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Outline
Mechanical behavior of intact rock
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Friction on rock surface

Stick-slip oscillation

Coulomb Failure criterion

Mohr-Coulomb Failure Criterion

Hoek-Brown Failure Criterion

Other Falilure Criterion

Anisotropic rock behavior



Failure Criteria
Friction on rock surface - Friction coefficient

 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 = UO
l 7 :shear stress
o :nhormal stress

T u . coefficient of friction

— Also called ‘friction angle’. Why?

T=U,o

(1777777777777 1y - coefficient of dynamic friction

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




Failure Criteria
Friction on rock surfaces - Friction coefficient
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« Friction angle

DETERMING U, EXPERIMENTALLY

u=tang A block with weight W 1s placed on an
inclined plane. The plane is slowly

¢ = friction angle tilted until the block just begins to slip.

The inclination, &, 1s noted. Analysis of
the block just before 1t begins to move
gives (using F_ = p N):

FBD: 6} "+ ZF, = N - Wcosh, =0
1 /4 YF, =uN — Wsin0, = 0
oK /‘: e Using these two equations, we get [l =
"\ (Wsin0,)/(Wcos0,) = tan 0,

This simple experiment allows us to find

the iy between two materials in contact.



Failure Criteria
Friction on rock surface - Friction coefficient

SEOUL NATIONAL UNIVERSITY

 Coulomb failure criterion (on fractures)

N
|2'| =S,+ no=S,+otang
l S, : cohesion (often, c Is used), or 'shear strength'
T ¢.friction angle
I u - coefficient of friction angle

W

Glue or something

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



Failure Criteria

Sliding on a plane of weakness
« Example
6:' LA LIS O LI ERLAE U OO AL I AL L N N B

© 5 - Wombeyan marble :

S 4f S,=113,u=077 :

S 3f

& f

» 2 E

E 1 : Gosford sandstone ]

I S,=0.24, 1=0.53

0 1 2 3 4 5 6
(a) Normal stress, ¢ (MPa)

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



Failure Criteria
Friction on rock surfaces - Friction coefficient
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 Typical Range of Friction coefficient (Byerlee, 1978)
- 06~10

— Wider variability in low normal stress




Failure Criteria )
Friction on rock surfaces — Stick-slip oscillation ., .25

o Stick-slip oscillation

— May provide a mechanism for earthquakes

4 - - - N < Static friction coefficient
- mm““ - - - w'N < Dynamic friction coefficient
3
(S
L
> Simple model
(a) Displacement £ = vt X A
s :

NONNNNNNANN
3

Displacement, x

|

|

|

|

|

|

X

k 777777777

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



Failure Criteria
Sliding on a plane of weakness
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« Coulomb Failure criteria of a fracture (plane of weakness)

|2'| =S, +uo =S, +otang

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

u - coefficient of friction




Failure Criteria

Sliding on a plane of weakness
— The stress difference that is required to cause a slip with a given 3
and g,
o o, 2(S, + uo,) 2S, COS ¢

(I-pcotf)sing  * (1-K)sin(2B—¢)-(L+K)sing
O-l,min = 0-2 +2(SO +,LIC72)(V,L12 +1+/u)

— Solution exists only for 15 T
p<p ;
10 F 3
— Range of { (for a given @ :
stress state) 51 :
P<B<p 3 558, =0
2,6’1=¢+sin‘1[{(am+Socot¢)/rm}sin¢] S0 204 a0 e 80

. ) f (degrees)
Zﬁz =7 +¢$—SIn [{(O-m + So cot ¢) / T } SN 9’5] Variation of o, needed to cause sliding on a fracture for u=0.5



Failure Criteria
Failure of intact rock

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

|T| - SO THO = SO +otang Same equation with different notation
S, : cohesion (often, c Is used), or 'shear strength'
T

=C+ uc

g-internal friction angle
u - coefficient of internal friction angle




Failure Criteria £h
Failure of intact rock

» Conditions for failure

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

4 |=S, + uo
|| o TH
|r|=SO+,ua

o

Normal stress >
o
lO' 1 WI stress
—)

Increase of major principal stress

Shear stress

Shear stress




Failure Criteria
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Mohr-Coulomb Failure criteria (Example)

— Examples of measured cohesive strength (cohesion) and

coefficient of internal friction
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Failure Criteria
Sliding on a plane of weakness
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1
o, ==(o,+0,) mean normal,
2

« Different expression (1)

T

1 :
r, =—=(0,—0,) maximum shear
2

m

A

7. =S5,C0S¢+ 0, SINgP
S,cotp
+—>

« Different expression (2) /

o, =2S,tan B+ o, tan” B =C, +o,tan’ B =C, + o, tan*(45+ ¢/ 2)

=25, [(l+ 1’ )1/2 + ,u} + 0, [(1+ 1 )1/2 + ,uT

) 1/2
C, =25, tanﬂzzso[(lﬂj ) +y}

C,:uniaxial compressive strength

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




Failure Criteria £h
Effect of pore pressure

» Mechanical effect

|=S, + uo
|| o TH

— Pore pressure translate the Mohr’s circle toythe left

»
»

 Chemical interactions M 0
Normal stress

Shear stress

. -— _
— between rock and the fluid Increase of pore fluid pressure
600 III|III|III|III|III|III|III_ 600 _IIIIIIIIIIIlIIIIIIIIIIIIIII
Darley Dale sandstone 3  Darley Dale sandstone ]
500 . _ . 500 [ o
\\‘D _: :_ O ]
_ 400 " L | = 400 | e
o . S = : L O ]
L 300 ‘Q ~oa=TO0MPaj = 450 ]
< \ R R ] Ql‘ X B & a3 =35MPa
200 [P0 .~ A ] c200f & 0 65 =70 MPa
< O+ 05=70MPa ] o O 65 =110 MPa |
100 oY . ] 1005— 7
* 6,=235MPa ] 3
PSSP B N BRI AR o J) A S EPS IV B RN
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
(a) Poore fluid (MPa) (b) o5— P (MPa)

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



Failure Criteria
Effect of pore pressure

 Required pore pressure to induce fracture with a given stress
condition,

(0,—0,)-C,
tan2(45+g)—1

pW:O-3_

|=S, + uo
|| o TH

Shear stress

(o}
M Normal stress

C—— .
Increase of pore fluid pressure




Failure Criteria
Effe Ct Of po re p ressu re SEOUL NATIAUNIVERSiTY

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

sin 9(:036?

S, 2
+(o, — sin“ 6 —
P = Tan g (o 63)( tan ¢

S, +uo
7| =S, + 1

Shear stress

M Normal stress

——
Increase of pore fluid pressure

 Extremely important phenomenon related to injection induced
microearthquake




Microseismic event O] 2~ %l-= 0| 2F?
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Localized deformation?

Injection Well

. NRC, 2013
Enhanced Oil Recovery
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Zoback MD & Gorelick SM, Earthquake triggering and large-scale geologic storage of carbon dioxide, Proc National
Academy of Science of the USA (PNAS), June 2012

Earthquake triggering and large-scale geologic storage of

carbon dioxide

Mark D. Zoback™" and Steven M. Gorelick”
Departments of *Geophysics and “Environmental Earth System Science, Stanford University, Stanford, €A %4305

Edited by Pamela A. Matson, Stanford University, Stanford, CA, and approved May 4, 2012 freceived for review March 27, 2012)

Despite its enormous cost, large-scde carbon capture and storsge (C0S) s consid ered aviable sirategy for significantly redudng CO: emissions
assoclated with coal-based dectrica power generation and other industrial sources of CO, [Intergovernmental Panel on Qimate Change
{2005) IPCC Special Report on Carbon Dioxide Capture and Storage Prepared by Working Group il of the intergovernmental Panel on
Qimate Change, eds Metz B, et al. (Cambridge Univ Press, Cambridge, UK); Szulzewskd ML, et al. (2012) Proc Natl Acad Sci USA 109:5185—
5189] We argue here that there is a high probability that earthquakes will be triggered by injection of large volumes of CO; into the britde
rocks commonty found in continental interors. Because even small to moderate-sized earthquakes threaten the seal integrity of COy
repositories, in this context, |arge-scale CCS ks a risky, and likely unsumessful, strategy for signifimntly red ucing greenhouse gas emisions.

carbon sequestration | climate change | triggered earthquakes

he combustion of coal for elec-
trical power gencration in the
United States generates approx-

imately 2.1 billion metric tons of
€0y per year, ~36% of all US emissions.
In 2011, China generated more than three
times that much OOz by burning coal for
electricity, which accounted for ~80%
of its total emisions. {According to the
Encrgy Information Agency of the US
Department of Encrgy, total C0; cmis-
sions in China were 8.38 billion metric
tomnes in 2011, with 695 billion tons from
coal buming, nearly all of which is used
clectrical power generation. ) From
a global pective, if large-scale catbon
capture and stomage (CCS) is to
significantly contribute to reducing the
accumulation of greenhouse gases, it must

rmarate ot o mocsiue wale nn the arder

corded intraplate carthquakes in south
and cast Asia (4). The scEmicity catalogs
are complete to magnitude (M) 3. The
occurrence of these earthquakes means
that nearly everywher in continental in-
teriors a subsct of the preexisting faults in
the crust is potentially active in the current
stress field (5, 6). This is sometimes re-
to as the crifically sresed nature of
the brittle crust (7). Itshould also be noted
that despite the overall low rate of carth-
quake occurrence in continental interiors,
=ome of the most devastating eart hquakes
in history ocourred in these regions. In
castem China, the M 78, 1976 Tangshan
carthquake, approximately 200 km cast of
Beijing, killed several hundred thousand
people. In the central United States,
three M 7+ earthquakes in 1811 and 1512
semarrad in the Nene Madrid edemic mone

March, where the largest carthquake was
M 4.7. In the Trinidad/Raton area ncar
the horder of Colomdo and New Mexico,
injection of pmoduced water associated
with coalbed methanc production scoms
to have triggered a number of carth-
quakes, the largest being a M 53 cvent
that occumed in August. Earthquakes
seem to have been triggered by wastewater
injection near Youngstown, Ohio on
Christmas Eve and New Year's Eve, the
largest of which was M 4.0. Although the
risks associated with wastewater injection
are minimal and can be reduced even
further with proper planning (11), the
situation would be far more problematic if
similar-szed carthquakes were triggered
in formations intended to sequester COz
for hundreds to thowsands of years.

Mhern horehole stress measirement s

HAILDddS¥dd
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3 MW EFF + 20 MW Ltk

5 km Al £=2| X2 @4.6 km
62 ZF 11,500 m3 =€l

o 2F ~50 liter/s, 82t ~30 MPa
x|Ch M,,.: 3.4

(1356H 12 6.6 X| Xl 7| &)
>oEME S

al magnitude [ML]
Lo w

Basel earthquake magnitudes

Flow rates and wellhead pressure BS-1

Flow rates [Iimin]



Failure Criteria
Effect of anisotropy
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e Strength of anisotropic rock

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

2(SW +:uwo-3)
(1— p, cot B)sin2

o, =0;+

— Minimum strength when

tan 24, = L in other words, g, = 45+§

W

0" =0y + 2(Sw +ﬂwo'3)[\//v‘v% +1+ﬂw}

o PPN



Failure Criteria
Effect of anisotropy
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e Sh2 25 e Sh2 . © sl e sh2 a
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= = 204 4 E n
& 150 o 3
= . b =5 g
o i r o 18 : 8 0
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" v . >
50+ ] : L] 5 a ‘ ‘ S
2
o
Ed
04 T T T T T T e T T T T T T T
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Anisotropy angle, 8(") Anisotropy angle, (") Anisotropy angle, 8(°)

(Choetal., 2012)
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UCS/UCS’) (BTS/BTS') (E/E") (Voo ) IVeior) ) (Koo ) IKiory )

2.6 2.2 2.1 1.5 21

(Cho, Kim, Min and Jeon, 2012)



Failure Criteria
Coulomb Failure Criteria (Mohr-Coulomb)
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o Limitations

— Prediction of too high tensile strength

s Tension cut-off needed

2
9e _ tan? p= [(l+ /12)1/2 —l—,u}
O-'[

— Actual o-1is not linear

]ANgle B decreases with higher confining pressure

— Does not consider intermediate principal stress

s Additional consideration is needed



Failure Criteria
Coulomb Failure Criteria (Mohr-Coulomb)

O | e |
¥, R .
.- 15 ‘...‘“_:

SEOUL NATIONAL UNIVERSITY

» Coulomb Failure Criterion for intact rock

BASIC EQUATIONS Rock fails at a critical combination of normal and shear stresses:

lu-l Il = Ty + no,
U T, = cohesion p = coeff. of frichion
————iy T -— "
ITl =50, - o) sin 2B
p
r T, -;Tf:rl +41y) +5(o, = 7,) Cos B

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

(ir. T) space:
T
i = land

Tn=l:

e Maohr envelo
lensile ! pe

cutofT, Tu l

At failure,
=90+
= =45+ E
i, IT-‘ . /t‘{r.. T, @
Uniaxial Uniaxial
lension compression

Figure 6.18 The Mohr—Coulomb failure criterion.



Failure Criteria £h
Mohr-Coulomb Failure criteria

* Mohr's nonlinear failure criterion

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

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

7| = f (o)

7]




Failure Criteria B
Hoek-Brown Failure Criterion

 Advantage

— 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

o, =0, + \/ Mmoo, +S0.°

o, - maximum principal stress at failure

o, - minimum principal stress at failure ull
o, :uniaxial compressive strength

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

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

— More realistic tensile strength 5,  Jm?+4s+m

O, 25 N | |
0 0.2 0.4 (1N 0.8 .0 1.2

L 2\2 i
More general form: o, = o, + (mO'Ca3 + SO, )

Figure 6.20 The Hoek-Brown empirical failure criterion.



Failure Criteria

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

Fock | Class ‘ Group Texture
type Coarse | Medium | Fine | Very fine
Conglomerates® Sandstones Siltstones Claystones
(21x3) 174 T2 4=x2
Breccias Greywackes Shales
= | Clastic (19=3) (18x3) (6=2)
= Marls
= (TN
=z =2
‘§ Crystalline Sparitic Mictitic Dolomites
= Carbonates | Limestone Limestone Limestone: (@=3)
=l (12 3) (10=2) (@x2)
w L J \ J \ /
Non- Gypsum Anhydrite
Clastic Evaporites 82 122
Chalk
Organic Tx12
Marble Hornfels Quartzites
Non Foliated 9=3 (19=4) 20=3
:2 Metasandstone
% (19 3)
< Migmatite Amphibolites
T | Slightly foliated (29=3) 266
2
Foliated** Gneiss Schists Phyllites Slates
28=3 12=3 (7=3) T+4
Granite Diorite
j2=3 25=3
Light Granodiorite
(20 =3)
Plutonic
Gabbro Dolerite
Dark 273 (16 = 5)
@ Norite
= 203
= = - - —
g Hypabyssal }ioﬂqihg“\nes ](:11:1b=a§:2 P:ajn;d:otit\e
= ki bl VA= ==
Dacite Obsidian
Lava ] (23=3) (19=3)
Volcanic Andesite Basalt
253 (25£3)
Pyroclastic Aggzlomerate  Breccia Tuff
(19=3) (19=3) (13=3)

* Conglomerates and breccias may present a wide range of m; values depending on the nature of the

cementing material and the degree of cementation, so they may range from values similar to sandstone to
values used for fine grained sediments.
* *These values are for intact rock specimens tested normal to bedding or foliation. The value of m; will be
significantly different if failure occurs along a weakness plane.



Failure Criteria £h
Failure under true triaxial stress conditions

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

— Failure criterion under true triaxial stress conditions is of the form:
TOCt = f (Tmz) |Toct|:1{(‘71_0'2)2+(‘72_O'3)2+(‘73_O'1)2}1/2 :%{|12+3|2}1/2 :\/5

3
T .=a+br loitre)
oct m2 m2 2
1000 v |
" Dunham o|o|o'mite<> | | ] 08 o Triaxiilllcgmpore;gsion Y
L [ — Tont = .o+ U, T
800 [ oo & ¥ 250ff ~ " .
I N H O Borehole breakout
& o o © A
—~ 600 _x©° _ 200 [ _
gL E 0O Fo g
=3 [ xgH ] = 150 ]
o 400 = - e .
i O o,=25MPa i S C
i o) ai:GSMPa 1 =100 | 3
200 O 0,=105MPa - - 1
i X 03702 ] S0 F Westerly granite
O I"""""""""""' 0 O:IIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 100 200 300 400 500 100 200 300 400 500
0 50 100 150 200 250 300
(a) a5 (MPa) (b) (o4+03)/2 (MPa) (b) t > (MPa)



Failure Criteria
Griffith Failure Criterion
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Malerial fractures when sufficient strain energy is released to cnable cracks to propagate

F

- unit thickness
——

k = = for plane stress

S
i
-
0| R
g9
ETIE T

(1 - vEJ for plane strain

I
(o)
\

I

v o = unit surface energy of the crack

In compression:

)
(o) -y} = 8T, (o, + 74) when a, + Jo,>0
a,=-T, when o, + 30, <0

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

Figure 6.19 The plane Griffith failure criterion.



Failure Criteria
Griffith Failure Criterion

(0'1—0'2)2 =8T,(0,+0,), 0,+30,>0

o, =—1,, o, +30, <0

Hypothesis
(model)

reality




Other Strength Test
Schmidt Hammer Rebound Hardness Test

— 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 FIRING READY TO FIRE

http://rammedearth.blogspot.kr/2006/06/hammer-time.html



Other Strength Test
Schmidt Hammer Rebound Hardness Test
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o Use chart relating the rebound number and UCS

400 e E50 2100 £150 £200 P
/)0 T8
350 / r// ,{? 2
300 7 ’ 7T
250 2 ",/ //’ =
200 f /Aé// //’ :'; :3“
/ v
150 / / ‘,/% %?AE‘» I
Y ansnans /| 3
5 NS Y
s % L7 IR7 77
o g L ;////I'f///;%"///
E Ve
250 %5/4,//// i
E
Z 4
> 7 .
| ;
15 7 | £
a8 | £
10 | | j_
0 5 10 15 20 25 30 35 40 45 50 55 60
. 10 ] 20 . 30 ’4'0 | .5'0 50 \e’
10 .20 . 30 40 I’so .60 |<"
20 30 40 50 60 A
20 30 20 50 0 1

Schmidt hammer (type L) rebound number



Other Strength Test
Point Load Test

SEOUL NATIONAL UNIVERSITY

— Index test used mainly to predict the uniaxial compressive strength of rock
~ Measures the ‘Point Load Strength Index’ |

— 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
Is(50) = F
|50, - POINt Load Strength Index (50 mm)

P: Peak load
D: Distance between the two platen contacts

UCS = (20~ 25)* 1,

http://www.controls-group.com/eng/rock-mechanics-testing-equipment/rock-strength-index-apparatus.php



Other Strength Test
Point Load Test

(a) (b) r= 5mm
L>05D
< 5
T 1 |
I g .
/ \i) J-/ Equivolent core

Q3W <D< W
I

Fig. 2. Platen shape and tip radius.
Equivalent core

03W<D< W

(d)
L>05D

Equivalent core

Section through

| i int

0IW<D<W oading points

. Wi +Wa
2

. Specimen shape requirements for (a) the diametral test, (b) the axial test, (c) the block test, and (d) the irregular lump
test.



Other Strength Test
Point Load Test

SEOUL NATIONAL UNIVERSITY

20—
O Broch & Franklin {1972}
x D" Andrea et al. (1965)
E P + Bieniawski (1974)
z, 151 L=0.70 Strong
= minimn norite
e
il Q- ) ) :
= limilc %
= | . x *
s !0 o Quarzite .
S P X
= I, = D_; x O O x
-E o . = : o
- o * * o= 241
— — f .
E 5 K! .‘D‘H * C 5
£ Sandstone X ©
F.
w
o e ox
X | | | | | | |
0 50 100 150 200 250 o 350

Uniaxial compressive strength o MN/m®



	Rock Mechanics & Experiment�암석역학 및 실험��Lecture 5. Friction and Failure Criteria�Lecture 5. 암석의 마찰 및 파괴조건
	Stress�deviatoric stress/stress invariant
	Stress�Octahedral stress
	Outline�Mechanical behavior of intact rock
	Failure Criteria�Friction on rock surface - Friction coefficient
	Failure Criteria�Friction on rock surfaces - Friction coefficient
	Failure Criteria�Friction on rock surface - Friction coefficient
	Failure Criteria�Sliding on a plane of weakness
	Failure Criteria�Friction on rock surfaces - Friction coefficient
	Failure Criteria�Friction on rock surfaces – Stick-slip oscillation
	Failure Criteria�Sliding on a plane of weakness
	Failure Criteria�Sliding on a plane of weakness
	Failure Criteria�Failure of intact rock
	Failure Criteria�Failure of intact rock
	Failure Criteria�Mohr-Coulomb Failure criteria (Example)
	Failure Criteria�Sliding on a plane of weakness
	Failure Criteria�Effect of pore pressure
	Failure Criteria�Effect of pore pressure
	Failure Criteria�Effect of pore pressure
	슬라이드 번호 20
	슬라이드 번호 21
	주입에 의한 미소진동�이산화탄소 지중저장
	주입에 의한 미소진동�스위스 Basel 프로젝트 (2006년) 
	Failure Criteria�Effect of anisotropy
	Failure Criteria�Effect of anisotropy
	Failure Criteria�Coulomb Failure Criteria (Mohr-Coulomb)
	Failure Criteria�Coulomb Failure Criteria (Mohr-Coulomb)
	Failure Criteria�Mohr-Coulomb Failure criteria
	Failure Criteria�Hoek-Brown Failure Criterion
	Failure Criteria�Hoek-Brown Failure Criterion
	Failure Criteria�Failure under true triaxial stress conditions 
	Failure Criteria�Griffith Failure Criterion
	Failure Criteria�Griffith Failure Criterion
	Other Strength Test�Schmidt Hammer Rebound Hardness Test
	Other Strength Test�Schmidt Hammer Rebound Hardness Test
	Other Strength Test�Point Load Test
	Other Strength Test�Point Load Test
	Other Strength Test�Point Load Test

