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Context:  This is a stand alone undergraduate exercise that is designed to link the concepts of groundwater movement to landscape stability by using a simple MS Excel model and a case study of a landslide.

Goals:  The goals of this activity include, understand groundwater as an agent in Earth's surface processes, rates of infiltration, and the link between groundwater and natural hazards.
Hydrogeology and Landscape Change 

Today, you will investigate the role of groundwater on landscape stability.  Much of Earth’s surface is shaped by water, both surface water and groundwater.  This assignment has two exercises.  In the first exercise you will perform a sensitivity analysis of the infinite slope equation to determine which parameters are sensitive to change and could cause slope failure.  In the second exercise you will use your knowledge from the infinite slope analysis, your knowledge of hydraulic conductivity and infiltration rates, and data from a landslide that occurred in Vermont to determine the lag time from precipitation to slope failure.
Exercise I: Infinite slope equation
Slope failures are frequently associated with water.  In this exercise you will determine the variables that control slope stability, one of which is the depth to which the ground is saturated.  One way to model slope stability is to use the infinite slope equation which provides the ratio of the resisting forces over the driving forces, or the “Factor of Safety” (F).  If F > 1 the slope is stable; F < 1 indicates an unstable slope and it is prone to failure.
The infinite slope equation is:
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where: F = Factor of Safety, c = root and soil cohesion (kg/m sec2),  = specific weight of soil (kg/m2 sec2), w​ = specific weight of water (kg/m2 sec2), m = fraction of saturated ground above failure plane, h = slab thickness (m),  = slope angle (degrees), and  = internal angle of friction (degrees).
Open up the SlopeWater.xls file.  On each worksheet you can only change the variable highlighted in yellow that corresponds to the worksheet name, the rest of the cells are locked.  I have provided a range of typical values for each variable.  As you change each variable, the “Factor of Safety” is updated and so is the graph.  The last worksheet, “NoParameters” does not have any locked cells and you may change any of the variables.
Before you begin, look at the default values.  What is the Factor of Safety?  

Since the Factor of Safety is just above 1.00, the slope is stable, but not by much.  Your job is to change the variables to determine which variables have a significant affect on the slope stability.

For each worksheet change the appropriate variable, highlighted in yellow, for the ranges provided.  The Factor of Safety values and the graphs will update accordingly.

For each worksheet answer the following questions:

1) At which value, if any, does the slope become unstable?
2) Does “F” change in a consistent manner and what is the range in F?

3) If not, when does the variable become insensitive to additional change?
Cohesion – 6000 Pa and below, yes, 0.75 to 1.19
Gravity - ~13 m sec2, no, 0.88 to 7.25, increasing gravity above about 10 m sec2 has little effect
Density – none, kind of, 1.04 to 1.11, very small changes in F over a large range of density
WaterTable - ~0.5, yes, 0.71 to 1.33
Thickness – ~ 5 m, no, 0.88 to 3.4, small changes in F above 5 m in thickness
Slope – 32.5, no, 0.65 to 388, small changes in F above 30 degrees
InternalFriction –~ 27, kind of,  0.45 to 2.19
4) Now, think in terms of realistic conditions.  For a given slope, which values can change over a short period of time and which ones can be considered constants?
Change – cohesion, WaterTable, Slope (maybe)
Constants – both densities, gravity (after all we are on Earth), internal angle of friction (material property), slab thickness +/- (a failure plane is a failure plane)

5) For the variables that can change, which ones can change naturally and which ones need man’s help?  What insight does this give you on the link between hydrogeology and landscape stability?
WaterTable is the easiest to change naturally, but also cohesion (blowdown) and slope (other slope failures, river erosion) can change naturally but are less likely.  Most likely cohesion will change by cutting vegetation and slope angle by undercutting by man.
Ground saturation is important for landslides.
6) Before you move on to the next exercise, I want you to use the “NoParameters” worksheet to test a few more scenarios.  Start with c = 0 and m = 0, a cohesionless, unsaturated slope.  Now change each variable of the infinite slope equation.  What variables control the slope stability of a cohesionless, unsaturated slope?  Using the defaults, c = 0, = 15, and = 30, change m from 0 to 1.  What happens to the slope stability?  This scenario is representative of many mining tailings that have failed and have killed scores of people.
Slope and internal angle of friction are important in a cohesionless and unsaturated slope.
As you change m from 0 to 1 the slope becomes unstable.

Exercise II: Natural Hazards and Groundwater

You just completed an exercise that highlights the importance of groundwater on slope stability.  Now that you know that hillslopes can fail with various degrees of ground saturation, I want you to determine the timing of landslides.  In this exercise you will complete a simple set of calculations to determine the lag time between rainfall and slope failure.  This exercise is based on a landslide that occurred in Jeffersonville, VT.
Geology and History
The Jeffersonville hillslope is 46 m high.  The Brewster River is at the bottom of the hillslope and can erode the bank.  The hillslope is composed of 43 m of alternating layers of silt and fine sand overlain by 3 m of sand and gravel.  The surface of the hillslope has little vegetation because most of recent and frequent surface slumps that remove the vegetation.

On April 11 and 18, 1999, the hillslope failed producing >23,000 m3 of debris that crossed the Brewster River and traveled over 300 m onto tennis courts in the adjacent floodplain, and only a few hundred meters from a school.  Luckily, the landslides occurred early in the morning and nobody was injured.  Initially, the cause of the landslides were puzzling because there was not any precipitation during the previous two weeks.  In fact, during the previous six months (October to March) the precipitation was below the annual average.  

The failure plane was 5 m above the river and the bank near the river did not fail, suggesting that the river was not the immediate cause of the landslide.  The dry period preceding the landslide also was not the immediate cause.  Your job is to use your knowledge of hydrogeology to determine if the wet summer of 1998 could have caused the landslide 6 months later.
1) Use your knowledge of hydraulic conductivities to determine reasonable values for these sediments.  How do these values correspond to infiltration rates typical for silty soil, ~8 mm/hr?  How does hydraulic conductivity change for unsaturated soil and how would this affect infiltration?
K = 10-3 to 10-7 cm sec-1 for silt and silty sand
8 cm/hr = 2.2 x 10-4 cm sec-1 – so they are in the same range

K is lower for an unsaturated soil and would slow down the water movement.
2) Calculate a range of days that would it take for the water to reach the failure plane using your hydraulic conductivity estimates and the infiltration rate estimate?  
10-3 cm sec-1 would require 47 days
10-7 cm sec-1 would require 475,000 days or 1,300 years

2.2 x 10-4 cm sec-1 would require 216 days

3) The first landslide occurred on April 11.  We already know that the river or recent precipitation did not cause the landslide.  However, the summer of 1998 was the wettest on record, 175% of average.  Assuming the wet summer ended on September 30, does the number of days from the end of the summer to the first landslide correspond with the range you calculated above?

193 days is within the range
4) Why are the capping sands and gravels important for saturating the silty hillslope?

Sands and gravels have a high infiltration rate and can store the groundwater and let it slowly infiltrate the silts below.  Otherwise the water would runoff of the surface.
5) What insight does this give you about groundwater, infiltration rates, and hazard mitigation?
It is important to characterize (measure) infiltration rates well in order to predict when landslides could occur.  Also, one must know the initial elevation of the groundwater table to determine the time to potential failure.
6) Finally, use the SlopeWater.xls program and the “NoParameters” worksheet to predict the percentage of the hillslope that was saturated before failure.  Use these parameters: c = 13,000 (for cohesive lake silts), g = 9.8,  = 1600, w = 1000, h = 3, = 30, and = 17.  At what fraction of saturation does the model predict the hillslope failure?
The model predicts failure at 0.5.
7) Now it is your turn to dazzle me, what else have you learned in this exercise?

I usually look for students to make links to other course material, links to recent events, links to other courses, or just let them show that they were thinking deeper than the assignment.  This last question usually separates the A’s from the B’s.
_1179051910.unknown

