
Lecture 7

Faults and Fractures at Depth
(22 April 2020)

Ki-Bok Min, PhD

Professor

Department of Energy Resources Engineering

Seoul National University

Reservoir Geomechanics, Fall, 2020



Faults and Fractures at Depth
Introduction

• Importance

– Hydraulic properties - Major conduits for fluid flow

– Mechanical properties

– Wellbore Stability

– Limits in situ stress

• Basic tools

– 3D Mohr Circle

– Stereonet

– Focal mechanism

• Nomenclature

– Fault

 Planar discontinuities associated with shear deformation

– Fracture

 Planar discontinuities in opening model (without shear deformation)



Representation of fracture and fault data at depth

• Dip/Dip direction or Dip/Strike

– Dip angle: angle between the steepest line and horizontal plane 

– Dip direction: bearing of this steepest line measured from North (clockwise)

 Ex) 130/50 (dip direction/dip)

– Dip & Strike (주향)

 Ex) strike N40E, dip 50SE

• Rake

– Slip direction measured from the plane of the fault from horizontal

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Representation of fracture and fault data at depth
Stereographic lower hemisphere projection

• Stereographic lower hemisphere projection

– show the trace of a fracture plane (where it intersects the lower half of the hemisphere) or 

– the intersection of fracture poles (normals to the fracture planes) and the hemisphere

• The circular diagrams (Figure 5.6b) used to represent such projections: stereonet

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Representation of fracture and fault data at depth

• Tadpole plot: (tail = dip direction)

• Stereonet

• Contour plot on stereonet

• Rose diagram

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Representation of fracture and fault data at depth

• Fractures are prevalent, and with various orientations and 
sizes

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Representation of fracture and fault data at depth
Characterization

• Geometrical properties of fractures

– Orientation (dip and dip direction), size (trace length in 2D), density (spacing in parallel infinite 
fracture), location, aperture, roughness

• Characterization method

– Exposed rock faces 

 scanline sampling: line-based sample, use measuring tape (줄자).

 Window sampling: area-based sample, rectangle of measuring tapes

– Borehole sampling

• Geometric model of fractured rock – deterministic or stochastic generation of fractures

– Monte Carlo Simulation

Idealized regular fracture model Discrete Fracture Network (암반균열망)Outcrop of granite (Forsmark, Sweden, 2004)



Faults and Fractures at Depth
Introduction

• Schematics of the fractures with respect to in situ stress orientation

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Faults, Fractures and Fluid Flow
Fracture Mode I, II and III

• Crack-tip deformation mode

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

– Mode II: sliding (shearing) model

– Mode III: tearing model

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



Faults, Fractures and Fluid Flow
Cubic’s law

e

Real rock fracture Idealized rock fracture

Idealization

Conceptual 

model

Aperture (e, or b): size of opening 

measured normal to the fracture wall

– Cubic law: for a given gradient in pressure and unit width (w), flow rate through a fracture is 
proportional to the cube of the fracture aperture.
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Faults, Fractures and Fluid Flow
Mode I fracture

• Maximum separation (bmax) at the mid point with crack length 
L with elliptical cross-section

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Faults, Fractures and Fluid Flow
Mode I fracture

• Parallel plate model

– Flow rate through a fracture in response to a pressure gradient ~ cube of the 
aperture (b)

• Fracture with elliptical cross section 

– Flow rate through a fracture in response to a pressure gradient ~ cube of the 
L*(Pp-S3)

– Significant aperture may not be possible in Mode I

 Fracture propagation will drop the pressure

– Effect of shearing/sliding will be much greater

b

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Faults, Fractures and Fluid Flow
Faults (with shear)

• Faults are main conduit for fluid flow

– Enhancement of permeability in fault is critically important for 
hydrocarbon production and fluid flow in general.

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Wellbore Imaging

• Wellbore imaging device: 

– Direct information on the 
distribution and orientation of 
fractures

– Detailed cross-sectional shape of 
the wellbore wall

Detailed cross section

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Wellbore Imaging
Ultrasonic borehole televiewer (BHTV)

• Ultrasonic borehole televiewer (BHTV) – Ultrasonic Borehole Imager (UBI)

– Amplitude of the reflected pulse is diminished when the wellbore wall is rough 
(when there is a fracture)

 Dip

 Dip direction

– Travel time increase when radius is increased

 Used for borehole breakout analysis

– (Apparent) aperture of fractures

 What we see may not reflect what it is 

Dip direction?Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Wellbore Imaging
Electrical Imaging device

• Electrical imaging device 

– Monitor the contact resistance (with four or six pad)

– Fine-scale map of the wellbore wall with great precision

– Less useful for size and shape

gap: no data at electrode 

node

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Wellbore Imaging
Ultrasonic televiewer & electrical image

• Examples of borehole breakout

– Ultrasonic vs electrical

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Wellbore Imaging
Characterizing Fractures

• Bias 

– Fracture characterization from vertical borehole

– Imaging tool can underestimate the fracture whose planes are 
nearly parallel to borehole axis

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



3D Mohr diagrams
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3D Mohr diagrams

• Graphical representation of 3D stress

– Very useful for the evaluation of slip potential
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Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



3D Mohr diagrams

• Stress Transformation (2D)

• Stress Transformation (3D)



3D Mohr diagrams
Useful for fracture slip potential

• Fault data from wellbore image analysis in highly fractured 
granite

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



3D Mohr diagrams
Useful for fracture slip potential

• Critically stressed fractures tend to carry more fluid 
(hydrocarbon)

Barton CA, Zoback MD, Moos D, 1995, Fluid flow along potentially active faults in crystalline rock. Geology;23(8):683-686.



Earthquake Focal Mechanisms

Zoback MD, 2007, Reservoir Geomechanics, Cambridge University Press



Earthquake Focal Mechanisms

• Focal mechanisms of 
earthquake 

– Provides the orientation of 
principal stresses using 
Coulomb failure criterion

– Relative magnitude of the three 
principal stress

– 77% of World Stress Map 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


