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• In tectonic structures we commonly deal with 

interactions that involve both movement and distortion; 

material displacements occur within and between bodies.

• Observations are constrained within a Cartesian 

coordinate reference frame in order to gauge 

magnitude and bearing

• Continuum mechanics treat material as continuous 

medium

• Force = mass * acceleration (mass in kilograms and acceleration in m/s2)

• Forces that result from action of a field at every point 

within the body are called body forces. (Example gravity acting on objects with mass)

• Forces that act on a specific surface area in a body are called surface forces. 

They reflect the pull or push of the atoms on one side of a surface against the atoms 

on the other side. (Examples cue stick's force on a pool ball)

CONTINUUM MECHANICS - MATERIAL STRESS CONCEPTS
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CONTINUUM MECHANICS - MATERIAL STRESS CONCEPTS

Body forces acting on point in 3D within a body is described by a stress ellipse 

and tensor

• The stress tensor includes three principal stresses, or three mutually perpendicular axes of the stress 

ellipsoid....

• These axes are perpendicular to three principal planes having no shear stresses.

• The state of stress in a body can be simply specified using the orientations and magnitude of three principal 

stresses of the stress ellipsoid.

(sigma) 
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CONTINUUM MECHANICS - MATERIAL STRESS CONCEPTS

• The stress state of a body is either isotropic or anisotropic, 

the latter being more ordinary

• Isotropic is when the three principal stresses are equal in magnitude 

(stress sphere rather than an ellipsoid because all three radii are equal) . 

• Anisotropic when any of the principal stresses are unequal in magnitude

• By geologic convention: σ1 = maximum principal stress 

σ2 = intermediate principal stress 

σ3 = minimum principal stress

• And thus: σ1 ≥ σ2 ≥ σ3

Several common stress states:

Hydrostatic stress (pressure):  σ1 = σ2 = σ3 ≠ 0

General triaxial stress: σ1 > σ2 > σ3 ≠ 0

Biaxial (plane) stress: one axis = 0 (ex. σ1 > 0 > σ3)

Uniaxial compression: σ1 > 0; σ2 = σ3 = 0

Uniaxial tension: σ1 = σ2 = 0; σ3 < 0

Uniaxial test with three 

strain gauges attached
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• Force applied to a surface produces surface stress

• Surface stress – (Force per unit area) varies in intensity 

with the size of the plane 

• The surface stress acting on a 2D plane has 

both magnitude and direction that 

produces traction

• Traction is resolved into normal (σn)

and shear (σs or  τ (tau)) stress components

acting perpendicular and along the plane, 

respectively

• Thus, the stress vector acting on a 

plane can be  resolved into perpendicular 

and parallel vector components 

to that plane

CONTINUUM MECHANICS - MATERIAL STRESS CONCEPTS
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• The trigonometric equations for the stress 

components for a plane depend upon the 

angle θ (theta) relative to the minimum

principal stress direction:

σn = 1⁄2(σ1 + σ3) + 1⁄2(σ1 – σ3) cos 2θ (eq. 3.7)

σs = 1⁄2(σ1 – σ3) sin 2θ (eq. 3.10)

• A force directed along, or parallel with a 

plane has zero (0) resolved normal stress 

and maximum shear stress

• A plane oriented normal to a force has the 

maximum resolved normal stress and zero 

shear stress

• A plane angled at 45o to a directed force 

has the maximum shear stress and an 

intermediate level of normal stress

CONTINUUM MECHANICS - MATERIAL STRESS CONCEPTS

Uniaxial compression: σ1 > 0; σ2 = σ3
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• Mohr Diagrams

• Equations derived for σn and σs do not offer an 

obvious sense of their values as a function of 

orientation of a plane in a stressed body.

• Simple computer program are available but a 

graphical method known as the Mohr diagram 

(Figure 3.8), was introduced over a century ago to 

solve Equations 3.7 and 3.10. 

• A Mohr diagram is an “XY”-type (Cartesian) plot of σs

versus σn that graphically solves the equations for 

normal stress and shear stress acting on a plane 

within a stressed body. 

• In our experiences, many people find the Mohr 

construction difficult to comprehend.
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EXPERIMENTAL DERIVATION OF

STRESS STATES DURING 

MATERIAL FAILURE
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• Differential stress (σd = σ1 - σ3) is the difference 

between maximum and minimum stresses

• The differential stress is always twice the 

maximum shear stress 1⁄2(σ1 – σ3)

• Mean stress (σm = σ1 + σ2 + σ3 ) / 3) is often called the 

hydrostatic pressure because it exerted equally in all 

principal directions.

• Deviatoric stress (σdev = σ - σm ) is the 

difference between the total and mean stress. 

• In geology, we recognize lithostatic pressure, 

the component of in-situ stress resulting from 

lithostatic loading, or thickness above a depth point 

SOME COMMON AND USEFUL STRESS RELATIONSHIPS

Deviatoric stress cause 

shape changes

Mean stresses cause 

volume changes
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• The lithostatic stress component (or pressure) is best explained by a simple but 

powerful calculation. The local pressure is a function of rock density, depth, and 

gravity: 

Lithostatic pressure = Pl = ρ ⋅⋅⋅⋅ g ⋅⋅⋅⋅ h (Eq. 3.16)

• Consider a rock at a depth of 3 km in the middle of a continent. The lithostatic 

pressure at this point is a function of the weight of the overlying rock column because 

other (tectonic) stresses are unimportant. If ρ (density) equals a representative crustal 

value of 2700 kg/m3, g (gravity) is 9.8 m/s2, and h (depth) is 3000 m, we get:

Pl = 2700 ⋅ 9.8 ⋅ 3000 = 79.4 ⋅ 106 Pa ≈ 80 Mpa (or 800 bars)

• For every kilometer in the Earth’s crust the lithostatic pressure increases by 

approximately 27 MPa. 

• But the density of rocks increases with depth: at about 15 km depth the average 

density of the crust is 2900 kg/m3 , and reaches as much as 13,000 kg/m3 in the solid 

inner core.

SOME COMMON AND USEFUL STRESS RELATIONSHIPS
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Two 

horizontal 

tectonic 

stresses:  

minimum

(SHMIN) and 

maximum

(SHMAX) and 

the

vertical

stress due to 

lithostatic 

pressure (SV)

STRESS FIELD OF THE EARTH’S CRUST 
is described using three, compressive principal components or axes
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STRESS TRAJECTORIES AND STRESS FIELDS

• Stress trajectories – Lines connecting the orientation of principal stress vectors at several points 

in a body

• Generally, stress trajectories for the maximum and minimum principal stresses are drawn, and a 

change in trend means a change in orientation of these principal stresses.

• Collectively, principal stress trajectories are used to represent the orientation of the stress field 

in a body.

• In some cases the magnitude of a particular stress vector is represented by varying the spacing 

between the trajectories. 

F I G U R E 3 . 1 3 (a) Theoretical stress 

trajectories of σ1 (full lines) and σ3

(dashed lines) in a block that is pushed 

from the left resisted by frictional forces 

at its base. Using the predicted angle 

between maximum principal stress (σ1) 

and fault surface of around 30° (Coulomb 

failure criterion; Chapter 6) we can 

predict the orientation of faults, as shown 

in (b).
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STRESS FIELDS

• If the stress at each point in the field is the same in magnitude and orientation, the 

stress field is homogeneous; otherwise it is heterogeneous, as in Figure 3.13. 

• Homogeneity and heterogeneity of the stress field should not be confused with 

isotropic and anisotropic stress. 

• Isotropic means that the principal stresses are equal (describing a sphere), but 

their magnitude can vary, whereas homogeneous stress implies that the 

orientation and shape of the stress ellipsoids are equal throughout the body. 

• Therefore, in a homogeneous stress field, all principal stresses have the same 

orientation and magnitude. 

• The orientation of stress trajectories under natural conditions typically is 

heterogeneous, or varies, arising from the presence of discontinuities in rocks, 

the complex interplay of more than one stress field (like gravity), or from 

physical variations in the composition or arrangement of material
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1. Forces in the Earth are quantified by means of a stress tensor, in which the individual components 

are tractions (with dimensions of force per unit area) acting perpendicular or parallel to three 

planes that are in turn orthogonal to each other. 

2. The normals to the three orthogonal planes define a Cartesian coordinate system (x1, x2, and x3)

3. The stress tensor has nine components, each of which has an orientation and a magnitude

4. Three of these components are normal stresses, in which the force is applied perpendicular to the 

plane (acting normal to a plane perpendicular to a principal axis and the other six are shear 

stresses, in which the force is applied along the plane in a particular direction and therefore 

perpendicular to principal axis

5. In all cases, Sij = Sji, which reduces the number of independent stress components to six.

6. At each point there is a particular stress axes orientation for which all shear stress components 

are zero, the directions of which are referred to as the “principal stress directions.” 

10-point summary from PetroWiki.org
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8. The magnitudes of 

the principal stresses 

are S1, S2, and S3, 

corresponding to the 

greatest principal stress, 

the intermediate 

principal stress, and the 

least principal stress, 

respectively. 

9. Coordinate 

transformations 

between the principal 

stress tensor and any 

other arbitrarily 

oriented stress tensor 

are accomplished 

through tensor 

rotations.

7. The stresses acting along the principal stress axes are called principal stresses. 

10-point summary from 

PetroWiki.org (continued 

from previous page)
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10. It has been found in most parts of the world, 

at depths within reach of the drill bit, that the 

stress acting vertically on a horizontal plane 

(defined as the vertical stress, Sv) is a principal 

stress.  

This requires that the other two principal stresses 

act in a horizontal direction. 

Because these horizontal stresses almost always 

have different magnitudes, they are referred to as 

the greatest horizontal stress, SHmax, and the least 

horizontal stress, SHmin

10-point summary from 

PetroWiki.org (continued 

from previous page)
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METHODS OF STRESS MEASUREMENT
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METHODS OF STRESS MEASUREMENT

• Present-day stress determinations, 

like borehole measurements, give 

differential stress magnitudes that 

likewise range from tens to hundreds 

of megapascals.

• Realize, though, that these methods 

only record stress magnitudes in the 

outermost part (upper crust) of Earth

45o dipping plane
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PRESENT-DAY STRESS

From large data 

sets of 

present-day 

stress 

measurements 

we find that the 

results are 

generally in good 

agreement about 

the orientation of 

the principal 

stresses and that 

they compare 

reasonably well 

in magnitude.

RIDER GEO-310 GC Herman Rev.  09/13/2014



STRESS IN 

THE 

EARTH’S 

CRUST
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High horizontal compressive stresses indicate a reverse faulting/strike-slip stress 

regime, consistent with regional stress information from previous studies



• At this site, the minimum horizontal stress magnitude varies from 10 to 25MPa at 

~450m to 20 to 50MPa at ~1350 m. 

• An important trend in the relative stress magnitudes versus depth—horizontal 

stresses decrease steadily with respect to the vertical stress—resulting in a 

gradual transition from a reverse faulting (RF) to reverse faulting/strike-slip 

(RF/SS) stress regime.

• In both scenarios, the shallow interval at 500m depth is critically stressed, and 

therefore, a small change in the effective stress potentially caused by elevated 

pore pressure would induce failure on favorably oriented fractures or faults.

• The deeper intervals in this well, however, could potentially accommodate a 

significant pore pressure increase (of 1–2MPa). 



• In geology, we are commonly faced with situations where we need to ask, if the 

pressure increases or decreases in an area, or within a well, what would be the 

consequences of this pressure change, and under what conditions does the 

substrate rupture, or ‘fail’.

• For example, underground mines release pressure when tunnels are excavated 

in the subsurface. 

• If we know the local stress at a place in the crust, or the in-situ stress field, and 

the orientation of naturally occurring discontinuities (like fractures or “joints”), 

we can predict what planes are likely to fail and slip, given knowledge of the 

type of expected disturbance and the mechanical properties of the rock.

• Similarly, observed ruptures, such as “roof spalls” in mines gives us clues as to 

the orientation of the horizontal principal components of the crustal stress field.

• But in order to work with stress in deterministic studies, we need to understand 

how to quantify the results of applying stress on crustal materials, that is, 

STRAIN, and how strains accumulate from both brittle and plastic strain 

processes.

PRESENT-DAY STRESS
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PRESENT-DAY STRESS AND PLATE-DRIVING FORCES
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