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Stress
deviatoric stress/stress invariant

• Deviatoric stress

• Stress invariant



Stress
Octahedral stress

• Octahedral stress



Outline
Mechanical behavior of intact rock

• Friction on rock surface

• Stick-slip oscillation

• Coulomb Failure criterion

• Mohr-Coulomb Failure Criterion

• Hoek-Brown Failure Criterion

• Other Failure 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

: shear stress
: normal stress
: coefficient of friction
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Also called ‘friction angle’. Why?

: coefficient of dynamic friction
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Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4th ed., Blackwell Publishing



Failure Criteria
Friction on rock surfaces - Friction coefficient

• Friction angle

tan
friction angle
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Failure Criteria
Friction on rock surface - Friction coefficient

• Coulomb failure criterion (on fractures)

Glue or something

0 0

0

tan
: cohesion (often, c is used), or  'shear strength'

:friction angle
: coefficient of friction angle
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Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4th ed., Blackwell Publishing



Failure Criteria
Sliding on a plane of weakness

• Example

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



Failure Criteria
Friction on rock surfaces - Friction coefficient

• Typical Range of Friction coefficient (Byerlee, 1978)
– 0.6 ~ 1.0
– Wider variability in low  normal stress



Failure Criteria
Friction on rock surfaces – Stick-slip oscillation

• Stick-slip oscillation 
– May provide a mechanism for earthquakes

Simple model

Dynamic friction coefficient

Static friction coefficient

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



Failure Criteria
Sliding on a plane of weakness

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

0 0

0

tan
: cohesion (often, c is used), or  'shear strength'

: friction angle
: coefficient of friction
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Failure Criteria
Sliding on a plane of weakness

– The stress difference that is required to cause a slip with a given β
and σ2

– Solution exists only for 

– Range of β (for a given
stress state)
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Variation of σ1 needed to cause sliding on a fracture for μ=0.5
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• Coulomb Failure Criterion (on a rock) (or Mohr-Coulomb 
Failure Criterion)

Failure Criteria
Failure of intact rock

0 0

0

tan
: cohesion (often, c is used), or  'shear strength'

:internal friction angle
: coefficien intert of friction angll ena
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Same equation with different notation



• Conditions for failure
– A set of normal and shear stress within a rock must satisfy failure 

criterion

σ
Normal stress
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Increase of major principal stress

σ1

σ3

Failure Criteria
Failure of intact rock

0Sτ µσ= +

0Sτ µσ= +



Failure Criteria
Mohr-Coulomb Failure criteria (Example)

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

Zoback, 2007



Failure Criteria
Sliding on a plane of weakness

• Different expression (1)

• Different expression (2)

0 cos sinm mSτ φ σ φ= +

( ) ( )1 3 1 3
1 1mean normal, maximum shear
2 2m mσ σ σ τ σ σ= + = −

Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4th ed., Blackwell Publishing
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Failure Criteria
Effect of pore pressure

• Mechanical effect
– Pore pressure translate the Mohr’s circle to the left

• Chemical interactions
– between rock and the fluid Increase of pore fluid pressure
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Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4th ed., Blackwell Publishing

0Sτ µσ= +



Failure Criteria
Effect of pore pressure

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

Increase of pore fluid pressure
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Failure Criteria
Effect of pore pressure

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

• Extremely important phenomenon related to injection induced 
microearthquake

Increase of pore fluid pressure
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(Richard Davies, 2013) 

미소 진동 발생 원인

(a) 공극압 증가: 유효 응력 감소

(b) 지하 암반의 온도 변화

(c) 유체 생산/주입

(d) 화학 물질 첨가: 마찰계수 변화

지하 암반 내 유효 응력의
감소/증가

20

Microseismic event 미소진동이란?
메커니즘



EGS 지열발전

Geothermal Explorer, 2010

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

셰일가스 등 석유가스자원개발
광물자원개발

CO2 지중저장

스웨덴 Aitik광산, 민기복, 2012

다양한 지중 에너지 관련
응용분야에서 미소진동

발생 가능

Enhanced Oil Recovery
NRC, 2013

석유 가스 생산 (Segall, 1989)



주입에의한미소진동
이산화탄소지중저장

• 이산화탄소주입으로인한미소진동및이로인한누출로
인해대규모 CCS는성공할가능성이낮다* (스탠포드대학
Zoback교수의견)

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

규모 3 이상의지진현황. • 는인공지진



주입에의한미소진동
스위스 Basel 프로젝트 (2006년) 

3 MW 발전 + 20 MW난방
5 km시추, 수리자극@4.6 km
6일간 11,500 m3 주입
유량 ~50 liter/s, 유압 ~30 MPa
최대 MLmax: 3.4
(1356년규모 6.6 지진기록)
프로젝트중단

주입압/유량과관측된미소진동



Failure Criteria
Effect of anisotropy

• Strength of anisotropic rock 
– can be estimated assuming a failure through 

predominant layers (which could be assumed to 
behave similar to fractures)

– Minimum strength when 
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Failure Criteria
Effect of anisotropy

• 각도에 따른 강도 및 탄성계수의 변화 (보령셰일)

보령셰일의 역학적, 탄성파적, 열전도도적 이방성비

압축강도 이방성비
(UCS/UCS’)

인장강도 이방성비
(BTS/BTS’)

탄성 계수 이방성비
(E/E’)

P파 속도 이방성비
(VP(90°) /VP(0°) ’)

열전도도 이방성비
(K(90°) /K(0°) ’)

2.6 2.2 2.1 1.5 2.1

(a) 일축압축강도 (b) 인장강도 (c) 탄성계수

(Cho et al., 2012)

(Cho, Kim, Min and Jeon, 2012)



Failure Criteria
Coulomb Failure Criteria (Mohr-Coulomb)

• Limitations
– Prediction of too high tensile strength

Tension cut-off needed

– Actual σ-τ is not linear
Angle β decreases with higher confining pressure

– Does not consider intermediate principal stress
Additional consideration is needed

( )
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Failure Criteria
Coulomb Failure Criteria (Mohr-Coulomb)

• Coulomb Failure Criterion for intact rock



Failure Criteria
Mohr-Coulomb Failure criteria

• Mohr’s nonlinear failure criterion
– Experiment shows that σ1 increase at a rate less than linear rate 

with σ3

– Failure angle (β)  decrease with increasing confining stress.

( )fτ σ=



Failure Criteria
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

– More realistic tensile strength
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: maximum principal stress at failure
: minimum principal stress at failure
: uniaxial compressive strength

m: Hoek-Brown material constants (0 m)
s: Hoek-Brown material constants (0 s
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Failure Criteria
Hoek-Brown Failure Criterion

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



Failure Criteria
Failure under true triaxial stress conditions 

• It is (generally) known that intermediate principal stress also 
affect the failure. 

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

octτ
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Failure Criteria
Griffith Failure Criterion



Failure Criteria
Griffith Failure Criterion

reality

Hypothesis 
(model)
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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

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



Other Strength Test
Schmidt Hammer Rebound Hardness Test

• Use chart relating the rebound number and UCS



Other Strength Test
Point Load Test

– 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.

(50)sI

(50) 2

(50) : Point Load Strength Index (50 mm)

: Peak load
: Distance between the two platen contacts

s

s
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D

I
P
D

=

(50)(20 ~ 25)* sUCS I=

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



Other Strength Test
Point Load Test



Other Strength Test
Point Load Test


	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

