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ABSTRACT 

 The water level in Lake Michigan has been rising since 2013. Historically, erosion of 

the bluffs along the shoreline has increased during times of lake level increase. Erosion 

begins at the bluff toe and progresses upslope, potentially damaging infrastructure at the bluff 

crest. The factors controlling stability for the three bluff types, distinguished by height and 

retreat type, were investigated using Scoops3D, a three-dimensional limit equilibrium 

stability model. The bluff types can be summarized as follows: 25 m height with parallel 

retreat, 40 m height with complex retreat, and 15 m height with complex retreat. For each 

study site, high-resolution (10 cm) elevation models were created from photographs collected 

by drone using Structure from Motion, and steady state groundwater models were developed 

using MODFLOW. These were used as inputs for Scoops3D along with physical properties 

of the sediment reported in the literature. Unstable areas were verified through comparison to 

the photographs at all sites and a repeat drone flight at one study site. Slope angle and 

relative strength of the sediment appeared to be the most significant factors controlling 

stability, while the pore water pressure from the depth below the water table acted as a 

destabilizing agent. Increases in the water table, even for short periods, cause previously 

stable areas to become unstable. Scoops3D was able to capture the retreat type associated 

with each bluff type, and the relative location of unstable areas along the bluff face suggest 

that the upslope progression of erosion reaches the crest of shorter bluffs faster than taller 

bluffs. 

  



ii 

 

ACKNOWLEDGEMENTS 

 Many people played a part in the completion of this thesis. First and foremost, I 

would like to thank Lucas Zoet, Elmo Rawling, and Michael Cardiff for their guidance. This 

work could not have been completed without the assistance of my research assistants Chelsea 

Volpano and Matthew O’Boyle. Wisconsin Sea Grant provided the funding that allowed me 

to focus on this research and purchase the tools required for field work. The field work would 

not have been possible without the permission of Andrew Struck, Jay Christopher, and the 

other landowners that provided access to the bluffs. Dave Mickelson was an invaluable 

reference for anything and everything bluff related, and conversations with him allowed this 

work to progress in a timely manner. I also would like to thank the members of the Surface 

Processes Group and Hydro Group for all of the support they gave me in preparing 

presentations, allowing me to bounce ideas off of them, and making the office a great place 

to work. Lastly, I want to thank my parents for allowing me to take this path to graduate 

school and encouraging me to always push forward. 

  



iii 

 

TABLE OF CONTENTS 

Abstract……………………………………………………………………………………i 

Acknowledgements……………………………………………………………………….ii 

List of Figures……………………………………………………………………………..v 

List of Tables…………………………………………………………………………….vii 

Introduction………………………………………………………………………………..1 

 Coastal Erosion Processes…………………………………………………………2 

 Types of Failures…………………………………………………………………..8 

 Geologic Setting of the Western Shore of Lake Michigan………………………..9 

 Study Area………………………………………………………………………..13 

Methods…………………………………………………………………………………..15 

 Stability Analysis………………………………………………………………...15 

Structure from Motion…………………………………………………………...18 

Stratigraphy……………………………………………………………………....22 

 Groundwater Models…………………………………………………………......24 

 Scoops3D…………………………………………………………………………27 

 Sediment Budget Estimation…………………………………………………......29 

 Change Detection…………………………………………………………….......29 

Results……………………………………………………………………………………32 

Digital Elevation Models………………………………………………..………..32 

Groundwater Models……………………………………………………………..33 

  



iv 

 

Stability Analysis………………………………………………………………..34 

 Change Detection…………………………………………………………...…...36 

Discussion……………………………………………………………………………….37 

 Comparing Predictions to Observations………………………………………...37 

 Evolution of Bluff Recession………………………………………………........40 

 Volume Estimation……………………………………………………………....43 

 Possible Causes of Instability…………………………………………………....46 

Conclusion.….…...…………...…………………………………...………….....….……54 

References…………………………………………………………………....………….57 

Appendix 1: Figures……………………………………………………………………..63 

Appendix 2: Flight Planning Manual…………………………………………………..113 

Appendix 3: GPS Processing Guide…………………………………………………....123 

Appendix 4: Structure from Motion Processing Guide…………………………….…..142 

   



v 

 

LIST OF FIGURES 

Figure 1. Lake Michigan annual water level…………………………………………....63 

Figure 2. Evolution of bluff recession…………………………………………………..64 

Figure 3. Laurentide ice sheet lithostratigraphy in Wisconsin………………………….65 

Figure 4. 2007 bluff stability along Lake Michigan shoreline………………………….67 

Figure 5. Shoreline stretches that were analyzed in this thesis…………………………69 

Figure 6. Force diagram for Bishop’s Simplified Method……………………………...70 

Figure 7. Principle of Structure from Motion…………………………………………..70 

Figure 8. Example of ground control point……………………………………………..71 

Figure 9. Ground control point layout for the study sites………………………………72 

Figure 10. Comparison of point cloud to photograph…………………………………..73 

Figure 11. Stratigraphy at each study site………………………………………………74 

Figure 12. Example of seep in photograph from Sheboygan…………………………...76 

Figure 13. Domain setup for the groundwater models……………………………….....77 

Figure 14. Hillshades of digital elevation models……………………………………....78 

Figure 15. Identification of accuracy overestimation ratio……………………………..79 

Figure 16. Histograms showing the results from the jackknifing analysis……………..80 

Figure 17. Histograms showing uncertainty estimates based on repeat flights………...81 

Figure 18. Map and profile view of the groundwater model results for Sheboygan…...82 

Figure 19. Map and profile view of the groundwater model results for Ozaukee….......83 

Figure 20. Map and profile view of the groundwater model results for Kewaunee…....84 

Figure 21. Factor of safety map for Sheboygan study site……………………………..86 



vi 

 

Figure 22. Factor of safety map for Ozaukee study site………………………………..87 

Figure 23. Factor of safety map for Kewaunee study site………………….…………..88 

Figure 24. DEM of Difference for Sheboygan study site between May and Sept….......90 

Figure 25. DEM of Difference with photograph comparison…………………………..91 

Figure 26. DEM of Difference with photograph comparison…………………………..92 

Figure 27. DEM of Difference with photograph comparison…………………………..93 

Figure 28. DEM of Difference with photograph comparison…………………………..94 

Figure 29. Factor of safety map with photograph showing failure at Sheboygan……...95 

Figure 30. Factor of safety map with photograph at Ozaukee……………………….…96 

Figure 31. Factor of safety map with photograph at Kewaunee………………………..97 

Figure 32. Isolated erosion event in DEM of Difference at Sheboygan………………..98 

Figure 33. Histograms showing slope angle of bluff face at each study site………….100 

Figure 34. Comparison of slope map to factor of safety map at Sheboygan………….101 

Figure 35. Comparison of slope map to factor of safety map at Ozaukee…………….102 

Figure 36. Comparison of slope map to factor of safety map at Kewaunee.………….103 

Figure 37. Histograms of slope angle for stable and unstable areas of bluff face…….104 

Figure 38. Map of unstable failure surfaces below the water table at Sheboygan…....106 

Figure 39. Map of unstable failure surfaces below the water table at Ozaukee………107 

Figure 40. Map of unstable failure surfaces below the water table at Kewaunee….....108 

Figure 41. Factors of safety for unstable surfaces above and below water table……..109 

Figure 42. Histograms of maximum depth below water table for unstable surfaces…110 

Figure 43. Unstable surface slope angle histograms above and below water table…..111   



vii 

 

LIST OF TABLES 

Table 1. Average composition of stratigraphic units…………………………………...66 

Table 2. Classes of failing bluffs along the Great Lakes……………………………….68 

Table 3. Parameters for field work layout……………………………………………...71 

Table 4. Initial values for parameters in the groundwater models……………………...75 

Table 5. Strength properties used in Scoops3D………………………………………...75 

Table 6. Vertical uncertainty in the DEMs using overestimation ratio………………...79 

Table 7. Vertical uncertainty in the DEMs based on jackknifing analysis…………….79 

Table 8. Mass balance and calibration target RMSE values for groundwater models....85 

Table 9. Calibrated parameter values for the groundwater models…………………….85 

Table 10. Percent of bluff face area that was unstable in Scoops3D analysis………….89 

Table 11. Volume estimates for erosion if all unstable areas were removed…………..99 

Table 12. Mean slope angle for stable and unstable regions along bluff face………...105 

Table 13. Unstable surfaces intersecting the water table……………………………...105 

Table 14. Comparison of unstable factors of safety above and below water table…....109 

Table 15. Comparison of max depths below water table for unstable surfaces……….110 

Table 16. Comparison of unstable surface slope angle above and below water table...111 

 

  



1 

 

INTRODUCTION 

 Erosion of the bluffs along the Lake Michigan shoreline is of public concern for two 

reasons. The first concern is that the removal of material will damage infrastructure at the top 

of the bluff. A secondary concern is the effect the erosion, or effort to minimize erosion, has 

on the nearshore hydrodynamic environment. In the nearshore environment sediment travels 

downdrift to form beaches, which are an economic boon is eastern Wisconsin. Sand eroded 

from bluffs along the shoreline is the dominant source of sediment for the beaches (Colman 

and Foster, 1994). Beaches are constantly in a state of flux, as the sediment is removed and 

replenished by waves, storm surges, and longshore transport. Most of the bluffs along the 

Lake Michigan shoreline are composed of unconsolidated sediment, and are especially 

susceptible to erosion (Hampton and Griggs, 2004). During a period of increased erosion in 

1986, $16 million in damages were documented along Lake Michigan (Cox et al., 2000). 

Bluff erosion is a multifaceted problem, and management decisions intended to produce the 

most desirable outcome will require an enhanced knowledge about the areas that are most 

susceptible to erosion and the nature of the sediment introduced into the nearshore 

environment.  

 A bluff is a steep bank that runs parallel to a body of water. They develop as the land 

surface at a higher elevation than the adjacent water level is eroded by wave action, and 

typically have a steeply inclined profile (Hampton and Griggs, 2004). Large volumes of 

sediment can be eroded from the bluffs and transported into the nearshore hydrodynamic 

system due to the steep incline. Beaches along Lake Michigan are intimately tied to the 

shoreline bluffs as most of the sand size sediment supplied to them is derived from the 
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erosion of updrift bluffs (Buckler and Winters, 1983; Colman and Foster, 1994). Therefore, 

efforts to minimize bluff erosion in order to protect infrastructure reduces sediment supply to 

beaches, potentially affecting their replenishment. 

 A high lake level results in increased bluff erosion, especially at the toe (Swenson et 

al., 2006). Brown et al. (2005) reported maximum erosion rates during the period from 1964 

to 1975 that coincides with the most dramatic historic rise in the water level in Lake 

Michigan (Figure 1). Previous studies have indicated that significant erosion events occur 

when the lake level rises by at least 1 m (Carter and Guy, 1988). To date the water level in 

Lake Michigan has been rising since 2013, and the magnitude of lake level rise is 

approaching 1 m relative to the 2013 baseline; see Figure 1.  

 As water level in Lake Michigan has risen, the threat of increased bluff erosion has 

also risen. The stability of the bluff varies in space, as the stratigraphy and slope of the bluff 

changes. Along Lake Superior, recession rates along the bluff varied at the site scale 

(Swenson et al., 2006). This thesis will analyze the stability of the shoreline bluffs along 

Lake Michigan in three dimensions with the intention of capturing site-scale variability.   

   

Coastal Erosion Processes 

 The conceptual model for bluff erosion along the Lake Michigan shoreline is outlined 

in Figure 2. Erosion occurs at the bluff toe, which causes oversteepening and removes the 

buttressing force provided by the material at the toe. The erosion causes instability in the 

bluff face, and shallow slides occur to reestablish a stable slope. This creates a composite 

slope where the toe is temporarily stable but regions higher on the bluff face become 
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unstable. Material from the top of the bluff slides downslope until a stable slope forms along 

the entire bluff face. Material from the failures accumulates at the base of the slope, 

providing a buttressing effect and temporary wave protection. In instances of high lake level, 

greater wave run-up continues to erode the base, however, and the cycle repeats. 

 The bluff stability at any point within the cycle depends on several factors. These 

factors can be grouped into two categories: exposure (extrinsic) and susceptibility (intrinsic) 

(Hampton and Griggs, 2004). The susceptibility factors are the material properties cohesion, 

friction angle, and unit weight that oppose destabilization and are inherent to the materials 

comprising the bluff. Exposure factors are the external forces acting to destabilize the bluff 

and are often of more concern when discussing stability because they change more rapidly 

than susceptibility factors. Changes in the exposure factors can destabilize the bluff directly 

by impacting and removing sediment or indirectly by altering susceptibility factors. 

 Susceptibility factors depend on the materials comprising the bluff. Unconsolidated 

materials are typically more susceptible to erosion than consolidated materials in the event of 

a change in the system (e.g. rainfall events, elevated lake levels, storm action). The Lake 

Michigan bluffs in this study are composed of unconsolidated glacial and lacustrine 

sediments, so erosion is likely to occur with even subtle changes in the system. The most 

important intrinsic features are the strength properties of the sediment including cohesion, 

friction angle, and unit weight. High cohesion and high friction angle are characteristic of a 

strong material. While a high unit weight is typically associated with stronger materials, 

however, there are situations where this does not hold (e.g. blocks on a steep slope, high 

water content). 
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 Factors relative to the strength properties of the sediment control slope stability. Unit 

weight is categorized as a strength property because it controls the effective stress along a 

potential failure surface. Effective stress (𝜎′) is the stress carried by the sediment particles 

and is described by the following equation,   

 

     𝜎′ =  𝜎 –  𝑢,     (1) 

 

where 𝜎 is the total stress and 𝑢 is the pore water pressure, or the stress supported by the pore 

water. In the absence of seismic activity or other external forcing, the weight of sediment 

overlying a point of interest establishes the total stress of the system. Pore water pressure 

depends on the depth below the water table,  

 

     𝜎 =  𝛾ℎ,     (2) 

 

     𝑢 =  𝛾𝑤𝑑,     (3) 

 

where 𝛾 and 𝛾𝑤 correspond to the total unit weight and unit weight of water, respectively. 

The thickness of sediment above the point of interest is denoted by ℎ, and 𝑑 is the depth 

below the water table. Equation 3 is only valid when groundwater flow is negligible.  

 For a Coulomb material, such as sediment, the effective stress establishes the shear 

strength of the sediment in drained conditions, as shown by the Coulomb-Terzaghi equation, 
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     𝑠 =  𝑐′ +  𝜎′ 𝑡𝑎𝑛𝜙′,    (4) 

 

where the prime on each symbol denotes that the drained strength parameters are used, which 

is most appropriate for long term stability studies (Edil and Vallejo, 1977). The shear 

strength is denoted by 𝑠, while 𝑐′ and 𝜙′ represent the drained cohesion and friction angle, 

respectively. The effective stress parameter is most susceptible to change with time as the 

water table fluctuates, but slower processes can affect the other parameters. 

 Several processes can alter the strength properties of 𝑐′ and 𝜙′. Weathering, 

especially wetting and drying cycles, can decrease the material strength. Desiccation cracks 

and infiltration can reduce the cohesion by decreasing the amount of grain-to-grain contact or 

dissolving cement. Vegetation provides a strengthening effect as the roots hold the sediment 

together. To accommodate this, a second cohesion term, called root cohesion, is added to 

Equation 4. This effect should only be applied when the root zone intersects the potential 

failure surface (Sterrett, 1980). Vegetation can also mitigate overland erosion. The formation 

of ice lenses within the bluff increases pore size, and the sediment cannot return to its 

original volume, which not only changes the effective stress but also alters the strength 

properties of the sediment (Vallejo, 1977; Zoet and Rawling, 2017).  

 Ice is also an exposure factor and can act as both a stabilizing and destabilizing force, 

depending on the situation. In the winter, ice forms in front of the bluff and protects the toe 

from incoming waves (Edil and Vallejo, 1977; Carter and Guy, 1988). Ice formation within 

the bluff acts as a destabilizing agent (Zoet and Rawling, 2017). Aside from altering the pore 

size, ice lenses act as impermeable infiltration barriers from overland runoff or thawing ice. 
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Infiltrating groundwater pools to form a perched water table above the ice lenses, increasing 

the pore water pressure locally. Pooling of water in the shallow subsurface has generally 

caused the end of winter to typically be the most active time for bluff erosion along the Lake 

Michigan coast (Vallejo, 1980). 

 The impacts of ice development are active over a short time frame, but a change in 

the lake level causes impacts that can be observed almost year-round. In Figure 2, the 

initiation of the cycle is erosion at the toe. The erosion at the base occurs when the waves are 

able to reach the toe and remove material. An increase in lake level also increases the 

frequency and duration of wave impact at the bluff toe. Lake level rise causes greater toe 

erosion by reducing the beach area through increasing the elevation of the high-water level. 

Commonly occurring small waves that typically would not reach the bluff toe under low lake 

level conditions will also cause erosion under the high lake levels. There are three types of 

lake level change: short-term, medium-term, and long-term (Hampton and Griggs, 2004). 

Short-term lake level changes occur over the period of days or weeks; an example of this 

being a single storm event. Medium-term changes occur seasonally or annually and are 

mostly precipitation driven – Figure 1 shows medium-term changes. Long-term changes exist 

for decades to millennia and occur because of climatic shifts or other prolonged events like 

glacio-isostatic rebound. 

 Closely associated with lake level change is wave energy. The amount of wave 

energy that reaches the bluff toe is the main determinant of long-term recession rate (Brown 

et al., 2005). Typically, waves only reach the bluff toe during times of high water or storm 

surge because of the protection provided by wide beaches present at the base of the bluff. 
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Beaches protect the bluff toe because wave energy dissipates as the waves are forced to run 

up the beach before encountering the bluff toe, if they do at all. Beaches typically establish a 

profile with sufficient time such that they dissipate enough energy so that only storm waves 

retain enough momentum to intercept the bluffs and cause erosion. High lake level inundates 

the beach, reducing the run-up length, thereby exposing the bluff to higher wave energy 

because less energy is dissipated (Buckler and Winters, 1983). The inundation of beaches 

allows large waves to be more effective agents of erosion, but importantly also allows small 

waves to retain enough energy to cause erosion when they otherwise would not have.  

Waves commonly erode the bluff in two ways: at the toe and through lake bed 

downcutting (Mickelson et al., 2004). The effects of lake bed downcutting are often not 

observed until the lake level lowers again, as it occurs slightly offshore. The downcutting 

erodes the nearshore shelf where the beach has developed. Downcutting of the nearshore 

extends the time required to redevelop the beach during low lake level or the beach area may 

be permanently reduced. 

 Terrestrial water sources can cause erosion at different positions along the bluff face. 

Seeps are common in the Lake Michigan bluffs as groundwater exits the bluff face, and 

erosion is commonly observed in zones where seeps are located. This process is called 

sapping and can also induce slides like those in the top middle box of Figure 2. The volume 

of material eroded through sapping is typically small compared to wave erosion along Lake 

Michigan (Hampton and Griggs, 2004). Additionally, changes in surface water infiltration 

affects the groundwater table within the bluff. Greater surface water infiltration causes the 
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groundwater table to rise, increasing the pore pressure within the bluff, which destabilizes the 

bluff and possibly inducing shallow slides near the surface.  

 In summary, the stability of a slope depends on many factors. Changes in the 

susceptibility factors are often hard to quantify or predict but are often less influential than 

changes in the exposure factors. Exposure factors change the stability of a slope by altering 

the effective stress along the failure plane, so processes that destabilize the slope often do so 

by decreasing the effective stress. This can either occur through removal of overlying 

material (decreasing the total stress) or increasing the pore water pressure in the system. 

   

Types of Failures 

 Slope failure can be described in several ways. Rill and gully erosion occur when 

there is flowing water along the top or face of the slope. The moving water dislodges 

sediment and carries it to the base of the slope. Sapping is a form of rill erosion. This type of 

failure is more common in cohesionless – usually sandy – material (Mickelson et al., 2004). 

Flows occur when the sediment mass liquefies and moves like a fluid. This type of 

movement requires very high pore water pressure such that effective stress is essentially zero. 

Flows are common on Lake Michigan bluffs in the spring due to the combination of 

increased water input from thawing and reduced infiltration capability of the partially frozen 

ground. Flows typically begin as shallow slides – roughly 25 cm critical depth – and can 

grow into large failures (Vallejo and Edil, 1981; Mickelson et al., 1992). Solifluction is a 

slow, viscous flow where a saturated layer moves over an impermeable layer, which can be 
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frozen. Some of the largest volumes of material are lost due to solifluction and other flows 

along Lake Michigan (Sterrett, 1980). 

 Slope failures that move like one mass, maintaining the solid behavior, are called 

slides. Slides are described by the character of the failure surface. Translational slides move 

along a planar failure surface, and are typically shallower than rotational slides. Shallow 

translational slides along the Lake Michigan shoreline cumulatively lead to the loss of a large 

volume of sediment, but typically do not result in largescale retreat of the bluff top 

(Mickelson et al., 1992). Rotational slides fail along a concave up circular failure surface. 

During the slide, the sediment mass tends to rotate back on itself, leaving a slump block at 

the base and a scarp at the top. Rotational slides occur less frequently than translational 

slides, but the retreat occurs in larger sections (Mickelson et al., 1992). Rotational slides are 

more common in fine grained material, as the cohesion causes the grains to adhere and 

behave as a single mass (Castedo et al., 2013).   

 If high cohesion material is extremely oversteepened, failure will occur as free-fall in 

the atmosphere, which is referred to as a fall. This is most prominent in cases where the slope 

is near vertical, which can occur along Lake Michigan in places where clay-rich sediment is 

at the base of the bluff. 

    

Geologic Setting of the Western Shore of Lake Michigan 

 The bluffs along the western shore of Lake Michigan are composed of unconsolidated 

glacial and lacustrine sediments, deposited during the Late Wisconsin glaciation (Acomb et 

al., 1982; Syverson et al., 2011; Mickelson and Attig, 2017). Figure 3 shows the surficial 
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extent of the glacial lithostratigraphic units with Members defined by till properties deposited 

by the Laurentide Ice Sheet. Till is defined as poorly soreted material deposited directly by 

glacial ice. Only those units along the Lake Michigan shoreline on the east side of Wisconsin 

will be discussed; these were deposited by the Lake Michigan Lobe of the Laurentide Ice 

Sheet and are commonly interbedded with lacustrine and glaciofluvial sediments (Syverson 

et al., 2011).  

 Radiocarbon age estimates indicate the Lake Michigan Lobe advanced into 

Wisconsin approximately 30,000 calendar years ago (Mickelson and Attig, 2017). The brief 

geologic history presented here provides an overview of the sediments of the Lake Michigan 

Lobe so that stratigraphic relationships and relative changes in sediment characteristics can 

be placed in context. All of the grain size distributions presented in Table 1 correspond to the 

less than 2 mm size fraction. Sediment at the surface becomes younger as one travels 

northward along the Lake Michigan shoreline (Figure 3). 

 The oldest till unit associated with the Lake Michigan Lobe along the Wisconsin 

shoreline is the Tiskilwa Member of the Zenda Formation, between 22,000-30,000 calendar 

years before present (Rodenbeck, 1988; Syverson et al., 2011). This unit is only visible in the 

subsurface along the Lake Michigan shoreline, and outcrops south of Milwaukee. This unit 

was not observed in the areas analyzed as part of this thesis, so it will not be described 

further. The second oldest unit is the New Berlin Member of the Holy Hill Formation. No 

radiocarbon dates are available for the New Berlin Member, but the estimated age of 

deposition is 17,000-19,000 calendar years before present (Syverson et al., 2011). Two facies 

have been identified in the New Berlin Member: an upper till unit and a lower sand and 
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gravel outwash unit (Schneider, 1983). The till has been described as a gravelly sandy loam 

till. The Waubeka Member is a younger (16,400-18,000 calendar years before present) till 

unit within the Holy Hill Formation (Syverson et al., 2011). This member includes till that 

contains more silt than the New Berlin Member along with associated lake and stream 

sediment (Mickelson and Syverson, 1997). All of the till units that were observed at the study 

areas were deposited after the Waubeka Member.  

The Lake Michigan Lobe retreated out of Wisconsin after the deposition of the 

Waubeka Member, approximately 15,000-17,000 calendar years before present (Mickelson 

and Attig, 2017). Minor re-advances during this time deposited till units making up the Oak 

Creek Formation. To date, formal members in the Oak Creek Formation have not been 

named, but at least three informal units corresponding to glacial advance have been identified 

in the field (Mickelson et al., 1977; Rovey II and Borucki, 1995). These units cannot be 

readily distinguished north of Milwaukee (Mickelson et al., 1977; Edil and Mickelson, 1995), 

and will not be considered separately in this thesis unless the difference is well documented 

in that area. Till of the Oak Creek Formation is gray till and primarily fine grained. The 

composition provided in Table 1 is the average composition given by Syverson et al. (2011), 

but varies in other sources (Mickelson and Syverson, 1997; Carlson et al., 2011). However, 

the unit commonly contains 80-90 percent silt and clay. Following deposition of the Oak 

Creek Formation, the ice retreated and a waterway developed over the Upper Peninsula, 

allowing iron-rich sediment from the Lake Superior basin to travel into the Lake Michigan 

basin (Rodenbeck, 1988; Mickelson et al., 2017). Subsequent glacial advances deposited the 

red till units in the Kewaunee Formation, which is the primary surficial deposit in 
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northeastern Wisconsin. The ice sheet never reached the southern Wisconsin border in these 

later advances, so these tills are not present along the entire shoreline.  

 The oldest tills of the Kewaunee Formation are in the Ozaukee Member 

(approximately 15,000 calendar years before present), which extends south to Milwaukee. 

This silty clay till is present at the surface from Milwaukee to Sheboygan (Mickelson and 

Syverson, 1997). The second oldest member of the Kewaunee Formation was formerly called 

the Haven Member, but has since been reclassified as a facies of the Ozaukee Member, 

called Ozaukee north of Sheboygan (Mickelson et al., 2017). This facies is slightly siltier and 

contains less clay content than the Ozaukee Member facies south of Sheboygan (Table 1). 

The material properties are slightly different between the two facies, so they are separated in 

this thesis. Minor retreat and advance occurred approximately 14,000 calendar years before 

present, depositing the Valders Member which has less clay and is sandier than the Ozaukee 

Member (Evenson, 1973; Syverson et al., 2011). Many cobbles and sand lenses are present in 

this unit. After the deposition of the Valders Member, the ice retreated rapidly and caused 

severe erosion of the Valders Member, therefore it is scarcely seen in the shoreline bluffs 

(Acomb et al., 1982). 

 Following the retreat of Valders ice, a forest developed in northeastern Wisconsin. 

The ice sheet advanced between 13,100 and 14,600 calendar years before present and caused 

the water level in the Lake Michigan basin to rise, killing and burying the forest (Mickelson 

et al., 2017). The Two Creeks Forest Bed, which is present in the subsurface in much of 

northeastern Wisconsin, formed when the ice sheet leveled the dead forest. Because of the 

abundance of organic material in this layer, there is an abundance of radiocarbon dates 
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(Mickelson and Attig, 2017). The Two Creeks Forest Bed is commonly used to distinguish 

between the Valders Member and the final member associated with the Lake Michigan Lobe 

in the Kewaunee Formation, the Two Rivers Member. The Two Rivers Member overlies the 

Two Creeks Forest Bed, and is compositionally very similar to the Valders Member 

(Syverson et al., 2011). This unit extends as far south as Two Rivers, WI (Evenson, 1973).  

 

Study Area 

 This thesis focuses on the Lake Michigan shoreline in Ozaukee, Sheboygan, 

Manitowoc, and Kewaunee Counties of Wisconsin (Figure 4). As much as 57% of the bluffs 

in these counties are unstable or moderately unstable and prone to failure as assessed from a 

times series of aerial photographs (Figure 4, Mickelson, 2007). The previous analysis does 

not provide information about the type of sediment entering the nearshore environment, only 

which regions appear to be failing. Mickelson et al. (2004) divided the shoreline bluffs along 

the Great Lakes – not just Lake Michigan – into six categories described in Table 2. Three of 

the six categories are present within the study area: L3 in Sheboygan County, H1 in 

Kewaunee County, and H3 in Ozaukee County. The category determinations were based on 

historical photographs and reported failure types in previous studies (Edil and Vallejo, 1977, 

1980; Mickelson et al., 1977; Bay-Lake Regional Planning Commission, Chapman, John A., 

Edil, Tuncer B., Mickelson, 1996; Chapman, 1996; Southeastern Wisconsin Regional 

Planning Commission et al., 1997). In each of these areas the dominant failure mechanism is 

shallow to intermediate sliding, typically less than 1 meter deep (Edil and Haas, 1980; 

Mickelson et al., 1992; Castedo et al., 2013).  
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For this thesis, one representative site for each of the three categories was selected 

from areas that had been identified as unstable or failing; the study sites are shown in Figure 

5. A three-dimensional stability analysis was performed in the selected areas by combining 

site-specific stratigraphy, high-resolution digital elevation models, and models of the water 

table to identify the specific areas that are unstable, and to provide an estimate of the type of 

sediment entering the nearshore environment.  
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METHODS 

Stability Analysis 

 Slope stability is typically described by calculating a factor of safety. The factor of 

safety is a ratio of the stabilizing forces over the destabilizing forces along a failure surface. 

The general form of the factor of safety (FOS) equation is given in Equation 5 and relates the 

shear strength of the soil (Equation 4 above) to the shear stress (τ) applied to the soil.  

 

                                                       𝐹𝑂𝑆 =  
𝑐′ +  𝜎′ 𝑡𝑎𝑛𝜙′

𝜏
                                                   (5) 

 

For the natural slopes in the study area, a factor of safety less than unity indicates instability 

(Chapman, 1996). The FOS determination does not provide information about the timing of a 

failure, so unstable areas will not necessarily fail instantly but instead are likely to fail at 

some point. 

 The generic factor of safety equation contains one variable in the denominator 

because there are several ways to determine the shear stress applied to the soil. The applied 

shear stress strongly depends on the expected failure type. The dominant failure mechanism 

in the study areas is sliding. Factor of safety equations exist for both translational and 

rotational slides. For analyses where the failure surface angle changes, which is common for 

layered stratigraphy like that observed at the study sites, the rotational analysis is most 

appropriate (Castedo et al., 2013). Traditionally, the stability analysis is performed along one 

or more cross sectional slope profiles. For rotational slides, the factor of safety along a 

circular failure surface is determined using the method of slices.  
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 The method of slices is a limit equilibrium approach to calculate the factor of safety 

by dividing the circular failure surface into a series of slices. Forces are defined for each slice 

to calculate moments about an axis of rotation, which is typically the center of the failure 

circle (Fredlund and Krahn, 1977). The moments are summed over all slices, and the overall 

factor of safety is determined by dividing the resisting moment by the driving moment. 

Several variations of the method of slices exist, where the primary differences stem from 

how the forces along the side of each slice are handled (Fredlund and Krahn, 1977). Bishop’s 

Simplified Method is a commonly applied approach for long-term stability analysis. In this 

method, side forces are assumed to act solely in the horizontal direction (Bishop, 1955), and 

any shear force along the sides between slices is neglected. Other methods that consider 

interslice shear forces exist, but Bishop’s Simplified Method provides similar factor of safety 

results at a fraction of the computational cost (Fredlund and Krahn, 1977; Reid et al., 2015). 

 In two dimensions, the factor of safety associated with Bishop’s Simplified Method is 

defined in Equation 6 where 𝑐′, 𝑢𝑖 , and 𝜙′ represent the drained cohesion, pore pressure, and 

drained friction angle, respectively. The width of each slice is denoted by 𝑥𝑖, 𝑊𝑖 is the weight 

of each slice, and 𝛼𝑖 is the angle between the line tangent to the base of each slice and the 

horizontal. Figure 6 is a diagram that provides a visual representation of the parameters in 

Bishop’s Simplified Method. 

 

                    𝐹𝑂𝑆 =  
∑ [𝑐′𝑖𝑥𝑖 + (𝑊𝑖 − 𝑢𝑖𝑥𝑖) tan 𝜙′𝑖] [

1
cos 𝛼𝑖

(
1 + tan 𝛼𝑖 tan 𝜙′𝑖

𝐹𝑂𝑆 )]𝑛
𝑖=1

∑ 𝑊𝑖 sin 𝛼𝑖
𝑛
𝑖=1

        (6) 
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 In practice, the probability of defining the exact failure surface is extremely low. To 

counteract this many trial surfaces are tested, and the minimum factor of safety amongst all 

tested surfaces is reported along with the associated failure surface. 

 Bishop’s Simplified Method, and the method of slices in general, are applied along 

two-dimensional profiles, but slides occur in three dimensions. To account for this, there 

have been several attempts to convert the two-dimensional method of slices approach to a 

three-dimensional method of columns (Lam and Fredlund, 1993; Xie et al., 2003; Mergili et 

al., 2014; Reid et al., 2015). Scoops3D, a three-dimensional limit equilibrium model 

developed by Reid et al. (2015), is used to analyze the sites along the western shore of Lake 

Michigan for this thesis. Scoops3D analyzes spherical failure surfaces by expanding Bishop’s 

Simplified Method into three dimensions. The governing equation for the Scoops3D analysis 

is given in Equation 7. 

 

𝐹𝑂𝑆 =  

∑ 𝑅𝑖,𝑗[𝑐′𝑖,𝑗𝐴𝑖,𝑗 + (𝑊𝑖,𝑗 − 𝑢𝑖,𝑗𝐴𝑖,𝑗) tan 𝜙′𝑖,𝑗] [
cos 휀𝑖,𝑗 + (sin 𝛼𝑖,𝑗 tan 𝜙′𝑖,𝑗)

𝐹𝑂𝑆 ]

∑ 𝑊𝑖,𝑗𝑅𝑖,𝑗 sin 𝛼𝑖,𝑗
         (7)   

 

A radius term (𝑅𝑖,𝑗) is included in Equation 7 because the distance from each cell in the 

digital elevation model to the center of the failure sphere differs. In the two-dimensional 

form (Equation 6), the radius is a constant and cancels out in the factor of safety equation. In 

two dimensions, a single angle value suffices to describe the base of the slice, but another 

angle term must be added when considering three dimensions because the slide can move in 

any direction. In Equation 7, 휀𝑖,𝑗 is the true dip at the base of the column and 𝛼𝑖,𝑗 is the 
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apparent dip in the direction of potential sliding. The final difference between Equation 6 and 

Equation 7 is that the width of the slice (𝑥𝑖 in Equation 6) becomes the area along the failure 

surface for each column (𝐴𝑖,𝑗 in Equation 7). All other parameters are consistent between 

Equations 6 and 7. 

 In this thesis, four types of data were used as inputs to Scoops3D to solve the 

Bishop’s equation in three dimensions. The first input was a digital elevation model (DEM) 

created using Structure from Motion (SfM). The second was a table of material properties 

associated with the stratigraphy at each study area, as reported in previous studies. A 

groundwater table developed in MODFLOW was the third input. Lastly, search criteria were 

defined in the Scoops3D input file.  

 

Structure from Motion 

 SfM is a computer vision technique designed to create three-dimensional structure of 

a feature of interest using a series of overlapping images, ideally from multiple perspectives, 

as if the camera were in motion. Figure 7 provides a schematic of the principle behind SfM. 

A series of overlapping images are taken of an area of interest and points of commonality are 

identified among the images. The images are then converted to points, and a three 

dimensional point cloud of arbitrary scale is created  (Carrivick et al., 2016). 

In the geosciences, SfM has been increasingly used as a low cost alternative to 

LiDAR when creating DEMs (Westoby et al., 2012; Cook, 2017). Ground control points and 

geotagged photographs are typically used to assign a meaningful scale to the generated point 

cloud (Fonstad et al., 2013). In this thesis, geotagged photographs of the bluffs were 
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collected using a DJI Phantom 4 Advanced drone equipped with the standard 20-megapixel 

camera. The flights for Ozaukee and Sheboygan took place in May 2018, while the 

Kewaunee flight was conducted in July 2018. 

 

Field Work  

 Flight paths perpendicular to the shoreline were pre-programmed using the MapPilot 

for DJI iPad application. The flight path was designed so that photographs were taken with 

80% front and side overlap between adjacent photographs. The flights were set at an altitude 

of 35 m above ground level. Based on the focal length of the camera, flying at this altitude 

caused 1 pixel in the photograph to correspond to 1 cm on the ground, achieving a 1 cm 

ground sampling distance (GSD). The terrain following feature in the MapPilot application 

ensured this altitude was maintained along the steeply sloping bluff face. Several studies 

have noted that the accuracy of the DEM decreases with increasing flying altitude (Rock et 

al., 2012; Udin and Ahmad, 2014; Smith and Vericat, 2015; Eltner et al., 2016; Agüera-Vega 

et al., 2017). The terrain following feature ensures that the accuracy remained consistent 

along the steeply sloping bluff face. Detailed information about the flight planning procedure 

is available in Appendix 2.  

Before the drone flight collected photographs, ground control points (GCPs) were 

placed on the bluff face to georeference and assign an accurate scale to the resulting point 

cloud. Playground bases with a painted-on checkerboard pattern were used to mark a GCP 

location. Figure 8 provides an example of one of these markers. One GCP was placed in each 

corner of the study areas, with others distributed throughout the study area. The GCP layout 
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was designed to cover multiple elevations. Figure 9 shows the GCP layout for each of the 

four flights. The GCPs were surveyed using Trimble NetR9 receivers connected to Zephyr 

39105-00 (rover) and Zephyr Geodetic (base) antennas. The positioning data were corrected 

using the Post Processed Kinematic technique through a combination of the AUSPOS Online 

GPS Processing Service and Topcon Tools desktop application. The post processing 

procedure is provided in Appendix 3. After post processing, 2 cm precision was obtained for 

the GCP locations. In each study area, the number of GCPs was set to obtain a GCP density 

of approximately 4.3 GCPs/hectare. This value is in line with an optimal GCP density of 6.12 

x 10-8 GCP/GSD, where GSD is in kilometers, that was determined in other investigations 

that maintained similar overlap in the photographs (Tonkin and Midgley, 2016; Gindraux et 

al., 2017). The field work design parameters are provided in Table 3. 

 After surveying the GCPs, the drone was flown autonomously along the 

preprogrammed flight path, and nadir photographs were stored as raw image files. Raw 

image files were chosen over JPEG to avoid loss of data due to the compression associated 

with JPEG creation. After the autonomous flight, the drone was flown manually parallel to 

the shoreline to collect photographs at an oblique view. The oblique view provides a different 

perspective to better capture and model vertical faces or the areas underneath overhangs, and 

has also been found to remove a doming effect that results if only nadir photographs are used 

(James and Robson, 2014; Smith et al., 2015; Eltner et al., 2016). During the manual flight, 

photographs were taken at an angle to capture the top and base of the bluff without including 

the sky. Using photographs that include the sky during the alignment step in the Structure 

from Motion process creates erroneous points in the resulting point cloud. 
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Creating Digital Elevation Model 

 Agisoft Photoscan was used to align the photographs to create point clouds that 

represent the investigated bluff area. The workflow outlined in the Photoscan manual (2018) 

was followed for this thesis. The processing settings described below were selected based on 

the results of several published studies (Jaud et al., 2016; Gindraux et al., 2017; James et al., 

2017a). The nadir and oblique photographs were uploaded into Photoscan. The quality of the 

photographs was assessed using one of the built-in tools in Photoscan, and those with a 

quality below 0.6 were removed. The remaining images were aligned to create a sparse point 

cloud. The accuracy was set to High with a 40,000 key point limit and 10,000 tie point limit. 

Photoscan employs the Scale-Invariant Feature Transformation (SIFT) algorithm to align 

photographs. The SIFT algorithm matches linear features in the overlapping area between 

photographs to create a three dimensional representation (Lowe, 2004). Markers denoting the 

surveyed GCP locations were assigned in the photographs to properly geolocate the point 

cloud and define a more accurate scale.  

 After the GCPs were assigned the sparse point cloud were referenced to those points, 

a dense point cloud was built using High quality and Aggressive depth filtering in Photoscan. 

The dense point cloud provides the best representation of the bluff. The dense point cloud is 

compared to a photograph of the same area in Figure 10. The dense point cloud was exported 

from Photoscan in a projected coordinate system for further editing in RiSCAN Pro.  

 Points associated with standing vegetation and other erroneous points were deleted 

from the dense point cloud. An octree filter was performed on the exported point cloud to 

ensure that there was consistent coverage over the whole area. The point spacing in the point 
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cloud after the octree filter was 0.025 m. The built-in vegetation filter in RiSCAN Pro was 

used to select vegetated areas. These selections were refined manually, and the points were 

deleted. The filtered point cloud was exported for conversion to a DEM in ArcMap. 

 A 10-cm resolution DEM was created in ArcMap. The value associated with each cell 

in the DEM was calculated by taking the average of all points located inside the cell. Any 

voids in the resulting DEM were filled using a natural neighbor interpolation. The created 

DEM was used as the base dataset in the stability analysis. A detailed walkthrough of the 

SfM procedure is given in Appendix 4. 

 

Stratigraphy 

 The stratigraphy for each study site, as described below and shown in Figure 11, is 

presented from the base to the top of the bluff which corresponds to describing the units from 

oldest to youngest. All of the stratigraphic descriptions were compiled from several other 

studies (Mickelson et al., 1977; Mickelson and Syverson, 1997; Mickelson, 2007; Carlson et 

al., 2011; Syverson et al., 2011). All of the analyzed shoreline stretches were less than a 

kilometer long and less than 100 meters wide. In these areas, the stratigraphic contacts were 

assumed horizontal. The study sites are presented from south to north because the till units 

are younger moving northward along the Lake Michigan shoreline. 

 The bluffs at Ozaukee are the tallest among those considered, reaching a height of 

almost 40 meters above the lake water level, and consist of three stratigraphic layers. Oak 

Creek Formation is present at the base of the bluff and extends approximately 10 meters 
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above the lake. The next 11 meters consist of primarily stream sand. The uppermost layer at 

Ozaukee is the red Ozaukee Member south of Sheboygan. 

 The shortest analyzed bluff – approximately 15 meters above lake level – was 

Sheboygan. The bluffs were divided into three layers. The bottom 2 meters consist of the 

Ozaukee Member north of Sheboygan (formerly the Haven Member). Sandy lake sediment 

makes up the next 5 meters of the bluff. The top of the bluffs at Sheboygan contains Valders 

Member till. 

 The northernmost bluff site is located in Kewaunee County. These bluffs extend 

approximately 25 meters above lake level and were divided into 4 stratigraphic layers. Silt, 

clay, and fine sand make up the bottommost layer, reaching a height of 8 meters above lake 

level. The next layer is a 2 m layer of the Ozaukee Member north of Sheboygan. Above the 

till unit is a layer of fine grain sand that is approximately 8 meters thick. The uppermost layer 

at Kewaunee is till of the Two Rivers Member. 

  Digital representations of each layer’s elevation and physical properties were created 

from the stratigraphic descriptions and were used to create a groundwater model. The 

hydraulic properties of each layer were obtained from published literature and are given in 

Table 4 (Morris and Johnson, 1967; Heath, 1983; Rodenbeck, 1988; Simpkins, 1989; 

Mickelson and Syverson, 1997; Carlson et al., 2011). The result of the groundwater model 

and the layer files were used in the stability analysis. Shear strength properties of each layer 

were determined from the literature and are compiled in Table 5 (Edil and Mickelson, 1995; 

Chapman, 1996; Syverson et al., 2011). 
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Groundwater Models 

 One component of the stability analysis is the pore water pressure determination at a 

hypothetical failure surface. Scoops3D determines the pore water pressure internally if a 

piezometric surface is provided (Reid et al., 2015). MODFLOW was used to develop a 

piezometric surface for each study area to be used in Scoops3D.  

 MODFLOW uses the finite volume method to solve the groundwater flow equation, 

given in Equation 8 (Harbaugh et al., 2000). In Equation 8, 𝐾𝑥, 𝐾𝑦, and 𝐾𝑧 represent 

hydraulic conductivity in the 𝑥, 𝑦, and 𝑧 dimensions, ℎ is potentiometric head, 𝑊 represents 

sources and/or sinks, 𝑆𝑠 is specific storage, and 𝑡 is time. 
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                       (8) 

 

In the finite volume method, the model domain is converted to a finite grid. The 

derivatives in Equation 8 are replaced by head differences between the grid cells. This 

technique leads to a system of equations that can be solved to obtain head values at each grid 

cell. 

Equation 8 is the general groundwater flow equation for transient flow. Under steady 

state conditions, which were assumed in this thesis, 
𝛿ℎ

𝛿𝑡
 = 0. In this scenario, the right hand 

side of Equation 8 becomes zero, so specific storage is removed from the equation. However, 

storage at the water table must still be considered when iterating to solve for the head values. 

Specific storage is used when considering confined aquifers, but the water table in the bluffs 

represents an unconfined system, so specific yield was used to describe storage. The specific 
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yield describes the volume of water that is removed from the unconfined aquifer per unit 

decline in head, and thus represents the amount of water contained in the sediment matrix. 

The groundwater models for each bluff followed the same construction. Groundwater 

Vistas was used to build and visualize the results of the groundwater models. The boundary 

conditions for the model consisted of a constant head boundary to the east representing the 

Lake Michigan water level at the time of flight, no-flow boundaries to the north and south 

based on the assumption that the water table contours are approximately parallel to the 

shoreline, and a constant gradient boundary to the west. The western boundary of the model 

was extended 200 meters to the west to avoid any influence the constant gradient boundary 

condition might exert near the bluff. The gradient of 0.001 was obtained by determining the 

regional gradient in the upland area closest to Lake Michigan on a groundwater contour map 

for Wisconsin (USGS, 1968). Recharge applied to the top of the bluff was the only source of 

water. Drain cells acted as a sink, and were used to model the groundwater seepage from the 

bluff face. 

Drain cells in MODFLOW are head dependent flux boundaries. When using drain 

cells, water is removed from the system if the head value exceeds the drain elevation. The 

rate of removal is proportional to the difference between the head value and the drain 

elevation (McDonald and Harbaugh, 1988). If the head value does not exceed the drain 

elevation, no water is removed. This phenomenon is described mathematically in Equation 9 

(McDonald and Harbaugh, 1988). In Equation 9, 𝑄 represents the flow rate, 𝑑 is the drain 

elevation, 𝐶 is the drain conductance, and ℎ is the head value.  
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                                          𝑄 =  𝑓(𝑥) = {
𝐶(ℎ − 𝑑),    ℎ > 𝑑

0,                    ℎ < 𝑑 
                                            (9) 

 

Drain cells were assigned along the entire bluff face to allow the seepage zone to 

migrate during analysis. The conductance term in Equation 9 depends on the hydraulic 

conductivity of the sediment, the cross-sectional area of adjacent cells, and the grid spacing. 

The DEM for each study site was resampled to 1-m resolution to provide a more direct 

relationship between the hydraulic conductivity and drain conductance. The drain elevation 

was set equal to the elevation of the corresponding cell in the DEM. Hydraulic conductivity 

values corresponded to the hydraulic conductivity of the layer associated with the drain 

elevation. 

The groundwater model was calibrated using the approximate elevations of seeps 

identified along the bluff face. The seep elevations were obtained from observations reported 

in the literature (Mickelson et al., 1977), and the approximate location was verified using the 

photographs collected during the 2018 fieldwork. The seep elevations are given in Figure 11, 

and an example of a seep identified in the 2018 photographs is shown in Figure 12. A 

consistent seep elevation was assumed across each study area, so all elevations within 1 

centimeter of the reported value were used as calibration targets, effectively forming a line 

across the bluff face. The model domain setup for each study site is shown in Figure 13. The 

seeps are located near the base of the second layer in the groundwater model, which may 

cause some cells to switch between wet and dry conditions during the iteration process. The 

Newton-Raphson solver was used to alleviate this problem, as it is was developed to solve 

problems that involve drying and rewetting (Niswonger et al., 2011). 
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 A parameter estimation tool (called PEST) was used to calibrate the groundwater 

model (“PEST: Model-Independent Parameter Estimation,” 2018). PEST calibrates the 

model by finding the combination of parameters that minimizes the weighted least square 

residual between the model and user defined calibration targets. The objective function is 

given in Equation 10 where Φ is the sum of weighted least-squares, 𝑤𝑖 is the weight assigned 

to a specific target, 𝑟𝑖 is the difference between the model and given values for a given target. 

A weight of one was assigned to each target. 

 

                                                             Φ =  ∑(𝑤𝑖𝑟𝑖)
2                                                  (10) 

 

The hydraulic conductivity in each direction and drain conductance for each layer 

were estimated in PEST. They were varied synchronously to maintain the relationship 

between drain conductance and layer hydraulic conductivity and preserve the isotropic 

behavior in hydrologic conductivity. The recharge value applied upslope was the final 

parameter estimated using PEST. Table 4 indicates which parameters were estimated using 

PEST, as well as which ones were tied. The piezometric surface solution of the calibrated 

model was used in Scoops3D. 

 

Scoops3D 

 The three-dimensional stability of the bluffs was analyzed using Bishop’s Simplified 

Method of Columns in Scoops3D. The 10-cm resolution DEM, files noting the bottom 

contact elevation, and the piezometric surface file from MODFLOW – resampled to 10-cm 
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resolution – were used as inputs. A search lattice corresponding to the cell centers in the 

DEM with a minimum height of one meter above lake level and a maximum height 

approximately six meters higher than the bluff height was used to denote the center of 

potential failure spheres. The height and radius increment was 0.1 meters. The initial radius 

corresponded to a surface that created a potential failure size close to the minimum limit (50 

m3). 50 m3 was chosen because volumes of that size have been reported along the Lake 

Michigan shoreline (Zoet and Rawling, 2017). After calculating the factor of safety for the 

initial surface, additional trial surfaces were created by systematically increasing the radius 

of the failure sphere systematically until the maximum potential failure size (500 m3) was 

exceeded (Reid et al., 2015). Therefore, the range of radius values could be different at each 

cell center. 

 The strength properties for each stratigraphic unit span a range, and the likelihood of 

selecting the correct value without direct measurement is low. To account for this, analyses 

were done using the end members of each range presented in Table 5. Using the end 

members provides a theoretically weakest and a theoretically strongest case scenario to 

analyze. 

 Two maps were created from the Scoops3D output. The first is a minimum factor of 

safety map. Areas with factor of safety less than one can be identified to provide a concise 

picture of the unstable areas along the bluff. The other output is a new DEM with failure 

volumes associated with a factor of safety less than unity removed from the landscape. The 

latter was used to estimate the volume of sediment that is currently unstable and would 

represent an input in the sediment budget. 
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Sediment Budget Estimation 

 The unstable volume of sediment was calculated by creating a DEM of Difference 

(DoD) between the original Structure from Motion DEM and DEM with failure volumes 

removed from Scoops3D. The values were then multiplied by the cell area to obtain a volume 

estimate. The stratigraphy and grain size characteristics presented in Table 1 were then used 

to divide the overall contribution into volume of silt and clay – collectively called fines – and 

volume of sand.  

 

Change Detection 

 The results of Scoops3D were verified at Sheboygan by performing a repeat drone 

flight in September 2018. A DoD was created using the May and September DEMs to 

estimate the amount of erosion and deposition along the shoreline. A limit of detection for 

the DoD was determined using error propagation as has been reported in other studies 

(Brasington et al., 2003; Fisher and Tate, 2006; Wheaton et al., 2010; Smith et al., 2015; 

James et al., 2017b). Equation 11 was used to determine the 95% confidence interval for the 

limit of detection, where 𝐿𝑜𝐷 is the limit of detection, and 휀𝑖 represents the uncertainty in 

DEM 𝑖. 

 

                                                         𝐿𝑜𝐷 = 1.95√휀1
2 + 휀2

2                                        (11) 
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 The uncertainty associated with each DEM was determined three ways – two to 

represent the overall uncertainty and the other to assess whether the uncertainty is stationary 

across the DEM. The root mean square error (RMSE) in the GCPs was determined – see 

Equation 12. In Equation 12, �̂�𝑖 is the DEM value, 𝑦 is the GCP value, and 𝑛 represents the 

total number of GCPs. The RMSE associated with the GCPs, however, is an 

underrepresentation of the true uncertainty because the geolocation algorithm in Structure 

from Motion is designed to minimize the error between the model and reference points 

(Sanz-Ablanedo et al., 2018). The underrepresentation can be corrected by multiplying the 

GCP RMSE by an overestimation ratio. The overestimation ratio depends on the number of 

GCPs used compared to the number of photographs taken during the drone survey. If there is 

a large number of GCPs relative to the number of photographs, the GCP error provides a 

better approximation of the overall error, so the overestimation ratio becomes closer to one. 

The flight parameters given in Table 3 were used to determine the overestimation ratio 

according to the relationship found by Sanz-Ablanedo et al. (2018). This relationship was 

determined using a different camera and flying altitude, which impact the accuracy of the 

SfM product (Rock et al., 2012; Smith et al., 2016; Cook, 2017; Gindraux et al., 2017), so the 

applicability of the relationship to this work was investigated using a jackknifing procedure. 

One GCP was removed during from the geolocation algorithm, and the RMSE value 

associated with the removed point was recorded. This procedure was repeated for each 

individual point and each combination of two GCPs to generate a distribution of RMSE 

values. In the DoD between May and September 2018, histograms were created for six areas 
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where no change was expected to determine whether the uncertainty was stationary. Several 

locations along the shoreline stretch were selected, and the histograms were compared. 

 

                                            𝑅𝑀𝑆𝐸 =  √
∑ (�̂�𝑖 − 𝑦)2𝑛

𝑖=1

𝑛
                                (12) 
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RESULTS 

Digital Elevation Models 

 The digital elevation models (DEMs) created using Structure from Motion (SfM) 

were used to construct the other datasets required to perform the stability analysis. Hillshades 

of the 10-cm resolution DEMs are given in Figure 14. The vertical root mean squared error at 

the ground control points was less than 5 cm for each DEM (Table 6). The accuracy 

overestimation ratio for each study site was determined using Figure 15, which was created 

by plotting the number of ground control points per 100 photographs on the relationship 

defined by Sanz-Ablanedo (2018). The accuracy overestimation for the flight design used in 

this thesis ranged between 3 and 4 based on the relationship described in Sanz-Ablanedo et 

al. (2018); the corrected root mean square error (RMSE) values using this relationship are 

provided in Table 6. Other vertical uncertainty estimation methods confirmed the result of 

RMSE values ranging from 6-16 cm. The jackknifing results are presented in Table 7 with 

median errors ranging from 4-9 cm. Histograms showing the distribution of the jackknifing 

analysis are given in Figure 16. The median and interquartile range values are less than the 

overall RMSE values given in Table 6. Figure 17 shows the vertical uncertainty distributions 

for six areas of no expected change in the DEM of Difference for Sheboygan. The 

distributions of vertical uncertainty tended to widen when progressing northward in the study 

area, but the overall RMSE values reported in Table 6 could be used as an approximate upper 

limit of vertical uncertainty over the region. The jackknifing and no change estimates suggest 

that the relationship defined in Sanz-Ablanedo et al. (2018) can be used to provide an upper 

limit for vertical uncertainty. 
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Groundwater Models 

 MODFLOW results of the steady state piezometric surface indicate that the water 

table at each of the study sites lowers in elevation as it approaches the bluff face. Figures 18, 

19, and 20 show the calibrated piezometric surface for the study sites in Sheboygan County, 

Ozaukee County, and Kewaunee County, respectively. The mass balance for the calibrated 

models are provided in Table 8 and vary between -0.0005% and 0.0009%. These values are 

well within the 0.5% guideline given by Reilly and Harbaugh (2004). At each study site, the 

water table has a shallow gradient inland, but then approximately matches the ground surface 

near the bluff face. The intersection of the ground and water surfaces in the profile view for 

Figures 18, 19, and 20 indicate the location of potential seeps. 

 Seep elevations, as reported in the literature (Mickelson et al., 1977; Mickelson, 

2007), were assumed constant in space and time along the studied stretches of shoreline and 

were used to calibrate the steady state groundwater model. The RMSE value associated with 

the seep elevation targets is provided in Table 8 for each study site, with values ranging from 

0.044 m to 0.194 m.  

The hydraulic conductivity, drain conductance, and recharge values determined 

during the model calibration are given in Table 9. These values are not considerably different 

from the initial estimates given in Table 4 and are within the range of values reported in the 

literature (Rodenbeck, 1988; Simpkins et al., 1989; Edil and Mickelson, 1995). The bolded 

values in Table 9 represent the mean value, and the 95% confidence interval for each 

parameter is also given. The 95% confidence intervals were all within 15% of the average 
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value, therefore the average value was used to create the piezometric surface that was 

included in the stability analysis. 

 

Stability Analysis 

 The SfM-derived DEM, piezometric surface, and material properties from Table 5 

were used as inputs for the stability analysis in Scoops3D. End members of the ranges in 

Table 5 were used with the high end representing the strongest condition and the low end 

representing the weakest condition. The primary output of Scoops3D is a factor of safety 

map. The results from the strongest and weakest conditions were used to constrain the upper 

and lower bounds on factor of safety. The bounded factor of safety maps are given in Figures 

21, 22, and 23; the areas with a factor of safety less than unity are noted in red in these 

figures. Deep red corresponds to the unstable areas associated with the strongest condition, 

and the lighter red is associated with instability using the weakest conditions. An oblique 

view of a section of the map is included in Figures 21, 22, and 23 to provide a clear picture of 

areas of instability along the bluff face. 

 The percentage of the bluff face that is unstable can be quantitatively determined after 

performing the three-dimensional stability analysis. Table 10 shows the percent of the bluff 

face area that is unstable and the number of potential failure surfaces that were investigated 

under the different analysis conditions. The percent of bluff face that was unstable under the 

strongest condition did not exceed 45%, and the percent area under the weakest condition 

was not lower than 73% for any study area. Ozaukee had the smallest percentage of unstable 

area in the strongest condition but also had the highest percentage for the weakest condition. 
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 The unstable areas were removed using the failure surface geometry to determine the 

vertical failure depth. The median failure depths for the strongest conditions at Sheboygan, 

Ozaukee, and Kewaunee were 2.0 m, 0.9 m, and 1.9 m, respectively. Potential failure 

surfaces in Scoops3D were modeled as spheres, so a larger failure area corresponded to a 

higher failure depth. The weakest conditions produced larger unstable areas and therefore 

higher failure depths. The failure depths associated with the strongest conditions were 

already larger or consistent with the typically observed 1 m depth, so any volume estimated 

from these results would represent an upper bound (Edil and Haas, 1980; Mickelson et al., 

1992). The failure depths – and volume estimation – for the weakest conditions were not 

determined because the strongest conditions represent an overestimation and identify the 

most unstable areas along the shoreline stretch.  

 Failure depths were used to determine the volume of sediment that would be lost if 

the entire unstable region was removed. The total volume estimates for Sheboygan, Ozaukee, 

and Kewaunee were 4,150 m3, 2,120 m3, and 7,570 m3, respectively. These volumes 

correspond to 7.5 m3, 1.8 m3, and 25.2 m3 lost per meter of shoreline, respectively. The 

expected failure volumes were separated into sand and fine-grain components using the 

composition values in Table 1 – silt and clay were combined to create the fine-grain 

components. The total volume of sand lost from the study sites was 1,750 m3, 2,070 m3, and 

6,370 m3 for Sheboygan, Ozaukee, and Kewaunee, respectively. The findings of Colman and 

Foster (1994) indicate that approximately half of the sand eroded from bluffs contributes to 

beach formation. Considering this, the sand volume estimates correspond to raising the beach 

0.3 m, 0.2 m, and 0.7 m at each study site from these failures alone. 
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Change Detection 

 A DEM of Difference (DoD) was created using the repeat drone flight for Sheboygan 

to compare to the modeling results. The DoD is provided in Figure 24 with erosion noted in 

red and deposition noted in blue. The no change areas were classified as places where the 

difference between the two DEMs was below the limit of detection. The overall RMSE 

values reported in Table 6 were used to calculate the limit of detection (0.17 m). Almost all 

the erosion occurs at the base of the bluffs and north of the large area of vegetation, and most 

of the deposition is located at the bluff tops. The deposition at the bluff top is likely an 

artifact of vegetation growth between acquisition times as supported by photographs of the 

region. The total amount of erosion was 270 m3 with upper and lower bounds of 380 m3 to 

160 m3. The total amount of deposition was 150 m3 with upper and lower bounds of 250 m3 

and 50 m3. The total amount of sediment deposited into the nearshore environment ranged 

between 110 m3 and 130 m3 for summer 2018 (May–September). If all this sediment 

contributed to beach growth, the beach would raise approximately 4 cm at Sheboygan. 
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DISCUSSION 

Comparing Predictions to Observations  

The best way to verify any model is through direct observation, and the DEM of 

Difference (DoD) can be used to verify the results from Scoops3D, provided that the DoD 

accurately represents reality. One of the benefits of using Structure from Motion (SfM) to 

generate the digital elevation models (DEMs) used in this thesis is that the photographs from 

the repeated flights can be used to verify the reported changes in the DoD through direct 

comparison. Comparisons for the Sheboygan DoD, travelling from north to south, are given 

in Figures 25-28. In each figure, the area of interest is magnified to compare with the 

photographs from May 2018 and September 2018. The areas of observable change are circled 

in the photographs. In each figure, the areas of observable change in the photographs 

coincide with easily identifiable erosion regions in the DoD. The erosion regions are also 

spatially consistent between the photographs and the DoD. The comparison of the DoD with 

the photographs suggests that changes along the bluff face can be successfully monitored 

through a series of DEMs created using the SfM workflow with repeated drone flights. 

After confirming that the DoD of Sheboygan accurately depicts the erosion along the 

shoreline, the DoD was compared to the stability map for Sheboygan (Figure 21). The largest 

amount of erosion occurred in the northern reach that coincides with the region predicted to 

be most unstable under the strongest condition modeling scenario. Some erosion was 

observed in the south on the DoD, but the deeper red hues signifying greater erosion were 

much more prevalent in the north. The weakest condition analysis encapsulated all the 

observed areas of erosion, but it also included many areas that experienced no change yet. 
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The strongest condition also included areas where change was not observable yet, but the 

spatial distribution of the unstable areas from the strongest condition analysis more closely 

resembled patterns in the DoD than from the weakest condition analysis. The Factor of 

Safety determination does not provide information about the timing that a potential failure 

might occur, and the failure may occur through a series of failures instead of as one mass like 

Scoops3D assumes (Edil and Haas, 1980). Therefore, comparing the spatial distributions of 

the unstable area in the stability analysis to the observed erosion areas in the DoD is more 

significant than comparing the size of each failure. 

More specific comparisons were completed by isolating areas of interest along the 

DoD and comparing them to the stability map. The weakest condition analysis indicated that 

essentially the entire bluff face was unstable, which was not observed in the DoD, so only the 

results from the strongest condition analysis were considered in the more specific 

comparisons. The comparisons for each area of interest are given in Figures 25-28. For each 

area of interest along the shoreline, photographs provide a straightforward means of 

comparison to the stability map. All the areas of observable change (red outlines on the 

photograph) fall within the predicted unstable region from the Scoops3D analysis except for 

the leftmost circle in Figure 27, which falls outside the edge of a predicted unstable region 

and thus was a false negative. The strength properties for the sediments were not measured at 

Sheboygan, but a site-specific analysis likely would have resulted in strength properties that 

are somewhat weaker than those used for the strongest condition. The reduction in sediment 

strength presumably would have resulted in the false negative area to have been correctly 

identified. An observed failure in January 2019 also occurred outside of the predicted 
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unstable region from the strongest condition analysis is presented in Figure 29. Like the false 

negative in Figure 27, this one occurred on the edge of an unstable area, but likely would 

have been predicted using in situ measured strength properties.  

 Repeat flights were not completed at Ozaukee and Kewaunee, so the results from 

Scoops3D for these areas were not verified in the same manner as Sheboygan. Instead, 

evidence of recent failures – scarps, fallen debris, slide masses, etc. – were identified in the 

photographs used to create the DEMs. The location and extent of the recent failures were 

compared to the Scoops3D results to determine if the predicted unstable regions are 

consistent with the failure areas observed in the photographs. Comparisons for Ozaukee and 

Kewaunee are provided in Figure 30 and Figure 31, respectively. The predicted unstable area 

for Ozaukee and Kewaunee using the strongest condition was located higher on the bluff face 

than the unstable area at Sheboygan. The identified failures in the photographs are consistent 

with this observation, as they are primarily located halfway up the bluff face and continued 

toward the top of the bluff in Figures 30 and 31. Strong evidence for recent failures at the 

base of the bluff were not observed at either Ozaukee or Kewaunee aside from wave erosion, 

which was not included in the Scoops3D analysis. At each of the three study sites, the 

strongest condition stability analysis adequately agreed with the failure regions observed 

directly in the drone photography or from DoD analysis. There were two noted exceptions in 

Sheboygan, but they would likely have been classified as unstable if site specific strength 

properties were collected. From here on, only the strongest condition will be discussed unless 

noted otherwise. 
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Evolution of Bluff Recession 

The locations of the predicted unstable areas indicate that these three bluffs may be at 

different stages in the bluff evolution cycle provided in Figure 2 and described in the Edil 

and Vallejo (1977). Sheboygan appears to be transitioning from the first stage into the 

second, as toe erosion is still taking place while there is some evidence of erosion slightly 

above the toe. Ozaukee is likely fully into stage two, possibly transitioning into stage three. 

Evidence of wave erosion at the toe was observed at Ozaukee, and the unstable area was 

farther up the bluff face than it was at Sheboygan. The primary difference indicating 

Ozaukee is further along the evolution process than Sheboygan and the presence of colluvial 

aprons at the base of the bluff suggests that a composite slope is developing. Kewaunee is the 

furthest in the evolution process, as the unstable area is solely in the top half of the bluff.  

 The timing of events in the bluff evolution process presented in Figure 2 is 

complicated by several factors, so the suggestion that Ozaukee is at an earlier stage than 

Kewaunee does not mean the latter has undergone a longer period of erosion. In fact, the two 

likely have experienced erosion for a similar length of time, but the bluffs at Ozaukee are 15 

m taller (40 m bluff height in Ozaukee, 25 m height in Kewaunee). The progressive failures 

are likely taking longer to travel up the bluff face in the higher bluffs. The same explanation 

can be applied to Sheboygan, where the bluffs there may have already experienced several 

iterations of the process because they are much shorter (15 m tall). A single failure may 

remove material from the top of the bluff, and several stages could be passed over, resulting 

in an immediate reset of the evolution process. The results of the stability analysis support 

claims made by others that shorter bluffs respond more quickly to an increase in lake level 
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than higher bluffs (Edil and Vallejo, 1980; Buckler and Winters, 1983; Brown et al., 2005). 

Those studies have typically reported a cutoff elevation – commonly 20 m – that classifies 

the bluff as either a “high” or “low” bluff, with subcategories associated with each (see Table 

2). The relative stages of the bluffs analyzed here suggest that the progression of failure may 

not be binary, but instead continue to vary as the bluff height changes, at least for the “high” 

bluffs. 

 The bluffs in this thesis were chosen because they represented three different classes 

described in Table 2. Sheboygan falls into the L3 category, while Ozaukee and Kewaunee 

belong to H3 and H1, respectively. The stability results from Kewaunee are consistent with 

the parallel retreat type associated with the H1 class. The unstable area extends the length of 

the shoreline, so the top of the bluff would be expected to erode approximately uniformly. 

The photographs for Kewaunee also confirm that previous failures behaved in this manner 

because the top of the bluff could be approximated by a straight line. The unstable regions in 

Sheboygan and Ozaukee were confined to specific areas along the shoreline stretch, 

suggesting that the slope would vary in space, which is consistent with the retreat type listed 

for the L3 and H3 classes in Table 2. Prominent arcuate gouges were identified at the top of 

the bluffs in the photographs at Sheboygan and Ozaukee. 

 The dominant failure mode at every study site was also determined using the 

photographs. Rill erosion typically occurs at very small scales and is therefore difficult to 

observe in photographs as the depth of rills are typically on the order of 1/10 of an inch, or 

0.25 cm (Bay-Lake Regional Planning Commission et al., 1996). This depth is less than the 

limit of detection in the DoD for Sheboygan, so the patterns of rill erosion cannot be tracked 
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using repeat collections unless there is time for sediment accumulation. Despite this, rill 

erosion undoubtedly occurs at every study site when runoff travels along the bluff face 

(Sterrett, 1980). Even though rill erosion occurs, larger scale failures like falls and slides are 

more disruptive to activities at the top of the bluff (Edil and Vallejo, 1977). For this reason, 

only the larger scale failure modes were considered when identifying failures in the drone 

photographs. 

 Most of the observed failures at Sheboygan – visible in Figures 25-29 – were either 

falls, shallow slides, or slumps. The failure in Figure 29 was a large translational slide that 

originated at the top of the bluff. Falls were not observed in Ozaukee, as all the failures were 

slides (Figure 30). These slides were mostly shallow and translational, however there was 

evidence for a deep-seated rotational slide located. Falls and translational slides were 

observed in the photographs for Kewaunee (Figure 31). As noted above, the unstable areas 

from the Scoops3D analysis using the strongest condition were consistent with the observed 

failure areas, even though Scoops3D only analyzes rotational failures (Reid et al., 2015). 

Falls and translational slides, however, are typically smaller in volume than the rotational 

slides that are analyzed in Scoops3D (Edil and Vallejo, 1977; Mickelson et al., 1992). 

Because of this, the results from Scoops3D can be used to identify the approximate spatial 

distribution of unstable areas but may not provide an accurate estimation of the volume of 

material that would be eroded if all unstable failure surfaces were removed. 
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Volume Estimation   

 The Scoops3D stability analysis only considers rotational failures, which are typically 

deeper seated than other failure modes. Therefore, removing the potential failure surfaces 

with a Factor of Safety less than unity (unstable) represents an overestimation of the expected 

sediment contribution to the nearshore environment. A volume estimate obtained from the 

Scoops3D results can also be considered an overestimation because the Factor of Safety 

analysis does not include a time component; the analysis only determines whether a potential 

failure surface is in equilibrium or not. The potential failure surfaces that are not in 

equilibrium are expected to fail eventually, but others have noted that the bluffs along the 

Lake Michigan shoreline likely fail episodically (Edil and Vallejo, 1977; Mickelson et al., 

1992; Hampton and Griggs, 2004). This episodic nature suggests that large failure surfaces 

will likely be removed through a series of smaller failures. These smaller failures are not 

guaranteed to match or even approach the larger failure surface as the bluff could reach a 

new stable condition in the intervening period, especially if the lake level falls. This 

phenomenon can be monitored by conducting a series of repeat flights to identify the erosion 

areas and perform the stability analysis using the DEMs created from the series of flights. In 

this thesis, the stability analysis in Scoops3D was not repeated for the September 2018 flight 

at Sheboygan, but could be performed in a future study to investigate the influence small 

changes in the bluff face have on stability.  

Failures were observed in the photographs for the repeat flight at Sheboygan, and the 

area of measurable erosion in the DoD was used to determine the approximate volume of 

sediment delivered to the nearshore environment for summer 2018 (May-September). The 
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volume of sediment delivered was between 110 m3 and 130 m3. The composition of the 

delivered sediment cannot be accurately determined solely from the DoD, as the source of 

the delivered sediment cannot reliably be traced back to specific failures. As the sediment 

mass travels down the bluff face, it can pick up sediment from other units or preferentially 

deposit larger grains; in that manner, the composition changes during transport. Sediment 

from multiple failures may also accumulate in the same region, which introduces further 

change to the sediment composition. For isolated events, the areas of deposition and erosion 

can be reasonably constrained from the DoD – an example is provided in Figure 32. The 

isolated event in the DoD for Sheboygan occurred at the top of the bluff face, so very little of 

the eroded sediment, if any, was delivered to Lake Michigan. Grain size measurements from 

a specific failure in the field or prominent area of deposition are required to obtain an 

accurate estimation of the composition of sediment entering Lake Michigan. 

 Estimating the composition of the unstable volume from the Scoops3D analysis is 

simpler than using the DoD if one assumes the entire volume will be eventually removed. 

Table 11 lists the unstable volume associated with each stratigraphic layer from the 

Scoops3D analysis. The volume estimate from the Scoops3D analysis for Sheboygan (4,150 

m3) is an order of magnitude higher than total erosion observed in the DoD (270 m3). Two 

factors are the likely cause for this discrepancy. The first is that the Scoops3D analysis 

provides no indication for the timing or progression of failures. The large failure volumes 

may be produced through a series of smaller scale slides, and thus would not be expected to 

be removed all at once. A second factor is that the volume estimate determined from the 

Scoops3D analysis does not consider deposition. Even under the extreme scenario where all 
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the unstable volume failed at once, not all of the eroded sediment would be delivered to Lake 

Michigan. Some sediment would be deposited along the bluff face to reestablish a stable 

slope. Therefore, the unstable volume estimate from Scoops3D represents an upper bound of 

the erosion volume, especially over a relatively short time period. 

While the unstable volume estimate provides an upper bound of what could be 

eroded, it also provides information about which units are least stable in every study area. 

The stratigraphy at all three study sites is similar: the uppermost unit is till, followed by a 

sandier non-till unit, then the lowermost unit(s) is till or sediment that is similar in 

composition to till. The drained cohesion, drained friction angle, and unit weight for each 

stratigraphic unit are given in Table 11, along with the associated unstable volume from the 

Scoops3D analysis. At every study site, the largest unstable volume was associated with the 

non-till unit. The cohesion, friction angle, and unit weight values are typically lower for this 

unit than the till or till-like units, so this unit is found to be weaker than the till units. The 

locations of unstable areas along the bluff face appear to be controlled by the relative 

strength of the sediments making up the bluff with light, sandy, cohesionless (or low 

cohesion) materials representing the most unstable units.  

If the strength properties were the only significant factor, however, one would expect 

the percentage of the bluff face classified as unstable to be proportional to the thickness of 

the weakest unit, which was not the case for these three study sites. The thickness of the 

weakest unit (Figure 11) was used to approximate the relative amount of the weakest unit 

exposed along the bluff face at every study site. The approximation was valid because the 

vertical thickness projects to the longest line segment along the sloped bluff face. The 
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thickness of the weakest unit was 6.2 m, 11 m, and 7.5 m and the strongest condition analysis 

indicated that 22%, 3%, and 44% of the bluff face was unstable for Sheboygan, Ozaukee, and 

Kewaunee, respectively. The relative percentage of the bluff face at the study sites does not 

perfectly correlate with the relative thicknesses of the weakest unit. Additional 

characteristics, such as the slope and pore water pressure, of the bluff must be considered 

when assessing stability. 

 

Possible Causes of Instability 

Slope 

 The FOS determination (Equation 7) is controlled by more than just strength 

properties. The unit weight presented in Table 11 is an indication of the relative normal 

stress, or weight, exhibited by each layer. The weight also depends on the slope of the land 

surface. From a force balance perspective, which forms the basis of the FOS determination, a 

steeper slope causes more of the weight to be directed downslope, thus causing the surface to 

tend toward unstable. Histograms of the slope angle along the bluff face, determined using 

the built in Slope tool in ArcMap, are presented in Figure 33 for the study sites. The average 

slope angles were 37.2°, 33.0°, and 38.3° at Sheboygan, Ozaukee, and Kewaunee, 

respectively. The percent of the bluff face that was unstable increases with the average slope 

angle.  

 The average slope angle provides a single measure that describes the entire stretch of 

shoreline; however, slope angles can vary considerably across short distances. Slope maps 

capture that variability. One motivation for using a three-dimensional stability analysis was 
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to identify refined unstable regions along the bluffs. The spatial extent and distribution of 

unstable areas from the Scoops3D analysis were compared to the corresponding slope map 

created using the DEM (Figures 34-36). At every study site, the unstable regions for the 

strongest condition coincide with the steepest slope angles. This observation was verified 

through the comparison of the slope angle between stable and unstable areas (Figure 37). The 

slope angle distribution for unstable areas is shifted to higher slope angles, suggesting that 

the slope angle is larger in unstable areas than stable areas.  

 The statistical significance of this difference was confirmed using an upper-tailed two 

sample t-test comparing the mean slope angles of the unstable and stable areas at every study 

site. Table 12 contains the mean and standard deviation slope angles for the stable and 

unstable areas along with the results of the t-test. The results of the t-test suggest that slope 

angle associated with unstable areas is significantly higher than the slope angle for stable 

areas (p-value << 0.001 for all). For large sample sizes, the two sample t-test will return a 

significant result for small differences, even if the practical significance of the difference is 

insignificant (Ellis, 2010). A different statistic, called the effect size, can be used to help 

determine the practical significance of the difference. The effect size statistic is essentially a 

standardized version of the difference, with the difference reported as a number of pooled 

standard deviations or other measure of spread (Ellis, 2010). The effect size statistic 

corresponding to the two sample t-test is Cohen’s 𝑑, and the way it is determined is given in 

Equations 12 and 13 (Ellis, 2010). In those equations, �̅�𝑖 represents the mean of group 𝑖, 𝑥𝑖 is 

an observation from group 𝑖, and 𝑛𝑖 corresponds to the number of observations in group 𝑖.  
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                                                             𝑑 =  
�̅�𝐴 − �̅�𝐵

𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑
                                                        (12) 

 

                                  𝑆𝐷𝑝𝑜𝑜𝑙𝑒𝑑 =  √
∑(𝑥𝐴 − �̅�𝐴)2 + ∑(𝑥𝐵 − �̅�𝐵)2

𝑛𝐴 + 𝑛𝐵 − 2
                             (13) 

 

The effect size statistic describing the difference in slope angle between unstable and 

stable areas is given in Table 12 for each study site. Cutoff values are given to aid in the 

interpretation of the effect size statistic. The cutoff values for Cohen’s 𝑑 are 0.2, 0.5, and 0.8 

for a small, medium, and large effect, respectively (Ellis, 2010). A medium effect 

corresponds to a difference that can be seen by a careful observer, a small effect is less than a 

medium effect but larger than a trivial one, while a large effect is defined so that the medium 

cutoff value is exactly in between the small and large cutoff values (Ellis, 2010). A medium 

effect size was found at every study site, so the difference in slope angle has practical 

significance. A 6° increase in slope angle – the minimum difference between the mean angles 

for stable and unstable areas – causes the downslope component of the weight to increase by 

approximately 10% of the total load. The downward component of the weight that 

contributes to the effective stress is also decreased by approximately the same amount. 

Decreasing the effective stress reduces the stabilizing force. The unstable areas all had a 

mean value close to or above 40°; future research could identify whether this angle can be 

used as a first step to screen for unstable areas. The comparisons presented here suggest that 

slope is an important factor for stability along with the strength properties discussed above.   
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Pore Water Pressure 

 Pore water pressure also affects stability. In the stability analysis, the pore water 

pressure at the potential failure surface was determined using the depth below the water table 

(Reid et al., 2015). Large depths below the water table correspond to a high pore water 

pressure, thus decreasing the effective stress and causing the area to potentially become 

unstable. Based on the photographs for each study area, the seep elevation, which notes the 

location where the water table intersects the land surface, is located at the base of the non-till 

unit and the water table extends to a higher elevation in that unit (Figures 18-20). Most of the 

unstable volume was associated with the non-till unit in each study area; this seems 

counterintuitive as most of the unit lies above the water table. Failure surfaces may dip below 

the water table and become unstable with the inclusion of pore water pressure. Though not 

considered in the Scoops3D analysis, an alternative explanation is transient increases in the 

water table in response to precipitation events induce slope failure.  

The percentage of the unstable failure surfaces from the Scoops3D analysis that 

intersect the water table was determined at each study site, and the results are given in Table 

13. Pore water pressure is typically reported as a primary contributor to bluff instability, but 

the percentages given indicate that this may not always be the case (Edil and Vallejo, 1980; 

Hampton and Griggs, 2004; Mickelson et al., 2004). The majority of the unstable failure 

surfaces at Sheboygan intersect the water table, but only around 30% of the unstable failure 

surfaces do in the analyses for Ozaukee and Kewaunee. The centers of the unstable failure 

surfaces that intersected the water table were investigated to identify their spatial extent. 

Maps that show the intersecting surfaces overlain on the stability map are included in Figures 
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38, 39, and 40 for Sheboygan, Ozaukee, and Kewaunee, respectively. The map for 

Sheboygan looks as expected; the potential failure surfaces that intersect the water table 

essentially coincide with all of the unstable regions. Even though the potential failures 

surfaces intersecting the groundwater table only make up a fraction of the total unstable 

failure surfaces for Ozaukee and Kewaunee, almost all of the unstable regions still 

correspond to these areas. Failure surfaces that do not intersect the water table correspond to 

smaller volume slides that are in areas where the combination of the slope angle and strength 

properties likely already cause instability. 

Areas where the cohesion, friction angle, and unit weight are low while the slope 

angle is steep can produce a condition that is unstable without the influence of any pore water 

pressure. Introducing pore water pressure drives the balance of forces further toward 

instability. Under that assumption, one would expect the FOS of the failure surfaces 

intersecting the water table to be less than the failure surfaces that do not. Figure 41 shows 

the distribution of FOS for unstable failure surfaces that do and do not intersect the water 

table. Table 14 contains the median and inter-quartile range (IQR) values of the distributions, 

along with the results of a two-sided Wilcoxon rank sum test comparing the median values. 

The histograms in Figure 42 are skewed left and almost overlap each other. The median FOS 

values are all above 0.9, which is common for natural slopes (Chapman, 1996). The rank sum 

test indicated that the FOS values for unstable failure surfaces at Sheboygan and Kewaunee 

were significantly different (p-value << 0.001) but were not significantly different at 

Ozaukee (p-value = 0.22). The effect size was again determined to assess whether the 

differences had any practical significance. The metric used above, Cohen’s 𝑑, cannot be 
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applied to compare medians. Instead, the 𝑟-family effect size statistic was used (Ellis, 2010). 

It is calculated by divided the rank sum test statistic 𝑍 by the square root of the number of 

observations in both groups (Equation 14).  

 

                                                          𝑟 =  
𝑍

√𝑛𝐴 + 𝑛𝐵

                                                         (14) 

 

The 𝑟-family effect size has different cutoff values than Cohen’s 𝑑. The cutoff values 

are as follows: less than 0.1 is a trivial effect, 0.1 corresponds to a small effect, 0.3 signifies a 

medium effect, and 0.5 is the cutoff for a large effect. The effect size statistics for the FOS 

investigation suggest that the only Sheboygan study area has a small difference with practical 

significance (Table 14). The lack of an effect in Kewaunee and Ozaukee is realistic 

considering that only 30% of the unstable failure surfaces intersected the water table at these 

sites. The effect at Sheboygan might be a result of the abundance of unstable failure surfaces 

that intersected the water table there. Similar FOS values for failure surfaces that intersect the 

water table and those that did not suggests that pore water pressure causes instability in a 

mass that would otherwise be at equilibrium. 

The stratigraphic units at Sheboygan are considerably stronger than those at Ozaukee 

and Kewaunee. The pore water pressure at Sheboygan needs to be higher than Ozaukee and 

Kewaunee to cause instability. The pore water pressure is a function of the depth below the 

water table, so the maximum depth below the water table was determined for every failure 

surface that intersected the water table. Histograms showing the distributions are given in 

Figure 42. All the distributions are skewed right, and Sheboygan has the largest depths 
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followed by Ozaukee and Kewaunee. The median and IQR values for each distribution are 

given in Table 15. The median maximum depths below the water table were 0.73 m, 0.40 m, 

and 0.25 m for Sheboygan, Ozaukee, and Kewaunee, respectively. A two-sided Wilcoxon 

rank sum test was performed to compare the median depth values for each combination of 

study sites. All the comparisons were significant at a 0.05 significance level (p-value << 

0.001). The 𝑟-family effect size was determined for each case, and all the differences have 

practical significance. The difference between Sheboygan and Kewaunee bluffs 

corresponded to a large effect, while the Sheboygan-Ozaukee and Ozaukee-Kewaunee 

differences exhibited a small effect (Table 15). The relative depths below the water table 

support that failure surfaces at Sheboygan must be deeper below the water table, and 

therefore have a higher pore water pressure, than Ozaukee or Kewaunee to reach an unstable 

condition because the units are stronger at Sheboygan. The strength properties for the upper 

two units at Ozaukee and Kewaunee are comparable, but the slope at Kewaunee is steeper, so 

the pore water pressure needs to be greater at Ozaukee to create instability. The combination 

of the slope angle and strength of the units at the base of Ozaukee and Kewaunee are stable 

enough that even the addition of pore water pressure did not cause instability for most of the 

bluff there.  

All the analyses discussed in this thesis were conducted using steady state conditions. 

The Lake Michigan bluffs are a dynamic system, as the water table can fluctuate after a 

storm or extended period of precipitation. The water table fluctuations also likely differ in 

coarser or finer strata. Progressive failures along the bluff face also cause changes in the 

slope with time. Long term weathering from the sun can even cause changes to the strength 



53 

 

of the sediment (Edil and Vallejo, 1980). Seasonal increases in lake level allow erosion to 

periodically occur at the bluff toe that can then progress up the bluff face. Water table 

fluctuations act at the shortest time scale so changes in pore water pressure become of 

primary concern in stability analyses. Theoretically, steeper slope angles, to an extent, can be 

maintained in equilibrium in the absence of any pore water pressure. Figure 43 contains the 

distribution of the slope angle for unstable regions along the bluff face that are above and 

below the water table. The distribution of slope angles for areas below the water table is 

slightly shifted to the right compared to the areas above the water table. Table 16 contains the 

mean and standard deviation values for each study site. The mean slope angle for unstable 

areas above the water table are 45.3°, 39.2°, and 42.6° for Sheboygan, Ozaukee, and 

Kewaunee, respectively. The mean slope angle for unstable areas below the water table are 

41.8°, 34.7°, and 41.1° for Sheboygan, Ozaukee, and Kewaunee, respectively. The results 

from upper-tailed two sample t-tests indicated that the mean slope angle for unstable areas 

above the water table are higher than those below the water table at each study site (p-value 

<< 0.001). The Cohen’s 𝑑 effect size statistic was used to assess the practical significance of 

the differences. The difference in the slope angle at Kewaunee was trivial, but a small effect 

was observed at Sheboygan and Ozaukee. For the most part, steeper slope angles can be 

maintained above the water table, so a rise in the water table will induce instability because 

the steeper slope angle can no longer be maintained. The interplay between the slope angle 

and water table is most important during extended periods of an elevated water table or for 

sediments that are sensitive to changes in precipitation – sometimes called “flashy”.  
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CONCLUSION 

 This thesis analyzed three different bluff types along the Lake Michigan shoreline 

using Scoops3D, a three-dimensional limit equilibrium slope stability model. High-resolution 

digital elevation models (DEMs) were created using Structure from Motion (SfM) and 

coupled with groundwater models developed in MODFLOW during the stability analysis. 

The Scoops3D results suggest that the bluff types respond to increased lake level on different 

time scales. The relative positions in the bluff evolution cycle corresponded to the relative 

height of the bluffs. The shortest bluff likely cycles through the stages rapidly, while the 

progression of instability takes longer to travel to the bluff top in the taller bluffs. 

 The approximate location of unstable areas along the bluff face may be controlled by 

the bluff height and how it relates to the bluff evolution cycle, but the sediment strength, 

slope angle, and pore water pressure are the physical characteristics that control stability. The 

stratigraphy was similar at each study site, and most of the unstable regions were associated 

with the weakest unit. The unstable regions were also associated with high slope angles along 

the bluff face. There was a significant difference in slope angle between stable and unstable 

regions, with instability occurring when the slope angle was approximately 40°. In some 

instances, the combination of sediment strength and slope angle caused the area to be 

unstable in the absence of pore water pressure. The addition of pore water pressure can cause 

regions to become unstable when the combination of sediment strength and slope angle are 

not enough to promote instability. Unstable failure surfaces in Scoops3D that were associated 

with a stronger stratigraphic unit had greater depths below the water table, and therefore 
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higher pore water pressures, than unstable failure surfaces that were associated with weaker 

stratigraphic units.  

 Sediment strength, slope angle, and pore water pressure were combined in Scoops3D 

to predict instability under steady state conditions. While Scoops3D considers only rotational 

slides, comparisons of the predicted unstable regions to recent failures at the study sites 

indicated that Scoops3D adequately predicts unstable areas associated with translational 

slides and falls, too. At Sheboygan, the Scoops3D results were compared to a DEM of 

Difference (DoD), and the predicted unstable areas from Scoops3D coincided with regions of 

measurable erosion in the DoD. 

 The DoD presented in this thesis compared two high-resolution DEMs that were 

created using SfM. The DoD demonstrates the use of SfM to create a time series of change 

along the bluffs. One can expect to observe changes as small as 20 cm based on the results of 

this thesis, however, heavily vegetated areas cause consistency issues across the time series. 

Vegetated areas were removed from consideration in this thesis, but future work could 

attempt to resolve some of the consistency issues by finding other methods to filter 

vegetation during DEM creation. The time series of DEMs can used to monitor changes in 

stability. 

 This thesis assumed steady state conditions; thus, the results provide a single instance 

in time. Shoreline bluff are a dynamic system where changes in slope angle and water table 

fluctuations alter stability. Future studies could investigate these phenomena and describe the 

impact these changes have on bluff stability. A series of stability maps could be created by 

coupling the methods presented in this thesis with a time series of DEMs created using SfM. 
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The stability maps could confirm the bluff evolution cycle given in Figure 2. The impact of 

water table fluctuations could also be investigated in future work. These fluctuations occur 

on a faster time scale than changes in slope and therefore could exert more influence on 

stability. A time series of DEMs created using SfM could be used for a number of 

investigations: movement of sediment along the bluff face, quantifying the contribution of 

sediment into the nearshore hydrodynamic environment, the effect of changing lake level on 

bluff stability, etc. A future study could also adapt the stability analysis in Scoops3D to 

include wave impact forces in an attempt to provide a more complete model of the forces 

acting on the shoreline bluffs. 
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APPENDIX 1: FIGURES 

 
Figure 1. Annual water level for Lake Michigan 1918-present; data from (Smith et al., 

2016). 
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Figure 2. Evolution of bluff recession due to erosion at the toe. (from Edil and Vallejo, 

1977). 
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Figure 3. Map showing glacially-derived lithostratigraphy present at the surface in 

Wisconsin. (from Syverson et al., 2011). The counties of interest in this thesis are outlined in 

orange. 
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Table 1. Average composition of stratigraphic units in Eastern Wisconsin. Values from (Edil 

and Mickelson, 1995; Mickelson and Syverson, 1997; Syverson et al., 2011). * formerly 

Haven Member † based on Shepard’s Classification Ternary Diagram 

Stratigraphic Unit Sand [%] Silt [%] Clay [%] 

Oak Creek Formation 12 43 45 

Ozaukee Member south of Sheboygan 13 47 40 

Ozaukee Member north of Sheboygan* 16 56 28 

Valders Member 30 52 18 

Two Rivers Member 31 50 19 

Fine Grain Sand 100 0 0 

Silt, Clay, Fine Sand† 30 35 35 

Sandy Lake Sediment† 45 55 combined 

Stream Sand 100 0 0 
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Figure 4. Bluff stability along the Lake Michigan shoreline within the study area. Stability 

determined using aerial photographs (Mickelson, 2007). Percentage of the shoreline in each 

category noted in parentheses. 
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Table 2. Classes of failing bluffs along the Great Lakes. (from Mickelson et al., 2004). L3 

(Sheboygan), H1 (Kewaunee), and H3 (Ozaukee) are present in the study area. 

Category Bluff 

material 

Profile 

morphology 

Failure mode Retreat type 

Low bluffs (less than 20 m in height) 

L1 Mostly 

cohesive soils 

Simple profiles 

Generally unstable 

Shallow slides 

and small 

shallow slumps 

and associated 

flows 

Parallel retreat 

L2 Mostly sand Simple profiles 

Generally unstable 

Shallow slides 

and associated 

sand flows or 

simply wind 

and water 

erosion 

More-or-less 

parallel retreat 

L3 Cohesive soils 

or 

interstratified 

sand and 

cohesive 

sediments 

Complex profiles 

Unstable 

Shallow slides 

and shallow to 

deeper-seated 

slumps and 

associated 

flows 

Slope angles 

vary in time and 

along a profile 

from top to 

bottom as 

retreat takes 

place 

High bluffs (greater than 20 m in height) 

H1 Mostly 

cohesive soils 

Simple profiles 

Unstable 

Shallow slides More-or-less 

parallel retreat 

H2 Sand Simple profiles 

Unstable 

Shallow slides 

and associated 

sand flows or 

simply wind 

and water 

erosion 

Parallel retreat 

H3 Mostly 

cohesive soils 

Complex profiles 

Unstable 

Deep-seated 

slumps of 

various age 

and in various 

stages of 

evolution 

Bluff angles are 

complex, 

varying in time 

and space 
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Figure 5. Location of shoreline stretches that are analyzed in this thesis. 
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Figure 6. Diagram illustrating the definition of forces for Bishop’s Simplified Method in two 

dimensions. (from Vallejo, 1977). 

 

 

 

 
Figure 7. Principle of Structure from Motion. (from Westoby et al., 2012). 
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Figure 8. Example of a ground control point in the study areas. Inset shows zoomed in view. 

 

 

 

Table 3. Field work layout parameters for drone flights. 

Location Area [ha] # GCPs # Photographs 

Ozaukee 9.17 14 1,020 

Sheboygan, May 4.02 8 255 

Sheboygan, September 4.02 12 418 

Kewaunee 1.26 8 195 
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Table 4. Initial values used for the parameters in MODFLOW. * parameter estimated during 

calibration. T# values tied together, number denotes which parameters are tied to each other 

 

 

 

 

Table 5. Strength properties used in Scoops3D. * formerly Haven Member 

 Unit Weight 

[kN/m3] 

Drained 

Cohesion [kPa] 

Drained  

Friction Angle [deg] 

Tills 

Oak Creek Formation 21.3 0.5-6 27-31 

Ozaukee Member 

south of Sheboygan 
21.7 2.4-14.4 27-34 

Ozaukee Member 

north of Sheboygan* 
21.7 14.4-24 30-33 

Valders Member 21.6 22.5-34 29-30 

Two Rivers Member 20.5 1-11 28-33 

Other Sediments 

Fine Grain Sand 18.9 0 33-34 

Silt, Clay, Fine Sand 20.5 7.2-40.8 31-35 

Sandy Lake Sediment 19.7 0.5-2 26-31 

Stream Sand 18.9 0-0.5 30-36 

 

 

 

  Ozaukee Sheboygan Kewaunee 
L

a
y
er

 1
 Hydraulic Conductivity [m/s] *T1 1x10-7 1x10-7 1x10-7 

Specific Yield 0.08 0.08 0.08 

Porosity 0.31 0.29 0.21 

Drain Conductance [m2/s] * T1 1x10-7 1x10-7 1x10-7 

L
a
y
er

 2
 Hydraulic Conductivity [m/s] * T2 1x10-5 1x10-5 1x10-5 

Specific Yield 0.25 0.25 0.30 

Porosity 0.39 0.54 0.34 

Drain Conductance [m2/s] * T2 1x10-5 1x10-5 1x10-5 

L
a
y
er

 3
 Hydraulic Conductivity [m/s] * T3 1x10-7 5x10-7 5x10-7 

Specific Yield 0.08 0.08 0.08 

Porosity 0.30 0.28 0.29 

Drain Conductance [m2/s] * T3 1x10-7 5x10-7 5x10-7 

L
a
y
er

 4
 Hydraulic Conductivity [m/s] * T4 NA NA 1x10-7 

Specific Yield NA NA 0.2 

Porosity NA NA 0.39 

Drain Conductance [m2/s] * T4 NA NA 1x10-7 

 Recharge [m/s] * 5x10-9 5x10-9 5x10-9 
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Figure 12. Example of a seep (indicated by the arrow) in one of the photographs from 

Sheboygan. 
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Figure 15. Identification of the accuracy overestimation ratio for the DEMs used in this 

thesis, according to the relationship defined by Sanz-Ablanedo (2018). 

 

 

 

Table 6. Vertical uncertainty in digital elevation models created using Structure from 

Motion. * value calculated using the relationship defined in (Sanz-Ablanedo et al., 2018). 

 

Location # GCPs GCP RMSE [m] Overall RMSE [m]* 

Ozaukee 13 0.041 0.164 

Sheboygan, May 8 0.020 0.060 

Sheboygan, September 12 0.020 0.064 

Kewaunee 8 0.039 0.117 

 

 

 

Table 7. Vertical uncertainty in the DEMs based on the jackknifing analysis. 

Location Median [m] IQR [m] 

Ozaukee (n = 88) 0.088 0.041 

Sheboygan, May (n = 36) 0.045 0.019 

Sheboygan, September (n = 78) 0.041 0.023 

Kewaunee (n = 36) 0.048 0.028 
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Figure 16. Histograms showing the distribution of jackknifing results for each study area. A) 

Ozaukee; B) Sheboygan – May; C) Sheboygan – September; D) Kewaunee. 
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Figure 17. Histograms showing uncertainty estimates of repeat flights using the DEM of 

Difference for Sheboygan. Yellow dots indicate the areas of no expected change that were 

investigated. 
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Table 8. Mass balance and calibration target RMSE values in the groundwater models. 

Location Mass Balance [%] Target RMSE [m] 

Ozaukee  -0.0005 0.047 (n = 301) 

Sheboygan 0.0009 0.194 (n = 146) 

Kewaunee -0.0003 0.044 (n = 44) 

 

Table 9. Estimates for the parameters in the groundwater model; calibrated using 

approximate elevations of observed seeps. Bold values were used in the final model 

calculation. The 95% confidence interval is provided in parentheses.   
Ozaukee Sheboygan Kewaunee 

L
a
y
er

 1
 

Hydraulic 

Conductivity [m/s] 
9.54 x 10-8 

(9.32 – 9.78) x 10-8 
1.09 x 10-7 

(1.00 – 1.19) x 10-7 
6.86 x 10-8 

(6.57 – 7.15) x 10-8 

Drain 

Conductance 

[m2/s] 

9.54 x 10-8 
(9.32 – 9.78) x 10-8 

1.09 x 10-7 
(1.00 – 1.19) x 10-7 

6.86 x 10-8 
(6.57 – 7.15) x 10-8 

L
a
y
er

 2
 

Hydraulic 

Conductivity [m/s] 
1.76 x 10-5 

(1.72 – 1.80) x 10-5 
1.19 x 10-5 

(1.15 – 1.23) x 10-5 
3.93 x 10-5 

(3.75 – 4.12) x 10-5 

Drain 

Conductance 

[m2/s] 

1.76 x 10-5 
(1.72 – 1.80) x 10-5 

1.19 x 10-5 
(1.15 – 1.23) x 10-5 

3.93 x 10-5 
(3.75 – 4.12) x 10-5 

L
a
y
er

 3
 

Hydraulic 

Conductivity [m/s] 
1.00 x 10-7 

(0.98 – 1.02) x 10-7 
3.87 x 10-7 

(3.73 – 4.02) x 10-7 
5.88 x 10-7 

(5.61 – 6.16) x 10-7 

Drain 

Conductance 

[m2/s] 

1.00 x 10-7 
(0.98 – 1.02) x 10-7 

3.87 x 10-7 
(3.73 – 4.02) x 10-7 

5.88 x 10-7 
(5.61 – 6.16) x 10-7 

L
a
y
er

 4
 

Hydraulic 

Conductivity [m/s] 
NA NA 

1.36 x 10-7 
(1.30 – 1.43) x 10-7 

Drain 

Conductance 

[m2/s] 

NA NA 
1.36 x 10-7 

(1.30 – 1.43) x 10-7 

 

Recharge [m/s] 
2.67 x 10-9 

(2.60 – 2.74) x 10-9 
6.44 x 10-9 

(6.24 – 6.65) x 10-9 
3.83 x 10-9 

(3.36– 4.35) x 10-9 
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Figure 21. Factor of safety map for the Sheboygan study site. The unstable area 

corresponding to the strongest and weakest conditions are shown using different shades of 

red. Unstable areas are those associated with a factor of safety less than unity. An oblique 

view is also provided. 
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Figure 22. Factor of safety map for the Ozaukee study site. The unstable area corresponding 

to the strongest and weakest conditions are shown using different shades of red. Unstable 

areas are those associated with a factor of safety less than unity. An oblique view is also 

provided. 
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Figure 23. Factor of safety map for the Kewaunee study site. The unstable area 

corresponding to the strongest and weakest conditions are shown using different shades of 

red. Unstable areas are those associated with a factor of safety less than unity. An oblique 

view is also provided. 
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Table 10. Percent of bluff face area that is unstable according to the Scoops3D analysis. 

Location Scenario 
Number of Potential 

Failure Surfaces 
Percent Unstable [%] 

Sheboygan  Strongest 12,021,950 22 

Sheboygan  Weakest 12,016,146 73 

Ozaukee  Strongest 58,087,619 3 

Ozaukee  Weakest 48,834,755 91 

Kewaunee  Strongest 7,802,166 44 

Kewaunee Weakest 5,351,988 86 
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Figure 24. DEM of Difference for the Sheboygan study site showing measurable change 

from May 2018 – September 2018. Vegetated areas where there is low confidence in 

repeatability were removed from analysis. 
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Figure 25. DEM of Difference for the Sheboygan study site with area of considerable 

erosion shown in the inset map.  Photographs corresponding to the inset map are given, with 

the areas of observable change between them circled in red. The stability map for the 

strongest condition is also given for the inset map region; the red area defines the unstable 

region. 
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Figure 26. DEM of Difference for the Sheboygan study site with area of considerable 

erosion shown in the inset map.  Photographs corresponding to the inset map are given, with 

the areas of observable change between them circled in red. The stability map for the 

strongest condition is also given for the inset map region; the red area defines the unstable 

region. 
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Figure 27. DEM of Difference for the Sheboygan study site with area of considerable 

erosion shown in the inset map.  Photographs corresponding to the inset map are given, with 

the areas of observable change between them circled in red. The stability map for the 

strongest condition is also given for the inset map region; the red area defines the unstable 

region. 
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Figure 28. DEM of Difference for the Sheboygan study site with area of considerable 

erosion shown in the inset map.  Photographs corresponding to the inset map are given, with 

the areas of observable change between them circled in red. The stability map for the 

strongest condition is also given for the inset map region; the red area defines the unstable 

region. 
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Figure 29. Stability map for the Sheboygan study site. A picture of a slope failure from 

January 2019 is given, and the corresponding area of the factor of safety map is provided in 

the inset. The point of view is from the top of the bluff in the photograph and inset stability 

map. Photo courtesy of Miles Thompson. 
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Figure 30. Stability map for the Ozaukee study site with May 2018 photograph where 

evidence of previous failures was identified. The estimated failure region for the previous 

failures are highlighted in the photograph. An oblique view of the corresponding region in 

the stability map is also provided; point of view is looking from Lake Michigan. 
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Figure 31. Stability map for the Kewaunee study site with July 2018 photograph where 

evidence of previous failures was identified. The estimated failure region for the previous 

failures are highlighted in the photograph. An oblique view of the corresponding region in 

the stability map is also provided; point of view is looking from Lake Michigan. 
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Figure 32. Example of an isolated erosion event in the DEM of Difference for the 

Sheboygan study site (May-September 2018). The blue region down the bluff face may 

represent the depositional zone for the sediment that was eroded – shown in red – from the 

top of the bluff. 
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Table 11. Volume estimates for erosion if all unstable areas from the stability analysis were 

removed. The estimates are divided by stratigraphic unit, and the strength properties used in 

the analysis are also presented. *formerly the Haven Member 

Location Stratigraphic Unit 

Unstable 

Volume 

[m3] 

Unit 

Weight 

[kN/m3] 

Drained 

Cohesion 

[kPa] 

Drained 

Friction 

Angle [°] 

Sheboygan Valders Member 600 21.6 34 30 

Sheboygan Sandy Lake Sediment 3465 19.7 2 31 

Sheboygan 
Ozaukee Member 

north of Sheboygan* 
85 21.7 24 33 

Ozaukee 
Ozaukee Member 

south of Sheboygan 
45 21.7 14.4 34 

Ozaukee Stream Sand 2070 18.9 0.5 36 

Ozaukee Oak Creek Formation 10 21.3 6 31 

Kewaunee Two Rivers Member 1660 20.5 11 33 

Kewaunee Fine Grain Sand 5840 18.9 0 34 

Kewaunee 
Ozaukee Member 

north of Sheboygan* 
70 21.7 24 33 

Kewaunee Silt, Clay, Fine Sand 0 20.5 40.8 35 
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Figure 33. Histograms of the slope angle along the bluff face at each study area – defined as 

the area between the top of the bluff and the lake level elevation. The mean and standard 

deviation are reported in the upper right hand corner of each histogram. A) Sheboygan; B) 

Ozaukee; C) Kewaunee. 
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Figure 37. Histograms of slope angle along the bluff face, separated into stable and unstable 

areas. Unstable regions are those with a factor of safety less than unity. A) Sheboygan; B) 

Ozaukee; C) Kewaunee. 
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Table 12. Comparison of mean slope for stable and unstable regions along the bluff face at 

each study area. The mean and standard deviation are presented. The reported p-value 

corresponds to a one-sided two sample t-test. 

Location Stable Area Unstable Area 
Upper-tailed 

p-value 

Cohen’s 𝒅 

Effect Size 

Sheboygan 
35.0° ± 14.5° 

(n = 628,780) 

45.1° ± 13.1° 

(n = 178,116) 
<< 0.001 0.72 (medium) 

Ozaukee 
32.8° ± 12.5° 

(n = 6,674,968) 

39.1° ± 11.0° 

(n = 211,496) 
<< 0.001 0.51 (medium) 

Kewaunee 
35.0° ± 14.2° 

(n = 405,553) 

42.6° ± 12.6° 

(n = 322,832) 
<< 0.001 0.56 (medium) 

 

 

 

 

 

 

 

 

Table 13. Potential failure surfaces with a factor of safety less than unity (unstable surfaces) 

in the stability analysis that intersected the water table. 

Location 

# Potential Failure 

Surfaces Below 

Water Table 

Total # Potential 

Failure Surfaces 

% Potential Failure 

Surfaces Below 

Water Table 

Sheboygan 72,427 81,530 89 

Ozaukee 13,750 47,332 29 

Kewaunee 100,484 303,538 33 

 

 



106 

 

 
Figure 38. Centers of unstable potential failure surfaces that intersected the water table for 

the Sheboygan study site. All unstable regions for the same stability analysis are shown in 

red. 
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Figure 39. Centers of unstable potential failure surfaces that intersected the water table for 

the Ozaukee study site. All unstable regions for the same stability analysis are shown in red. 
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Figure 40. Centers of unstable potential failure surfaces that intersected the water table for 

the Kewaunee study site. All unstable regions for the same stability analysis are shown in 

red. 
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Figure 41. Histograms showing the factor of safety for unstable potential failure surfaces, 

separated by those that intersect the water table and those that are entirely above the water 

table. A) Sheboygan; B) Ozaukee; C) Kewaunee. 

 

 

 

 

Table 14. Comparison of median factor of safety for unstable potential failure surfaces that 

are entirely above the water table and those that intersect the water table. The interquartile 

range for each is listed in parentheses. Reported p-values correspond to a two-sided 

Wilcoxon rank sum test. 

Location 

FOS for Potential 

Failure Surfaces 

Above Water Table 

FOS for Potential Failure 

Surfaces Intersecting 

Water Table 

Two-sided 

p-value 

𝒓-family 

Effect Size 

Sheboygan 
0.955 (0.066) 

(n = 9,103) 

0.930 (0.095) 

(n = 72,427) 
<<0.001 0.13 (small) 

Ozaukee 
0.981 (0.031) 

(n = 33,582) 

0.980 (0.0.30) 

(n = 13,750) 
0.22 0.01 (trivial) 

Kewaunee 
0.942 (0.080) 

(n = 203,054) 

0.949 (0.062) 

(n = 100,484) 
<<0.001 -0.08 (trivial) 
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Figure 42. Histograms showing the maximum depth below the water table for unstable 

surfaces that intersected the water table. A) Sheboygan; B) Ozaukee; C) Kewaunee. 

 

 

 

 

Table 15. Comparison of median max depths below the water table for each study area. 

Location 1 corresponds to the first study site listed under Compared Locations. The 

interquartile range for each study area is listed in parentheses. Reported p-values correspond 

to a two-sided Wilcoxon rank sum test. 

Compared 

Locations 

Location 1 Max 

Depth Below Water 

Table [m] 

Location 2 Max 

Depth Below Water 

Table [m] 

Two-sided 

p-value 

𝒓-family 

Effect Size 

Sheboygan-

Kewaunee 

0.73 (0.71) 

(n = 72,427) 

0.25 (0.27) 

(n = 100,484) 
<<0.001 0.61 (large) 

Sheboygan-

Ozaukee 

0.73 (0.71) 

(n = 72,427) 

0.40 (0.94) 

(n = 13,750) 
<<0.001 0.18 (small) 

Ozaukee-

Kewaunee 

0.40 (0.94) 

(n = 13,750) 

0.25 (0.27) 

(n = 100,484) 
<<0.001 0.16 (small) 



111 

 

 
Figure 43. Histograms showing the slope angle for unstable regions above and below the 

water table along the bluff face at each study area. A) Sheboygan; B) Ozaukee; C) 

Kewaunee. 

 

 

 

 

Table 16. Comparison of mean slope angle for unstable regions above and below the water 

table along the bluff face at each study area. The mean and standard deviation are presented. 

The reported p-value corresponds to a one-sided two sample t-test. 

Location 
Above Water 

Table 

Below Water 

Table 

Upper-tailed 

p-value 

Cohen’s 𝒅 

Effect Size 

Sheboygan 
45.3° ± 12.9° 

(n = 165,462) 

41.8° ± 16.0° 

(n = 12,654) 
<< 0.001 0.27 (small) 

Ozaukee 
39.2° ± 11.0° 

(n = 209,001) 

34.7° ± 12.3° 

(n = 2,495) 
<< 0.001 0.41 (small) 

Kewaunee 
42.6° ± 12.7° 

(n = 314,448) 

41.1° ± 10.0° 

(n = 8,384) 
<< 0.001 0.12 (trivial) 

 



112 

 

REFERENCES FOR APPENDIX 1 

Edil, T.B., and Vallejo, L.E., 1977, Shoreline Erosion and Landslides in The Great Lakes, in 

Proceedings of the Ninth International Conference on Soil Mechanics and Foundation 

Engineering, p. 51–57. 

Mickelson, D.M. et al., 1977, Shoreline erosion and bluff stability along Lake Michigan and 

Lake Superior shorelines of Wisconsin: Wisconsin Geological Natural History Survey. 

Mickelson, D.M., 2007, Wisconsin Shoreline Inventory and Oblique Photo Viewer:, 

http://floodatlas.org/asfpm/oblique_viewer/. 

Mickelson, D.M., Edil, T.B., and Guy, D.E., 2004, Erosion of coastal bluffs in the Great 

Lakes: US Geological Survey Professional Paper. 

Sanz-Ablanedo, E., Chandler, J., Rodríguez-Pérez, J., Ordóñez, C., Sanz-Ablanedo, E., 

Chandler, J.H., Rodríguez-Pérez, J.R., and Ordóñez, C., 2018, Accuracy of Unmanned 

Aerial Vehicle (UAV) and SfM Photogrammetry Survey as a Function of the Number 

and Location of Ground Control Points Used: Remote Sensing, v. 10, p. 19, 

doi:10.3390/rs10101606. 

Smith, J.P., Hunter, T.S., Clites, A.H., Stow, C.A., Slawecki, T., Muhr, G.C., and 

Gronewold, A.D., 2016, An expandable web-based platform for visually analyzing 

basin-scale hydro-climate time series data: Environmental Modelling & Software, v. 78, 

p. 97–105, doi:10.1016/J.ENVSOFT.2015.12.005. 

Syverson, K.M. et al., 2011, Lexicon of Pleistocene Stratigraphic Units of Wisconsin: 

Technical Report 1. 

Vallejo, L.E., 1977, Mechanics of the Stability and Development of the Great Lakes Coastal 

Bluffs: University of Wisconsin-Madison, 242 p. 

Westoby, M.J., Brasington, J., Glasser, N.F., Hambrey, M.J., and Reynolds, J.M., 2012, 

“Structure-from-Motion” photogrammetry: A low-cost, effective tool for geoscience 

applications: Geomorphology, v. 179, p. 300–314, 

doi:10.1016/j.geomorph.2012.08.021. 

 

  



113 

 

APPENDIX 2: FLIGHT PLANNING MANUAL 

 

Guide to Using Map Pilot for Creating DEMs 

By Jacob Woodard and Russell Krueger 

Before Leaving for the Field: 

Flight Preparation 

1. Check firmware on controller and drone 

a. Put battery in Drone and connect iOS to controller 

b. Open DJI GO app. 

c. Turn on controller and drone. 

d. Will see checking firmware in upper left-hand corner. 

e. If firmware not up-to-date, Update it by connecting iOS to drone>clicking 

update now> Follow the prompts 

 

 
 

2. Verify desired survey area is not in a no-fly-zone 

a. Use the AIRMAP or B4UFly apps to verify your survey is in a safe zone. 
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Map Pilot Setup 

1. Create a New Mission (*NOTE YOU MUST HAVE INTERNET ACCESS) 

a. Click create new mission. 

b. Click ok for two warning boxes. 

c. Scroll to survey location. 

d. Set home location by tap and hold (note the drone will land where it takes off 

from this is just for flight time estimation). 

e. Double tap on the four corners of your desired survey area. 

i. Be sure to make the survey area slightly larger than the area you 

actually want to survey to prevent edge effects and allow slight 

alterations in the field. 
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f. Open the Altitude Adjustment pullout in the upper left to check flight height, 

resolution, estimated duration, etc.. Adjust Resolution to needed specifications 

i. Note that resolution is cm/px. For estimating resolution of DEM from 

point cloud produced by software multiply the resolution value by 4 

which will give you the resolution of the DEM with ~16 pts/cell (ESRI 

recommended amount).  

1. E.g. 1.3cm/px*4 = 5.2 cm resolution for the resultant DEM 
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g. Open flight settings by clicking on upper menu-bar 

i. Set Overlap to 80/80. 

ii. Verify camera angle is nadir and that format is set to RAW (must be 

connected to drone). 

iii. Set max speed to maximum value (15 m/s). Note that the software will 

choose the actual flight speed. This is merely an upper limit. 

iv. Set battery limited to maximum value. 

v. Verify offset is set to 0 m.  

vi. Click Terrain Aware 

1. Select Profile> examine profile 

2. If given warning click OK 
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vii. Select Norm Mission (From the literature it doesn’t seem to matter 

much what pattern you fly as long as there is sufficient overlap) 

1. Note that many papers suggest flying from multiple angles (i.e. 

off-nadir) and at different elevations (James and Robson, 2014; 

Peppa et al., 2016). However, nadir flights with sufficient 

GCPs have been highly precise (Jaud et al., 2016). Our 

suggestion is if there is time, fly an additional path with an 

oblique angle to assure the most accurate point cloud. Notice 

you can only adjust the camera angle when connected to the 

drone.  

a. https://support.dronesmadeeasy.com/hc/en-

us/articles/213619666-Automated-Flight-Modes 

2. The best way to do this is to switch to DJI Go and set to take 

pictures at as high a frequency as possible (~5 seconds) and 

manually fly the path with the camera angle adjusted 

accordingly. Fly the drone at about 6 m/s (~20 km/hour) at an 

even grid trying to maintain sufficient overlap on the vertical 

sides of the images. 

h. Save the Project 

i. Click the map icon at the bottom of the left-side menu 

ii. Click save icon 

1. Should download base maps for use without Wi-Fi 

iii. Go back to home screen> yes you want to exit 

iv. Click Saved Missions>Swipe left on bottom-most mission>click edit 

v. Change name appropriately>Ok 

https://support.dronesmadeeasy.com/hc/en-us/articles/213619666-Automated-Flight-Modes
https://support.dronesmadeeasy.com/hc/en-us/articles/213619666-Automated-Flight-Modes
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At the Field Site: 

Field Site Setup 

1. Review the field area and determine extend of survey 

2. Deploy ground control points (GCPs) 

a. GCPs can be any sort of target that is heavy enough to not blow away in the 

wind and a surface where a precise (1 cm) GPS location can be taken. 

b. Ideally should have 15 GCPs for areas of 15 ha or more (James et al., 2017b; 

Agüera-Vega et al., 2018). However, having a minimum of 8 will provide 

reasonable results for areas this size (Tahar et al., 2012) 

c. A second option to determine the number of GCPs required is to use the 

relationship determined by Gindraux (2017). The ground sampling distance 

(GSD) can be found on MapPilot when setting the altitude. 
# 𝐺𝐶𝑃𝑠

𝑘𝑚2
= 6.12 𝑥 10−8

𝐺𝐶𝑃𝑠

𝐺𝑆𝐷
                  𝐺𝑆𝐷 𝑖𝑛 𝑘𝑚2 

d. GCPs should be placed near (~50ft) the four corners of the survey area with 

remaining GCPs scattered with somewhat even spacing in the middle of the 

area (support.dronedeploy.com). 

3. Record GPS position of each GCP. 

a. It is best to name the GPS points (if possible) correlating with a number on 

each target. This makes for faster processing in Agisoft. 

 



119 

 

 

Drone Flight 

1. Connect iOS to controller and turn on both the controller and drone 

2. Place drone in appropriate take-off point 

a. Should be free from any nearby trees and on even ground. 

3. Open DJI GO app  

a. Firmware should already be updated. 

b. Set the home point 

i. Settings>Drone Icon> Home Point Settings>select the arrow Icon>OK 

 
 

c. Make sure all other settings look appropriate. 

d. Double-click home button on iOS and close out DJI GO app. 

4. Open Map Pilot 

a. Click Saved Missions> Select previously saved mission 

b. Unlock by clicking lock icon at top left 

c. Adjust area to be surveyed if needed. (Note that the area must be within the 

previously saved mission’s area if there’s no internet and if its changed too 

much you may lose the base map imagery). 

i. Click Terrain aware>profile> save> rename new survey>open newly 

saved mission. 

d. Verify that the drone is connected 

i. Should say connected on upper dock 

e. Upload Flight to drone 

i. Click the airplane icon at top right 

ii. Click upload> Ok any warnings 

iii. Click Start 
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1. Drone will start survey  

 

 

 

5. When Drone comes back to the home point make sure that you have the controller in 

hand in case it tries to land in another location.  

 

Other Information: 

 To Override the programmed flight path, change the controller from P to A (or S) and 

then back to P (or S).   

 If flight requires more than one battery the drone will return home to get a new 

battery change. After changing the battery, the drone will return where it left off on 

the survey. 

 Drone can fly in wind speeds up to ~20 MPH 

o If winds pickup while in flight override the flight (see above) and change to 

sport mode (S on upper left lever) and do a tack pattern to manually return the 

drone to home. 

o When landing in High wind might be easier to have someone catch the drone 

and kill the drone engines (hold down the left joy-stick). 

 If the controller starts to beep, it is most likely that you’re losing the connection with 

the drone (<85% connection). Verify that the antennas are in the appropriate position 

then walk towards the drone and try and find a better position to monitor the flight. 

(The antennas should be about 60 degrees from horizontal.) 
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 You can set the home point to move with you as follows: 

With the release of Map Pilot v2.7.2 there will be a new entry in the Settings menu that will 
enable the ability to for the pilot to move while the aircraft is in flight. 

A yellow dot that marks the takeoff location as usual. As the pilot moves and the blue dot 
tracks them a yellow X will show the most recent update location. If the X is not moving that 
means the position update is not happening and the aircraft will return to the X's most recent 
location. 

There is a warning that comes up at takeoff to remind the pilot that the feature is active.  

This only works if iPad is receiving a GPS signal. If no GPS is available at field site 

you can follow the drone follow drone and when the drone is about to return to home 

override the programmed mission and then land the drone manually. Map Pilot will 

save the point of flight where it stopped its programmed flight. Land the Drone and 

change the battery. Then upload the mission again, follow the prompts, then the drone 

will return to where it was when you overrode the programmed flight. If you hit the 

return to home button after resuming the flight. The drone will land back to where 

you landed it manually. 

 If range of drone seems limited verify that the controller is transmitting at 2.4 GHz 

(Note that this is only applicable with the Phantom Pro). Also in Europe drones only 

fly in CE mode which limits the transmission and cuts range by half. It looks like it 

can be overridden but not without altering the drone’s firmware. 

 You can Link another controller to your drone under the DJI GO app 

o Settings> Controller> Advanced> Follow prompts 

 If area is too big that you are losing reception first try and get into a more central 

location and follow the drone. If that doesn’t resolve it Map Pilot has a connectionless 

mode that can fly without connecting to the drone. If connection is lost for a moment, 

the drone will not take pictures during connection loss interval but will continue on its 

flight path until battery power is low or it finished the flight. 

 

 

  



122 

 

REFERENCES IN MANUAL 

Agüera-Vega, F., Carvajal-Ramírez, F., Martínez-Carricondo, P., Sánchez-Hermosilla López, 

J., Mesas-Carrascosa, F.J., García-Ferrer, A., and Pérez-Porras, F.J., 2018, 

Reconstruction of extreme topography from UAV structure from motion 

photogrammetry: Measurement: Journal of the International Measurement 

Confederation, v. 121, p. 127–138, doi:10.1016/j.measurement.2018.02.062. 

Gindraux, S., Boesch, R., and Farinotti, D., 2017, Accuracy assessment of digital surface 

models from Unmanned Aerial Vehicles’ imagery on glaciers: Remote Sensing, v. 9, p. 

1–15, doi:10.3390/rs9020186. 

James, M.R., and Robson, S., 2014, Mitigating systematic error in topographic models 

derived from UAV and ground-based image networks: Earth Surface Processes and 

Landforms, v. 39, p. 1413–1420, doi:10.1002/esp.3609. 

James, M.R., Robson, S., and Smith, M.W., 2017, 3-D uncertainty-based topographic change 

detection with structure-from-motion photogrammetry: precision maps for ground 

control and directly georeferenced surveys: Earth Surface Processes and Landforms, v. 

42, p. 1769–1788, doi:10.1002/esp.4125. 

Jaud, M., Passot, S., Le Bivic, R., Delacourt, C., Grandjean, P., and Le Dantec, N., 2016, 

Assessing the accuracy of high resolution digital surface models computed by 

PhotoScan® and MicMac® in sub-optimal survey conditions: Remote Sensing, v. 8, 

doi:10.3390/rs8060465. 

Peppa, M. V, Mills, J.P., Moore, P., Miller, P.E., and Chambers, J.E., 2016, Accuracy 

Assessment of a UAV-based Landslide Monitoring System, in International Archives of 

the Photogrammetry, Remote Sensing, and Spatial Information Sciences, Prague, Czech 

Republic, ISPRS Congress, p. 12–19, doi:10.5194/isprsarchives-XLI-B5-895-2016. 

Tahar, K.N., Ahmad, A., Abdul, W., Wan, A., Akib, M., Mohd, W., and Wan, N., 2012, 

Assessment on Ground Control Points in Unmanned Aerial System Image Processing 

for Slope Mapping Studies: International Journal of Scientific & Engineering Research, 

v. 3, p. 1–10. 

 

  



123 

 

APPENDIX 3: GPS PROCESSING GUIDE 

 

Differential GPS Processing Guide – 6/14/2018 
Modified from Neal Lord’s 2013 version 
 
This is a guide for those with either little or no experience processing differential GPS data. It 
is a step by step guide to using Topcon Tools version 7.5 to process differential GPS data. The 
steps follow this general outline: 
 
 
1) Download the receiver data files from the NetR9 
 1a) Downloading converted rover data in RINEX 2.11 format 
 1b) Download data from the base station and convert to RINEX format 
2) Get the precise base station position 
3) Open Topcon Tools and create a project 
4) Import the base station data 
5) Import the roving station data, repeat for each rover station 
6) Process the baselines 
7) Copy the results to an Excel spreadsheet 
 
Topcon GPS Office version 7.5 and the Trimble RINEX file conversion utility need to be 
installed to process the data. The software can be downloaded from the following folder on 
Belgica: 
 
\\thule.geology.wisc.edu\Belgica\rkrueger\GPS_data\Topcon 
 
Topcon Tools is a commercial software package that is free to download and can be used 
indefinitely in the free demo mode. The demo mode can process a maximum of 5 points at a 
time (1 base station and 4 rover points). For most projects, this should be fine. 
 
NOTE: In this guide, all bolded items signify selections in the corresponding program. 
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1) Collect and download the receiver data files in from the NetR9 
Downloading the data from the NetR9 receiver requires an Ethernet cord. This walkthrough 
incorporates a USB to Ethernet adapter. Configuring the adapter can be skipped if using a 
computer with an available Ethernet port. 
 
First, change the IP address of the USB to Ethernet adapter to 169.254.51.65. This allows the 
computer to interface with the NetR9 receiver. This guide will only walk through the steps to 
set up the adapter using a Windows machine. 
 
Open the Control Panel from the Start menu and go to the Network and Sharing Center.  

 
 
Click “change adapter settings” from the banner on the left-hand side. 
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Right click the USB to Ethernet adapter on the following screen and select Properties. Then 
double click on Internet Protocol Version 4 (TCP/IPv4). Click the Alternate Configuration tab 
and select User configured. Enter the IP address seen below – the Subnet mask should be 
filled in automatically. Notice that this IP address is one number off of IP address for the 
NetR9 receivers (IP address: 169.254.52.66). Technically, any IP address where the first 9 
numbers are the same would work, but the IP address shown below is guaranteed to work. 
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Click OK, and the USB to Ethernet adapter setup has been completed. This should only need 
to be done the first time a specific adapter is used.  
 
Before downloading the collected GPS data from the NetR9 receivers, make sure the antenna 
height is correct. To do this, connect one end of an Ethernet cable to the back of the NetR9 
receiver and the other end to the USB to Ethernet adapter. It is possible to just use an 
Ethernet cable if there is an Ethernet port on the computer.  
 
Turn the NetR9 receiver on, and wait a few seconds. Open a web browser, and enter the 
NetR9 IP address printed on the receiver. You should see a page that looks like the one 
below. Check to make sure the antenna height is correct. 
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If both pole segments were used during data collection, the antenna height should be 1.995 
m. If only one pole segment was used, that height will need to be measured and updated 
accordingly. 
  
Change the antenna height by clicking Receiver Configuration on the left and selecting 
Antenna from the expanded options. The screen should then look like the one below. The 
antenna height can be changed here and the antenna used with the receiver is also shown. 
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1a) Downloading converted rover data in RINEX 2.11 format 
Ensure that the roving station is the one connected to the computer. If it is the base receiver, 
proceed to 1b to download the base station data or disconnect the base receiver by closing 
the browser window, turning the power off of the receiver, and disconnecting the Ethernet 
cable.  
 
Once the rover receiver is connected to the computer and being accessed using the browser, 
click Data Logging on the left. Click “/Internal” at the top of the page.  
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On the new page, click the folder corresponding to the year and month the data were 
collected. A page containing all of the data files collected during that month are displayed. 
The format for the name of each data file is as follows: 

 
Receiver ID number + date + time in UTC + collection scheme 

 
The collection scheme (called sessions in the figure above) is identified as a single letter. This 
walkthrough is only concerned with session “C”, so only data files ending in C need to be 
downloaded. 
 
To download the data in a format that can be used in Topcon GPS Office Version 7.5, click the 
“Convert” button next to the file name, and a window will expand with new options. Select 
“RINEX 2.11” from one dropdown menu and “Observables & Ephemeris” from the other. 
When this is done, click “Convert and Download”.  
 

 
 

The data will be downloaded as a zip file to whatever folder is designated as the downloads 
folder in the browser. There are two files in the zip file. These are the RINEX files and have 
file extensions of .YYN and .YYO where “YY” corresponds to the last two digits of the year. 
Extract these files to a useful folder and repeat for all of the other rover station data. 

 

1b) Download data from the base station and convert to RINEX format 
The AUSPOS precise positioning software requires the data to be in RINEX2.11 format to be 
processed correctly. Unfortunately, converting the data files during download (like with the 
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rover data) causes an error in AUSPOS. The Trimble RINEX file conversion utility must be used 
to convert the original NetR9 data file (file ending in .T02) to the correct RINEX format (files 
ending in .YYo and .YYn). 
 
All of the steps to get to the data download screen are the same for the base receiver. 
However, instead of clicking Convert to download the desired file, click the file name. This 
will download the raw data file (file extension .T02) to your downloads folder. Only the files 
ending in “C” need to be downloaded. 
 

 
 
Move the data file to a more useful location. The receivers are no longer needed, so they can 
be disconnected. To disconnect, close the browser window, turn off the receiver, and 
disconnect the Ethernet cable. 
 
The raw data file needs to be converted to a RINEX format (slightly different from the one 
created using Convert and Download) before the precise location can be obtained 
using AUSPOS.  
 
To convert the data to the format required in AUSPOS, double click the “Convert to 
RINEX” shortcut on the desktop. A terminal window (not needed) and user 
interface will open. 
 
In the user interface, select File -> Open. Navigate to the .T02 file corresponding to the base 
receiver data and click Open. Multiple files can be opened at one time. To do this, select all of 
the desired files before clicking Open. All of the files must be in the same folder.  
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The file will be scanned for the requisite information and this will be displayed in the user 

interface. Select File -> Convert Files to convert the data to RINEX. This will add four files 

to the folder containing the raw data file. The file extensions of the new files are .YYo, .YYn, 

.YYh, and .YYb, but the .YYo and .YYn files are the only ones needed in the remaining 

steps. 
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2) Get the precise base station position 
After downloading the data, the precise position of the base station must be obtained. There 
are several free precise positioning web services available, but this guide walks through the 
process using AUSPOS. 
 
In a browser, open http://www.ga.gov.au/bin/gps.pl. The webpage should look like this: 
 

 
 

 Use the dropdown menu to select the number of RINEX files that will be analyzed and 
ensure that the bubble to the left of upload is filled. 

o It is important to do this first because the page will refresh if these are 
changed, deleting any previous input. 

 Click “Choose File” and navigate to the base station’s RINEX obs file (ending in .YYo) 

 If both pole segments were used during data collection, enter 1.995 m in the height 
column 

o If only one was used, you will need to measure this distance and update the 
receiver software (shown above) and enter the updated value here. 

 Select TRM41249.00 TZGD from the dropdown for antenna type 

 Enter your email address and click submit 
 
 
 
 

http://www.ga.gov.au/bin/gps.pl
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The completed webpage should look like this: 

 
 
The pop-up window below acknowledging your processing request should appear. 
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The results will be emailed to you. This usually takes 5-15 minutes. If any error occurs in 
processing, you will receive an email and the processing request will be cancelled.  
Possible errors include: 

 The base station was not turned on for over an hour. 

 The files have the same base station identifier 
o If the same receiver was used for the base station, the files will need to be 

processed individually. 

 The wrong RINEX file type was used.  
o Results from the Convert to RINEX software must be the input 

The report will be emailed to you as a pdf file. The sections of most interest are 3.2 and 3.3 
(shown below). Section 3.2 provides the precise location of the base station, and section 3.3 
gives the positional uncertainty.  

 

 
You want to record the Latitude, Longitude, and Ellipsoidal Height. Notice that the report 
records them in degrees, minutes, and seconds. You will want to convert these values to 
decimal degrees. This can be done using the equation below.  

𝐷𝑒𝑐 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 = 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 +
𝑚𝑖𝑛𝑢𝑡𝑒𝑠

60
+

𝑠𝑒𝑐𝑜𝑛𝑑𝑠

3600
 

An Excel file to do this calculation is included in 
\\thule.geology.wisc.edu\Belgica\rkrueger\GPS_data 
Note that these coordinates are relative to the ellipsoid used by the EGM2008 geoid. As 

every geoid and ellipsoid model is different, you should be very careful when converting 

coordinates from different datums or geoids to a common geoid or ellipsoid. For example, 

you would find significant difference from a map showing NAD27 (North American Datum 

1927) or even a GPS handheld showing WGS84 coordinates.  

Precise positioning web services will use the most up to date reference network data and that 

the solution 1 day after data collection won’t be the same as a week, or when the final 

reference data is available after 2 weeks. If you are using rapid results in the field to check 

file://///thule.geology.wisc.edu/Belgica/rkrueger/GPS_data
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data quality, resubmit your base station data for reprocessing after 2 weeks or longer 

after the data was collected. 
 
 
 
3) Open Topcon Tools and create a project 

Open Topcon Tools v. 7.5 by double clicking the icon on the desktop. 
Alternatively, it can be accessed from the Start menu.  
A dialog box will appear because there isn’t a paid license. Click the “Demo 

Mode” button in the bottom right shown below. A startup window will appear 

next that displays the previous jobs. If you want to create a new job, click the 

“New Job” button at the top. 

 

   
 

Enter the job name in the box, select GPS+ from the dropdown menu for Configuration. 

Click the “Edit configuration” button. Use the “…” button to select the save location for the 

job. Click Display from the list at the left. Click the Angles tab and select dd.ddd for both 
Angles and Lat,Lon from the dropdown menus. 
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Click Coordinate Systems from the list to the left. On the Setup tab, select 
 Datum: WGS84 
 Coordinate type: Datum, Lat, Lon, Ell.H 
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Click OK. Click OK again. 
 
The job window will appear. Click Job -> Save Job so it can be accessed later.  

 
 

 
 
4) Import the base station data 

Select Import from the Job dropdown menu. Navigate to the base station RINEX files ending 
in .YYo and .YYn. Select both files to import and click Open. Rename the point by clicking on 
the entry in the Name column. Change the Latitude, Longitude, and Ell.Height (m) entries to 
the precise position values obtained from AUSPOS by clicking on the entry in the 
corresponding column and manually entering the values. Also change the Control from None 
to Both using the dropdown menu. This fixes the horizontal and vertical positions of the base 
station. 
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This process can be done without obtaining the precise position from AUSPOS, but the base 
station position will only be accurate to a few meters. It is recommended to wait until after 
obtaining the AUSPOS results. 

 
5) Import the roving station data, repeat for each rover station 
Using Import from the Job dropdown menu, select the RINEX files ending in .YYN and .YYO 
corresponding to a single measurement. Click “Open” and the point will be added to the Job 
window. Make sure to rename the point, or you will have trouble adding additional 
measurements. Repeat this for each additional roving station measurement. The demo mode 
will only process 4 roving sites and 1 base station at a time. However, the same base station 
can be used for multiple jobs. 
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6) Process the baselines 
Use GPS+ PostProcessing from the Process dropdown menu to process all of the base-rover 
baselines. This will update the coordinates and error estimates. The error estimates can be 
seen by selecting the GPS Obs tab at the bottom of the job window. The baselines will turn 
green when they have been processed 

 

The horizontal and vertical precision 
values are given in meters. They 
typically range from 5 to 20 mm when 
the baselines are less than 10 km. 
Vertical precision is usually 1.5 times 
the horizontal precision. 
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7) Copy the results to an Excel spreadsheet 

The easiest way to get the data into a useful format is to copy it into an Excel spreadsheet. 
This can be done by clicking the Points tab at the bottom of the job window and clicking 
Ctrl+A. This selects all of the points. Clicking Ctrl+C will copy the table, and this can be pasted 
into an Excel spreadsheet. The horizontal and vertical precision can also be added to the 
spreadsheet. See above for location of horizontal and vertical precision. 
 

 
 

 
 
The Topcon Tools jobs associated with the same base station location can be added to this 
spreadsheet. Once all of the desired points are added to the spreadsheet, use the Latitude, 
Longitude, and Altitude to create a .csv file that will ultimately be used in Agisoft PhotoScan. 
The .csv file needs to have a heading exactly like the one shown below. 

# Label Latitude Longitude Altitude Haccur Vaccur 
Unfortunately, the Ell. Height value is not the same as height above sea level, so the values 
need to be corrected. This is done by adding the difference between the ellipsoid and 
reference geoid to the ellipsoid height – called the orthometric height. There is a MATLAB 
script, titled Correct_GCP_Altitude.m, located at 
\\thule.geology.wisc.edu\Belgica\rkrueger\MATLAB. This script reads a .csv file in the format 
presented above. The output of the script is an additional .csv file with the same format in 
the same folder as the input file. This corrected file can be imported into Photoscan. 

file://///thule.geology.wisc.edu/Belgica/rkrueger/MATLAB
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APPENDIX 4: STRUCTURE FROM MOTION PROCESSING GUIDE 

 

Structure from Motion Processing Procedure using Agisoft Photoscan 
Written by Russell Krueger, updated July 18, 2018 

This workflow was developed using Agisoft Photoscan v. 1.4.3. 

 

This manual is intended to be a walkthrough of the structure from motion process to 

use photographs collected from nadir and oblique perspectives using a drone. The only 

software that is required is Agisoft Photoscan Professional. RiSCAN PRO made removing 

vegetation from the point cloud easier, but is expensive, and the work can also be done in 

Photoscan. The basic steps to create the DEM are discussed below, and each has a section 

with additional description further in the document. 

 

Additional information about Agisoft Photoscan can be found here: Agisoft Photoscan 

manual 

 

1. Add pictures to Agisoft Photoscan 

2. Check image quality and camera calibration 

3. Align photographs 

4. Assign ground control points 

5. Optimize cameras and check marker accuracy 

6. Build dense cloud 

7. Export dense point cloud as LAS file in a projected coordinate system 

8. Remove vegetation from point cloud using RiSCAN PRO or Photoscan 

9. Create DEM from edited point cloud using ArcMap 

  

  

http://www.agisoft.com/pdf/photoscan-pro_1_4_en.pdf
http://www.agisoft.com/pdf/photoscan-pro_1_4_en.pdf
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Add Pictures to Agisoft Photoscan 
There are two ways to add pictures to the work environment.  

 

The most efficient way is to store all of the pictures associated with a single location in a 

folder. The pictures can be added by selecting Add Folder from the Workflow dropdown 

menu. Navigate to the folder and select the option to create a new camera for every file.  

 

    
 

The other way is to use the Add Picture option from the Workflow menu. Navigate to and 

select all of the pictures you wish to add. Multiple pictures can be selected using the Shift or 

Ctrl keys. 

 

    
 



144 

 

Photoscan will accept DNG files, so there aren’t any additional steps required when using 

RAW pictures from the drone. Photoscan will load location information and the camera 

model from each image, if applicable. The pitch, roll, and yaw values automatically read in 

by Photoscan are not the correct ones. According to Agisoft, including ground control points 

causes the coordinate system to rotate to the correct orientation. If not using ground control 

points, the correct values will need to be read from the “Camera Pitch”, “Camera Roll”, and 

“Camera Yaw” values in the photograph’s EXIF data. If the EXIF data is read, add 90 

degrees to the pitch value to align with the default orientation used in Agisoft. 

 

Check Image Quality and Camera Calibration 
For best results, images of poor quality should be removed before alignment, and the camera 

calibration model should be confirmed.  

 

To check the camera calibration, select Camera Calibration from the Tools dropdown 

menu. The following information should be displayed if a DJI Phantom 4 Advanced was 

used to collect photographs. 

  
 

To check the image quality, switch to the detailed view in the Photos pane. Select all of the 

photographs by clicking Ctrl+A after selecting one photograph in the Photos pane. Right 

click and choose Estimate Image Quality. A progress bar should appear, but will close 

when the process is finished. The image quality of the most focused part of the picture will 

be displayed in the Quality column of the Photos Pane. Industry professionals suggest 

removing photographs with image quality below 0.6. The camera calibration model 

information can also be seen in the Photos pane at this time.  
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Align Photographs 
Once the image quality and camera calibration are checked, create the sparse point cloud 

using the Align Photos option under the Workflow dropdown menu. A dialog box (shown 

below) will appear. The values displayed below seem to provide the best balance of 

processing time and accuracy. 

 

       
 

To speed up further processing and clean up the point cloud, delete noticeably erroneous 

points. 

 

Assign ground control points 

Ground control points could be assigned before aligning photos, but the procedure is faster if 

they are assigned after alignment. The easiest way to assign ground control points is to 

import a CSV file containing the name, latitude, longitude, altitude, and accuracy values. 

This is done by clicking the import button  in the Reference pane. Navigate to the file 

containing the ground control point information, and click Open. Ensure that the correct 

column is being read for each quantity and that the row of labels is skipped. Then click OK.  

 

If you have not added any markers up to this point, Photoscan will ask if you want to create a 

new marker. Click Yes to All and a new marker will be placed in the model for each ground 

control point. Photoscan will place that point in the appropriate photographs based on the 

previous alignment. 

 

At this point, the ground control points are not tied to any specific location in the pictures. 

The way to check this by the  icon associated with each picture containing a control point. 

Go through each picture with a  icon and manually move the icon to the ground control 

point marker. After this is done, the icon will change to a green flag . The green flag 

indicates that the marker is locked in place and will not move during optimization. Repeat 

this for all ground control points in as many pictures as possible. 
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Optimize cameras and check marker accuracy 

Once as many of the markers as possible are green flags, uncheck all of the camera in the 

Reference pane. The most efficient way to do this is to click one of them, then push Ctrl+A, 

right click and select Uncheck. Also make sure that every marker is checked in the 

Reference pane. Once that is done, click the Optimize Cameras  button either from the 

Reference pane or Tools dropdown menu. A pop-up window will appear. Check every box 

except for “Adaptive camera model fitting” and click OK.  
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It is always important to check the marker accuracy after optimization. This is done by going 

to the Markers section in the References pane and looking at the RMSE value for the Error 

(m) column. This value is the approximate error for the entire model.  

 

 
 

Build dense cloud 

After the accuracy of the model is acceptable (usually within a few centimeters), build the 

dense cloud by selecting Build Dense Cloud from the Workflow dropdown menu. The 

following parameters seem to provide the best balance between accuracy and processing 

time. Nonetheless, this step typically takes the longest computing time. 
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Export dense point cloud as LAS file in a projected coordinate system 

Unwanted areas, namely vegetation or buildings, may be present in the dense point cloud. To 

create a true DEM, these need to be removed. There is another program, RiSCAN PRO, that 

will automate much of the point selection features. This program is very expensive, however, 

and the point removal can be done in Photoscan if RiSCAN PRO is unavailable. 

 

If choosing to remove the unwanted areas in Photoscan, skip this section until after cleaning 

the point cloud. If using another program like RiSCAN PRO, export the point cloud first. 

 

To export the dense point cloud, Select Export > Export Points… from the File dropdown 

menu. Give the file a name, and make sure you are saving the point cloud as an ASPRS LAS 

(*.las) file type. After that, the following dialog box will appear. Make sure to change the 

coordinate system to a projected coordinate system (usually UTM), otherwise the point cloud 

will be distorted when opening it in a different program. Click OK, and the point cloud will 

be saved. 
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Remove vegetation from point cloud using RiSCAN PRO or Photoscan 
Photoscan 

To remove vegetation or other unwanted areas in Photoscan, select the points associated with 

the feature and delete them. The free form selection tool is recommended because it provides 

the most user control. To quickly switch between navigating and selection, press the 

spacebar. When selecting points, hold Shift to remove points from the current selection or 

hold Ctrl to add to current selection. 

 

There is an option to classify the points in different categories. This may be beneficial to 

those not wanting to delete regions of the point cloud, but has not been thoroughly 

investigated at the time of this writing. 

 

RiSCAN PRO 

Open RiSCAN PRO. Create a new project by selecting New from the File dropdown menu. 

Use the window to save the project in a desired location. Right click on the folder to the left 

of SCANS and select New scanposition. Name the scanposition and click OK. The 

scanposition is added to the SCANS folder. Click the arrow next to the scanposition to 

expand its contents. 
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 In the expanded list, right click POLYDATA and select 

Import… Navigate to the exported LAS point cloud and 

click Open. The following dialog box will open. Ensure the 

setting below are used and click OK.  

 

   
 

After the successful import of the LAS point cloud, the coordinate system of the project must 

be set. To do this, double click on SOP in the expanded list. Right click on the table and 

select Export. Save the output .dat file in a known location and click OK. Right click the 

table again, and select Set default. The table should now only consist of zeros and ones. 

Close this window, and delete the polydata, as it won’t be needed anymore.   

 

    
To set the coordinate system of the entire project, double click on POP in the left-hand list. 

This should look similar to the table under SOP. Right click in the table and select Import. 

Navigate to and select the .dat file saved earlier. The numbers in the right most column 

should change to values representative of the project coordinate system associated with the 

point cloud. Click OK. 
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Once the coordinate system has been set, import the LAS point cloud of the study area by 

right clicking POINTCLOUDS in the list to the left and selecting Import… Select the LAS 

file and click Open. A dialog box will appear. Use the Global coordinate system and the 

appropriate units, then click OK.  

 

+ 

 

The point cloud should be added to the project under the POINTCLOUDS folder. Before 

creating the DEM, the data need to be filtered. This document outlines the use of two filters, 

but there are more – feel free to experiment (just be sure to save previous versions). RiSCAN 

PRO automatically saves the project so the easiest way to go back to a previous version if 

something doesn’t work is to create copies of the point cloud in the project. This is outlined 

in the Octree filtering section below, as it follows the same steps. 

 

The first filter that will be applied to the data is an Octree filter. This filter defines an index 

for the point cloud by creating a series of cubes that contain a single point representing the 

center of gravity of the original data contained in the cube. This filter creates a more uniform 

distribution of points, which helps with creating the DEM later. 

 

To perform the filter, right click the POINTCLOUDS folder and select Create pointcloud… 

The following dialog box will appear. Select the existing point cloud you wish to filter and 
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click Next. Use the settings provided below, but be sure edit the output name and suffix. 

Click OK. 

 

     
 

When the Octree filter has completed, a new point cloud will be added to the project using 

the name and suffix you defined earlier. All of the editing should be done on the filtered 

point cloud. To view the point cloud, click and drag the file name into the open area to the 

right. Scrolling out or clicking the bird icon in the toolbar will show the entire point cloud. 

 

The other filter that should be used is the Terrain filter. Specifically, this will be used to 

provide some automation in removing vegetation from the point cloud. Click the Terrain 

filter button (location shown below). A dialog box will appear; use the settings shown below. 

If you find the default settings select too much or do not select enough, they can be adjusted 

by clicking the wrench icon on the right. Click OK, and the filter will run. The filter does not 

automatically remove the points, but selects them for the user to edit the selection before 

deleting. This is a time consuming process, and I’ve found the most efficient way to use the 

filter is to select a section, apply the filter, confirm/edit the selection, delete the points, and 

repeat until the entire point cloud has been edited. 
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When the point cloud has been filtered, export the edited point cloud by right clicking the file 

name and selecting Export… Use the settings shown below. Click the floppy disk icon to 

select the save location and file name, and then click OK.  
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Create DEM from edited point cloud using ArcMap 

To create a DEM in ArcMap, create a new LAS dataset containing the edited point cloud. In 

the Search tab, type “Create LAS Dataset” and click Create LAS Dataset (Data 

Management) from the list. The following window will appear.  

 
 

Click the folder icon under Browse for: Files and navigate to the point cloud of interest. Use 

the folder icon next to Output LAS Dataset to save the new dataset in a known location. 

Adding a coordinate system is recommended. Ensure the XY coordinate system is the same 

one used when exporting the point cloud. The Z coordinate system is usually NAVD 1988, 

but make sure the linear unit is consistent with the units used in the point cloud. Check the 

boxes next to Compute Statistics (optional) and Store Relative Paths (optional). In the 

end, the completed dialog box should look like this: 
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Click OK and the new dataset will be added to the workspace. Don’t be alarmed if the added 

dataset looks empty; there are too many points for ArcMap to draw efficiently. If you zoom 

in, you can see the points, but that is not necessary for the next step. 

 

To create the DEM, enter “LAS Dataset to Raster” in the search window. If you have not 

closed ArcMap or searched for another tool since creating the LAS dataset, the tool should 

already be present. Select LAS Dataset to Raster (Conversion) from the list. The following 

window should appear.  
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Select the correct LAS Dataset from the 

dropdown list. Click the folder icon next 

to Output Raster to select the location 

and name of the DEM. Leave the Value 

Field as ELEVATION. Use the Binning 

Interpolation Type. Leave Cell 

Assignment Type as AVERAGE, and 

change the Void Fill Method to Natural 

Neighbor. Leave everything else as is, 

but change the Sampling Value to 

approximately 3 or 4 times the point 

spacing of the LAS Dataset. This value 

can be found by right clicking on the 

LAS dataset in the catalog tab and 

selecting Properties. Navigate to the 

LAS Files tab, and read the value under 

the Point Spacing column. 
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The LAS Dataset to Raster window should look something like this before clicking OK to 

create the DEM. 

 

 
 

 

 


