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Basic Dynamics
 
 - stress cycle (stick-slip)
      - friction
      - Mohr-Coulomb criterion
 - stress and faulting
      - fault geometry
 - fault angles (strike, dip and rake)
      - rupture process
   

Seismic sources - 1
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Earth, S. Marshak, W.W. Norton

Elastic strain accumulates during the interseismic period and is released during an 
earthquake.  The elastic strain causes the earthquake –in the sense that the elastic 
energy stored around the fault drives earthquake rupture.
There are three basic stages in Reid’s hypothesis.

1) Stress accumulation (e.g., due to plate tectonic motion) 
2) Stress reaches or exceeds the (frictional) failure strength
3) Failure, seismic energy release (elastic waves), and fault rupture propagation

Stick-slip
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Elastic rebound (Reid)
From an examination of the displacement of 
the ground surface which accompanied the 
1906 San Francisco earthquake, Henry 
Fielding Reid, Professor of Geology at Johns 
Hopkins University, concluded that the 
earthquake must have involved an "elastic 
rebound" of previously stored elastic stress.
Reid, H.F., “The mechanics of the earthquake”, v. 2 of “The  California 
earthquake of April 18, 1906”. Report of the State Earthquake  
Investigation Commission, Carnegie Institution of Washington  
Publication 87, 1910.

http://www.iris.edu/hq/programs/education_and_outreach/aotm/4

http://www.iris.edu/hq/programs/education_and_outreach/aotm/4
http://www.iris.edu/hq/programs/education_and_outreach/aotm/4
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fault: • surface across which measurable slip occurs;
 • slip is parallel to the fault surface (shear displacement);
 • slip develops primarily by brittle processes-
         distinguishes faults from shear zones

fault zones:  brittle structures where loss of cohesion and slip
 occur on several faults within a band of definable width

fault

slip

fault zone

Faults
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shear zones: ductile structures
 • rock does not lose mesoscopic cohesion
 • form at deep crustal levels;
 • deformation is distributed across band of definable width;

shear zone 

offset

Shear zones
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solid composed of atoms or ions bonded to one another through
     chemical bonds which can be visualized as tiny springs

• each chemical bond has an equilibrium length
• any two chemical bonds connected to same atom have an
 equilibrium angle between them

during elastic strain…..bonds holding atoms together in solid,
 stretch, shorten, and/or bend,  but they do not break…
once stress is removed, the bonds return to equilibrium…
        elastic strain is recoverable

rock cannot develop large elastic strains (only a few percent)
 …must deform in a ductile way (does not break)
 …must deform in a brittle way (does break)

How does brittle deformation take place?
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during brittle deformation… stresses become large enough
to bend, then break atomic bonds….

new fracture forms or old surface slips

fractures can be between grains or across grains

what exactly happens when something breaks?

…discussing solids…. (liquids and gases don’t break)

…breaks bonds at atomic scale…
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Different rheology
350 Seismology and Plate Tectonics
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Fig. 5.7-1 (a): A material is perfectly elastic
until it fractures when the applied stress
reaches σf. (b): A material undergoes plastic
deformation when the stress exceeds a yield
stress σo. (c): A permanent strain results
from plastic deformation when the stress is
raised to σ′o and released.

Fig. 5.7-2 An elastic–perfectly plastic rheology, which is a commonly used
approximation for the behavior of ductile materials.
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tensor from the principal axis coordinate system to a new co-
ordinate system using the transformation matrix (Section 2.3.3)
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The normal and shear stresses on the plane vary, depending
on the plane’s orientation. The normal stress component,
denoted by σ, is

σ = σ ′11 = σ1 cos2 θ + σ2 sin2 θ 
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and the shear component, denoted by τ, is
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= −
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2
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Figure 5.7-4 shows σ and τ as functions of θ for the case of
σ1 and σ2 negative ( |σ1 | > |σ2 |), which corresponds to com-
pression at depth in the earth. A graphic way to show these
is with Mohr’s circle, a plot of σ versus τ (Fig. 5.7-5). Values
for all different planes lie on a circle centered at σ = (σ1 + σ2)/2,
τ = 0, with radius (σ2 − σ1)/2. The point on the circle with angle
2θ, measured clockwise from the −σ axis, gives the σ, τ values
on the plane whose normal is at angle θ to σ1.1

Laboratory experiments on rocks under compression show
that fracture occurs when a critical combination of the absolute
value of shear stress and the normal stress is exceeded. This
relation, known as the Coulomb–Mohr failure criterion, can be
stated as

|τ | = τo − nσ, (5)

where τo and n are properties of the material known as
the cohesive strength and coefficient of internal friction. (The
minus sign reflects the convention that compressional stresses
are negative.) The failure criterion plots as two lines in the
τ–σ plane, with τ axis intercepts ±τo and slope ±n (Fig. 5.7-6).
If the principal stresses are σ1, σ2, such that Mohr’s circle does
not intersect the failure lines, the material does not fracture.
However, given the same σ2 but a higher σ ′1, Mohr’s circle
intersects the line, and the material breaks.

The failure lines show how much shear stress, τ, can be
applied to a surface subject to a normal stress σ before failure
occurs. The cohesive strength is the minimum (absolute value)
shear stress for failure. The coefficient of internal friction indic-
ates the additional shear stress sustainable as the normal stress
increases. Thus, deeper in the crust, where the pressure and
hence normal stress are higher, rocks are stronger, and higher
shear stress is required to break them.

The failure lines and Mohr’s circle show on which plane fail-
ure occurs for a given stress state. To find θ, the angle between
the plane’s normal and the maximum compressive stress (σ1)
direction, we write the failure lines as

|τ | = τo − σ tan φ, (6)

1 Following the seismological convention of compressive stresses being negative,
Mohr’s circle is shown for σ < 0. The opposite convention is often used in rock
mechanics, e.g. Figs. 5.7-3 and 5.7-10.
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Elastic limit: no longer a linear 
relationship between stress and 
strain- rock behaves in a 
different manner

Yield strength: The differential 
stress at which the rock is no 
longer behaving in an elastic 
fashion

Rheology
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Plastic behavior produces an 
irreversible change in shape 
as a result of rearranging 
chemical bonds in the crystal 
lattice- without failure!

Ductile rocks are rocks that 
undergo a lot of plastic 
deformation
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Rocks can flow like 
fluids!

Viscous (fluid) behavior
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For an ideal Newtonian fluid:
differential stress = viscosity X strain rate
viscosity: measure of resistance to flow

Newtonian fluids
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The brittle-ductile transition

Earthquakes no deeper than transition

Lower crust can flow!!!

Lower crust decoupled from upper crust

5.7 Faulting and deformation in the earth 351
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Fig. 5.7-3 Results of an experiment in which rocks are subjected
to a compressive stress σ1 greater than the confining pressure σ3.
Top: Differential stress (σ1 − σ3) versus strain (compare to Figs 5.7-1
and 2) curves for various confining pressures. Bottom: Ultimate strength
(σ1 − σ3 at 10% strain rate, from top) for various confining pressures.
For low (< 400 MPa) confining pressures, the material fractures, and its
strength increases with pressure. For higher pressures, the material is
ductile, and its strength increases only slowly with pressure. A semi-brittle
transition regime, in which both microfractures and crystal plasticity
occur, separates the brittle and ductile regimes. (Kirby, 1980. J. Geophys.
Res., 85, 6353–63, copyright by the American Geophysical Union.)

For example, in introducing the relation between fault plane
solutions and crustal stresses in Section 2.3.5, we made the
simplest assumption that fracture occurs at 45° to the principal
stress axes, corresponding to the case φ = 0°, n = 0, θ = 45°.
Physically, this means that the normal stress has no effect on
the strength of the rock. However, rocks typically have n about
1, so φ = 45°, θ = 67.5°, and the fault plane is closer (22.5°) to
the maximum compression (σ1) direction (Fig. 5.7-8). This idea
is important when using P and T axes of focal mechanisms to
characterize stress directions.

Figure 5.7-7 also shows how to find the stresses when frac-
ture occurs. Consider the point T on the failure line such that
Tσ2 is perpendicular to the σ axis. Because the angle ATσ2 is θ
(triangles AFT and Aσ2T are congruent),

Tσ2 = Aσ2 cot θ, (8)

or, since 
  
Aσ2 = (σ2 − σ1)/2,

Tσ2
  
= −
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Similarly,
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This relation can be written in terms of the angle of the fracture
plane, using Eqn 7 and trigonometric identities,
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yielding

σ1 = −2τo tanθ + σ2 tan2θ. (13)

We will use this relation between the stresses when fracture
occurs to estimate the maximum stresses in the crust.

Similar analyses show when the shear stress is high enough
to overcome friction and cause sliding on a previously existing
fault. The results are similar to those for a new fracture in
unbroken rock, except that at low stress levels the preexisting
fault has no cohesive strength. Thus slip on the fault occurs
when |τ | = −µσ, where µ is the coefficient of sliding friction,
which can be expressed by an angle of sliding friction

tan α = µ . (14)

where n = tan φ, and φ, the angle of internal friction, is formed
by extending the failure line to the σ axis (Fig. 5.7-7). Fracture
occurs at point F, where the failure line is tangent to Mohr’s
circle. Considering the right triangle AFB, we see that

φ = 2θ − 90°, so θ = φ /2 + 45°. (7)
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Brittle & Ductile
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surface across which rock loses continuity when shear stresses
 parallel to surface are sufficiently large

in rock cylinder experiments, shear fractures form at
 acute angle to far-field σ1    (σ1 > σ2 = σ3 )

normal stress component across surface generates frictional resistance;
     if shear stress component exceeds resistance          evolve into fault

σ1

σ2 = σ3

volume
decreases

volume
increases
(dilatancy-
cracking)

cracks coalesce
to form fault

(failure)
laboratory 
triaxial-loading

Shear rupture (fracture)
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what happened in the rock cylinder during experiment?

failure strength for shear fracture:  not a definition of stress state when
single crack propagates, but when
many cracks coalesce to form throughgoing rupture

two shear ruptures can form (conjugates):  
each at 30° to axial stress; angle between two is 60°
    acute bisectrix of fractures parallels far-field σ1

σ1

in reality, only one orientation will continue as it offsets other

cracks form cracks coalesce
from:  van der Pluijm and Marshak, 1997

Shear fracture
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The first roots of fault mechanics can be traced to
1) Coulomb failure criterion (1773). The shear strength of of a rock is equal to 
initial strength plus a constant times the normal stress on the plane of failure:

Fault mechanics basic rules

where µi is called coefficient of internal friction. 

2) Amontons’ (second) law for frictional sliding on an existing crack:

where µs is called coefficient of  friction, that has a larger value before sliding takes 
places (static friction), and a smaller value when sliding takes place (kinetic friction); 
the values are related to roughness of the fault surface (asperities). 

3) Byerlee’s law (1978), for normal stresses > 200 Mpa 
    (valid for depths greater than 6 km):

τ
failure

= c + µ
i
σ

n

τ = µ
s
σ

τ = 50 + 0.6σ
n
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Stress
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Stress - 2
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Mohr’s circle

http://www.science-animations.com/support-files/mohrcircle.swf

http://www.science-animations.com/support-files/mohrcircle.swf
http://www.science-animations.com/support-files/mohrcircle.swf
http://livepage.apple.com/
http://livepage.apple.com/
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axial compression:
 vertical axial compressive stress > confining pressure
axial extension:
 confining pressure > vertical axial compressive stress
tensile strength:
 rocks pulled apart

called triaxial deformation experiments… this is misleading…
    most do not permit three principal stresses to vary independently

from: Davis and Reynolds, 1996

Type of experiments...
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Common experiments
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#1
#2

#3

Compressive tests
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σc = critical shear stress required for failure
σ0 = cohesive strength
tanɸ = coefficient of internal friction (ɸ=90−2θ) 
σn = normal stress

σc = σ0 + tanφ(σn)

Coulomb’s law of failure
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σc = σ0 + tanɸ(σn)

σc = critical shear stress 
required for failure

σ0 = cohesive strength

tanɸ = coefficient of 
internal friction

σn = normal stress

Failure envelope for different rocks
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 57 

 
 
 
A series equation expresses this envelope: 

( )3
1

2c cos 1 sin
1 sin
φ + σ + φ

σ =
− φ

 

Drawing the symmetrical failure criterion below the axis of normal stresses sets the conjugate shear 
fractures at angles 

 

−θ to   

 

σ3.  
 
The shape of the Mohr envelope also illustrates that: 
- The curve cuts the normal stress axis only at one point, which means that it is impossible to 

cause shear fractures with hydrostatic pressure. 
- The shear stress required to produce failure increases with the confining pressure. 
- The Mohr circles at failure become progressively larger with the size of the confining pressure. 
- At high confining pressures, the envelope delineates a symmetrical pair of parallel and 

horizontal lines at a critical shear strength (Von Mises criterion), which means that the material 
becomes perfectly plastic while ductile flow is pressure-insensitive. 

- The progressively decreasing slope with increasing pressure to horizontal at high pressure 
represents progressive transition from brittle to ductile behaviour. 

 
At intermediate confining pressures the fracture strength usually increases linearly with increasing 
confining pressure. The angle between this line and the horizontal axis is the angle of internal 
friction 

 

φ and the slope of the envelope is the Coulomb coefficient 

 

µ  with, as above 

 

µ = tanφ  

In soil mechanics the curved envelope is considered as a line. 

Physical concept and interpretation 
The curvature of the Mohr envelope is attributed to the increasing proportion of cracked with 
respect to intact areas on the incipient rupture surface. The strength of this incipient plane is then a 

Faulting jpb, 2014 

Mohr-Coulomb criterion

 67 
closer to the failure envelope. The amount of translation of the stress circle is determined by the 
magnitude fP  of the fluid pressure. 

 

 
 

- If fP  is large enough, the circle will hit the Mohr envelope and faulting will occur. The pressure 
of the pore fluid thus allows faulting even though the shear stresses are too small for faulting in 
the dry rock, or in the wet rock at lower pore pressures. This effect is verified in triaxial tests. 
Internal fluid pressure reduces markedly both the fracture strength and the ductility of rocks, 
which both are functions of the effective confining pressure. This effect also accounts for the 
increased occurrence of landslides in the aftermath of heavy rainfall. 

Hydraulic fracturing 
By simply increasing the fluid pressure, the outward push of the fluid creates a tensile stress 
sufficient to cause crack propagation at the pore and crack tips. This process is called hydraulic 
fracturing. In this way an originally compressional stress regime can be changed so that one or 
more of the principal stresses becomes effectively tensile and the conditions for tensile failure can 
be satisfied. 
 

 

Faulting jpb, 2014 
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Preexisting fractures of suitable orientation 
may fail before a new fracture is formed

Preexisting fractures
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Byerlee’s law
 

jpb – Strength profiles Tectonics, 2011  
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The second one fits laboratory results generated under higher (up to 100 MPa) normal stress 
conditions. 
 

 

 

jpb – Strength profiles Tectonics, 2011  
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The second one fits laboratory results generated under higher (up to 100 MPa) normal stress 
conditions. 
 

 

 

jpb – Strength profiles Tectonics, 2011 
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The large scatter of data point under very low normal stress reflects surface roughness, the area of 
contact of the asperities, less influent under higher confining pressure because the latter prevents 
dilatancy of the shear fracture, hence unlocking of interwoven surface irregularities. Instead, 
shearing and smearing of asperities tends to stabilize frictional properties. 
For confining pressures between 200 and 2000 MPa, the frictional strength of pre-cut rocks is better 
described by including a "cohesion-like" parameter: 

 S N50MPa +0.6V  V  (9) 

 
 

The Byerlee’s law refers to equations (8) and (9), together. They are empirical and indicate that the 
shear stress required to activate frictional slip along a pre-existing fracture surface is largely 
insensitive to the composition of the rock. These laws seem to be valid for normal stresses up to 
1500 MPa and temperatures < 400°C, which allows defining a lower boundary to stresses acting in 
the brittle lithosphere. 

 
 

 

For confining pressures corresponding to shallow crustal depths 
(up to 200MPa≈8km), equation becomes: σS=0.85 σN

For confining pressures between 200 and 2000 MPa, the 
frictional strength of pre-cut rocks is better described by 
including a "cohesion-like" parameter: σS =50MPa+0.6 σN
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Strength increases with confining pressure
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Strength decreases with increasing fluid pressure
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Strength decreases with temperature 
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The Earth's surface is a free surface (contact 
between rock and atmosphere), and cannot be 
subject to shear stress.  

As the principal stress directions are directions of 
zero shear stress, they must be parallel (2 of 
them) and perpendicular (1 of them) to the Earth's 
surface.  

Combined with an angle of failure of 30 degrees 
from σ1, this gives:

Anderson's Theory of Faulting
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Normal Faulting Stresses
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Reverse Faulting Stresses
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Strike-Slip Faulting Stresses
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A number of factors can control friction: temperature, slip rate and slip history. Many 
materials become weaker with repeated slip (slip weakening).
They may exhibit  an inverse dependence of friction on slip velocity (velocity weakening). 
Stick slip behaviour is observed only at temperatures below 300ºC.

Anderson’s theory of faulting: he recognized that principal stress orientations could vary 
among geological provinces within the upper crust of the earth.  He deduced the connection 
between three common fault types:  normal, strike-slip, and thrust and the three principal 
stress systems arising as a consequence of the assumption that one principal stress must be 
normal to the eart h's surface.

Friction 
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Faulting Summary
Faults which move along 
the direction of the dip 
and are described as 
either normal or 
reverse, depending on 
their motion.

The hanging wall slips 
horizontally (no motion in 
the direction of fault 
dip). There are 2 cases 
depending on how the 
rocks on the other side 
of the fault move - 
right lateral and left 
lateral.

A combination of dip-slip 
and strike-slip motion.



SEIS - Sources 1 - Faulting

Earthquakes and Faults

 Earthquakes occur on faults, but not 
all of the fault ruptures during each 
earthquake.
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Fault Geometry Terminology: STRIKE

Strike is an 
angle use to 
describe the 
orientation of 
the fault 
surface with 
respect to 
North.
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Fault Geometry Terminology: DIP

The orientation of 
the fault surface 
with respect to 
Earth’s surface is 
defined  by the 
fault dip.
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Fault Geometry Terminology: SLIP

Slip (or rake) is 
the angle used 
to describe the 
orientation of 
the movement of 
the hanging wall 
relative to the 
foot wall.
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Earthquakes and Faults

Earthquakes occur on faults, but not all of 
the fault ruptures during each earthquake.

The hypocenter (or focus) is the place 
where the rupture begins, the epicenter is 
the place directly above the hypocenter. 
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Hypocenter and Epicenter
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Schematic diagram of rupture on a fault plane. Slipping points radiate outgoing P- and S 
waves. In general, rupture wavefront is not regular and slip vector, as well as slipping time, 
is different for the points on the fault.
Fault slip involves 3 main stages:
 1) initiation of fault sliding
2) rupture front expansion
3) termination of rupture process.

Rupture process


