ATTENTION:
Your grade for this assignment is based on your answers to the end-of-module
questions AND the post-test. If you DO NOT take the post-test you will NOT be
eligible for full points.
The module itself will take approximately 2 hours to complete. Please do not leave
this until the last minute.
What to do if you get locked out during a quiz
If you enter an incorrect answer and are then unable to try to re-enter a new answer
do the following to unlock the module: exit the module completely by closing the
window, re-open the module, when asked if you would like to start where you left off
say ‘no’. You will have to re-enter all of your quiz answers again, however this will
unlock the module for you.

Landslides!!!
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Calculating the factor of safety for various slopes.
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Getting started
Landslides occur all over the world. From Oregon, USA to Sichuan
Province, China. Anywhere where there is topographic relief (e.g. hills
or mountains) is susceptible to landslide hazards.

The maps to the left shows all landslides
throughout the world for 2003, 2007, and
2008. The map below shows landslides
within the United States through 1982
(red areas shows areas with highest
number of landslides.

Kirschbaum et al., 2009

Map from USGS
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Getting started

Landslides often cause extensive damage:
from damage to cars and people on the
roadways, to collapsing of streets and
neighborhoods…..

Photo from USGS

Photo from USGS

Photo from USGS
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Getting started

They may even bury entire portions of
cities in a matter of seconds to minutes.
So understanding the hazards posed by
landslides is incredibly important to help
minimize the risk to people and property.
One way of doing this is to calculate the
stability of a hillside (i.e., slope stability)
using an equation for the Factor of Safety.

After completing this module you should be
able to:
• Calculate the factor of safety for a slope
• Understand force and stress
Photo from http://www.geog.ucsb.edu

• Compare various slopes and determine
which is “safest”
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Landslide – La Conchita, CA
La Conchita Landslide – 1995
In March 1995, at 2:03AM 1.3 million m3 of hillside gave way behind the row of houses shown
in the pictures below after several days of higher than normal rainfall. The slide moved several
tens of meters in a matter of minutes, destroyed nine houses, but thankfully did not take any
lives (Jibson, 2005). Thanks in large part to evacuations ordered after a report of cracks
appearing in the surface at the ranch on top of the bluff.

Photo from USGS

Photo from USGS

Both photos show the 1995 landslide and the small town of La
Conchita. The photo above is an oblique false-color infrared
image.
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The setting – La Conchita, CA
La Conchita Landslide – 2005
Ten years later on a rainy January afternoon, the hill behind La Conchita remobilized and
200,000 m3 of the material from the 1995 slide again raced down the slope. This time the slide
went much farther into the small town destroying 13 houses, damaging 23 others, and killing 10
people (Jibson, 2005). Although the volume of material that slid during this event was much
smaller than the volume of material involved in the 1995 landslide it wreaked more havoc for
several reasons: The 2005 slide moved swiftly over the surface of the 1995 slide, was
channeled by a retaining wall installed after 1995, and many of the residents of La Conchita
were trapped in town due to mudslides that covered the only way in or out of town to both the
North and the South.

The photo to the left shows the town of
La Conchita shortly after the January
2005 slide. Notice how far into the town
the slide went and the large area it
covered.

Photo from USGS
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Gravitational force
All objects on the surface of the Earth are subject to the pull of gravity (otherwise we would all
float off into space!). The force of gravity pulling on an object is a quantity that has both
magnitude and direction, which we call a vector (See Slide 29) for more information on
vectors). If we have a block on a flat surface the force of gravity pulls downward (towards the
center of the Earth) with a magnitude equal to the mass (m) of the object times the gravitational
acceleration (g=9.8 m/s2).
fg = m x g
Since the block is on a flat surface the gravity vector points straight down (as in the figure on
the left below) and the force acting on the block is perpendicular to the surface with no force
acting parallel to the surface. If the surface is vertical then the force of gravity acting on the
block would be parallel to the surface with none of it acting perpendicular to the surface (as
seen in the figure to the right below).

fg = mg
fg = mg
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Normal force, shear force, and gravitation force
For an instance where the slope is inclined at some angle θ (between horizontal and vertical)
some of the force of gravity is directed parallel to the surface and some perpendicular to the
surface (as shown in the figure below). These two components are called the normal force (fn)
and the shear force (fs) and the sum (by vector addition) is equal to the force of gravity (fg). The
shear force helps move the block down the slope while the normal force resists movement by
helping the block “stick” to the slope.
The normal force (fn), shear force (fs), and force of gravity (fg) form a right triangle with fg as the
hypotenuse and fn and fs as the two other sides of the triangle and θ as the angle between fn
and fg. Using some simple trigonometry we can come up with the equations for fn and fs (for a
review of trigonometry and right triangles see Slide 30).
Remember SOH, CAH, TOA

Inclined
plane

sin (θ) = opposite/hypotenuse
fs

Block

fn

fs

Normal
force

fn

fg

Force of
gravity

cos (θ) = adjacent/hypotenuse

θ fg

Shear
force

fn
θ

Angle of
slope

fs

sin (θ) = fs/fg
cos (θ) = fn/fg

Solve for fs and fn
fs = fg * sin(θ)
fn = fg * cos (θ)
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Friction and cohesion
So far we’ve talked only about the angle of the slope. But in real life we must consider all the
other possible contributions to the movement of the block. In our case this means the friction
and cohesion. Friction is the force that resists the motion of an object. For example brakes on
a car use friction to slow the car down, the same thing is true in the case of landslides. Friction
slows down the block as it moves down the slope and is therefore another force resisting the
movement of the block. Cohesion is a measure of the ability of the particles (e.g., clasts,
minerals, etc.) to stick together due to either chemical bonds, electrical charges, or surface
tension. Cohesion is also a resisting force.

Inclined
plane

Friction and
cohesion
Block

fs

Normal
force

fn

fg

Shear
force

Force of
gravity

θ

Angle of
slope

A good way to imagine the differences in
cohesion is to think of the difference between dry
sand, wet sand, and wet clay. How well does the
dry sand “stick” together? How about the wet
sand? How about the wet clay? How would each
of these materials behave on an inclined surface?
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Slope Stability – Factor of Safety

Geologists and engineers have developed ways of calculating whether or not a slope will slide,
in other words what the stability of the slope is. For the most part these techniques are quite
complex, but one of the more simple ways of determining the stability of a slope is through the
calculation of the Factor of Safety. The Factor of Safety is a unitless number that is calculated
by taking the sum of all the resisting forces and dividing them by the sum of the driving forces.
The equation takes the following form:

F

C    tan 



Where C is the cohesion (how well the particles stick together), σ is the normal stress, ϕ is the
friction angle of the material, and τ is the shear stress. A slope with a Factor of Safety above 1
is considered stable, but anything below 1 is considered unstable, and likely to fail.
In the following module you will explore how the Factor of Safety (and hence the stability of the
slope) changes with different soil types, cohesions, and slope angles.
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Normal and shear stress

The formula for the Factor of Safety from Slide 11 includes the variables normal stress (σ) and
shear stress (τ). So far we’ve only discussed the normal force (fn) and shear force (fs), so how
do these relate to the normal stress and shear stress?
Stress is simply the force per unit area. So when we talk about the normal stress (σ) it is simply
the ratio of the normal force (fn) acting on a certain area (A), or in equation form:
σ = fn / A
or for the shear stress (τ)
τ = fs / A
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The Problem: Dry condition

Using the simple block and inclined plane analogy you will now calculate the factor of
safety for each type of soil listed for the dry case, given the cohesion and friction angle
values for each soil type and the dimensions and density of the block, the angle of the
slope, and g. You will perform your calculations and enter your answers in the worksheet
provided which looks like the one below.

Cells with Given information

Cells with Formulas
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The Problem: Dry condition

The dimensions of the block are 15 m x 15 m x 30 m. The density of the block is 2,750
kg/m3. You will need to use this information to calculate the mass of the block (in kg) and
the area of contact between the block and inclined plane.
To calculate the mass of the block you will need to determine the volume of the block and
multiply that times the density according to the following equation:
Volume (m3) * density (kg/m3) = mass (kg)
Calculate the mass and area for the dry conditions in Section 1 of your spreadsheet.

15 m

15 m
Block
30 m
Inclined
plane

Return to Slide 22.
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The Problem: Dry condition
Excel’s TAN, COS, and SIN functions all require the use of radians instead of degrees. So
first you must convert the angles in degrees to radians using to the following equation:
Degrees = radians x (180 / π)
You can also use Excel’s “RADIANS” function. Calculate the angle of the slope in radians
(Section 2) and the friction angles in radians for the dry condition for all soil types in
Section 4 of your worksheet.
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The Problem: Dry condition

Now you must calculate the force of gravity, normal and shear forces, and normal and
shear stresses for the dry condition in Section 3 of your worksheet using the equations we
derived earlier.

See list of equations on Slide 26.
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The Problem: Dry condition

Finally, you can calculate the factor of safety for each type of soil for the compacted dry
soil case in Section 4 of your worksheet.

See list of equations on Slide 26.
Which hillside is the most stable? Are any of them unstable?

Return to Slide 27.
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The Problem: Dry condition

Now play with the angle of the slope, increasing it by 5° at a time. How does the factor of
safety change for each soil type? Which soil type becomes unstable first? At what angle
does it first become unstable? At what angle do ALL the soil types become unstable?

Hint: If you’ve entered all the formulas
correctly, then all you need to do is change this
number and the spreadsheet will calculate the
new factors of safety.

See list of equations on Slide 26. Return to Slide 27.
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The Problem: Saturated condition
You’ve examined the stability of our simple hillside under dry conditions, but what happens
when it rains??? First, you add mass to the block (in the form of water) and second, you
change the cohesion. And both of these will affect the factor of safety.
So, let’s imagine that we take the same block (15 m x 15 m x 30 m) and add 2000 m 3 of
water to the block. Remember, that we must change the volume of water into mass of
water so that we can add the mass of the water to the mass of the block. This is the same
calculation we just did on Slide 14 Only this time the density of water is 1000 kg/m3. Now
you can calculate the area and new mass of the block under saturated (i.e., filled with
water) conditions in Section 1 of your worksheet.
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The Problem: Saturated condition
Now calculate the factor of safety for the new saturated block using the same steps as you
did for the dry block. You will use Sections 3 and 4 of your worksheet.
How do the factors of safety compare to those for the dry block with a slope angle of 10°?
How do they change when you change the slope angle? At which slope angle do ALL the
slopes with different soil types become unstable? How does this angle compare to that for
the dry condition?
See list of equations on Slide 26.
Return to Slide 27.
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Equations and variables
Here is a list of the equations and variables used in this module for reference.
Equations
fg = m * g
fs = fg * sin(θ)
fn = fg * cos (θ)
Degrees = radians x (180 / π)
ρ = m/V
F = C + [σ * tan(φ)]
τ

Variables
fg = force of gravity
fs = shear force
fn = normal force
F = factor of safety
θ = angle of slope
m = mass
g = gravitational constant (9.8 m/s2)
ρ = density
V = volume
C = cohesion
σ = normal stress
τ = shear stress
φ = friction angle

Return to Slide 17, Slide 19,
Slide 21, Slide 24.
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End-of-module assignments
1. Answer the questions on slides 19, 21, and 24.
2. Now write a short summary of what you have learned about the stability of slopes
composed of different materials and either dry or saturated conditions. Which situation is
the most stable?
3. In this module we grossly simplified landslides by assuming they could be represented by a
single block sliding down an inclined plane. How are landslides in the real world different?
4. Now that you’ve finished this module describe some simple ways to increase the factor of
safety for an unstable hillside?

5. For the saturated condition, to determine the volume of water added to the block I assumed
that the block contained 30% porosity and that this entire volume was filled with water. Now
redo the calculations for the saturated condition using a porosity of 50%. How would your
answers change? For a refresher on porosity see slide 32.
6. What if the porosity is 30%, but only half-filled with water and half-filled with air?
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Endnotes - Vectors
A vector is a quantity with both magnitude and direction. Vectors are generally drawn as
arrows that point in the direction of the vector and have a length equal to the magnitude of the
vector. For example, in the figure below the vector is the red arrow, drawn at some angle θ to
the x-axis.
Any vector can be broken down into its components, in the case of the figure below our vector
has two components (blue and green arrows). The blue arrow is the x-component of the vector
and the green arrow is the y-component of the vector, they both have magnitudes which we
can determine by using a little bit of trigonometry.

Return to Slide 8.

θ
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Endnotes - Vectors
Notice that the vector and its x- and y-components form a right triangle. This will help us
determine the magnitude of the x- and y-components. Remember from trigonometry that the
side opposite the right angle is called the hypotenuse, in our case this is the red vector. Now, as
long as we know the angle θ, and the magnitude (i.e. length) of the hypotenuse we can
determine the magnitudes of the opposite (green y-component) and adjacent (blue xcomponent) sides of the triangle using the rules of right triangles and a little trigonometry.
Remember SOH, CAH, TOA
The sine of the angle θ is equal to the magnitude of the opposite side of the triangle divided by
the magnitude of the hypotenuse. The cosine of angle θ is equal to the magnitude of the
adjacent side divided by the magnitude of the hypotenuse. And the tangent of the angle θ is
equal to the magnitude of the opposite side divided by the magnitude of the adjacent side.

hypotenuse

Producing these equations:
opposite

sin (θ) = opposite/hypotenuse

cos (θ) = adjacent/hypotenuse
θ

tan (θ) = opposite/hypotenuse
Return to Slide 9
adjacent
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Endnotes - Vectors
So, in our case we are trying to determine the magnitudes of the x- and y-components. To do
this we must know the angle θ and the magnitude of the hypotenuse, which have been supplied
in the figure below.
To find the x-component (blue) we use the cosine equation and solve for the adjacent side.
cos (θ) = adjacent/hypotenuse
adjacent = hypotenuse * cos (θ)
To find the y-component (green) we use the sine equation and solve for the opposite side.
sin (θ) = opposite/hypotenuse
opposite = hypotenuse * sin (θ)

10
?
40

?

So in the case here the magnitude of the x-component
is 7.7 and the magnitude of the y-component is 6.4.
Make sure you understand how we got those numbers.

31

Endnotes - Porosity
If we fill a beaker with a bunch of rocks as in the picture below, those rocks will not fit together
perfectly. There will be spaces left between the rocks, these spaces are called pores.
Collectively these pores are called the porosity, and we estimate porosity using a percentage.
So for instance, the picture below shows approximately 30% porosity. This means that ~70%
of the space in the beaker is taken up by rocks and 30% by air. If we were to fill this beaker
with water all the way to the top, the water would fill in the pores and we would then have 70%
rocks and 30% pore space filled with water.

Return to Slide 27
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