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Introduction
Outline

• Importance

– Understanding rock failure is the foundation for the reservoir geomechanics

– Compression

– Tension

– Shear

• Different loading conditions

– Hydrostatic

– Uniaxial

– Triaxial

– Polyaxial (true triaxial)

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Introduction
Loading condition in (reservoir) geomechanics
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Nature of Underground Geomechanics



Rock strength in compression
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



Rock strength in compression
Friction on rock surfaces - Friction coefficient

• Friction angle
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Rock strength in compression
Friction on rock surface - cohesion

• Coulomb failure criterion (on fractures)

Glue or something

0 0

0
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: 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



Rock strength in compression

• The failure of rock in compression

– Complex process: creation of small tensile crack 
and frictional sliding on grain boundaries

– We assume that are infinite number of fictitious 
fracture within intact rock

– μi: coefficient of internal friction

– UCS, Co: unconfined uniaxial compressive strength

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Rock strength in compression

• Linearized Mohr failure envelope

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Rock strength in compression

• Cohesion (So)

• Coefficient of Internal friction (μi)

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Rock strength in compression
Importance for borehole stability

• Application of failure criterion to borehole stability

– Role of mud weight increase

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



• Various failure criteria exist

– Linearized Mohr-Coulomb

– Hoek-brown criterion

– Modified Lade criterion

– Modified Wiebols-Cook criterion

– Drucker-Pager criterion

• Linear vs. non-linear

• Consideration of the intermediate principal 
stress

Rock strength in compression
Various criteria

π-plane: plane perpendicular to the 

straight line σ1=σ2= σ3Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Linearized Mohr Coulomb Failure criterion

• Best fitting failure criteria (Colmenares and Zoback, 2002)

– Dunham dolomite (백운석)

– solenhofen limestone (석회암)

– Shirahama sandstone (사암)

– Yuubari shale (셰일)

– KTB amphibolite (각섬암)

• Linear Mohr Coulomb

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Hoek-Brown failure criterion

• Non-linear form

– Obtaining m is not straightforward from geophysical well logs

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



Modified Lade criterion

• The modified Lade criterion predicts a strengthening effect with 
increasing intermediate stress, followed by slight reduction 

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Modified Lade criterion (Ewy, 1999)

• Modified Lade criterion 

• Consideration of intermediate principal stress

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Modified Wiebols-Cook criterion (Zhou, 1994)
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Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Mogi-Coulomb failure criterion (Al-Ajmi & 
Zimmerman, 2005*)

• Another form

– Linear form
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*Jaeger, Cook and Zimmerman, 2007, Fundamentals of Rock Mechanics, 4th ed., Blackwell Publishing
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Strength and Pore Pressure

• Effective stress law has to be considered for evaluation of 
strength pp   

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Brittle vs. Ductile
The stress-strain curve – Brittle vs. Ductile

• Brittle vs ductile

– Ductile: rock support an increasing load as it deforms

– Brittle: load decreases as the strain increases

• Brittle-ductile transition

– Rock becomes more ductile with increasing confining pressure

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

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



Rock Strength Anisotropy

• Strength anisotropy

– Weak bedding planes can affect strength

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Rock Strength Anisotropy

• Examples

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.



• Why not directly measure?

Rock cutting from Pohang 

EGS site (4.3 km). ~few mm

One of the biggest rock core in the 

world at AECL URL in Canada 

(2002). ~ 1m

REALITY

DREAM

Estimating rock strength from geophysical 
log data

Obtaining rock core is a difficult and expensive job



Estimating rock strength from geophysical 
log data (Chang et al., 2006)

• Vp (or Δt = Vp
-1)

• Young’s modulus (from Vp and density data)

• Porosity (from density log)

sandstone
Shale

Limestone & dolomiteZoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Estimating rock strength from geophysical 
log data

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Estimating rock strength from geophysical 
log data

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Estimating rock strength from geophysical 
log data

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Estimating rock strength from geophysical 
log data

• Angle of internal friction

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Estimating rock strength from geophysical 
log data

• Example at Gulf of Mexico

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Shear enhanced compaction

• Shear-enhanced compaction

– Irreversible deformation by the loss of porosity due to increased 
confining pressure and/or shear stress

– Cam-Clay (Cambridge-Clay) model

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Shear enhanced compaction

• Example at sandstone

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



StrengthTensile Rock Failure
Tensile Strength

• Tensile strength (인장강도) : Maximum sustainable 
tensile stress

• Measured by ‘Brazilian Test’ in case of rock (indirect 
tension,간접인장)

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

Tensile loading

max
t

T

A
 



Tensile Rock Failure
Tensile Strength

• The reason why Brazilian Test Works…

– Stress distribution along the x-axis
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Jaeger, Cook & Zimmerman, 2007, Fundamentals of Rock Mechanics, 4th ed, Blackwell Publishing
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Tensile Rock Failure

• Stress intensity at the tip

– Fracture propagation Ki > Kic

Kic: fracture toughness (=critical 
stress intensity), MPa m1/2

 Important for propagation

– Once fracture reaches a few tens 
of cm, small pressure in excess of 
S3 is required regardless of 
toughness.

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Tensile Rock Failure
Fracture toughness

• Crack-tip deformation mode

– Mode I: crack opening model – mostly relevant to Hydraulic 
Fracturing

– Mode II: sliding model

– Mode III: tearing model

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



Shear failure and the frictional strength of rocks

• Slip on fault (fracture)

– Earthquake

– Well casing failure

– Induced seismicity

– Fluid flow

• Coulomb Failure Function

σn=Sn-Pp

μ: Coefficient of friction

CFF=τ – μ(Sn-Pp)



Shear failure and the frictional strength of rocks

• Shear failure of a fault (fracture)

• Compressive (shear) failure of intact rock

σn=Sn-Pp

μi: Coefficient of internal friction

μ: Coefficient of friction

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Shear failure and the frictional strength of rocks
Role of pore pressure

• Denver Earthquake (Healy et al., 1968)

– ~ Magnitude 5.0 (1967)

– Disposal of waste fluid from chemical-
manufacturing operations

– ~3,671 m depth

– Earthquake within ~ 8 km of injection wells, 
no EQ before injection

Injected volume: 

~ 500,000 ton

Healy, J. H., et al. (1968). "The Denver EarthquakeS." Science 161(3848): 1301-1310.



Shear failure and the frictional strength of rocks
Role of pore pressure

• Rocky Mountain Arsenal, Denver 
(Healy et al, 1968)

• Rangely Oil Field (Healy et al., 
1976)

– Weber sandstone, ~ 2,286 m

– Fluid injection to improve 
productivity

– Largest EQ magnitude: 3.1

Denver

Rangely

Denver
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Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Shear failure and the frictional strength of rocks
Coefficient of friction

• Range of μ (Byerlee’s law)

– At higher effective stress (10 MPa)

– Coefficient of friction in genral lie in 
those ranges regardless of rock 
type and roughness

– John Jaeger 
“There are only two things you need 
to know about friction. It is always 
0.6 and it will always make a 
monkey out of you.”

– Shaly rock μ < 0.6

σn=Sn-Pp

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



The critically stressed crust

• Continental crust is generally in a state of incipient 
frictional failure

– Widespread occurrence of EQ by reservoir impoundment

– EQ triggered by small stress change

– In situ stress measurement

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



The critically stressed crust

• Widespread occurrence of EQ by reservoir impoundmen

• Small pore pressure change trigger EQ

Zoback, M. D. and S. M. Gorelick (2012). "Earthquake triggering and large-scale geologic storage of carbon 

dioxide." Proceedings of the National Academy of Sciences: 10164-10168.



The critically stressed crust

• EQ triggered by small stress 
change

• Experiment at KTB borehole in 
Germany

• In situ stress measurement

• Byerlee’s law seems to work

• Earth crust appears to be in a 
state of (failure) equilibrium

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Limits on in situ stress from the frictional strength of faults

• Normal and shear stress at fractures

• Optimally oriented fracture

– μ = 1, β=67.5°

– μ = 0.6, β~60°

– μ ~ 0, β~45°

β = 45°+1/2 tan-1μ

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Limits on in situ stress from the frictional strength of faults

• Orientation of fault 

• Effective stress ratio

– At optimal orientation

β = 45°+1/2 tan-1μ

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Limits on in situ stress from the frictional strength of faults

• Range of stress magnitude (hydrostatic pore pressure)

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Limits on in situ stress from the frictional strength of faults

• Change of stress state due to the increase of pore pressure

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Limits on in situ stress from the frictional strength of faults

• Range of stress magnitude (overpressure)

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Stress polygon

• Diagram showing the range of possible stress state at a given 
depth and pore pore pressure

– Stress state above a SHmax = Shmin

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press


