v) o
E E
Exx 2 O
P Gl U R P
7’ E E -
0 0 2(1+v) |\
E
Conservation Equation ]
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Equilibrium equation

1D
+ Strain-displacement relationship
du
+ Stress-strain relationship &=
+ Static Equillibrium Equation e=ls
E
i ) . X+ pb, =0
+ Final equation for elasticity ox
o’u
E—>=+pb =0
axz p X

Governing Equation
1D - example

SEOUL NATIONAL UNIVERSITY

— Sum of traction, body forces (and moment) are zero (static case)

&%y, Very slow loading
i

do, I+£n F = ZEZO
cs_|+$dy T i )y ;=m o
ot o 0 or,, @
L & &+—}+i+pbx:0
N Ox oy oz
o Sl or,, 9o, Or,
L2+ 4 pb =0
Ox oy 0z 7
' or
9y 6sz vz 6022 + ,sz =0
Ox oy oz

- by, b, b, are components of acceleration due to gravity.

— With no body force, and static case

u, aﬁ[ *u
E—>=+pb = £ E—x=0
5x2 // P t2 6)62

o=1
x=0 x=1
Fixed> u=0 o=1
au\’7
E=-=C  >Fromg=1,C=1

SM, =0 T Eu,=x+C, -> Fromu=0 atx=0, C,=0
Governing Equation @ 2D & 3D elasticity
3D - Navier’s Equationv Comparison with diffusion equation
. I 1
+ Strain-displacement relationship (6) g = E(M"” +u;))

+ Stress-strain relationship (6) c
i =Cinén

o,
or

+ Equation of motion (3)

+ Navier's equation

,

°(

ax x0y  OxOz

P, ]+(; o)[ Tty 7, > %ph =0

i+ (A+ +pb, =
(2+ Gy, + ph, =0 Sl (7o e o) .
, az +Ez H” )[E)Uy al oo | T
GVu+(A+G)VV-u+pb=0 &
( ) p [ J+(;+o)[ + I8 “; }+ph 0
o’ xdz Q\& Oz

— Three governing equations for three dlsplacement components

g B
A+v)1-2v)

2 2 Qu, du
k(aT T aTJ oT G{

+ Diffusion equation * Navier's equation

oc 2 52 &
5+V ( DVC) R G{E“‘+Gu‘+( )+(/L G)[(q“ Zu, +nu}+pb =0

) 5] )
N - ot oxoy  xez

o 52

ou, ou Pk
~1+~Z‘+—j+(2+0)‘;"'+ \+(" +pb, =0
o ot ey o oz

u, & Su,
GPU,‘JrouJ Cu +(A+ au‘+ﬂ‘+ = |+ pb, =0
o o oz ez or

- Not time-dependent

- —|= -
o o o) Pa

- Time-dependent

— One parameter k is
necessary for steady state

behaviour \z(& steady

[a( )dU(x)) 1)

— Three coupled equations

/ - Two parameters (isotropy)
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Introduction @

Objectives of the course

Rock Failure @

Classical References

+ Test on rock failure

— Cook, N. G. W. (1965). "The failure of rock." Interational Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts
2(4): 389-403

- Hudson, J. A, etal. (1972). "SOFT, STIFF AND SERVO-CONTROLLED TESTING MACHINES - REVIEW WITH REFERENCE TO
ROCK FAILURE." Engineering Geology 6(3): 155-189.

—  Hoek, E. and Franklin. JA (1968). "A simple triaxial cell for field and laboratory testing of rock." Trans. Instn Min. Metall. 77: A22-A26.
- Hudson, J. A. (1971). "EFFECT OF TIME ON MECHANICAL BEHAVIOUR OF FAILED ROCK." Nature 232(5307): 185-186.

+ Rock mass failure criteria

- Hoek, E. and E. T. Brown (1980). "EMPIRICAL STRENGTH CRITERION FOR ROCK MASSES." Journal of the
Engineering Division-Asce 106(9): 1013-1035.
— Hoek, E. (1983). "23RD RANKINE-LECTURE - STRENGTH OF JOINTED ROCK MASSES." Geotechnique 33(3): 185-223.

- Hoek, E. and E. T. Brown (1997). "Practical estimates of rock mass strength." Intemational Journal of Rock Mechanics and Mining
Sciences 34(8): 1165-1186.

+ Failure criteria
- Coulomb, 1773,
- Mohr, 1900,

- Wiebols, G. A. and N. G. W. Cook (1968). "AN ENERGY CRITERION FOR STRENGTH OF ROCK IN POLYAXIAL COMPRESSION."
International Journal of Rock Mechanics and Mining Sciences 5(6): 529-&.

Rock Failure @

Classical References

+ Objective;
— Understand the fundamental concept of Rock failure

— Topics includes;
yFailure criteria
§Brittle vs. Ductile
yPost peak response
| True triaxial failure criteria
sAnisotropic failure criteria

§Outstanding issues

Rock Failure
Main References

+  Friction on rock surfaces
- Byerlee, J. (1978). "Friction of rocks." Pure and Applied Geophysics 116(4): 615-626. (citation > 2,000)
- Recent one? Compare with Barton's equation? Criticism? Relevance?

+ Effect of pore pressure

—Nur, A.and J. D. Byerlee (1971). "Exact Effective Stress Law for Elastic Deformation of Rock with Fluids." Journal
of Geophysical Research 76(26): 6414-6419. (citation >400)

—  Effect of pore pressure on strength?
+ Point load test

- Broch, E. and J. A. Franklin (1972). "POINT-LOAD STRENGTH TEST." International Journal of Rock Mechanics
and Mining Sciences 9(6): 669-697. (citation >200)

- Recentone?
+ Brazilian Tensile Strength test (effect of anisotropy)

- Li,D.Y.and L. N. Y. Wong (2013). "The Brazilian Disc Test for Rock Mechanics Applications: Review and New
Insights." Rock Mechanics and Rock Engineering 46(2): 269-287.

- Claesson, J. and B. Bohloli (2002). "Brazilian test: stress field and tensile strength of anisotropic rocks using an
analytical solution." International Journal of Rock Mechanics and Mining Sciences 39(8): 991-1004.

+ Earthquake and fracture slip

- Brace, W. F. and J. D. Byerlee (1966). "STICK-SLIP AS A MECHANISM FOR EARTHQUAKES." Science
153(3739): 990-992. (citation >380)

Rock Failure
Classical References

+ Jaeger JG, Cook NGW and Zimmerman RW, 2007, Fundamentals of
Rock Mechanics, 4th edition, Blackwell Publishing

- Chapter 3. Friction on Rock Surfaces (p.65-p.79)
— Chapter 4. Deformation and Failure of Rock (p.80-p.105)

+ Brady BHG and Brown ET, 2004, Rock Mechanics for Underground
Mining, 4th ed., Kluwer Academic Publishers

— Chapter 4. Rock Strength and Deformability (p.85-141)
* Hoek E and Brown ET, 1980, Underground Excavations in Rock, Inst
Mining & Metallurgy
— Chapter 6. Strength of Rock and Rock Mass (p.131-182)

* R Ulusay (ed.), 2015, The ISRM Suggested Methods for Rock
Characterization, Testing and Monitoring:2007-2014,

- Part V. Failure Criteria (p.223-p.262)

+  Fundamentals of failure
- Brace, W. F., etal. (1966). "DILATANCY IN FRACTURE OF CRYSTALLINE ROCKS." Journal of Geophysical Research 71(16
3939-8.
- Wong, T. F. (1982). "MICROMECHANICS OF FAULTING IN WESTERLY GRANITE." International Journal of Rock Mechanics and
Mining Sciences 19(2): 49-64.

—  Fredrich, J. T, et al. (1990). "EFFECT OF GRAIN-SIZE ON BRITTLE AND SEMIBRITTLE STRENGTH - IMPLICATIONS FOR
MICROMECHANICAL MODELING OF FAILURE IN COMPRESSION." Journal of Research-Solid Earth and Planets
95(B7): 10907-10920.

+  True Triaxial Test

- Mogi, K. (1971). "EFFECT OF TRIAXIAL STRESS SYSTEM ON FAILURE OF DOLOMITE AND LIMESTONE." Tectonophysics 11(2):
118

- Mogi, K. (1971). "FRACTURE AND FLOW OF ROCKS UNDER HIGH TRIAXIAL COMPRESSION." Journal of Geophysical Research
76(5): 1255-8,

~  Haimson, B. and C. Chang (2000). "A new true triaxial cell for testing mechanical properties of rock, and its use to determine rock
strength and deformability of Westerly granite.” International Journal of Rock Mechanics and Mining Sciences 37(1-2): 285-296.

—  Chang, C. and B. Haimson (2000). "True triaxial strength and deformability of the German Continental Deep Drilling Program (KTB)
deep hole amphibolite." Journal of Geophysical Research-Solid Earth 105(B8): 18999-19013.

—  Chang, C. and B. Haimson (2005). "Non-dilatant deformation and failure mechanism in two Long Valley Caldera rocks under true
triaxial compression." Intemational Journal of Rock Mechanics and Mining Sciences 42(3): 402-414.
+ Anisotropy

—  Donath, F. A. (1961). "EXPERIMENTAL STUDY OF SHEAR FAILURE IN ANISOTROPIC ROCKS." Geological Society of America
Bulletin 72(6): 985-989.




Home Assignment #2
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Outline
Deformation and Failure of rock

SEQUL NATIONAL UNIVERSITY

* Review papers in rock failure

- You need to provide not only summary but also your own insight
and criticism based on the selected papers.

- If necessary, you will have to conduct your own analysis and refer
to other papers.

— One classical paper (try to refer to recent papers on the subject)
§09:00 19 Sept through eTL

— One classical paper (try to refer to recent papers on the subject)
§09:00 26 Sept through eTL

Outline @’5

Deformation and Failure of Rock

SEOUL NATIONAL UNIVERSITY

* Introduction

* The stress-strain curve

+ Effects of confining stress and temperature
+ Types of fracture

+ Coulomb Failure criterion

+ Mohr’s hypothesis

+ Effects of pore fluids

+ Failure under true-triaxial conditions

+ The effect of anisotropy on strength

Friction on Rock Surfaces @
Introduction

SEOUL NATIONAL UNIVERSITY

+ Jaeger JG, Cook NGW and Zimmerman RW, 2007, Fundamentals of
Rock Mechanics, 4th edition, Blackwell Publishing

— Chapter 3. Friction on Rock Surfaces (p.65-p.79)
— Chapter 4. Deformation and Failure of Rock (p.80-p.105)

Outline
Friction on Rock Surfaces

SEOUL NATIONAL UNIVERSITY

+ Phenomenon by which a tangential shearing force is required
in order to displace two contacting surfaces along a direction
parallel to their nominal contact plane

* Importance:
- Microscopic scale: minute Griffith cracks
— Somewhat larger scale: friction between grains,

- Macroscale (~m2): fracture and fault

Friction on Rock Surfaces
Amonton’s law

SEOUL NATIONAL UNIVERSITY

* Introduction

+ Amonton’s law

* Friction on rock surfaces

+ Stick-slip oscillations

+ Sliding on a plane of weakness

+ Effects of time and velocity

+ Amonton’s law (1699)

T=uN
w1 : coefficient of friction

N

i

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4" ed., Blackwell Publishing



Friction on Rock Surfaces
Friction on rock surface - Friction coefficient

SEOUL NATIONAL UNIVERSITY

Friction on Rock Surfaces
Friction on rock surface - cohesion

SEQUL NATIONAL UNIVERSITY

* Friction

— Phenomenon by which a tangential shearing force is required in
order to displace two contacting surfaces along a direction parallel
to their nominal contact plane

— Importance: friction between grains, fracture and fault

N T=uoc
7 : shear stress
l o :normal stress
T M : coefficient of friction
—

Also called ‘friction angle’. Why?

7=,

M, : coefficient of dynamic friction

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4" ed., Blackwell Publishing

Friction on Rock Surfaces
Friction on rock surfaces - Friction coefficient

&

SEOUL NATIONAL UNIVERSITY

+ Coulomb failure criterion (on fractures)

N
l |z'|=S0+,uO'=S0+0'tan¢
S, : cohesion (often, ¢ is used), or 'shear strength'
T ¢:friction angle

4 : coefficient of friction angle

——

Glue or something

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4% ed., Blackwell Publishing

Friction on Rock Surfaces
Stick-slip oscillations

SEOUL NATIONAL UNIVERSITY

* Friction angle
DETERMING Qi EXPERIMENTALLY
A block with weight W is placed on an

inclined plane. The plane is slowly
tilted until the block just begins to slip.

u=tang
¢ = friction angle
The inclination, 6, is noted. Analysis of

the block just before it begins to move
gives (using F, = p N):

FBD: | 6. N+ ZF, = N - Wcosf, =0
l /4 TFy =N — Wsin6, = 0
5ol Using these two equations, we get [, =

(Wsin6,)/(Wcos6,) = tan 6,
This simple experiment allows us to find
the L1 between two materials in contact.

Friction on Rock Surfaces
Friction on rock surfaces - Friction coefficient

SEOUL NATIONAL UNIVERSITY

+ Stick-slip oscillation
— May provide a mechanism for earthquakes

- WN Static friction coefficient

- -~ w'N <" Dynamic friction coefficient

Force, T

Simple model

(a) Displacement E=vt % X
A

Displacement, x

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4" ed., Blackwell Publishing

Friction on Rock Surfaces
Sliding on a plane of weakness

SEOUL NATIONAL UNIVERSITY

+ Typical Range of Friction coefficient (Byerlee, 1978)
-06~10

— Wider variability in low normal stress

7=0.850
7 =50MPa +0.60

o <200MPa
200MPa < o <1700MPa

Byerlee, J. (1978). "Friction of rocks." Pure and Applied Geophysics 116(4): 615-626.

+ Example
6 :’ L R EE RN B AR AL R N
E 5F  Wombeyan marble ]
S 4f S5,=113u=077 E
= r E
8 3f
e
G 2¢ ]
E 1 : Gosford sandstone ]
»n E S,=0.24, 1 =053 ]
[ J P P L Lo v il vaiaad
0 1 2 3 4 5 6
(a) Normal stress, ¢ (MPa)

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4" ed., Blackwell Publishing



Friction on Rock Surfaces
Sliding on a plane of weakness

&
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Deformation and Failure of Rock

Introduction — Laboratory experiment

SEQUL NATIONAL UNIVERSITY

+ Coulomb Failure criteria of a fracture (plane of weakness)

|T| =8, +uo =S, +otang

S, : cohesion (often, c is used), or 'shear strength'
¢ : friction angle

4 : coefficient of friction

L]

x«,/"

74

Friction on Rock Surfaces
Sliding on a plane of weakness

&
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+ Geological Repository for Nuclear Waste

Rock core collection (Forsmark, Oct 2004)

- 25 core-drilled boreholes up to 1,000 m depth. s
-17.8 km core length in total -

Deformation and Failure of Rock

Introduction — Laboratory experiment

Core Drilling site (Forsmark, June 2003)

SEOUL NATIONAL UNIVERSITY

— The stress difference that is required to cause a slip with a given
and g,

2(8, + uo,) o -
(1- pcot B)sin B !

O min =0—2+2(S0+”Uz)(¢”2+1+ﬂ)

28, cos ¢
(1-k)sin2f—¢)—(1+k)sing

0,-0,=

— Solution exists only for 15
p<p
10 -
- Range of f (for a given &
stress state) 5F E
B<B<p ,/8,=0
28 =¢+sin” [{(a,,, +8, cot$) /7, }sin ¢] % 20 & 40 % 80
# (degrees)

e .
2p, =7 +p—sin [{(O'm +8,co0tg)/7, }sm ¢] Variation of o, needed to cause sliding on a fracture for j=0.5

Deformation and Failure of Rock
Introduction

&

SEOUL NATIONAL UNIVERSITY

+ Pohang EGS project

— 3.6 mlong 4 inch (~10 cm) core at 4.2 km depth

Deformation and Failure of Rock

Introduction — Laboratory experiment

+ Various loading conditions (and specimen)
- Test on intact rock is important
- In real conditions, stress can be in situ stress or induced stress

Axial Normal

aress | a LA Fy  force
: i i Shear
% % PN force \
Uniasia

Direct shear

3 o

Polyaxial

mpression

Ik slmss
o o
~ o,
Lateral
a o, stress

Biaxial Triaxial

Uniaxial tension - .
Brazilian Tensile test Hollow cylinder test

Figure 6.13 Specimen loading conditi ons in general laboratory use

True triaxial compresslon

Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon




Deformation and Failure of Rock
Introduction - Laboratory experiment
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Deformation and Failure of Rock
The stress-strain curve

SEQUL NATIONAL UNIVERSITY

UCS & Triaxial: 1 inch cores
BTS: 1.5 inch cores
Divided-bar (thermal conductivity measurement): NX (54mm) disks

Thermal conductivity

Triaxial Triaxial UCS BTS
TMPa  3MPa

Triaxial
10MPa

UCS  Triaxial
15MPa

Triaxial UCS
5MPa

Deformation and Failure of Rock
The stress-strain curve

&
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== Charcoal gray granitc |
] Class | a

=== Indiana limestone
------ Tennessce marble | Classil
Charcoal gray granite [l
Basalt ] Class i1 !
- Solenhofen limestone i Strain
1 monotonically
S0 4 ] increases
Ed Infinite
10 L /' ] stiffness
-~ @ <
‘Z 24l €
a 5 5
=3 & o
g r‘ Class 11
b !
2 : ;
E / " Infinite
@ 4 | stiffness
] |
N .\ ' Strain does not
s monotonically
0 [ 2 3 A i§ increase
Strain, (%) ¢

Figure 6.8 Examples of complete stress—strain curves for different rocks (from
Wawersik and Fairhurst, 1970).

Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon

Deformation and Failure of Rock
The stress-strain curve

SEOUL NATIONAL UNIVERSITY

- Initial behavior: concave upward
— Acoustic emission at 50% level

— Post peak behavior may not be important in civil engineering but it
is important (encouraged) for some applications. e.g., block caving

Axial stress, o Post-

peak

Pre- l
peak

Dependent
variable
(the one we
measure)

Linear

Axial strain, €

Independent variable
(the one we control)

Figure 6.1 The complete stress-strain curve.

Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon

Deformation and Failure of Rock
The stress-strain curve

SEOUL NATIONAL UNIVERSITY

S G| Ml 2 A (Hendersen Mine), 2 22+, 0| =
- 1976 H 2FAIZ (M A 2 CHe| S2| 28 &4h
— 1000 O|E{ S}50f A, = CHA &= 1,600 O/ E

Mg SITE

oEnvER

Min, 2006

ML STE

o lasin

Hustrulid & Bullock, 2001

& Damgé Theosolt ¢ .

Caving mechanics

Mas Ivars et al., 2011

Deformation and Failure of Rock
The stress-strain curve — Brittle vs. Ductile

SEOUL NATIONAL UNIVERSITY

* Full stress-strain curve by servo-controlled testing

— Stress controlled test will generate uncontrolled failure

£, o,
o, €,
Constant Consmnll
stress rate stress rate
t t strain «

Figure 6.5 Stress- and strain-controlled stress—strain curves.

Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon

+ Brittle vs ductile
— Ductile: rock support an increasing load as it deforms

— Berittle: load decreases as the strain increases

* Brittle-ductile transition
- Rock becomes more ductile with increasing confining pressure

Increasin
o, confining pressure

Figure 615 The effect of confining pressure in the triaxial test and the
brittle-ductile transition.

Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon



Deformation and Failure of Rock
The stress-strain curve — Brittle vs. Ductile

Deformation and Failure of Rock
Other effects - time

SEQUL NATIONAL UNIVERSITY

+ Quantitative description of brittleness is still an open question * Creep:
— There are many definitions for brittleness index - Continued deformation when the applied stress is held constant
* Relaxation:

— Decrease in stress when applied strain is held constant

— - + Fatigue
B o S — Increase in strain due to cyclic loading oo
P_ P 3 creepy
B, = \:’vvEl Be= - ;"Ec F Constant A BT
o Cn _ Tn B7 _ OCRh /ﬁmuv rate
TG 1 (Egu[Mpsil(0.8-¢) =1 vyu—0.4 c ® t
B, = sing 8= Z'( 8-1 }0.1570.4)'100 Lot ¢
Holt R. M. et al (2011) canve
Figure 6.16 Time-dependent effects and the complete stress—strain :urve
Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon
Deformation and Failure of Rock @ Deformation and Failure of Rock
Other effects - confining stress Other effects - porosity
+ With increasing confining pressure + Relationship with other parameters
— Strength increases — UCS tends to decrease with porosity
- Becomes more ductile 400 . ; . ; : T
400 T T T T b . IJ._av:: (a;v;;% :/)ulukuri (1978)
600 |- C bl L o S SEBUSIL
%01 #53=34.5 MPa] RIS o= azswpa M Ra? 5 Wongetal (1990 1
o 00 E 165 MPa _ %>
g 2s0f Fos-6oMPa 7 S a0 g _— .
« 200 | § 1 @ 84.5 MPa 2 R
- E ER 50 MP. Sre 15 R
[y 100k 3 200 a 0 \o\]g/ 254 (1-2.7¢) Il
50 B Rand quartzite 3 0 MPa X 23.5MPa L AR
L 1 1 1 | | |
0O 0.002 0.004 0.006 0.008 0.01 0 0 0.02 0.04 0.06 0 =
(c) o 005 o1 015 02 025 03 035
(a) Axial strain, &, (b) Axial strain ¢
Chang, Chandong, Mark D. Zoback, and Abbas Khaksar. "Empirical Relations between Rock Strength and Physical Properties in
.lacner Caok and Zimmerman 2007 Fundamentals of Rack Machanics 4% ed - Rlackwell Piihlishina Sedimentary Rocks." Journal of Petroleum Science and Engineering 51, no. 3-4 (2006): 223-37.
Deformation and Failure of Rock @ Deformation and Failure of Rock
Other effects - temperature Other effects - Size effect
* Increase in temperature tends to: + Size effect; properties varies with size
— Reduces elastic modulus & compressive strength — Elastic modulus: relatively less affected
- Increases the ductility — Strength: tends to decreases with increase of size. Why?
N _ — One could choose “representative elementary volume (REV)’ to
2000 oC, X Granite .
= overcome this.
7 L. 300°C X
= N At confining pressure of 500 MPa
€ 1000 - 800°C
N 800°C . .
Implication to EGS?
| | 1
0 0 0.05 0.10 0.15
() Axial strain

Figure 6.11 The size effect in the uniaxial complete stress-strain curve.

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4 ed., Blackwell Publishing Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon



Deformation and Failure of Rock
Other effects - Size effect

SEOUL NATIONAL UNIVERSITY

Deformation and Failure of Rock
Types of fracture

SEQUL NATIONAL UNIVERSITY

* Representative Elementary Volume: Volume after which a
property does not vary

HERE R
Srandomgstaraton

Normalized elastic modulus

5
8

L L
®) size 0 a8

2 3 4 5 6
Figure 412 Variability in measu o respect to sample volume, Side length of square model (m)
catt

y in measured valucs with resp
lstrating the REV. (@) General concept, () Example dla scater Normalized elastic moduli of fractured rock in various scales
Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon

Min KB, Jing L, 2003, Numerical determination of the equivalent elastic compliance tensor for fractured rock masses using the distinct element method,
Intemational Joumal of Rock Mechanics & Mining Sciences 2003;40(6):795-816

Deformation and Failure of Rock
Other effects - Shape effect

&

SEOUL NATIONAL UNIVERSITY

+ Failure patterns vs. loading conditions

Longitudinal splitting

.

Shear failure l T

extension

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4% ed., Blackwell Publishing

Deformation and Failure of Rock
Types of fracture

SEOUL NATIONAL UNIVERSITY

* Aspect ratio matters
— Low ratio tends to have larger strength. Why?

- Solution?
guse large enough ratio >2.0-2.5 Slenderness increases,
strength decreases

|Improve testing procedure @

y.

Figure 6.12 The shape effect in uniaxial compression.

Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon

Deformation and Failure of Rock
Other effects - Shape effect

&

SEOUL NATIONAL UNIVERSITY

+ Microcracking with the increase of axial and lateral stress

0.60,0 0.950,5 0.980,,
L]
:Igl
1 s.‘l
I
N
C,
50 [~
B,
—~ 40
©
o
2 30| D
§ Axial stress
& 20 2
10 = (,_/—’—"_'_/_
’__"'_'_’_’,_/ Confining stress
0 4 1 1 1
Axial strain 0.01

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4" ed., Blackwell Publishing

Deformation and Failure of Rock
Coulomb failure criterion

SEOUL NATIONAL UNIVERSITY

+ Other factors for lab test and in situ behavior
— Moisture content
— Desiccation — especially for clay
— Slaking
- Swelling - bentonite
— Pore pressure - via effective stress
— Groundwater chemistry — dissolution (chalk, limestone)

- Free-thaw mechanism - cold region

+ Coulomb Failure Criterion (on a rock) (or Mohr-Coulomb
Failure Criterion)

=S + =3§,+o0 tan
|T| S o THO SO @ ¢ Same equation with different notation

S, : cohesion (often, ¢ is used), or 'shear strength'
. - |d=c+ya
¢:internal friction angle

4 : coefficient of internal friction angle

93

99

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4" ed., Blackwell Publishing



Deformation and Failure of Rock
Coulomb failure criterion
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Deformation and Failure of Rock
Coulomb failure criterion

SEQUL NATIONAL UNIVERSITY

o, :l(a‘ +0,) mean normal, 7,, :%(o', —0;) maximum shear

+ Different expression (1) ™ 2

T, =8,cos¢+0, sing

+ Different expression (2)

0, =28, tan f+0,tan’ f=C, + 0, tan’ B =C, +0, tan’ (45+ ¢4 /2)

172 172 P 1 P
=2S0[(1+;12) +y]+03[(l+yz) +;4] G =y
7
4
12 /,
C, =25, tan f = 250[(1+ﬂ2) +y:|
C,:uniaxial compressive strength C0
A
> Og
Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4" ed., Blackwell Publishing T
Deformation and Failure of Rock @

Coulomb failure criterion

SEOUL NATIONAL UNIVERSITY

+ Limitations
— Prediction of too high tensile strength
| Tension cut-off needed
o, 2 2\1/2 2
;’7tan ,Bf|:(1+,u ) +/4}
— Actual o-is not linear
gAngle B decreases with higher confining pressure

— Does not consider intermediate principal stress

[Additional consideration is needed

Deformation and Failure of Rock
Coulomb failure criterion

SEOUL NATIONAL UNIVERSITY

+ Conditions for failure

— A set of normal and shear stress within a rock must satisfy failure
criterion

|r| =8, +uo
|T| =S, +uc

Shear stress

U o
Normal stress

L2
lO' 1 Nothal stress
_—

/ Increase of major principal stress

Shear stress

Deformation and Failure of Rock @
Coulomb failure criterion

SEOUL NATIONAL UNIVERSITY

+ Coulomb Failure Criterion for intact rock

BASIC EQUATIONS Rack fails a1 a critical combination of normal and shear stresses:

| =
[ M=, 4 o,
? t, = cohesion u = cocl. of friction
o
A =}, - o) sin2p
a, =Yg, +0,) + 50, —0,) cos 28
] 2 =210, +05)+7 (0 —0y) c0s.

The equation for kd and o are the equations of a circle in FUNDAMENTAL GEOMETRY

(. 7) space
4 _
ue=land
Yensile | Mahr envelope tae
cutoff, T, l
|
4 . At failure
| N 2=90+d
G Sp=d54
e, o 7, w
Uniaxial Uniaxial /
tension compression

Figure 6.18 The Mohr—Coulomb failure criterion

Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon

Deformation and Failure of Rock
Mohr’s hypothesis

SEOUL NATIONAL UNIVERSITY

Zoback, 2007

— Examples of measured cohesive strength (cohesion) and
coefficient of internal friction

A2
°
40 .
o °
F
2 0} " g
£ .
4] ] @ e = ®
= ® £ ]
&
& L] a2
] : eBe o ® -
% ° 5
%‘D s 9 .' [ . § 0
2 f e ™ ® &
S 1]
= 29 o @0 ] -

+ Mohr's nonlinear failure criterion

— Experiment shows that o, increase at a rate less than linear rate
with 04

— Failure angle (B) decrease with increasing confining stress.

|| = f(o)

<l

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4" ed., Blackwell Publishing



Deformation and Failure of Rock
Hoek-Brown Failure Criterion
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Deformation and Failure of Rock
Effects of pore fluids
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+ Advantage

ﬂ"
o-l
@y

(o}

@

Non-linear form fits better with experimental data over a range of confining

pressure

Developed through extensive lab tests on a wide range of rock type

Straightforwardly used

— 2

=0, +4mo,0; +50,

: maximum principal stress at failure
: minimum principal stress at failure

:uniaxial compressive strength

* Required pore pressure to induce fracture with a given stress
condition;

po=0,— (o) _0'3);Co

tan®(45 -1

| =S, +uc

m: Hoek-Brown material constants (0 < m)
s: Hoek-Brown material constants (0 <s <1)

~Nm’+4s+m

2s

Shear stress

- More realistic tensile strength Z= -
O-r

Normal stress

O

. ;
More general form: &, = o + (mo'LO'3 + SO'L,Z) S
Increase of pore fluid pressure

Figure 6.20 The Hoek-Brown empirical failure criterion.
Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon

Deformation and Failure of Rock
Effects of pore fluids

Deformation and Failure of Rock
Hoek-Brown Failure Criterion

&
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+ Values of the constant m for intact rock, by rock group (Note
that values in parenthesis are estimates)

o i

+ Required pore pressure to induce sliding of a given fracture
with a specific orientation under a specific stress condition;

5,
P tan ¢

+0, +(0'1 —og)[sin2 9_—sm0c030)

tan ¢

|r| =S, +uc

Shear stress

o
w Normal stress

—_—
Increase of pore fluid pressure

+ Extremely impo an p enomenon related to injection induced
microearthquake

Hudson & Harrison, 1997, Engineering Rock Mechanics — An imroduétion to the principles, Pergamon

Deformation and Failure of Rock
Effects of pore fluids

Deformation and Failure of Rock
Effects of pore fluids
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land surface

+ Mechanical effect

1'| S, +uc

— Pore pressure translate the Mohr’s circle torthe left

+ Chemical interactions M
Normal stress

Increase of pore fluid pressure

Shear stress

— between rock and the fluid

600 T T 600 T T T T T
Darley Dale sandstone Darley Dale sandstone
500 . 500 | .- e = .
R e N Pt =14 =N I. I.*FHIA I_
w00, O B 400 ° = el (d) 2I'—I =2 |:|7 o =21T ﬁg
= . S s e 25-=
K ‘o, .o £ B 2 O ‘f‘f‘:—‘
S 800 gz MOMPal 2 g0 b © E o oW
v . . o ) © 03 =35MPa 3| V., Mohr Circle
< 200 [P oL o0 b o 00y =70MPa sl
0 03 . Jo= 7OMFa . 00y =110 MPa % \ \
3 10053 1 ol OlHL L} 06§ 22840
=35MPa Il OI' e
5535 MPe, , o T2 S5

0
0 20 40 60 80 100 120 140

(a) Poore fuid (MPa)

(b)

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4 ed., Blackwell Publishing

0 iiiendiceitiie
0 20 40 60 80 100 120 140

a5~ P (MPa)

b compressive stress 7}&/%7}
(Richard Davies, 2013)
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Deformation and Failure of Rock
Effects of pore fluids
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Deformation and Failure of Rock
Failure under true-triaxial conditions

* ltis (generally) known that intermediate principal stress also
affect the failure.

— Failure criterion under true triaxial stress conditions is of the form;
2 2

= 2 e N2,
Tou =S (T2) Yoo ooy soma)) =2 w3y = 2,
_ _(ov+ay)
T,=a+br,, =22
1000 : — . 400 . : - 300 1™ Triaxial compression
Dunham dolornite, Dunham dolomite a5 | — o= 14640797,
800 | Lo o O OCQ o4 a6 L O Borehole breakout
;% 0 ©0© ° 200 F Bl
gowl 5o og 1z 7
o=t g 200 1 Ssof B
T 400 [ 4 8
© O g,=25MPa Ty =100 | Bl
O a3 =65MPa 100 O >0y ]
200 & 7y=105MPa ] —8—0,=0, 50 F B
X 0y=0, £ Westerly granite
o . ! | | 0 \ \ \ 0 IR
0 100 200 300 400 500 100 200 300 400 500 0 50 100 150 200 250 300
@) 7, (MPa) (b) (a,+05)/2 (MPa) (b) T (MPa)

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4% ed., Blackwell Publishing

Deformation and Failure of Rock
The effects of anisotropy on strength
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© O|MBIEIA FQOZ QIBHO|ANE W 0|2 Qs 5=
£ 43 7Hs 40| S (AHEET Y

oI} CH 2 CCS
)

Zobackw £=9| 74

Earthquake triggering and large-scale geologic storage of
carbon dioxide
B —

HAILOHASUAd

PNA

il

723 0140| AT .. £ A7

Zoback MD & ic storage of carbon dioxide, Proc National

Academy of Science of the USA (PNAS) June 2012

Deformation and Failure of Rock
Effects of pore fluids
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+ Strength of anisotropic rock

— can be estimated assuming a failure through ?
predominant layers (which could be assumed to
behave similar to fractures)

o = 0, 4 2 Sa * £10)
(1-p,, cot B)sin23

[2

—— in other words, f3, =45 +—

— Minimum strength when |, _

o™ =0, +2(S, +/‘w0'3)|:\]/1:¢ +1 +ﬂw:|

Deformation and Failure of Rock
The effects of anisotropy on strength
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3MW T +20 MW Lt
5km A| 3, 2| X}= @4.6 km
6 7} 11,500 m3 =2

{2 ~50 literls, £ 2+ ~30 MPa
'*'IEH MLmax: 3.4

(1356'd 712 6.6 X| Xl 7| B)
> IZ2NE FTh

R a1 3 2

[

- Ztzof ute

(a) YEYRZE

gk 8 EhgA ol Hal (EEM Q)
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9 w |
T ¥ o
. . Sh2| 9w sh2
A Sh3| w Sh3
= 3 H .
H £ H "
. > 18 - E: . 4
v . i : |
S ¥ . - i
8 g : H
s ha B v £=
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-
] 5 ]

Anisotropy angle, 8(°) Anisotropy angle, @(°)

(Cho etal., 2012)

Anisotropy angle, &(°)
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(Cho, Kim, Min and Jeon, 2012)



Deformation and Failure of Rock @ Deformation and Failure of Rock @
Griffith Failure Criterion Other strength test — Brazilian strength
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Material fractures when sufficient strain energy is released to cnable cracks to propagate * The reason Why BraZIIIan TeSt1\£vorks o

o

y
unit thickness
e
= /kaE k =2 for plane stress A‘h P
J— 3 2 2 _— x
== (1 - v") for plane strain —»
ZCH T P

v « = unit surface energy of the crack

1

| When 20,=15°
!

Normalized stress, t/ P

(a) (b)
In compression:

(o) - ot = 8T, (o + oy) when o, +30,>0

— Stress distribution along the x-axis p=r/a

el

o, =-T, when o, + 30, <0

Note: compression positive, T, positive (T = o)

Figure 6.19 The plane Griffith failure criterion.

Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4" ed., Blackwell Publishing W: line load per unit length
Deformation and Failure of Rock @ Deformation and Failure of Rock @
Griffith Failure Criterion Other strength test — Brazilian strength
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(6,-0,) =8T, (0, +0,), &,+30, >0 Example of Brazilian Tensile “
o, =-T,, 6,+30, <0 preexistite, S e Strength Test by a numerical i
m simulation using Discrete Element §
| . Method w § N

. Hypothesis s
(model) /l B
AL AL S

reality
w
Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4 ed., Blackwell Publishing
Deformation and Failure of Rock @ Deformation and Failure of Rock @
Other strength test — Brazilian strength Other strength test — tensile strength
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+ Tensile strength : Maximum sustainable stress under tensile condition

B

Tensile loading ‘

+ Tensile strength is 1/10 ~ 1/20 of UCS

Brazilian test {

Beam test

Frequency (large specimen) ‘rrl’
+ Tensile strength is measured by Brazilian Test = 2P/(mrdt) 9 —

(small specimen)

@, — tensile strength

Figure 6.14 Tensile strength variation as a function of specimen volume and type
of test.

* How about direct tensile test?

Hudson & Harrison, 1997, Engineering Rock ics — An i ion to the princij

Pergamon



Deformation and Failure of Rock
Other strength test — Schmidt Hammer Rebound Hardness Test
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Deformation and Failure of Rock
Other strength test — Point Load Test
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— Spring-driven cylindrical hammer rebounds off the rock surface
— The rebound distance is a measure of rock quality (e.g., strength)
— Often used on rock fracture surface

— Condition of rock surface has significant effect on the results

LOADED AFTER FRING  READY TO FIRE

blogspot time.html

Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon

Deformation and Failure of Rock @
Other strength test — Schmidt Hammer Rebound Hardness Test
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03W <D<W

L>0 5D Y
@ e
Equivalent core Jl

L>05D

? oo e
03w<D< W

L>050

\.;Li: i
| o3w<p<w

Equivalent core

Section through
loading points

W Wy
w 2

. Specimen shape requirements for (a) the diametral test, (b) the axial test, (c) the block test, and (d) the irregular lump
) o res ) . ) -
Hudson & Harrison, 1997, Engineering RockMechamcs - An introduction to the principles, Pergamon

Deformation and Failure of Rock
Other strength test — Point Load Test

Fig. 2. Platen shape and tip radius.
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+ Use chart relating the rebound number and UCS

£100 £150 +: uy
550 100 2150 23 I s
350 H 2 s
0 — sz
f v =
il )
7 i
L1
- -1 Z
; i I
= T >4
v )
% I
|
!
'
| .
o | :
\ | ‘ i
[ | £
| H
ol | 1 L] | §
TPV R PR R
PUEL NP N L T
% e e P
W s
2% 30 W0 El R
e — 5 T T

Schmidt hammer (type L) rebound number

Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon

Deformation and Failure of Rock
Other strength test —Point Load Test
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- Index test used mainly to predict the uniaxial compressive strength of rock

- Measures the ‘Point Load Strength Index' 1,

- Rock specimens in the form of either core, cut blocks, or irregular lumps are

broken by application of concentrated load through a pair of spherically
truncated, conical platens.

- Little or no specimen preparation is needed.

P
Lo = D

1,5, : Point Load Strength Index (50 mm)
P: Peak load

D: Distance between the two platen contacts

UCS =(20~25)* 1,

hittp:/iww trols-g ics-testi i trength-ind tus.php

20
O Broch & Franklin (1972)
x D*Andrea er al. (1965)

g I + Bieniawski (1974)

Z s 1.=0.70fR Strong
z e, norte
a3 X

o D Weak

E I B norite X *
= - . X *
E o Quarzite *

H P x

i L= o? x Ox o =

k| o s AwE

B x

2 o x _

z sh o . * =241

2 Sandstone x o

x
0 A *
x L 1 1 L 1 L |
0 50 100 150 200 250 300 350

Uniaxial compressive strength o MN/m*

Hudson & Harrison, 1997, Engineering Rock Mechanics — An introduction to the principles, Pergamon
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Introduction
Objectives of the course
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Rock Failure
Classical References

SEQUL NATIONAL UNIVERSITY

Rock Anisotropy
Main References

Objective;
— Understand the importance of rock anisotropy

— Mechanical behavior;
§Constitutive equation &Transformation of compliance matrix
§Elastic material properties and their bounds

|Anisotropic Strength

- Hydraulic, thermal, and seismic properties

&
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Rock Failure
Classical References

Model for Anisotropic Rock Mass Properties

—-  Gerrard, C. M. (1982)." ELAST\C MODELS OF ROCK MASSES HAVING 1, 2 AND 3 SETS OF JOINTS." Intemational Journal of Rock Mechanics
and Mining Sciences 19(1): 15-2:

~ Hornby, B. E, etal. (1994). "ANISOTROPIC EFFECTIVE-MEDIUM MODELING OF THE ELASTIC PROPERTIES OF SHALES." Geophysics
59(10): 1570-1583.

- Amadei B. and Goodman RE. A 3-D constitutive relation for fractured rock masses, In Selvadurai APS (Ed), Proc. International Symposium on the
mechanical behavior of structured media, Ottawa, Part B, 1981;249-268

Fossum AF. Effective elastic properties for a randomly jointed rock mass, Int J Rock Mech Min Sci & Geomech Abstr, 1985; 22(6):467-470

Drilling and borehole stability

—  Brown,E. T, etal. (1981). "THE INFLUENCE OF ROCK ANISOTROPY ON HOLE DEVIATION IN ROTARY DRILLING - A REVIEW."
International Journal of Rock Mechanics and Mining Sciences 18(5): 387-401

- Karfakis, M. G. and J. F. Evers (1987). "EFFECTS OF ROCK LAMINATION ANISOTROPY ON DRILLING PENETRATION AND DEVIATION."
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts 24(6): 371-374.

—  Cuisiat, E. D. E. and J. A. Hudson (1993). "THE INFLUENCE OF ROCK ANISOTROPY ON BOREHOLE BREAKOUTS - A MICROSTATISTICAL
APPROACH." International Joumnal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts 30(7): 1077-1083.

~ 0ng, S.H. and J. C. Roegiers (1993). Influence of anisotropies in borehole stabilty." International Journal of Rock Mechanics and Mining
Sciences &amp; Geomechanics Abstracts 30(7): 1069-1075.

Anisotropic POROELASTICITY
—~  Cheng, A. H. D. (1997). "Material coefficients of anisotropic icity."
199-205.

Joumal of Rock Mechanics and Mining 34(2):

- Kanj, M., et al. (2003). "Poromechanics of anisotropic hollow cylinders." Journal of Engineering Mechanics-Asce 129(11): 1277-1287.
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Rock Failure
Classical References

Jaeger JG, Cook NGW and Zimmerman RW, 2007, Fundamentals of Rock Mechanics,
4th edition, Blackwell Publishing

- Chapter 5.10. Stress strain relatins for anisotropic materials (p.137-144)

Brady BHG and Brown ET, 2004, Rock Mechanics for Underground Mining, 4th ed.,
Kluwer Academic Publishers

- Chapter 4.6 Strength of anisotropic rock material in triaxial compression (p.117-119)

Lekhnitskii, S. G., 1963. Theory of elasticity of an anisotropic body. San Francisco,
Holden-Day.

- Chapter 1. General equations of the theory of elasticity of an anisotropic body (p.1-73)
Ting, T. C. T., 1996, Anisotropic Elasticity. New Yrok, Oxford University Press.

- Chapter 1. Matrix Algebra (p.1-31)

- Chapter 2. Linear anisotropic elastic materials (p.32-64)

Min KB, Park B, Kim H, Cho JW, Jing L, Experimental and Numerical Anisotropic Rock
Mechanics, Feng XT (ed), Rock Mechanics and Rock Engineering, Chapter 4 (p.109-
1387?)

&
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Home Assignment #4

Testlng Method

Chen, C. S., etal. (1998). "Determination of deformability and tensile strength of anisotropic rock using Brazilian tests." International Joumal of
Rock Mechanics and Mining Sciences 35(1): 43-61.

- Liao,J. J., etal. (1997). "D of dynamic elastic constant
International Journal of Rock Mechanics and Mining Sciences 34(7): 1045-1054.

- Ta\esmck M. L. and E. A. Bloch-Friedman (1999). "Ct of different

Journal of Rock Mechani d Mining Sciences 36(7): 919- 940

— Talesnick, M. L. and M. Ringel (1999). "Completing the hollow cylinder

International Journal of Rock Mechanics and Mining Sciences 36(5): 627-639.

isotropic rocks using a single cylindrical specimen.”

ion of elastic parameters of intact

for testing of isotropic rocks: torsion testing."

- u, cv (2001). *A method for graphically presenting the deformation modulus of jointed rock masses." Rock Mechanics and Rock Engineering 34(1):

~  Nunes, A. (2002). "A new method for

ISVers: ind the associated elastic parameters for intact rock."
International Journal of Rock Mechanics and Mining Scnences 39(2) 257 -273.

- Cho, J.W., etal. (2012). "Deformation and strength anisotropy of Asan gneiss, Boryeong shale, and Yeoncheon schist.” International Journal of
Rock Mechanics and Mining Sciences 50: 158-169.

- Young,R. P. and D. A. Hutchins (1987). "MEASURING ANISOTROPY IN ROCKS USING LASER-GENERATED ULTRASOUND." Geophysical
Journal of the Royal Astronomical Society 91(2): 501-516.
Anisotropy in thermal and seismic properties

- Kim, H, etal. (2012). "Anisotropy of elastic moduli, P-wave velocities, and thermal conductivities of Asan Gneiss, Boryeong Shale, and Yeoncheon
Schist in Korea." Engineering Geology 147: 68-77.

- Wang,Z.J. (2002). "Seismic anisotropy in sedimentary rocks, part 2: Laboratory data." Geophysics 67(5): 1423-1440,
- Crampin, S. (1989). "SUGGESTIONS FOR A CONSISTENT TERMINOLOGY FOR SEISMIC ANISOTROPY." Geophysical Prospecting 37(7):
753770,

- Young, R. P. and D. A, Hutchins (1987). "MEASURING ANISOTROPY IN ROCKS USING LASER-GENERATED ULTRASOUND." Geophysical
Journal of the Royal Astronomical Society 91(2): 501-516;
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Early works - Anisotropic Strength and Failure Criteria, etc. (15! ISRM Congress, and other
works at similar periods)

- Arguelles, H., et al. (1966). Analysis of Heterotropic And Anisotropic Properties of Rock Masses. 1st ISRM
congress, International Society for Rock Mechanics.

- Pinto, J. L. (1966). Stresses And Strains In an Anisotropic-orthotropic Body. 1st ISRM Congress, International
Society for Rock Mechanics: 625-635.

- Rodrigues, F. P. (1966). Anisotropy of Granites. Modulus of Elasticity And Ultimate Strength Ellipsoids, Joint
Systems, Slope Attitudes, And Their Correlations. 1st ISRM congress, International Society for Rock Mechanics:
721-731.

- Ruiz, M. D. (1966). Anisotropy of Rock Masses In Various Underground Projects In Brazil. 1st ISRM congress,
International Society for Rock Mechanics: 263-267.

—  And other works.
Application of anisotropic analysis

- Exadaktylos, G. E. and K. N. Kaklis (2001). "Applications of an explicit solution for the transversely isotropic
circular disc compressed diametrically." International Journal of Rock Mechanics and Mining Sciences 38(2): 227-

- Wang, C.D. and J. J. Liao (1998). "Stress influence charts for transversely isotropic rocks." International Journal of
Rock Mechanics and Mining Sciences 35(6): 771-785.

In situ stress

—  Amadei, B. (1996). "Importance of anisotropy when estimating and measuring in situ stresses in rock."
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts 33(3): 293-325.

Review papers in anisotropy

- You need to provide not only summary but also your own insight
and criticism based on the selected papers.

If necessary, you will have to conduct your own analysis and refer
to other papers.

- One classical paper (try to refer to recent papers on the subject)
§09:00 24 Oct through eTL



Outline Introduction @
Anisotropy vs. Isotropy

+ Introduction + Convenient Truth about Anisotropy

+ Anisotropic elasticity — Normal (NOT abnormal)

- Constitutive equation

— General (NOT special)

- Bounds of elastic constants/Transformation of compliance matrix

Young's modulus  P-wave velocity Thermal conductivity

= o 135
A . . . — Predictable (NOT unpredictable = L
+ Some insight into the anisotropic behaviour ( p ) N 10
: ¢ o o o ( v v 3 2000 =
+ Experiments S0 S5 S\ (@ Lorry o, ol s
i N a, e ol g olf i
. . . . . Si o, o, (51 2
- Determination of anisotropic elastic constants Py . e ST - s P
Py r . FEE 00, - 5“‘.{” = - i
+ Numerical approach S S Su) Lo o o0 oo ) AR P PR PO
7)o o o oL ofls) Anisotropy angle, 6 (°)
- UDEC modeling of transversely isotropic rock i °
g y p Complete Anisotropy Vo 00l Boryeong Shale, Korea
ot (Cho et al., 2012)
sotropy

S = ﬂ ’3 ﬂ ﬂ S Components of compliance tensor can be
i im = jn Pkp Folp=mnpg— cajculated from 4 order tensor transformation

Cho JW, Kim H, Jeon S, Min KB, Deformation and strength anisotropy of Asan gneiss Boryeong shale, and Yeoncheon schist, IJRMMS, 2012;50:158-169.

Anisotropic Rock Mechanics Outline
Outline @ @

SEOUL NATIONAL UNIVERSITY SEOUL NATIONAL UNIVERSITY

* Introduction

+ Anisotropic elasticity
- Constitutive equation

- Some insight into the anisotropic behavior

Introduction Anisotropic Elasticity
Anisotropy vs. Isotropy Constitutive Equation
Foundation under line load on transversely isotropic rock
; V' _
€ =Suu0Ou
— —— \
] Contracted
] sl form
(Goodman, 1969) &y S Sy Sz Sy Sis S Oy
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(Park and Min, 2015)
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5

Radial stress distribution ' ) .
+ Compliance matrix has 21 independent parameters
Goodman R, Introduction to rock mechanics, 1989, 2" ed., Wiley

Park, B. and Min, K.B., 2015, Discrete element modeling of transversely isotropic rock applied to foundation and borehole problems, 13 ISRM Congress, (By the SymmEtry Of stress tensor, Strain tensor and consideration Of Strain energy)
Vancouver, Canada



Anisotropic Elasticity
Constitutive Equation
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Constitutive Equation ¢
Transversely Isotropic - One axis of elastic symmetry of rotatio

SEQUL NATIONAL UNIVERSITY

Coupling of normal in
the same directions

Coupling of normal in
different directions

Adapted from Hudson & Harrison (1997)

1 4
E, %
V"."
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Ve Ve
E, E,
Myzx Myzy
E. E,
New ey
E, E
Myx  Myy
E, E

Constitutive Equation
Monoclinic — One plane of elastic symmetry
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G G, o

xy

Coupling of shear in
the same directions

o Coupling of normal &
— Shear
G

Coupling of shear in
different directions

&
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Constitutive Equation
Isotropic - Complete symmetry
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+ 13 independent constants
Constitutive Equation ] @ Anisotropic Elasticity
Orthotropic - Three orthogonal planes of elastic symmetry Constitutive Equation ‘
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+ Three orthogonal planes elastic symmetry

* 9independent constants

9 independent constants 5 independent constants 2 independent constants



Anisotropic Elasticity
Insight into its behavior — uniaxial compression
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Constitutive Equations
Bounds of elastic constants
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Loy
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Anisotropic Elasticity @

Insight into its behavior — uniaxial compression
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+ Example) compliance matrix of elastic material

- Positive strains energy requires the Positive definiteness of matrix.
-> constraints of elastic parameters (elastic modulus and
Poisson’s ratio)

L v ¥y o
E E E
s 7% IE 7% 0 0 0f/s,
W:lO'TSCY & v v 1 0o 0 0 Ty E>0
2 e\ | E E E o. 5
. . . . 1 T, 1
W: strain energy intensity Ve 0 0 0 = 0 0 —l<v<—
. . 7 T,
S: compliance matrix Ve | 2
w 0 0 0 0 — 0\
G
o 0 0o o o L
G

Constitutive Equations
Bounds of elastic constants

SEOUL NATIONAL UNIVERSITY

FEM modeling of Uniaxial loading on transversely isotropic rock

i ——— L ———— L ———

;;;;;;;;;;
Shear strain even under
normal stress alone

Total displacement distribution

Constitutive Equations @
Bounds of elastic constants

SEOUL NATIONAL UNIVERSITY

+ Definiteness
- O(x)=x"AX and symmetric matrix A are called
Positive definite if Q(x)>0 for all x#0
Negative definite if Q(x)<0 for all x#0
Indefinite if Q(x)>0 and Q(x)<0 for all x#0

+ Positive Definiteness

— Al the principal minors are positive
Ay |Gy | e | Gy,
Aoy Ay | | @y
e a Ay Gy ay
a,>0 TS0 ay, 4y ay>0  detA>0
a, a A Ay - 4,
21 22 a asz a33 1 2

Constitutive Equations
Bounds of elastic constants

SEOUL NATIONAL UNIVERSITY

Wzla..a. W=lO'TSO'
2 gy 2

+ the 6 <6 matrices of elastic constants must be positive
definite (Ting, 1996)

* A necessary and sufficient condition for the quadratic
form to be positive definite is that all principal minors of
matrix (that is all minor determinants in the matrix
having diagonal elements coincident with the principal
diagonal of the matrix) are positive (Amadei et al 1987).

— Positive definite if Q(x)>0 for all x#0

- Negative definite if Q(x)<0 for all x#0

— Indefinite if Q(x)>0 and Q(x)<0 for all x#0

Fig. 162 Quadratic forms in two variables (Problem 24)



Constitutive Equations
Bounds of elastic constants - Orthogonal
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Constitutive Equations @
Bounds of elastic constants - Isotropic

SEQUL NATIONAL UNIVERSITY

ELE.E.G.G,G. >0

1 Vi
E, E, 1 v,V

G PR TS ')
v, 1| EEEE
E, E,
1w
R N B 1-v,v,)0
v. 1| EE EE -
E, E
1w
B E|__1 vy =100
v. 1| EE EE o
E E
L TR I—v v —v, v, —voyv —vvoy —v.v v )0
E. E E

—_

I N I Ve ViV v MV VWV
E, E, E| EEE EEE EEE EEE EEE EEE
v 1
E E L
Constitutive Equations @

Bounds of elastic constants - Orthogonal

SEOUL NATIONAL UNIVERSITY

E>0,G>0 lep<l
2
-1<v<l —— Ee0
[a-v) [a-»)
N T
Application to fractured rock masses @
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- Amadei (1981)

E.E,E,,G,.G,G. >0
EA Ex

E,_< ¢ E,

-, E V. E—:
E E,

- EW\E

T L LA A,
E. -

Constitutive Equations ¢
Bounds of elastic constants - Transversely Isotropic... ...

Rock masses with three perpendicular fracture sets can modelled
as orthogonally isotropic rock

1
E

E B
I 'y
— = 0 0 0
E £ K,S E
[
lx Lz L, L 0 0 0
E E E. KS.
[ !
0 0 0 — 0 0
G. K., K. Fracture set 3
| | | Kun Ky (
o o 0 0 — + 0
G, K., K.,
L '
0 0 0 0 0 —
G, K.S, K5,

Compliance matrix
Transformation

SEOUL NATIONAL UNIVERSITY

E E'.G'>0

—-1l<v<l

_lE'(]—v)<V,< [E1-v)
E 2 E 2

+ 0% order tensor (scalar) : no need to transform, independent of coordinate

+ 1th order tensor (vector) : '
X = Byx;

+ 2" order tensor :
O-l] FMimF jn™~ mn

- i.e. stress, strain, permeability
! —
ikl — ﬁim ﬁjn ﬁkp ﬂlpsmnpq

+ 4% order tensor :
- Compliance tensor

By =|cos(y',x) cos(y',y) cos(y',2) =|—sinp cos¢p 0
cos(z',x) cos(z',y) cos(z',z) 0 0 1

cos(x’,x) cos(x',y) cos(x',z)} cosp sing 0
By =

General transformation Rotation



Compliance matrix
Transformation
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Transformation of compliance
Elastic modulus

tensor

SEQUL NATIONAL UNIVERSITY

’ : y .
— (&Y (5, S, 5 S 5. 5 (o
ijkl ﬂim ﬂjn ﬁkp ﬂlp Smnpq | & | t: 5' S‘_ SI -51: 5: |
1 |8 8 8 808 S)|e
, [%] |80 Se So Su S Su| |5
L= g . [Pl [Su Sa S S Sy Sul |T
S’J S’"" q"”q"J ) ls, 5 50 5a S 5.
X ¥ z
% % 5 7
v a A %
z a B2
1 2 3 5 &
1 a o a daya, laya,
2 B i i 15,8, 25,8,
2 ryl- r”:z fl A Inrs
4 A1 Ay By Birst B Byt B
] He s, ¥as 3 Mot e | Fidat e
8 a5 &5 @8 el | afrap | ol tap

Compliance matrix
Transformation

&
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Ex variation with Gxy/G

Ex=Ey
Nu=0.25
Gxy/G varies

+ Orthotropic rock

Transformation of compliance
Elastic modulus

ratio

tensor

SEOUL NATIONAL UNIVERSITY

. _cos'@ sin'@ sinzze( ' 1
Sy E=—— et —— |+ — |,
E E' 4 E' G'
02 '
S',,=Sln 2001, 1 1 —V—(cas49+sin“€),
- 4 E E' G') E'

', =—cos’ 0L —sin> 9L,
E E'

. _sin'@ cos'@ sin’20( 2v' 1
Sy =——t— | ——+—=,
E E' 4 E'" G'
S', =—sin’ 0¥ —cos? 0L
E E'

Transformation of compliance tensor
Elastic modulus and Poisson’s ratio (Min & Jing, 2004)

&
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Ex variation with Ks/Kn ratio

K, for set 1
=2*K, for set 2

Fractured Rock Masses

Anisotropic Elasticity

Insight into its behavior - circular opening

SEOUL NATIONAL UNIVERSITY

.%- .‘

° ° °
= > %

Normalized elastic modulus

°
S

,‘ ’ﬂmﬂ]ﬂ]‘

Normal stiffness = 434 GPa/m

L 1 I

8 {F {t

Polar plot

30 60
Rotation angle (degrees)

Transversely Isotropic rock

30 6
Rotation angle (degrees)

Some formulae considering anisotropy (internal pressure, uniaxial

stress, Lekhnitskii, 1963)

anisotropic v

Tangential stress under internal pressure

Lekhnitskii, Theory of elasticity of an anisotropic elastic body, 1963

¥

anisotropic\-‘|

Tangential stress under far field uniaxial tension



Anisotropic Elasticity Experimental Anisotropic Rock Mechanics
Insight into its behavior - circular opening Laboratory observation — sample

Stress concentration around a circular opening (Kim, 2012)

( e v & _1
’ g L 3P P 5P | o, TE o, E
|0 |m [T m [T = e v
= 5.1 o E
E' '
sotropicroc] Transversely Transversely I\ — g & = _r
! (1]5/];:]) . isotropicrock isotropicrock - o, E
(E/E'=2) (E/E'=3) (2) 8=0° (b) 6.=90°
In anisotropic case, tangential stress ( \ . ,
varies depending upon the anisotropy < g'\/o', = 51“429 [%Jr%—%)— 1‘;,(cos4 6 +sin*0)
ratio of elastic constants. . . o
o t e -S5O 6, cos €+s1n'249(_£+i)
s 95 2 I I 4 E' G
£'/o", =—sin’ 02 - cos’ o
) z l
P P p (c) 0°<6<90°
angle 0 () Kim H, 2012, MS thesis SNU
Experimental Anisotropic Rock Mechanics @ Experimental Anisotropic Rock Mechanics = =
Laboratory observation - sample Laboratory observation — parameter determination '+ /. + ¢
« Combinations of 2 specimens - Least Square Method
[eqnlo, ] [ 0 0 0 -1 0 %
&,/ O, 0 1 0 0 0 1
&1y O, 1] 0 0 -1 0 E
Zanlo, | |0 1 0 0 o | |v
Eopany ! O “|sin®20/4 sin?20/4 0 —cos* 0/4—sin*0/4 sin*20/4| | E
10, O sin* @ cos* @ 0 —2sin*20/4 sin?20/4| | V'
E.10)/ O, 0 0 —sin’ 0 —cos’ 0 0 E'
| Ecany /0| | sin*6 cos* @ 0 —-2sin?20/4 sin® 26/4 | é
Asan Gneiss Boryeong Shale Yeoncheon Schist i
— 5 independent equations
» 5 constants (E, E’, v, v'and G’) can be determined.
* Minimum number of specimens is two, where one of the
specimens is inclined to the isotropic plane
Experimental Anisotropic Rock Mechanics @ Experimental Anisotropic Rock Mechanics
Laboratory observation Laboratory observation

+ Laboratory experiments for the validation of tensor

. . S =8 S
transformation (Cho et al., 2012) Variation of Elastic Modulus (Cho et al., 2012) ikt = Bin B ju Bio BioySmpq

0 15 30 L, 200 —mye 2000 4 2000 "
= = e E EY S 80 H ‘[Ha 80 4/ L 2
BE obheefgnt _— o|w 2 60f® " 1° 838
60 58 of T L - =} . % 2 H =
T a8 (Y S S S R T t2g
75+ 055w 45 e 75 R T R R T )
Anisotropy angle, 0 (°) Anisotropy angle, 8 (°) Anisotropy angle, 8 (°)
(a) Asan gneiss (b) Boryeong shale (c) Yeoncheon schist
Transversely 9%-
- lsotropic Rock [ o
90 _ . . . . g
MPE = LZ Yot = Voun The relative difference between the theoretical prediction and
NS Youn measurement (mean prediction error) ~20%
(1h)

Directional Coring
System

Kim H, Cho JW, Song I, Min KB, Anisotropy of elastic moduli, P-wave velocities, and thermal conductivities of Asan Gneiss, Boryeong Shale, and Yeoncheon
Cho JW, Kim H, Jeon S, Min KB, Deformation and strength anisotropy of Asan gneiss Boryeong shale, and Yeoncheon schist, JRMMS, 2012;50:158-169. Schist in Korea, Eng Geol, 2012;147-148:66-77



Experimental Anisotropic Rock Mechanics DEM for Anisotropic Rock Mechanics

Laboratory observation Methodology for numerical experiments
Variation of Thermal Conductivity (Kim et al., 2012) K= BBk, a) (S0 Sa Su S L . 5 Z %g
el Sy Sn Su Si| o S| (Si Se Se)(ou] (S
e 7|8y Se Sy Sello. [2,,]=[Szy S Sz»][an]"'[szx](g::)
5, 7o) \Su So Sa Selo, Vo) Sa Se Sullon) \Su
s u Gneiss 1 e # [T et 13 g
ie | e Lk b i [: Er e N ¢ 2D DFN
g 3 = e 1 e <w g
2o ‘ - ‘ e 2 e ) (S
(a) Asan gneiss (b) Boryeong shale (c) Yeoncheon schist {Eif’ £ L‘f\”]—[s!
W re 7 ) \S
[e1-[5]le-1=[s1[] i
MPE =i§M The relative difference between the theoretical prediction and [e]leT [s )l ][e]" =[5] €; : measured )
NS Yo measurement (mean prediction error) ~20% S;: pre-determined

§;:?

+ In 2D plane strain condition, 6 elastic constants are

Kim H, Cho JW, Song |, Min KB, Anisotropy of elastic moduli, P-wave velocities, and thermal conductivities of Asan Gneiss, Boryeong Shale, and Yeoncheon H
Schist in Korea, Eng Geol, 2012;147-148:66-77 determined.

Experimental Anisotropic Rock Mechanics @ Blocky DEM for Anisotropic Rock Mechanics ‘
Laboratory observation Results

Variation of Permeability (Yang et al., 2013) ki = BBk + Complete 2D compliance tensor was obtained in the fractured
rock mass (Min & Jing, 2013)

350
A SETT 0 paen
o] | @ SEm2 P i
a2 o
2 e L8 e 5 2 N Su S S S
;E /:7,3 :\70/" ks L( %00, 211 12 913 16
© s e AT o \ Su Sn Sn Sx
Z 10 ;)/5-/: " e \4 Su Sa Su S
g 0 s »
ém a ® \ ) ) Se1 Se Sez Ses
g w g m] \ e / 27709 —02933 —0.2800 —0.0445
N“\\’{i\;l Vil ~02933 23934 —0.2814 —0.0405
0 L™ A~ =
0 5w 45 e 75 %0 :;S\\fyj‘;&s ~0.2800 —02814 11820 —0.0051

—0.0591 —0.0653 —0.0051  5.5066

Anisotropy angle (6°) 180
(a) Normal k. linear scale (b) Elliptical form (1/ V) % E— 11 (1/Pa)
Berea Sandstone ~ 20% porosity . . .
T + This method has been applied to a series of problems.

— Sellafield DFN data (essentially a generic nature)

— Forsmark (Swedish repository site)

Min KB, Jing L, Numerical determination of the equivalent elastic compliance tensor for fractured rock masses using the distinct element method, IJRMMS

HY Yang, H Kim, K Kim, KY Kim, KB Min, A Study of Locally Changing Pore Characteristics and Hydraulic Anisotropy due to Bedding of Porous Sandstone, J
2003;40(6):795-816.

Korean Soc Rock Mech, 2013 23(3):280-240

DEM for Anisotropic Rock Mechanics @ Blocky DEM for Anisotropic Rock Mechanics

Methodology for numerical experiments Results - case 1) scale dependency (Min & Jing, 2003)..."........
£, =50, + Complete 2D compliance tensor was obtained in the fractured
1 ) . .

s e s s sl rock mass (Min & Jing, 2013)

£y Sz\ S:Z S:J S:4 S:s S:rv 7,

el S Su Su S S S |o %

Yz Sa S Su Su Sis Si %

Ze| |Ss Sn Su Su Ss S| |7

7o) WSu Se Se Su Sk Se) =

S S Sz Sis

Sn Sn S»n Sw

Su S» Su Sk

Set Se Ses See
27709  —0.2933 —0.2800 —0.0445
—0.2933 23934 —0.2814 —0.0405
—0.2800 —0.2814 11820 —0.0051
—0,0591 —0.0653 —0.0051 5.5066

x E—=11 (1/Pa)

6 Boundary conditions

Y Ly
10 random generation

©

©

W —> —> —>
Generation of small networks from
the center of 300m by 300m fracture network

* 6 linearly independent B.C. - 3D
+ 3linearly independent B.C. - 2D
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Blocky DEM for Anisotropic Rock Mechanics
Results - case 3) stress dependent E (Forsmark)

DEM for Anisotropic Rock Mechanics
Methodology

SEQUL NATIONAL UNIVERSITY

Generated DFN model (10 m X 10 m scale)

|
Trace map at Forsmark dﬁ"llsne 2 (versmn 1. 1)

Square is 10 m X 10 m scale.

&

SEOUL NATIONAL UNIVERSITY

Blocky DEM for Anisotropic Rock Mechanics
Results — case 3) stress dependent E (Forsmark)

PFC2 with Smooth Joint Model

. 15600
(b-1) Sta'rJI(ie:iredl Contact Partces (c) BPM Embeds
(a) Bonded Particle *..  Weak Planes
Model Original local B2Y A
contact orientations B
I (b-2) Smooth ’ .
Joint Model Toedaranog %’

Cement

w ]

joint suface A e e s
Joint joint surface B
- H
(Mas Ivars et al, 2011 ) v
38 mm

DEM for Anisotropic Rock Mechanics
Verification - Elastic modulus & Strength

SEOUL NATIONAL UNIVERSITY

Cwl g v 7 " " Elastic moduli T with stress 1
& . 3\‘ - highly stress-dependent
P ER < ermoms | Stressinduced anisotropy
A v Eee - E;, 20% higher than E, in
E b | | shallow depth

Effect of stress is more evident
in low stress condition.

Displacement distribution

Min KB, Stephansson 0, Jing L, Effectofstress on mechanical and hydrauic rock mass properties - application of DFN-DEM approach on the data from Site Investigation at Forsmark, Sweden,
EUROCK 2005, Bmo, Czech Republic, 2005, pp.389-395

&
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Particulate DEM - Bonded Particulate system
Bonding logic

Equivalent Continuum Model Tensor Transformation

On 2 in?
¢ i=i+cos B- cos /3+smﬁ
E, E, k,-6 k6

(Eﬂ varies with respect to inclination ﬁ)

. normal

" stiffness, k, / foi6
/ / // // o
Tasti ] 1 / / e
5 m:d:luscE, I /’,//////// 1 //
i = 11 = =
WL i) el s ve =
e s w0 as s 7 90
4 mean vertical
¥  spacing, 8 Elastic Modulus of Smooth Joint Model
1‘ 10 -
( Amadei and Goodman, 1981) 00 S k02 fanaiyic)
fo NN )
3 o7 ~ "
1 [ 11 ] 1 [ 1,1 ] 2 \ N, o
—_— — » —_—] — .% —
E, \E, k, 6 G, \G. k.5 : +
E,, G,: equivalent elastic & shear modulus,
+ k20 (umerca)
E,, G, : intact rock elastic & shear modulus, sy
ks:

k, , ks : normal & shear stiffness

on weak planes, Kis stiffness ratio
&': mean vertical spacing "’ T .

9 10 2 % @ %0 & W &
‘ Inclined Angle, B [degree]

Iiil-

DEM for Anisotropic Rock Mechanics
Sliding on a plane of weakness

SEOUL NATIONAL UNIVERSITY

contact bond

models adhesion over vanishingly small area of contact point
(does not resist moment)
breaks if normal or shear force exceeds bond strength

parallel bond

models additional material deposited after balls are in contact
(does resist moment)
breaks if normal or shear stress exceeds bond strength

from www.HCltasca.com

— The stress difference that is required to cause a slip with a given
and o,

2(S, + uo,) o - 28, cos ¢
(1 ycotﬂ)smﬂ e (1-k)sin2p - ¢)—(1+k)sing

Olmin = O +2(S0 +,U0'2)(\//l2 +1 +y)

— Solution exists only for 15 .

o, —

b<p
10 [ ' 3
- Range of f (for a given & ;
stress state) sk § :
B<B<p, 5,/8,=0
28 =¢+sin“|:{(0m +3, cot ¢)/rm}sin¢:| % 20 ¢ 20 &0 %0

B (degrees)
Variation of o, needed to cause sliding on a fracture for y=0.5

28, =z +¢—sin™ [{(a’m +8, cotg)/7,, }sin ¢:|



DEM for Anisotropic Rock Mechanics
Verification — Elastic modulus & Strength
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DEM for Anisotropic Rock Mechanics
Investigation into the failure mechanism - compress;gn, :

NAL UNIVERSITY

Strength Anisotropy with respect to Weak Planes

0'10'

0, : axial strength, o5: confining stress,

C: cohesion, ¢ : friction angle,
B : inclination

DEM for Anisotropic Rock Mechanics
Validation against laboratory measurements

(Jaeger and Cook, 2007)

v’ Strength of Fractured Rock

2. (C+a tanq:)
? (1-tang-tanp)-sin2p

Strength Variation of Smooth Joint Model

0 10 2 3 4 0 e 70 s %

H Inclined Angle, B [degree]

-1l

v Fixed Cohesion (C): 10 MPa
v Various Friction Angle (¢) : 0° - 30°

v Mechanical Behaviors
-> Smoothly Change

&

SEOUL NATIONAL UNIVERSITY

15600 Particles

Shear Failure along

the Weak Planes

O Esm Zasm

Tensile Failure
along the Weak
Planes

Red: Tensile Cracks on Contact/Parallel Bond
Blue: Shear Cracks on Contact/Parallel Bond
Magenta: Tensile Cracks on Smooth Joint
Black: Shear Cracks on Smooth Joint

DEM for Anisotropic Rock Mechanics
Investigation into the failure mechanism - tensile

SEOUL NATIONAL UNIVERSITY

(a) Step 1 (Intact Rock Part)

Microproperties of Bonded Particle Model

Grain

Cement

Elastic modulus = 38 Gpa

Stiffness ratio = 3.5

Friction coefficient = 0.839

Elastic modulus = 38 Gpa

Tensile stress =75 Mpa

(b) Step 2 (Weak Plane Part)

Microproperties of Smooth Joint Model

Normal stiffness = 33700 Gpa/m
Shear stiffness = 960 Gpa/m
Friction coefficient = 0.364 (20°)

Dilation angle = 0°
Tensile strength = 3 Mpa
Cohesion =15

DEM for Anisotropic Rock Mechanics
Validation against laboratory measurements

Stiffness Ratio = 3.5 B o

&

SEOUL NATIONAL UNIVERSITY

| Shale-0° | Shale-15° || Shale-30° l Shale-45° Shale-60°

(Cho et al., 2012)

Shale-75° Shale-90°
6158 Particles
2ol % \\\ 5“‘ E !
ki o N h i
A
N J
Y
Dominated by Dominated by Layers
Intact Rock (BPM) (Smooth Joint Model)

DEM for Anisotropic Rock Mechanics

Upscaling - transversely isotropic rock under line load."........

Boryeong Shale vs. Numerical Model

(a) Elastic Modulus

S ALAB
~-PFC

0 15 30 45 60 75 %0
‘ Inclined Angle [degree]

A : Lab Experiments /

ucs [MPa]

ALAB

(b) UCS (c) BTS
00—y ?:1 i /*_/f'_‘ \

~e-PEC

EEFE )

0 15 30 45 60 75 90 o 15 30 a5 e 75 %

I Indlined Angle [degree] £ \H\ Inclined Angle [degree] ==

(Cho et al.,

—@=—= Numerical Results

Capture the overall trend of anisotropic mechanical behaviors

Park, B. and Min, K.B., 2015, Bonded-Particle Discrete Element Modeling of Mechanical Behavior of Transversely

Isotropic Rock, [JRMMS, under review

AlAB
-8-PFC

2012)

Boussinesq-Flamant’s Problem

p (Line Load)

N

(a) Isotropic Intact Rock

(b) Transversely Isotropic Rock
WAIREERY R RN

v/ Stress distribution in (an)isotropic,
homogeneous, and infinite medium when line
load is applied

v/ Radial stress as a function of distance ‘r’

and the angle ‘0’

= 2Pc0s8  (Isotropic)
nr

", =

- _h Xcos B+ Ygsinp
" r((cos® B - gsin? B + K sin? Bcos? B
Transversely isotropic (Bray, 1977)

P line load, r: radial distance,

0: radial stress direction from line load
h, g: material constants

X: x-direction load / Y : y-direction load



DEM for Anisotropic Rock Mechanics

Upscaling - transversely isotropic rock under line load..

NIVERSITY

Analytic Solution vs. PFC

Contact
Force T~~.,..

r=04
=0.6

=0.2

3

41,388
Particles

r=0.8

P (Ling Load)

o rrc0 02
o PR 04
= PrC.05
4 prC2D03

Isotropic Intact Rock

DEM for Anisotropic Rock Mechanics

Upscaling - transversely isotropic rock under line qud@

ATIONAL UNIVERSITY

Continuum Model

Park, B. and Min, K.B., 2015; Discrete eleme

Pressure Bulbs (DEM)

and borehole problems, 13 ISRM Congress, Vancouver, Canada

DEM for Anisotropic Rock Mechanics

Upscaling - circular hole under

biaxial load

Pressure Bulbs (FEM)

SEOUL NATIONAL UNIVERSITY

nt'modeling of transversely isotropic rock applied to foundation

SEOUL NATIONAL UNIVERSITY

Analytic Solution vs. PFC®

P (Line Load)

AN ©

© G
'

/]

e
\
X7

—0.2
—04

[
R
|

b

—06

i N

0.8
® PFC2D.02

N |/

* PFC2D_04
= PFC2D_06

4 PFC2D08

Transversely isotropic Intact Rock

DEM for Anisotropic Rock Mechanics

Upscaling - transversely isotropic rock under line load.."........

Analytic Solution vs. PFC?0

= 0.@ r=08

v

P (Line Load)

v Stress distribution matches with analytical solution

—02
—04
—06

08
® PFCID_02
 PFC2D_0.4
= PFC2D_0.6
A PFCZD_0.8

Discontinum Model

Continuum Model

|

@

00 wo-as

~

Park, B. and Min, K.B., 2015, Discrete element modeling of transversely isotropic rock applied to foundation

we=o o=

and borehole problems, 13 ISRM Congress, Vancouver, Canada
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Introduction
Objectives of the course
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Rock Mass Properties
Classical References

+ Objective;
- Understand the importance of rock mass properties determination
— Mechanical behavior;

§Empirical approach
sAnalytical approach
yNumerical approach
1In situ testing

- Hydraulic properties
s Upscaling approach

]In situ testing

Rock Mass Properties
Main References

&
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+ Stress dependent rock properties

- Santarelli, F. J., et al. (1986). "ANALYSIS OF BOREHOLE STRESSES USING PRESSURE-DEPENDENT,
LINEAR ELASTICITY." International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts
23(6): 445-449.

- Brown, E. T, et al. (1989). "INFLUENCE OF STRESS-DEPENDENT ELASTIC-MODULI ON STRESSES AND
STRAINS AROUND AXISYMMETRIC BOREHOLES." Rack Mechanics and Rock Engineering 22(3): 189-203.
* In'situ characterization of Permeability/transmissivity

—  Theis, C. V., 1935, The lowering of peizometer surface and the rate of discharge of a well using groundwater
storage, Trans. Am. Geophys. Union, 16: 519-524

- Neuman, S. P. and P. A. Witherspoon (1969). "THEORY OF FLOW IN A CONFINED 2 AQUIFER SYSTEM."
Water Resources Research 5(4): 803-+.

- Apaper dealing with fractured rock hydraulic properties

- Fokker, P. A, etal. (2012). "Estimating reservoir heterogeneities from pulse testing." Journal of Petroleum Science
and Engineering 86-87: 15-26.

- Long J.C.S., Remer J.S., Wilson C.R., Witherspoon P.A., 1982, Porous media equivalents for Networks of
discontinuous fractures, Water Resources Research, vol.18, No.3, pp.645-658

Introduction
Rock vs Rock Mass

+ Brady BHG and Brown ET, 2004, Rock Mechanics for Underground Mining, 4th ed.,
Kluwer Academic Publishers

- Chapter 3 Rock Mass Structure and Characterization (p.46-84)
— Chapter 4.9 Behaviour of discontinuous rock masses (p.133-139)

+ Goodman RE, 1989, Introduction to Rock Mechancis. 2" ed., John Wiley & Sons
- Chapter 6. Deformability of Rocks (p.179-220)

+ Hudson JA & Harrison JP, 1997, Engineering Rock Mechanics — An introduction to the
principles, Pergamon
- Chapter 8. Rock Masses (p.141-148)
- Chapter 9. Permeability (p.149-162)

Rock Mass Properties
Classical References
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Forsmark, Sweden

#

+ Determining rock mass properties is a critical issue for mechanical,
hydraulic and thermal behavior — especially fractured (jointed) rock mass

Introduction
Rock vs Rock Mass — Representative Elementary Volume (REV)
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+ Rock Mass properties — empirical approach
- Bieniawski, Z. T. (1978). "DETERMINING ROCK MASS DEFORMABILITY - EXPERIENCE FROM CASE
HISTORIES." International Journal of Rock Mechanics and Mining Sciences 15(5): 237-247.
+ Rock Mass properties — in situ testing
- Unal, E. (1997). "Determination of in situ deformation modulus: New approaches for plate-loading tests."
International Journal of Rock Mechanics and Mining Sciences 34(6): 897-915.
+ Rock Mass properties — analytical approach
- Oda M. Fabric tensor for discontinuous geological materials. Soils Fdns, 1982;22(4):96-108
- Oda, M., etal. (1993). "ELASTIC STRESS AND STRAIN IN JOINTED ROCK MASSES BY MEANS OF CRACK
TENSOR ANALYSIS." Rock Mechanics and Rock Engineering 26(2): 89-112.
+ Rock Mass properties — numerical approach

- Min, K. B.and L. R. Jing (2003). " i ination of the eq elastic cc tensor for fractured
rock masses using the distinct element method." International Journal of Rock Mechanics and Mining Sciences
40(6): 795-816.

- Min, K. B. and L. Jing (2004). "Stress-dependent mechanical properties and bounds of Poisson's ratio for fractured
rock masses investigated by a DFN-DEM technique." International Journal of Rock Mechanics and Mining
Sciences 41(3): 431-432.

Inhomogencous
medium

Homogencous
medium

Property
I
T

(@) RI

Property
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Figure 4.12 Variability in measured values with respect to sample volume,
illustrating the REV. (a) General concept. (b) Example data scatter.

Hudson JA, Harrison JP, Engineering Rock Mechanics, 1997, Pergamon
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Fractures Fractures
Geometry Mechanical properties - stiffness
* Fractures (Discontinuities)
Normal stiffness, Ky [MPa/mm] Shear stiffness, K s [MPa/mm]
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Figure 7.3 Schematic of the primary geometrical properties of discontinuities in
rock (from Hudson, 1989).
Hudson JA, Harrison JP, Engineering Rock Mechanics, 1997, Pergamon
Introduction @ Fractures

Approaches Mechanical properties — shear test

SEOUL NATIONAL UNIVERSITY

* Analytical approach + Shear testing of fractures
_ Oda (1982, 1993), Amadei (1981) ﬂ ’* eardepeeement ¢

Experimental approach (in situ test)

shear stress ©

— Plate loading, flat jack, dilatometer, goodman jack, nofmsl $76s3 -5,

— Injection (production) test

e peak strength "é’ cak stre
+ Empirical approach g g | pererel A
:
— Rock mass classification (RMR, Q, GSI) & @ residual strength
. @ residual strength 1—
* Numerical approach L

— Numerical experiments (Min’s work, 2003; Pouya, 2001; Stietel et displacement o rormal stress <,
al., 1996)
Hoek E, 2007, Practical Rock E ing, Jhttps:/fwww.rocscience.
Fractures @ Fractures
Mechanical properties - Stiffness Mechanical properties - shear strength
+ Normal stiffness + Patton’s law (1966) for fracture friction angle
— Unit: Stress/length (MPa/m) v ) failure of
g : . i { ot normal stress o, v intact rock
- Linear model &, =K,5, : strength 5
— Non-linear model T T T A g shearing on saw-
o I A 2 tooth surfaces
- n ’ [¢—— shearstress © @ )
" c+do, (Gp+ 1)
* Shear StlffneSS T ; normal stress o,
- Unit; Stress/length (MPa/m) 5 ;
2 7= 0, tan(¢y +1)
- Linearmodel & =k 5. ——

: s where ¢y 1s the basic friction angle of the surface and
i 1s the angle of the saw-tooth face.

- Non-linear model: e.g., Barton’s equation (strength + full path)

Hoek E, 2007, Practical Rock ing, ,https://www.rocscience




Fractures

Mechanical properties - shear strength
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Fractures

Mechanical properties - dilation

&
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+ Barton’s equation (1977)

=0, tan[JRClog,,(JCS / 5,) +4.]
7: Shear Strength of a fracture

JRC: Joint Roughness Coefficient

JCS :Joint Wall Compressive Strength

¢, residual friction angle
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Fig. 1. Empirical law of
appropriare JCS value

[
approsimare guide to the appropriate JRC values 20, 10 and 5, C
joines have: JRC = 0

frietion in graphical form, Each curve is numbered with the
s of MN/m®). The roughuess profiles arc in

i nded @ an
ompletely smooth planar

Barton & Choubey, 1977, The shear strength of rock joints in theory and practice, Rock Mech Rock Eng, 10(1-2):1-54

Fractures

Mechanical properties - shear strength

&
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— Aperture change due to shear dilation (SKB, 2007)

§3.2° dilation angle under 20 MPa

§ Dilation angles from direct shear tests for the FFM01 fracture domain

Normal load o o . o . o | Uncertainty
(MPa) Mean (°) | Std. dev. (°) [ Minimum (°) | Maximum (°) of mean (%
0.5 14.6 4.1 7.8 271 +10.2
5 7.7 2.7 2.5 13.7 +12.8
20 3.2 2.1 0.2 9.6 +23.9

n;hmm‘yn."ﬂ::.s Ml:, v.,E Dilatancy angle 5 MPa, v [] Dilatancy angle 20 MPa, vz [
et wF
N gt HTEL u|
3 - i * s
g . ia f " £
H 2 2 & é
Sn o AR T e e w7 | SKBR-7-31

Mechanical properties

Elastic modulus (deformation modulus)

&
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+ Size dependent behavior of a fracture

JRC, = JRCG[

L
L

]70 02JRC,

®)

where JRC,, and L, (length) refer to 100 mm laboratory scale samples and JRC,, and L,

refer to in situ block sizes.

Fractures

Mechanical properties - dilation

&
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+ Elastic (deformation) modulus of fractured rock mass

E :Elastic modulus of rock mass
k, : normal stiffness of a fracture
S :spacing of fractures

1 1 1
Y I P
Gm (Gl ks ! SJ
G, :Shear modulus of rock mass

k_ :shear stiffness of a fracture

S :spacing of fractures
Hudson JA, Harrison JP, Engineering Rock Mechanics, 1997, Pergamon

Mechanical properties

T

EMASS

EpgpLp may be = 0.1 E,

infact

Frequency, A

Elastic modulus (deformation modulus)
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+ Fracture dilation during fracture shearing

— Great implication for geo-environmental engineering

_i[ normal dilation
Biation =AM | ————————
shear displacement
Shear
1 JCS dilation
Buinaion =~ JRC log( ) ===
2 o, S Vien
20 .
18 B
6 ont
B
e _xmtnz it
ik on (1982) - granie
R © Barton et al. (1985 - granite
80 [2 4 Homand et al. (2001) - replica
$ . - Bandis et al. (1981) - sandstone
T - Huang et al. (2002) - replica
- [P + Wibowo et al. (1994) - replica
Py R # Lee (1999) - Granite
16 | 3 + Lee (1999) - Marble
2§ et : & ® Yeo et al. (1998) - replica
o s . : H .
o 5 10 15 20 25 30

Normal load (MPa)

+ Derivation




Mechanical properties
Elastic modulus (deformation modulus)
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Hydraulic properties
Permeability of fractured rock mass
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Intact rock
(units of
stress MPa)

/ -  — Discontinuities
/ | (units of stress/
‘[ Ep length)
o MPa/m
N discontinuities, §

frequency = A

6 =1/ A =spacing of fractures

Hudson JA, Harrison JP, Engineering Rock Mechanics, 1997, Pergamon
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Mechanical properties
Rock Mass Strength

(@ -0y

(o) = 0q)

By,
i / =
B 503

o S e \ o o

28,=90+6, Rangeofangles 28,=90+¢

Figure 85 Mohr's circle representation of the possible modes of failure for rock
containing a single plane of weakness.

Hudson JA, Harrison JP, Engineering Rock Mechanics, 1997, Pergamon

Hydraulic properties
Permeability of fractured rock mass - cubic law
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Equivalent hydrauli juctivity

q Y
(K) of multiple parallel plate models

Flow rate of rock mass with

E N fractures per unit len _ pwgez oh <N = pwge3 le%
124 ox 12u b 0Ox

K< p,gNe’ _ p.g€¢" _ Ne’ :e_3

124 12ub 12 126

K: hydraulic conductivity

k: permeability

— e: aperture

N: number of fracture per unit
distance = frequency, (L)

- b: spacing (L)

Hydraulic properties
Permeability of fractured rock mass
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10
1.0
107" 3
. _p.ge
10oms < 0 12ub
=1012m —S> ¢
=1D g
g 1o A sandstone with K of 10
3 10 cm/s (which is 107 m/s ~10-*
2 m2~102Darcy~10mD)
Lo correspond to aperture 50ym
107 in 1 m interval.
|
108 ‘;

0.01 0.05
Joint aperture, e (mm)

Influence of fracture aperture e and b on hyd ductivity K in the
direction of a set of smooth parallel fractures in a rock mass (Hoek et al., 2004)

Hydraulic properties
Permeability of fractured rock mass
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LN PR LAV.A )
TG s

3 we' d
- dy) =—2 L () o
Y f vOudy) == (,eh)
2
e d p.ge dh
- ) = Lo
R PN L Ty

wsq

Hydraulic conductivity (K) of
parallel plate model

_p.ge oh
124 ox

— Cubic law: for a given gradient in head and unit width (w), flow rate
through a fracture is proportional to the cube of the fracture
aperture.

q=0/4=Q/ew=

p,: density of fluid
g: acceleration of gravity
\: viscosity

Transient Theis solution - Flow to a well in a confined aquifer
S - Based on the work by Theis (1935)
Drawdown h=ho

— Used the analogy with heat transfer

Potentiometric surface

— When a steadying pumping is conducted in a well,
the head difference at any given radius is expressed
as follows.

Piezometer

essihsetstis
17 Confined
TS gquifer

“Hydraulic head contours

> e Y S S,

hy—h=s= o
0 4r “SUn T ke

C4rx

hy: original head at any distance r from a fully penetrating well at time t equals zero
h: head at some later time ¢

s: drawdown, difference between hy and h

Q: steady pumping rate (m%/sec)

T: transmissivity (hydraulic conductivity x thickness), m2/sec

S: storativity (specific storage x thickness), dimensionless



Equivalent Continuum model
Requirements
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Case study (1) - Beniawski (1978)
Rock Mass Properties - Elastic modulus

&
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+ Two conditions for application of ECM (Long et al.,1982")
- Existence of REV

— The properties (k;, S;q) should be represented as tensors to be

used for continuum mechanics analyses

Long JCS, Remer JS, Wilson CR, Witherspoon PA. Porous media equivalents for networks of discontinuous fractures, Water Resour Res,
1982;18(3):645-658

Equivalent Continuum model
Requirements
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Ey =176 x RMR — 843 Ey =2 x RMR - 100.
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Fig. 8. Relationship between in-siu modulus and rock mass rating.

Bieniawski, Z. T. (1978). "DETERMINING ROCK MASS DEFORMABILITY - EXPERIENCE FROM CASE HISTORIES." International
Journal of Rock Mechanics and Mining Sciences 15(5): 237-247.

Case study (2) — Min and Jing (2003)
Rock Mass Properties - Compliance Tensor
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k;} = ﬁimﬁjnkmn

i;‘kl = [Zm ﬂjn ﬂkp ﬂlq Smnpq

+ Calculated properties with rotated models should be
compatible with the prediction made by the tensor
transformation

Case study (1) — Beniawski (1978)
Rock Mass Properties — Elastic modulus

SEOUL NATIONAL UNIVERSITY

+ Compliance tensor of fractured rock mass
— Data from Sellafield, UK

— Obtained from numerical experiment (DFN-DEM approach)

101andom generation
Normalized elastic modulus

—
Generation of small nof

ks fror 7 5 i 5 &
the center of 300m oy 300m friacture nefwork Side length of square model (m)

Normalized elastic moduli of fractured rock in various scales

Min KB, Jing L, 2003, Numerical determination of the equivalent elastic compliance tensor for fractured rock masses using the distinct element method,
International Joumnal of Rock Mechanics & Mining Sciences 2003;40(6):795-816.

Case study (2) — Min and Jing (2003)
Rock Mass Properties - Compliance Tensor
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Bieniawski, Z. T. (1978). "DETERMINING ROCK MASS DEFORMABILITY - EXPERIENCE FROM CASE HISTORIES." International
Journal of Rock Mechanics and Mining Sciences 15(5): 237-247.
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Min KB, Jing L, 2003, Numerical determination of the equivalent elastic compliance tensor for fractured rock masses using the distinct element method,
International Joumnal of Rock Mechanics & Mining Sciences 2003;40(6):795-816.



Case study (3) - Min & Jing (2004), Min and Stephansson (2011)¢
Rock Mass Properties — Stress dependent Elastic modulus

Case study (5) - Min et al. (2004)
Permeability tensor for equivalent continuum medium (ECM)
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+ Boundary Condition

06
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Min, K. B., etal. (2004). "Determining the equivalent permeability tensor for fractured rock masses using a stochastic REV approach:
Method and application to the field data from Sellafield, UK." Hydrogeology Journal 12(5): 497-510.

Case study (3) - Min & Jing (2004), Min and Stephansson (2011)

Case study (5) — Min et al. (2004)
Rock Mass Properties - Stress dependent Elastic modulus

Permeability tensor for equivalent continuum medium (ECM)
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evident in low stress condition.

N . Min, K. B., et al. (2004). "Determining the equivalent permeability tensor for fractured rock masses using a stochastic REV approach:
Min KB, Stephansson O, The DFN-DEM Approach Applied to Investigate the Effects of Stress on Mechanical and Hydraulic Rock Mass Properties at Forsmark, Sweden, Tunnel Method and lication to the field data fi Sellafield. UK." Hyd I J 1 12(5): 497-510.
& Underground Space: Journal of Korean Society for Rock Mechanics, 2011:21(2):117-127 lethod and application to the field data from Sellafield, UK." Hydrogeology Journal 12(5): 47-510.

.
Displacement distribution

Case study (4) - Long et al. (1982) @ Case study (5) - Min et al. (2004)

Permeability tensor for equivalent continuum medium (ECM)_ "> Permeability tensor for equivalent continuum medium (ECM)
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Long, J. C. S., etal. (1982). "Porous media equivalents for networks of discontinuous fractures.” Water Resources Research 18(3): 645- Min, K. B., et al. (2004). "Determining the equivalent permeability tensor for fractured rock masses using a stochastic REV approach:
658. Method and application to the field data from Sellafield, UK." Hydrogeology Journal 12(5): 497-510.
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Introduction @

Objectives of the course
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Rock Mass Properties
Classical References
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* In situ stress — importance and overview

— Kim, K. and J. A. Franklin (1987). "SUGGESTED METHODS FOR ROCK STRESS DETERMINATION." International Journal of Rock
Mechanics and Mining Sciences & Geomechanics Abstracts 24(1): 53-73.

- Fairhurst, C. (2003). "Stress estimation in rock: a brief history and review." International Journal of Rock Mechanics and Mining
Sciences 40(7-8): 957-973.

- Ljunggren, C., etal. (2003). "An overview of rock stress measurement methods." International Journal of Rock Mechanics and Mining
Sciences 40(7-8): 975-989.
+  Overcoring method

- Leeman, E. R. (1968). "DETERMINATION OF COMPLETE STATE OF STRESS IN ROCK IN A SINGLE BOREHOLE-LABORATORY
AND UNDERGROUND MEASUREMENTS." International Journal of Rock Mechanics and Mining Sciences 5(1): 31-38.

- Sjoberg, J., etal. (2003). "ISRM suggested methods for rock stress estimation - Part 2: Overcoring methods." International Journal of
Rock Mechanics and Mining Sciences 40(7-8): 999-1010.

*  Numerical method

—  Hart, R. (2003). "Enhancing rock stress understanding through numerical analysis." International Journal of Rock Mechanics and
Mining Sciences 40(7-8): 1089-1097.

—  Hakami E., H. H., Christiansson R. (2006). Depicting a plausible in situ stress distribution by numerical analysis - examples from two
candidate sites in Sweden. In-Situ Rock Stress, Trondheim, Taylor & Francis Group.

Rock Mass Properties
Classical References
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* Objective;
- Understand the importance of in situ stress for geomechanics

— In situ stress measurement;
g Early method (USBM, flat jack method, ..)
§Overcoring method
yHydraulic Fracturing method
g Indirect method

s Novel approach

— Estimation
1y Integrated method
yWorld Stress

yStress in Korea

Rock Mass Properties @
Main References
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* Hydraulic fracturing method
- Hubbert, M. K. and D. G. Willis (1957). "Mechanics of hydraulic fracturing." Trans. AIME 210(6): 153-163.
~  Haimson, B. C. and Fairhurst, C., Initiation and extension of hydraulic fractures in rock, Soc. Petr. Engrg. J., 7, 310-318, 1967

~ Haimson, B. C. and F. H. Comet (2003). "ISRM suggested methods for rock stress estimation - Part 3: hydraulic fracturing (HF) and/or
hydraulic testing of pre-existing fractures (HTPF)." International Journal of Rock Mechanics and Mining Sciences 40(7-8): 1011-1020.

- Detournay, E., et al. (1989). "POROELASTICITY CONSIDERATIONS IN INSITU STRESS DETERMINATION BY HYDRAULIC
FRACTURING." Intemational Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts 26(6): 507-513.

- Rutquist, J. and O. Stephansson (1996). "A cyclic hydraulic jacking test to determine the in situ stress normal to a fracture.”
International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts 33(7): 695-711.

- Rutquist, J., etal. (2000). "Uncertainty in the maximum principal stress estimated from hydraulic fracturing measurements due to the
presence of the induced fracture." International Journal of Rock Mechanics and Mining Sciences 37(1-2): 107-120.
+  Borehole breakout

- Zoback, M. D., etal. (1985). "WELL BORE BREAKOUTS AND INSITU STRESS." Journal of Geophysical Research-Solid Earth and
Planets 90(NB7): 5523-5530 (cited >270).

- Haimson, B. C. and |. Song (1993). "LABORATORY STUDY OF BOREHOLE BREAKOUTS IN CORDOVA CREAM - A CASE OF
SHEAR FAILURE-MECHANISM." International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts 30(7):
1047-1056.
*  Indirect method

- Lavrov, A. (2003). "The Kaiser effect in rocks: principles and stress estimation techniques." International Journal of Rock Mechanics
and Mining Sciences 40(2): 151-171.

- Li,Y.Y.and D. R. Schmitt (1998). "Drilling-induced core fractures and in situ stress." Journal of Geophysical Research-Solid Earth
103(B3): 5225-5239.

- Schmitt, D. R., etal. (2012). "Crustal stress determination from boreholes and rock cores: Fundamental principles." Tectonophysics
580: 1-26.

Rock Mass Properties
Classical References
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+ Brady BHG and Brown ET, 2004, Rock Mechanics for Underground Mining, 4th ed.,
Kluwer Academic Publishers

- Chapter 5 Pre-mining state of stress (p.142-164)
+ Goodman RE, 1989, Introduction to Rock Mechancis. 2" ed., John Wiley & Sons
- Chapter 4. Initial stresses in rocks and their measurement (p.101-140)

+ Hudson JA & Harrison JP, 1997, Engineering Rock Mechanics — An introduction to the
principles, Pergamon

- Chapter 4. In situ stress (p.41-70)

+ Zang A, Stephansson O (2010) Stress field of the Earth’s crust. Springer Science and
Business Media BV, Dordrecht

+ Amadei and Stephansson, 1997, Rock Stress and its measurement,

* Integrated method

- Brudy, M, etal (1997). "Estimation of the complete stress tensor to 8 km depth inthe KTB scientic il holes: Implications for crustal strength." Journal of
Geophysical Research-Solid Earth 102(B8): 18453-18475 (cit >227)

~  Zoback, M. D., etal. (2003). "D fion of str tation and magnitude in deep wells." tional J | of Rock Mech: d Mining
Sciences 40(7-8): 1049-1076 (cit>172).

~ Hudson, J. A, et al. (2003). "ISRM suggested methods for rock stress estimation-part 1: Strategy for rock sress estimation. International Journal of Rock
Mechanics and Mining Sciences 40(7-8): 991-998.

- Stephansson, 0. and A. Zang (2012). "ISRM Suggested Methods for Rock Stress Estimation-Part 5: Establishing a Model for the In Situ Stress at a Given
Site." Rock Mechanics and Rock Engineering 45(6): 955-969.

- Christiansson, R. and J. A. Hudson (2003). "ISRM suggested methods for rock stress estimation - Part 4: Quality control of rock stress estimation."
Intemational Joumnal of Rock Mechanics and Mining Sciences 40(7-8): 1021-1025.
+  World Stress

- Brown, E. T.and E. Hoek (1978). "TRENDS IN RELATIONSHIPS BETWEEN MEASURED INSITU STRESSES AND DEPTH." International Journal of
Rock Mechanics and Mining Sciences 15(4): 211-215.

—~  Zoback, M. L. (1992). "1ST-ORDER AND 2ND-ORDER PATTERNS OF STRESS IN THE LITHOSPHERE - THE WORLD STRESS MAP PROJECT."
Joumal of Geophysical Research-Sold Earth 97(B8): 11703-11728 (cited >837).

~ Zoback, M. L., etal. (1989). "Global patterns of tectonic stress.” Nature 341(6240): 291-298. (cit > 352)

- ZangA, 0., Heidbach, 0.,
Geotechnical and Geological Engineering 30(3), 625-646.

. (2012) World stress map data base as a resource for rock mechanics and rock engineering.

* Measurement in Korea
- YehS, 0170l 1980, S F RIS Of 23t et £7| 8 O RS o, ARSI X] 1T A 12, p.30-37, 3= 1314137
- SUZ HBS IS 0121986, THU AIF B LI A 3w HOf o5t Qurg Ho| X, T Aret2| K], 233, p182-191

~ Han-Uk Lim, Chung-In Lee , 1986, In-situ stress measurements of rock by stress relief method at some locations in Korea, Proc. of the Intemational
Symposium on Rock Stress and Rock Stress Measurements, Stockholm, Sweden, p.561-568

- Aot 012l 1991, M =0 LhE ALY £7|S20f oot O Pk, B LRt KBS 2 1 12, p91-101

1=,p.
- NS EEL O F B E X 0| HA| S Y 2 IE O X HAICHE TO| 30| B af K| 65 2F 23.6 (2013.12): 457-469.
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* Review papers in rock mass properties

- You need to provide not only summary but also your own insight
and criticism based on the selected papers.

- If necessary, you will have to conduct your own analysis and refer
to other papers.
— One classical paper (try to refer to recent papers on the subject)
§09:00 14, 21, Nov through eTL

In situ Stress in Rock
Outline @

SEOUL NATIONAL UNIVERSITY

p=pgz=0.01xz(MPa) p=pgz=0.027xz(MPa)

M, 2008

Introduction
Prediction of in situ stress

SEOUL NATIONAL UNIVERSITY

* Introduction

+ Method of stress determination

- Direct method

§ Flatjack method

| Hydraulic fracturing test

) USBM overcoring method

| CSIRO (type) overcoring method
- Indicator method

| Borehole breakout

) Other methods

* In situ stress in Korea and worldwide

Introduction @

Importance

SEOUL NATIONAL UNIVERSITY

* Heim’s rule

— Assumption: no lateral deformation

Introduction
Presentation of in situ stress

SEOUL NATIONAL UNIVERSITY

+ Boundary condition for a engineering problem
— In situ stress orientation and magnitude is a critical factor for
various rock mechanics applications
5 Tunnel/mine/opening design/stability
§Hydraulic fracturing
5 Borehole stability
s Earthquake anallysis

* Principal stress is presented

ntal stress (MPa) Minimum horizontal siress (MPa)
o 1 0

Hudson & Harrison, 1997, Engineering Rock Mechanics, Elsevier



Introduction
State of Stress
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Introduction
Integrated stress measurement

* Three types of stress regime
— Normal fault stress regime
— Strike-slip stress regime

— Thrust fault stress regime

oy,

O,

v
Strike-Slip =
‘ Ohman

Ohmin

Normal

Oy max

Thrust

Ohmin

Giymar® O

Itasca Consulting Group, 2011)

Introduction
Presentation of in situ stress

&
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* Multiple methods are often needed

Best Estimate Stress Integrated Final Rock
Measurement Stress Stress Model
lethods. Determination
BESM SMM IsD FRSM

£ Mydrausc ractuing 1D Model

Tl st anlysis

@ existing Data

|@ newpata @ Btearated @) rivat ata

Zang A, Stephansson O (2010) Stress field of the Earth’s crust. Springer Science and Business Media BV, Dordrecht

World wide in situ stress data
Magnitude of Vertical stress

+ Stress polygon

a.
HYDROSTATIC PORE PRESSURE
3
REVERSE

E 2 3 Gy OHmax

I
) ss f

NF. S Shmin F OHmax
1 ” Lqﬁ
| Shmin Ty
70 MPa Shmin
(~3 km depth)

Zoback MD, 2007, Reservoir Geomechanics, Cambridge Univ Press

Introduction
Statistical analysis of stress state data

&
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Vertical stress vs depth
A - Vertical component of in
situ stress

500
— More or less similar to
predicted stress

10001~

g
T

® Australia
v United States

4 Canada

© Scandinavia

= Souther Africa
O Other regions

Depth below surface z — metres
8
8
T

2500~

30001 L L L L 1
10 20 30 40 50 60 70
Vertical stress o, - MPa

Hudson & Harrison, 1997, Engineering Rock Mechanics, Elsevier

World wide in situ stress data
Magnitude of Horizontal stress

+ Averaging must be done in the same reference axis

Correct method for averaging two stress
tensors

Two principal siress tensors resulting from stress measurement prog-
rammes are shown below and identified by the superscripts a and b:

for 0 0 ol 0 0
o 0 o 0
|Sym o ymmx_ o)

The principal stress components in these tensors will generally have
different orientations. Before averaging can proceed, these must be
transformed to a common set of reference axes, thus:

When averaged, these tensors give a subsequent tensor ,

(@ +0")2 (5002 (@erh)2) I
Symmetric (0% +0%)/2]

from which can be calculated the ‘global’ average principal stress tensor: |

6 0 0
0o 0
00 o

L

‘\\\ (0L, +al)/2 (@ +Th)/2 ‘
|

together with the directions of the principal stresses.

Hudson & Harrison, 1997, Engineering Rock Mechanics, Elsevier

el o "% - Horizontal components of
N insitu stress
500 Mega * ° T -
. ’°vo:/<1@m - Average honzonta] stress is
g 1000 .o ‘ usually 0.3 ~ 4.0 times of
vertical stress
€ 1500 7 . X
: o Ausa — High horizontal stress:
o T s tectonic stress, erosion,
a ¥ ot A topography .
o Other regions
2500
[ ]
3000 ’» 1 I L I )
1.0 L5 2.0 25 3.0 35

« < Average horizontal stress .oy
Vertical stress oy

Hudson & Harrison, 1997, Engineering Rock Mechanics, Elsevier
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o, (MPa) = pgh=0.027x h(m)

SEOUL NATIONAL UNIVERSITY



World wide in situ stress data
World stress map

&

SEOUL NATIONAL UNIVERSITY

Factors affecting in situ stress measurement
Effect of discontinuities

&
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+  http:/dc-app3-14.gfz-potsdam.de/ 8 80" 100°

Heidbach, 0., Tingay, M., Barth, A., Reinecker, J., Kurfe, D. and
Miiller, B., The World Stress Map database release 2008
doi:10.1594/GFZ WSM.Rel2008, 2008.

Factors affecting in situ stress measurement

1407

&
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+ Discontinuity

e Results

ter e Predicted vs. Measured stress (KLX04)
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Paaraas
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R e in max
R . 200E+08 -1.000E+08
PR 1.000E+08 -8.000E+07
bh e x -8.000E+07 -6.000E+07
MPENINN

000E+07 -4.000E+07
000E+07 -2.000E+07
000E+07 0.000E+00

B
N
N
N
x
*
B
*
+
e
+
+
B
N
x
.
+
3

Figure 419 Example of the effect of a discontinuity on the near-field stress state,

for an applied hydrostatic two-dimensional stress with the discontinuity having a

modulus of 10% of the host rock (from Hyett, 1990). The crosses represent the
tudles and d i

ote how
to the discontinuity is quite different from the far-field stress.

two deformation zones (EW002A and EW007A).

Min KB, Effect of Deformation Zones on the State of /n Situ Stress at a Candidate Site of Geological Repository of Nuclear Waste in
Sweden, Tunnel & Underground Space: Journal of Korean Society for Rock Mechanics, 2008;18(2):134-148

Methods of stress determination

&

SEOUL NATIONAL UNIVERSITY

* Erosion
+ Tectonic activity

topography

Rock anisotropy

+ Discontinuity

Factors affecting in situ stress measurement
Topography

]

SEOUL NATIONAL UNIVERSITY

1. Flatjack 2. Hydraulic fracturing

Principal stresses
0 0 |assumed parallel to
axes L.e. plane of the
fracture, two deter-
mined, say o) and

& T One normal siress
compaonent
Tyy Ty | determined, say N

allel 1o v-axis. .
Symm. e | PATAHCHO-THXE Symu. 5. one estimated.
say o,
3. USBM overcoring torpedo 4. CSIRO overcoring gauge

: Three components
*# | in 2-D determined
7. | from three
va .
measurements of
7+ | borehole diameter
change.

determined from six
(or more) measurements
of strain at one time.

Q All six components

Symm.

Figure 4.3 The four ISRM suggested methods for rock stress determination and
their ability to determine the components of the stress tensor witl one application of
the particular method.

Hudson & Harrison, 1997, Engineering Rock Mechanics, Elsevier

Methods of stress determination
Flatjack method

&
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+ Topography

Goodman, 1989, Introduction to Rock Mechanics, Wiley

+ Directly measure the tangential stress

Brady & Brown, 2004, Rock Mechanics for underground mining, Kluwer Academic Publishers



Methods of stress determination @ Methods of stress determination @
Flatjack method USBM overcoring method e

+ Typical response curve

‘The traces are the electrical output from the device

plotted against time during overcoring and hence

illustrate the evolution of diametral change during
overcoring.

Flatjack slot

Niote identification of cancellation previure, P, Flatjack ~0.005

slot
14 /
g T 0
£ g
& =
X £
= ' < 0,005
V. €
Escavation time —= | Flatack peessure — = 2
=
= o0m0p \
£ \
£ _
& 0015 Planeof \
measurement .
for cach curve \
f U,
0.020 Il I\ ——————
100 200 300 300 500

Depth of overcoring bit (mm)

Figure 4.8 Data obtained during a USBM overcoring test.
Hudson & Harrison, 1997, Engineering Rock Mechanics, Elsevier Hudson & Harrison, 1997, Engineering Rock Mechanics, Elsevier

Methods of stress determination @ Methods of stress determination @
USBM overcoring method CSIRO type overcoring method

+ Typical overcoring procedure + Complete stress tensor can be determined from minimum of
six strain gauges. o

Amadei, B. and O. Stephansson (1997). Rock Stress and its measurement. London, Chapman & Hall Amadei, B. and O. Stephansson (1997). Rock Stress and its measurement. London, Chapman & Hall

Methods of stress determination @ Methods of stress determination @
USBM overcoring method CSIRO type overcoring method

+ USBM deformation gauge - at least three measurements are

needed THE COMPONENTS OF STRESS AROUND THE PERIPHERY OF A BOREWOLE = 3,1 ,Zf (3051809 315%) -
Around the periphery of the in the “sidewall® in the "roof " of At an inlmncd_'nl- reint
borenole of the borehole the borehole e ot
f-a reas @am ria; ek Jond"sisgwall,
K Proar ~° g " ° Prrg . T °
e - z 3 ‘
Rg = (Ox+ Oy)-210x—0y) 0528 - 4Txy sin 26 = -Ox +30y =30x-0y =(0x +0y) + 4Txy
o6 'y y Pocy. re '“s o "eea_.q_:
e 2
paz = -V {2(0,-0y) cos28 + 41,y sin26}s0, = -2V (0x-0y)+0z|p,, _ =2V(0x-Oy)+0z]p, =4 LVTh Oz
CENTTER {ztox-0, ¥ ) 0e fBag ol e ”
U_L_J" | Pg O P =0 ho =0 X 0 z
e e = o e .z =
=Tt o-I o=t z
5 x = £
- S Pgz = - 2Txz sin ©+2Tyzcos © =-2Tyz Por o~ 2xz Pax m:ﬂ (ot Ty £
CR 0L OB
by =0 -0 <o Iy
4 loure o o 2z
e T2 The six stress components are as follows (from the six equations marked %) i—
ox =g 13p, + ) Ty =— Vg U + P, — 21 )
- LN oo, . ¥ = e e, 0. . %95,1"2
Fo .11 Oy Yo Ry 4By ) Tye =z Ry,
= o ] o oI , IR
== L2 2 L Seometry of strain. Oz = Ly - =z
S Tessuring poTals A R 2 Py 1.
2

Figure 4.7 The USBM borehole deformation gauge.

Leeman, E. R. (1968). "DETERMINATION OF COMPLETE STATE OF STRESS IN ROCK IN A SINGLE BOREHOLE-LABORATORY AND UNDERGROUND
Hudson & Harrison, 1997, Engineering Rock Mechanics, Elsevier MEASUREMENTS." International Journal of Rock Mechanics and Mining Sciences 5(1): 31-38.



Methods of stress determination @ Methods of stress determination @
CSIRO type overcoring method CSIRO type overcoring method

SEQUL NATIONAL UNIVERSITY

Numerical modeling of stress relief curve

MEASUREMENTS MADE TO

MICROSTRAIN

+A 3 dimensional FDM program (FLAC3D, Itasca)
stress relief curve +Elastic transversely isotropic material
+29 model for each advance of 1 cm overcoring

+Stress on measuring points are monitored and converted to strain

Min KB, Lee Cl, Choi HM, An experimental and numerical study of the in-situ stress measurement on transversely isotropic rock by overcoring method,

Amadei, B. and O. Stephansson (1997). Rock Stress and its measurement. London, Chapman & Hall In:Sugawara K et al (eds), 3¢ jum on Rock Stress - RS Kumamoto '03, Kumamoto, 2003, pp.189-195.

Methods of stress determination @ CSIR type overcoring method @
CSIRO type overcoring method Stress relief curve

SEOUL NATIONAL UNIVERSITY

FLAC3D 2.00 Strain(ue) H
50 e
12831 SnMay0 60 4 Strain gage position(14.5 cm)
N eled.e]
History o
1 straint
—|»

2strain2 00 —

|20
3 straind

=
4 straind 60 6

[ — % %
S
B

-100 €3
6 strainé o
7 strain? 1

160 Overcoring test(anisotropic gneiss, p5)
8 straing 5 — change ofsirin by lajck acing and overoring
9 strain9

stage of loading & overcoring distance
Min KB, Lee CI, Choi HM, An experimental and numerical study of the in-situ stress measurement on transversely isotropic rock by overcoring method,
In:Sugawara K et al (eds), 3 Intemational Symposium on Rock Stress - RS Kumamoto '03, Kumamoto, 2003, pp.189-195.

Hudson & Harrison, 1997, Engineering Rock Mechanics, Elsevier

Methods of stress determination @ Methods of stress determination
CSIRO type overcoring method Hydraulic Fracturing for stress determination
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* Principle of stress measurement by hydraulic fracturing (magnitude &
orientation)

* Reproduction in the laborato
| \'g = =5

|
— Vertical stress is assumed In open hole!

By =3Shmin = Shmax + T,
B = S)min

- Knowledge of elastic constants is not needed

T,=F,—P.  orfromLabTest

| s

Tensile stress/
hydraulic fracturing
Stmax
ol .
Strmax

T Shania
Min KB, Lee CI, Choi HM, An experimental and numerical study of the in-situ stress measurement on transversely isotropic rock by overcoring method, . Flowrate-pressure resPonses
In:Sugawara K et al (eds), 3 Intemational Symposium on Rock Stress - RS Kumamoto ‘03, Kumamoto, 2003, pp.189-195. Amadei, B. and O. Stephansson (1997). Rock Stress and its measurement. London, Chapman & Hall




Methods of stress determination
Hydraulic Fracturing for stress determination
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Methods of stress determination
Hydraulic Fracturing for stress determination

&

SEQUL NATIONAL UNIVERSITY

(] hy
Breakdown
—Py pressure

Pressure

To pump, fMowmeter.
pressure transducers

To pump

Shut-in P_—
oo o pressure
~High-prossure

whing i codby)

I, High-pressure
o

Pressure

Time

Compass
transducer -

T housing F=v,
4 Py =3a, -~ +,
11wl Z o, = tensile
| \ Impression f7] 1 strength of
~ a4 packer v rock
Fracture & .S i W T S
interval ~0.9m \ Styadale ’
" packer [ l

Drilthole [

~Drillhofe

Figure 4.5 (a) The hydraulic fracturing system and (b) associated calculations (from
_Sugwested Methods for Rock Stress Determimation, Kim and Franklin, 1987).
Hudson & Harrison, 1997, Engineering Rock Mechanics, Elsevier

Methods of stress determination
Hydraulic Fracturing for stress determination

&

SEOUL NATIONAL UNIVERSITY

+ Actual records

T T T T T T T
i —12
¢ ol A5
- A 1¢
3 =
]
£ 5
: P
z 2 1E
] Step-rate
= pressuce
! [ CYEe
0 200 400 600 800  1.000 1.200
Time (z) S X

Actual imprz;s%"r.rﬁécker record
(Haimson & Cornet, 2003)

Methods of stress determination
Indirect method
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+ Vertical fracture vs. horizontal fracture (in vertical hole)

Zang A, Stephansson O (2010) Stress field of the Earth's crust. Springer Science and Business Media BV, Dordrecht

Methods of stress determination
Hydraulic Fracturing for stress determination

&
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+ Borehole breakout

* Anelastic Strain Recovery (ASR)
+ Kaiser effect:

+ Core disking

+ Focal mechanism of earthquake

Methods of stress determination
Indirect method

SEOUL NATIONAL UNIVERSITY

¢ ‘Hydraulic fracturing’ is used slightly differently in the industry
- Hydraulic fracturing for stress measurement: axial fractures <1 m, vertical hole

- Hydraulic fracturing for shale gas or other petroleum/geothermal engineereing:
perforation used, transverse fractures > 100 m, usually horizontal hole

Hydraulic fracturing for shale
gas production

Welbore azimuth 0° i
-Avial fractures ‘ V:e\lb:vn: azw;mt:" 90 -
D s | - 271820 MEj7} ST
[ LN [ Tomaers tacoess 1=
Ik ﬂ}; [ 2| WS EY
L
|
1 (W AXO
I -EaeYFEZHUToR
........... e, | 2 3
] THHEAMNFER

(MA Dusseault, 2011)

+ Borehole breakout

— Enlargements of the borehole wall caused by stress-induced
failure of wells occurring 180° apart.

— In vertical wells, the diametrically faced zones of broken material
occur at direction of minimum horizontal stress.

Borehole breakout

GIGIGIE

Berad and Cornet (2003)

Zang A, Stephansson O (2010) Stress field of the Earth’s crust. Springer Science and Business Media BV, Dordrecht



Methods of stress determination @ Methods of stress determination @
Indirect method Indirect method
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* Anelastic Strain Recovery (ASR)

— Core-based method to estimate in-situ stress magnitudes and
orientations from instrumenting a freshly recovered drill core
obtained from deep wells.

— The direction of maximum strain recovery is parallel to the
maximum horizontal stress in the borehole.

Zang A, Stephansson O (2010) Stress field of the Earth's crust. Springer Science and Business Media BV, Dordrecht Kim H (2016) presentation material.
Methods of stress determination @ Methods of stress determination @
Indirect method Focal Mechanism
+ Kaiser effect + Focal mechanisms of
- phenomenon that a material under stress emits acoustic emissions only after the earthquake

previous maximum stress is reached. - Provides the orientation of

- Joseph Kaiser (1950, metal, rock and wood in tension) principal stresses using
Coulomb failure criterion
PMS: previous maximum stress . . RMS
RMS: Recalled maximum stress £ R(FelicityRatio) =

PMS
FE: Felicity effect Le

Fig. 89 Cyclic loading of a <
viintock coreinthe labo- 8 [
tory indicated by applied

a o

b
- Relative magnitude of the three
principal stress ?

— 77% of WSM data

- Based on the analysis of
observed seismic waveform
(first motion of P-wave).
Upward: compression,
downward: dilational

Zang A, Stephansson O (2010) Stress field of the Earth’s crust. Springer Science and Business Media BV, Dordrecht Zang A, Stephansson O (2010) Stress field of the Earth's crust. Springer Science and Business Media BV, Dordrecht

Methods of stress determination @ Methods of stress determination @
Indirect method Focal Mechanism
+ Core disking * You tube video
— Assemblage of cored disks in highly stressed rock - https://www.youtube.com/watch?v=MomVOkyDdLo
— Often shaped like a horse saddle (axis ~ maximum horizontal
stress)

Normal fault—results in compression on the outer edges of
the focal nism

— The thinner thickness, the greater the horizontal stress o >

Borehole start

Bore hole

Fig. 1. Typical core disking observed in 75-mm-diameter
boreholes drilled from tunnels at the 420-m depth Level of
AECL’s Underground Research Laboratory.

= e

Lim, S. S., et al. Core Disking Observations and In-Situ Stress Magnitudes, 47 US Rock Mech Symp, Paper No.:13-152
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Aable 7.4 Physical mechanism, experimenal echrique ang
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crustal sress estimates published in a classical g
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Methods of stress determination

I Rockfmctucin  Hydmuli Fracturing

e Kampeta
HIP Fsmisy

53, b)
Valette (1984)

Sleeve Fracturing
Borehole Breakouts
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by coring

Relief of Large Rock
Volumes, RLRV

Flat Jack
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Lines on plansr surfice @z ©)
10'm'  MEX  Mine Excavation, 3D
10°m®  FIS  Fluid Induced Seismicity, 2D, o]
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10 Core-Based Methods, 2-30
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Fundamentals of Geomechanics -
Hydromechanics of fractured rock (28 Nov)
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Introduction
Objectives of the course
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+ Objective;

Understand the importance of Coupled Hydromechanical behavior
in fractured rock

Flow in a fracture

Effect of Stress on a single fracture

Effect of stress on fractured rock

Application

Rock Mass Properties
Main References

SEOUL NATIONAL UNIVERSITY

+ Hudson JA & Harrison JP, 1997, Engineering Rock Mechanics — An introduction to the
principles, Pergamon

— Chapter 4. In situ stress (p.41-70)

+ Jaeger JG, Cook NGW and Zimmerman RW, Fundamentals of Rock
Mechanics, 2007, 4th edition, Blackwell Publishing (highly recommended,
many typos).

- Chapter 12. Hydromechanical Behavior of Fractures (p.365-398)

+ Council, N. R. (1996). Rock Fractures and Fluid Flow - Contemporary
Understanding and Applications. Washington, D.C., National Academy Press.

+ Cornet FH, Elements of Crustal Geomechanics, Cambridge Univ Press, 2015
(new and filling the gap in the engineering geoscience)

Rock Mass Properties
Classical References
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*  Mechanics in a single fracture

Bandis SC, Lumsden AC, Barton NR, 1983, Fundamentals of rock joint deformation, Int. J. Rock Mech. Min. Sci. & Geomech. Abstr.
1983;20(6):249-68 (cited>498, in 2016 >36)

Brown, S. R. and C. H. Scholz (1986). "CLOSURE OF ROCK JOINTS." Journal of Geophysical Research-Solid Earth and Planets
91(B5): 4939-4948.

—  Fracture dilation?

+  Hydraulics in a single fracture/fractured rock

Snow, D. T. (1969). "ANISOTROPIC PERMEABILITY OF FRACTURED MEDIA." Water Resources Research 5(6): 1273-1289.(Snow
D. T. A parallel plate model of fractured permeable media, Ph.D. thesis. Univ. of California. Berkeley (1965))

—  Witherspoon, P. A., etal. (1980). "VALIDITY OF CUBIC LAW FOR FLUID-FLOW IN A DEFORMABLE ROCK FRACTURE." Water
Resources Research 16(6): 1016-1024.

- Z RW, GS, Hydraulic C

—  Hakami, E. and E. Larsson (1996). "Aperture measurements and flow experiments on a single natural fracture." International Journal
of Rock Mechanics and Mining Sciences & Geomechanics Abstracts 33(4): 395-404.

—  Caine, J. S., etal. (1996). "Fault zone architecture and permeability structure." Geology 24(11): 1025-1028.

—  Kohl, T, etal. (1997). "Observation and simulation of non-Darcian flow transients in fractured rock." Water Resources Research 33(3)
407-418.

- Elsworth, D. and T. W. Doe (1986). "Application of non-linear flow laws in determining rock fissure geometry from single borehole
pumping tests." International Journal of Rock Mechanics and Mining Sciences & Geomechanics Abstracts 23(3): 245-254.

- Tsang, Y. W. and C. F. Tsang (1987). "CHANNEL MODEL OF FLOW THROUGH FRACTURED MEDIA." Water Resources Research
23(3): 467-479.

ity of Rock Fractures, Transport in Porous Media 1996;23:1-30




Rock Mass Properties
Classical References

SEOUL NATIONAL UNIVERSITY

Mechanics of a single fracture
Normal loading

SEQUL NATIONAL UNIVERSITY

+ HM coupling in a single fracture
- Barton N., Bandis S. and Bakhtar K., Strength, Deformation and Conductivity Coupling of Rock Joints, Int J Rock Mech Min Sci,
1985;22(3):121-40

- Olsson, R. and N. Barton (2001). "An improved model for hydromechanical coupling during shearing of rock joints." International
Joumnal of Rock Mechanics and Mining Sciences 38(3): 317-329.

- Renshaw CE, On the relationship between mechanical and hydraulic apertures in rough-walled fractures, J Geophy Res
1995;100(B12):24629-24636

- Yeo, l. W, etal. (1998). "Effect of shear displacement on the aperture and
Rock Mechanics and Mining Sciences 35(8): 1051-1070.

- Lee,H.S.and T. F. Cho (2002). "Hydraulic characteristics of rough fractures in linear flow under normal and shear load." Rock
Mechanics and Rock Engineering 35(4): 299-318.

- Cappa, F., etal. (2006). "Hydromechanical modelling of pulse tests that measure fluid pressure and fracture normal displacement at
the Coaraze Laboratory site, France." International Journal of Rock Mechanics and Mining Sciences 43(7): 1062-1082.

- Guglielmi, Y., et al. (2014). "ISRM Suggested Method for Step-Rate Injection Method for Fracture In-Situ Properties (SIMFIP): Using a
3-Components Borehole Deformation Sensor." Rock Mechanics and Rock Engineering 47(1): 303-311.

—  Guglielmi, Y., et al. (2015). "Seismicity triggered by fluid injection-induced aseismic slip." Science 348(6240): 1224-1226.

ity of a rock fracture.” Journal of

+ HM coupling in fractured rock
- Rutgvist, J. and O. Stephansson (2003). "The role of hydromechanical coupling in fractured rock engineering.” Hydrogeology Journal
1): 7-40.

- Rutqgvist, J. (2015). "Fractured rock stress-permeability relationships from in situ data and effects of temperature and chemical-
mechanical couplings.” Geofluids 15(1-2): 48-66.

- Min, K. B., etal. (2004). "Stress-dependent permeability of fractured rock masses: a numerical study." International Journal of Rock
Mechanics and Mining Sciences 41(7): 1191-1210.

- Barton, C. A, etal. (1995). "Fluid-Flow Along Potentially Active Faults in Crystalline Rock." Geology 23(8): 683-686.

Mechanics of a single fracture
Normal loading
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+ Full stress defromation curve in cyclic normal loading/unloading
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Bandis SC, Lumsden AC, Barton NR, 1983, Fundamentals of rock joint deformation, Int. J. Rock Mech. Min. Sci. & Geomech. Abstr.
1983;20(6):249-68

Mechanics of a single fracture
Normal loading

SEOUL NATIONAL UNIVERSITY

* Highly nonlinear
- Normal stiffness increases with stress
+ Not reversible

- Permanent aperture increase

JCS 17 NPo, JRC+ 76

Soldrock  terlacked jaint Mismatched jont
) H 4,=038mm
¢
b
AV =~ 40
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Fig. 6. Comparison of total deformation (AV) and net cosure curves A¥, = AV, ~ AV, from th first loading cycle of the
same oint tesed i fully interlocked and mismatched positons.

Bandis SC, Lumsden AC, Barton NR, 1983, Fundamentals of rock joint deformation, Int. J. Rock Mech. Min. Sci. & Geomech. Abstr.
1983;20(6):249-68
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Mechanics of a single fracture
Normal loading

+ Ratio of normal stiffness/shear stiffness

 Sendarane
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Bandis SC, Lumsden AC, Barton NR, 1983, Fundamentals of rock joint deformation, Int. J. Rock Mech. Min. Sci. & Geomech. Abstr.
1983;20(6):249-68

Mechanics of a single fracture
Shear loading
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+ Cyclic loading

Table 1. Index properiies and sampling location
Properies  Tensils Compresive  Young's
srengh  srength modulus

o MP) o, (MPy) E, (GPa)

Rock mateils
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£ 3. Normal stress (9,) vs closure (A¥,) curves for a range
of fresh joints in different rock types. under repeated loading

Bandis SC, Lumsden AC, Barton NR, 1983, Fundamentals of rock j(c’)iclll‘i‘deformation, Int. J. Rock Mech. Min. Sci. & Geomech. Abstr.
1983;20(6):249-68
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Mechanics of a single fracture @ Hydraulics in a single fracture
Normal & Shear Stress-Deformation Relationship ......%..... Cubic law
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Velocity (v)distribution between parallel plates

Normal stiffness of fracture (GPalm)

20000 40000 60000 80000 100000 1 d( h)
K i (e — 492 )8
3 ,11 stoycle P /fth cycle i Normal stress = 40 MPa v /J (e y ) dx
E /,’/ E 30 MPa =_L(82_4y2)d_p
Sk e . 8u dx
E i’ 7’ 4 ’ z‘ 20 MPa . s . .
E"’ ‘. ) - Navier-Stokes’ equation for laminar flow.
Y T2 Nomaisitiness s 10wea . o :
o\ s - Most of geological application involves laminar flow (low Reynolds
st le N
" . . . number, <2000, de Marsily, 1986)
L e Re- 224
JRC: 3.85 (0.3 m scale) o: density of fluid H
J‘?‘?: 1221 V: mean velocity of fluid
Initial aperture: 77 ym D: diameter of the pipe
Residual Friction angle: 27.2° i: viscosity
Hydraulics in fractured rock @ Hydraulics in a single fracture

Importance Cubic law
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* In many rock types (especially hard rocks), fractures are the
main pathways of fluid flow — note that hard rocks are

. o Ty =—2€ 4 g
attractive for many applications. ¢ I O = s o

3

e d p.ge dh
= gh) =—+
0 12/1dx\pwg) 124 dx
Hydraulic conductivity (K) of
parallel plate model

* Understandings on fluid flow in fractures are essential for;

- Underground structure (mines, tunnels and oil storages)

— Geological repository of high level nuclear waste

— Enhanced Geothermal System

p,- density of fluid
. . " : g: acceleration of gravity
— Fractured Oil Reservoir ) - - < withzeroelevation - ccosity

— Cubic law: for a given gradient in head and unit width (w), flow rate
through a fracture is proportional to the cube of the fracture

aperture.
Hydraulics in a single fracture @ Hydraulics in a single fracture
Cubic law Cubic law - Equivalent permeability
Equivalent hydraulic conductivit
Aperture (e): size of opening measured normal to the fracture wall (K) of multiple parallel plate models
. ;It;w t!'tate of rock rptalss with P g63 oh o ge3 1 oh
GREm = Tt _ . ractures per unit len _ P _ v N
f‘g&@% }(?Aﬁﬁ:\ Idealization . 12 ox 24 b ox
B Hot s I
e igffﬂ?ﬁ Conceptual model K= pugNe _p,ge’ PR e _e
124 12ub 12 12b
Real rock fracture Idealized rock fracture - K-hydraulic conductivity
- k: permeability
- Hard to estimate Q due -Analytical solution exist to calculate Q _
mainly to complex geometry and velocity profile N=1/b

— e: aperture

— N: number of fracture per unit
distance = frequency, (L)

- b: spacing (L)



Hydraulics in a single fracture
Cubic law - Equivalent permeability

Hydromechanics in a single fracture |
Flow change due to shear deformation

+ Mechanical Aperture vs. Hydraulic Aperture

o m o wm  oowm
= 3 y
_puge
109mis = 124tb ¥ )
=102 m2 = 5, ‘ b
=1D 3 \ 7 ,s"’
§ A sandstone with K of 10 g i /I‘MW -
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sty
Influence of fracture aperture e and spacing b on hy i luctivity K in the - : ) ) A - "
direction of a set of smooth parallel fractures in a rock mass (Hoek etal, 2004) ﬁles:::r:lisaa?‘:lnlm:lanr;o;c(é?‘(zl)s 3‘;{‘3;’:“3’:’;‘;‘;_’“0“' for hydromechanical coupling during shearing of rock joints." International Journal of Rock
Hydromechanics in fractured rock @ Hydromechanics in a single fracture
Importance Flow change due to shear deformation
+ Mechanical Aperture vs. Hydraulic Aperture
CO02 Geosequestration Increase of injected CO2 pressure
0.001mm
Nuch ¢ it Generation of thermal stress E 475
uclear waste repositol = < 0.7 5u,
posttory THERMOSHEARING TR = Usp
¢=E" JRCuno; WeZ gy ¢
Increased hydraulic pressure - hydraulic stimulation 000 ooz s sod o ¥ 7
Geothermal Energy - THEORETICAL SOOTH WALL APERATURE [¢] 1m

Enhanced Geothermal System HYDROSHEARING
Olsson, R. and N. Barton (2001). "An improved model for hydromechanical coupling during shearing of rock joints." International Journal of Rock
Mechanics and Mining Sciences 38(3): 317-329.

Hydromechanics in a single fracture @ Hydromechanics in a single fracture
Flow change due to shear deformation Flow change due to shear deformation - dilation angle.."........

+ Coupled Shear Flow Test (Olsson & Barton, 2001) + Direct shear test on 57 single fractures (Glamheden, 2007)
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cardisplacement (am) Shear Displacement (i) Shear dilation is important even at moderate normal stress (~ 20 MPa, ~ 500 m)

Olsson, R. and N. Barton (2001). "An improved model for hydromechanical coupling during shearing of rock joints." International Journal of Rock
Mechanics and Mining Sciences 38(3): 317-329. Glamheden R, Fredriksson A, Réshoff K, Karlsson J, Hakami H and Christiansson R (2007), Rock Mechanics Forsmark. Site descriptive modelling Forsmark stage 2.2. SKB.



Hydromechanics in a single fracture
Flow change due to shear deformation — dilation angle.
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Hydromechanics in fractured rock
HM process in fractured-porous rock
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* Prediction of dilation angle

|
thmob = EJRth log,0(JCS /),

— Forsmark
© Barton (1982) - granite
® Barton et al. (1985) - granite
4 Homand et al. (2001) - replica
- Bandis et al. (1981) - sandstone
Huang et al. (2002) - replica

Dilation angle ()
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1 ]
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Hydromechanics in a single fracture @
Flow change due to shear deformation - dilation angle.
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+ Direct Coupling vs. Indirect Coupling

Meehsnical Process
Salid
Stress and Straim

ydraulic Process

\\
(1)~ Fluid
Pressurc and Mass

Rutqvist, J. and O. Stephansson (2003). "The role of hydromechanical coupling in fractured rock engineering." Hydrogeology Journal 11(1):

Hydromechanics in fractured rock
HM process in fractured-porous rock
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Hydromechanics in fractured rock
HM process in fractured-porous rock
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- excavation,
- thermal loading
- hydraulic pressure

R k=f(c)
Aa Ak - in a block-scale

Stress change  Permeability change
Ad

Fracture closure/opening

- in a single fracture

- normal loading
- dilation from shear loading

Hydromechanics in fractured rock
HM process in fractured-porous rock
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) Shear Deformation

r)“b ﬂ‘
L
,¢‘

A —
2

1) Fracture Shear deformation

Rutqvist, J. and O. Stephansson (2003). "The role of hydromechanical coupling in fractured rock engineering." Hydrogeology Journal 11(1):

+ Stress dependent permeability of fractured rock (Min et al.,
2004) - methodology

Repeat with different
: BCs

(1 )
Apply Stress Measure permeability
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HM process in fractured-porous rock
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+ Stress dependent permeability of fractured rock (Min et al.,

Tmax = On0"tan(®)

Shiar stress stbar sreg 7S 2004) — Permeability change due to shearing
3 sliding “F ——=—— kx (MC model) T Tmax = G tan(®)
ormal stress =~ -~ kx(elastio) Shpar stre: "
i :z ::‘:acs:‘!‘c‘;"e“ fallFr.e of fracture
increase of stress increase of = sliding
differential stress (6,-6,) E Contrbuton
* 0, &0, are increased with * Oyis increased with the fixed o, F increase of
the same ratio of K (0,/0,) (5 MPa) 5 — T differential stress (6,-5)
1.3 -K(o,/o,) 0.5~ 5.0. T [m
* This can relate the + This can relate the permeability | . T
permeability change to the change to the differential stress Ratio of harizontal to vertcal stress, k
depth + Deformation of aperture occur not uniformly
* Dilation is NOT anticipated. . pjjlation is anticipated. + Shear dilation is dominating the k,,k, change

Min, K. B., et al. (2004). "Stress-dependent permeability of fractured rock masses: a numerical study.” i Journal of Rock ics and
Mining Sciences 41(7): 1191-1210.

Min, K. B., et al. (2004). "Stress-dependent permeability of fractured rock masses: a numerical study." International Journal of Rock Mechanics and
Mining Sciences 41(7): 1191-1210.

Hydromechanics in fractured rock @

Flowrates
HM process in fractured-porous rock '

stoul NaTioNALUNVERSTY W 4

- o
+ Stress dependent permeability of fractured rock (Min et al., a0 o
2004) - Input parameters and models Zerostress . K=10 K=2.0
40 -
z 2 T W e
g0 Non-linear H : - stress-induced channelling is
£ 2 5 | T smuer reproduced.
5 . A . t g . . .
s" resldua |n|tlal max{mum 3 | 5 s - This partly explains why fluid
0 52 ; N o, flow in a few fractures are
0 10 20 30 40 5 60 g s ; R T ™™ dominating the fluid behaviour
: Aperture (micron) H = :; ' anisotropic pemmeabillty =
; * g i ¥ dilation angle . . 10" 1 1 1 1 |
Range of hydraulic aperture (5-50 pym) Z e c 3 : >

1 2 3 4
Ratio of horizontal to vertical stress, k
Shear displacement AN

Step-wise non-linear Fracture ~ + Fracture dilation angle : 5°
normal stiffness (Kn)

SIS

+  Dilltion start ater failure ol ’ S[R3 {<

* Fracture friction angle : 24.9°  «+  Critical shear displacement:3mm AR LG 5%:1 ¢ £
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Hydromechanics in fractured rock
HM process in fractured-porous rock
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+ Stress dependent permeability of fractured rock (Min et al.,
2004) — Permeability decrease by normal closure

T
Shear stress

3

T
ormal stress

—_—
increase of stress

Permeability (m?)

3

2 order magnitude reduction

More sensitive at low stress

" 1 L L
10 10 20 30
Mean stress (MPa)

|
a0

Deformation of aperture occur uniformly
Normal closure is dominating the k, .k, change

Min, K. B., et al. (2004). "Stress-dependent permeability of fractured rock masses: a numerical study.” i Journal of Rock ics and
Mining Sciences 41(7): 1191-1210.




