An Assessment of Hillslope Stability Using the Factor of Safety 

How Sensitive is the Balance Between Driving and Resisting Forces?

Learning Goals: 

· Predict hillslope stability using the Factor of Safety (FS)

· Assess which variables involved in calculating FS are mostly likely to change 

· Construct an Excel spreadsheet to calculate FS

· Assess the sensitivity of FS to changes in hillslope parameters

Part I.  Assessing Slope Stability Using Factor of Safety

   Engineering geologists often use the relationship between shear stress (the component of stress that operates in the down-slope direction, Fs) and shear strength (the properties that resist shear stress, i.e., cohesion + normal stress (FN)) to carry out a slope stability analysis.  As we discussed in class the ratio of shear strength to shear stress is called the factor of safety.  We can consider this ratio for the simplified case of a planar failure on an infinite slope as pictured below.  When this ratio is greater than 1, shear strength is greater than shear stress and the slope is considered stable.  When this ratio is close to 1, shear strength is nearly equal to shear stress and the slope is unstable.
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   In this exercise, you will consider the different variables that go into calculating the factor of safety.  You will then assess which variables are likely to change over the relatively short time scale of weeks to years and which variables are intrinsic to the slope or the material making up the slope.  The primary goal of this exercise will then be to carry out a sensitivity analysis.  This analysis will allow you to determine which variables most affect the factor of safety (and thus slope stability) when they change.  

1. Write out the equation for the factor of safety and define all of the variables.
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FS = 

2. You own a geotechnical engineering firm in central California and your company has been hired to conduct a slope stability analysis.  Consider a 10.0 m-thick mass of regolith sitting on top of a bedrock surface with a slope of 14 degrees.  A home is located at the top of this slope (and set back from the edge only 20 m).  Upon an initial visit, you determine that the regolith is unsaturated.  You also estimate the following additional parameters for this site:  

regolith cohesion = 1100 N/m2
regolith angle of internal friction = 15o
density of regolith = 2200 kg/m3
(density of water = 1000 kg/m3)

a. Calculate current values for shear strength and shear stress on this slope.  Show your work. 

shear strength = 

1100 N/m2  + ((2200 kg/m3  * 9.8 m/s2 * 10 m * cos 14 o) – (1000 kg/m3  * 9.8 m/s2 * 0)) tan 15 o
= 5.7 x 104 N/m2
shear stress = (2200 kg/m3  * 9.8 m/s2 * 10 m * sin 14 o) 
= 5.2 x 104 N/m2
b. What is the value for the Factor of Safety?  Would you consider the slope currently stable?  Explain your answer.  

FS 
=   5.7 x 104 N/m2  
     5.2 x 104 N/m2

FS 
=   1.10

According to the factor of safety this slope is currently stable.  But, the FS is only slightly above 1 indicating that the shear strength and shear stress are actually fairly close to equal.

c. What your advice to the homeowners regarding the safety of their home? What remediation can you suggest if any is needed?
I would advise the homeowners to be cautious.  Because FS is only slightly over 1, any changes to the slope that decrease the shear strength or increase the shear stress could cause failure.  The homeowners may want to consider evacuating their home (especially if heavy rainfall occurs) or providing support below the slope if feasible.  Dewatering the slope may prevent slope failure from occurring.  
3.  Considering the situation described above, which two variables are most likely to change over time scales of interest to the homeowners?  Under what circumstances, and to what degree, would you expect these variables to change?  

Depth of water and cohesion are most likely to change over short time scales.  With heavy rainfall the regolith could become saturated to some depth, perhaps up to a few meters depending on how much rain the slope receives and how well the slope drains.   Since this location is in central California, an earthquake could cause regolith cohesion to decrease to zero momentarily due to shaking.  Loss of vegetative cover can also decrease cohesion significantly.  

4.  Which of the variables listed in question 2 are either intrinsic to the materials found at the site or site dependent, and why?  

Regolith density will depend on the type of material found on the slope because different sediments and rocks have different densities.  Regolith cohesion will also depend on the type of material found on the slope, i.e., some sediments are more cohesive than others, e.g., clay (more cohesive) vs. sand (less cohesive).  The slope angle could change over time, for example, due to regional titling or faulting, but in general this variable will remain constant for a particular location.    

Part II.  A Sensitivity Analysis

1.  Now, in preparation for the sensitivity analysis, you will develop an Excel spreadsheet to automatically calculate the factor of safety.  Open factor_of_saftety.xls and note that the parameters listed in Part I, question 2 have already been entered for you.  The variables are highlighted in yellow and constants are shown below.  Click on the cell to the right of “shear strength” (B15) and create an expression that will calculate the shear strength.  Repeat this process for the cell to the right of “shear stress” and “factor of safety.”  Note that all angles will need to be converted to radians by multiplying by Pi and dividing by 180.  To do this in Excel you’ll need to multiply by the quantity PI()/180.  Also note, that your FS in cell B15 should equal your solution to question 2b in Part I.  

Now we will conduct a sensitivity analysis.  To accomplish this, you will change one hillslope parameter at a time, noting the new value of FS. The key to a sensitivity analysis is to change one parameter at a time.  For this reason, it is crucial to return the spreadsheet to the initial values in between each test.  It can be useful to consider your answers in terms of the percent change in FS that occurs.  
2. Let’s first consider the two variables that are most likely to change over short time scales, namely cohesion and water depth.    

i. Cohesion: 

a. How much does the factor of safety change if the cohesion value is reduced to zero?  Does the slope become more or less stable, and by how much?

FS drops from 1.10 to 1.07, which is a drop of 3%, when cohesion is reduced by 1100 N/m2, or over 1000 times.  Thus, the slope becomes less stable, but only slightly.  (But…importantly, though this change is small it is important because we are so close to one!)
b. Why does FS change in this way?  Use the mathematical relationships between variables in your explanation.

The factor of safety decreases because cohesion appears in the numerator as a component of shear strength.  Stability only decreases slightly because cohesion is simply added to the sum of the normal force and effective stress.  
ii. Water Depth: 

a. How does the factor of safety change if the water depth increases by a factor of 2?  Does the slope become more or less stable, and by how much?  How does this compare to the example above?

When water depth is increased to 2.0 m, FS drops from 1.10 to 1.00, which is a decrease of 9%.  The slope becomes less stable to the point where shear stress and shear strength are equal.  This is greater than the reduction that occurred due a decrease in cohesion, and we only adjusted the variable by a factor of 2 instead of a factor of approximately 1000. 

b. Why does FS change in this way?  Use the mathematical relationships between variables in your explanation.

The factor of safety decreases because water depth appears in the numerator as a component of shear strength.  Stability decreases more in this case, than in the case in i, because water depth is a multiplier in the equation for effective stress (the right half of the numerator).  As effective stress increases, the numerator decreases, and thus the overall ratio decreases.  

3. Now we will consider the more intrinsic variables, i.e. variables that are specific to a material or a site, but that could change from location to location.  These include regolith cohesion, the angle of internal friction and slope.  

i. Regolith Cohesion: 

a.  How does the factor of safety change if the regolith cohesion value is increased by 1000 times from its original value?  NOTE: This would be similar to saying that the unit was rock instead of sediment. Does the slope become more stable or less stable?  

FS increases dramatically from 1.09 to 22.16 (an increase of over 2000%) indicating that the slope is very stable.  

b. How does this compare to the response to a change in regolith cohesion in question 2i and why is the response different? 

In both cases regolith cohesion was reduced by 1000.  However, when increasing regolith cohesion to simulate the change to rock, this portion of the numerator becomes large relative to the normal stress and the effective stress.  Thus, it plays a much more important role in stabilizing the slope than the value for regolith cohesion of sediment does. 
ii.  Angle of Internal Friction

a.  How does the factor of safety change if the angle of internal friction increases by a factor of 2?  Does the slope become more stable or less stable?

FS increases from 1.10 to 2.34.  This represents an increase of over 100% and the slope becomes more stable.  

b. Why does FS change in this way?  Use the mathematical relationships between variables in your explanation.

Doubling the angle of internal friction increases the shear strength by greater than a factor of 2 because the tangent of the angle of internal friction is a multiplier in the shear strength equation.  

iii. Slope: 

a. How does the factor of safety change if the slope is steeper by a factor of 2?  Does the material become more or less likely to fail?

The FS decreases from 1.10 to 0 .51, which is a decrease of over 50%.  Failure would likely have occurred before such an imbalance was reached.  

b. Why does FS change in this way?  Use the mathematical relationships between variables in your explanation.

Increasing the slope angle causes the denominator to become significantly larger and the numerator to be reduced only slightly.  This occurs because cosine theta changes slightly from 0.96 to 0.87 thus decreasing the numerator, whereas sine theta changes (in the denominator) increases from 0.25 to 0.50.  

4. Provide a summary of the results of your sensitivity analysis.  In this summary you should use the results of your analysis to conclude which variables are most important in determining slope stability.  Also address which factors included here are the least important and provide an explanation as to why.  
5.  The factor of safety doesn’t change a lot when cohesion changes (i.e., the factor of safety is not highly sensitive to changes in cohesion).  But, when might changes in cohesion still be very important in causing slope failure?  

When FS is close to one, even small changes in FS can cause slope failure.  

6.  Where else in your study of geoscience might a sensitivity analysis provide insight?
7.  Admittedly, the expression we have used for this exercise involves a necessary simplification of the factors that determine hillslope stability.  What important assumptions underlie the FS equation you have used in this exercise?  How do these assumptions affect the applicability of your analysis? 

Here we are assuming that:  the failure surface is planar, the thickness of regolith is constant, gravitational acceleration is constant and that the density of the regolith is constant.  The applicability of our results is limited to situations where these assumptions hold reasonably well.  We cannot, for example, use this equation to analyze hillslopes where rotational failure will occur.  
8. Despite the assumptions we have made, what can you say about how and why each of the human activities listed below will likely affect hillslope stability?   You will need to extend your thinking qualitatively in one case.  
a. Slope dewatering  

b. Vegetation removal 
Slope dewatering will make the hillslope more stable because it will increase the normal stress, thus increasing the shear strength and the numerator of the FS. 

The removal of vegetation will decrease stability because it will reduce cohesion, thus decreasing shear strength and decreasing the numerator of FS.  
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FS = shear stress


FN = normal stress


 = slope angle


W = height of water table
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� EMBED Equation.3  ���= density of regolith


H = regolith thickness


� EMBED Equation.3  ��� = slope angle


g = acceleration due to gravity 


� EMBED Equation.3  ���w = density of water


� EMBED Equation.3  ��� = angle of internal friction 


W = thickness of water
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