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Abstract 

The Ottawa/Gatineau region has significant deposits of sensitive glacial marine clay. As these 

deposits have risen due to isostatic rebound, these materials have been incised by various 

watercourses, carving river valleys throughout the region. The slopes of these river banks are 

susceptible to retrogressive slides with significant travel distances. A novel method of monitoring 

changes in these landslides has been developed and is explained in this thesis. Using a tethered 

blimp as an aerial photo platform, high resolution digital elevations models (DEM) with 

accuracies of ±0.49m on vegetated slopes have been created using photogrammetry. These DEMs 

have been created for a several photos sets taken over time. This allows changes over time to be 

monitored. The use of ground control points (GCP) allows for the complete three dimensional 

movement of discrete points to be monitored over time. The photogrammetric DEM have been 

compared to similar DEM derived from LiDAR surveying. By complimenting these surveys with 

historical aerial photos it is possible to develop better models of landslide failure processes, 

which will ultimately provide better predictions of movements and failure. When movements and 

failures can accurately be predicted it will then be possible to better manage the risk associated 

with these landslides events.   
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Chapter 1 

Introduction 

1.1 Sensitive clay landslides in the Ottawa/Gatineau region 

1.1.1 Champlain Sea Clay 

Landslides in sensitive Champlain Sea clay are a reoccurring issue along watercourses and other 

slopes in the Ottawa/Gatineau region. Champlain Sea clay (also called Leda clay) is a glacial 

marine clay that was deposited in the Champlain Sea (Quigley, 1980). Slopes in Champlain Sea 

Clays are particularly susceptible to landslides due to the brittle structure of the clay that formed 

under the low sedimentation rates and microbial environment provided by the Champlain Sea 

(Quigley, 1980). This clay is often referred to as having a 'card house' structure as it is 

characterized by a structure of cemented clay platelets aligned perpendicular to one another.  

However, if the soil is sufficiently sheared, the bonds maintaining the card house structure have 

the potential to be destroyed. As a result, the material behaviour of these clays on shearing shows 

a highly brittle response with a significant drop in strength as the material becomes remoulded 

(Quigley and Thompson, 1966, and Quigley, 1980). This potential for large drops in remoulded 

strength is quantified by the term sensitivity, which is defined as the ratio of the soil’s 

undisturbed shear strength over its remoulded shear strength (Quigley, 1980). While most 

locations of Champlain Sea clays have a reported sensitivity between 30 and 60, some extreme 

cases have exhibited sensitivities up to 100 and 200 (Yafrate et al., 2009). When sufficiently 

sheared, sensitive clays can liquefy quickly. This may potentially lead to retrogressive lateral 

spreading with little warning provided (Quinn et al. 2007).  
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1.1.2 Landslides in Champlain Sea clay 

Riverbanks are particularly susceptible to landslide geohazards as these slopes have the potential 

for erosion at the toe (Hugenholtz and Lacelle, 2004). Urban development in these locations has 

the potential to increase runoff intensities and peak flow conditions within a watercourse, which 

could have significant impact on the bed profile of the watercourse leading to erosion at the toe of 

sensitive clay slopes. With the potential for these slopes to experience retrogressive failure, it 

therefore becomes more important to be able to monitor possible landslides to assess these 

hazards. 

 

One of the most important aspects of monitoring landslides relates to quantifying the surface 

geometry of the potential slide. At the most basic level, this allows potential slip surfaces to be 

generated and factors of safety for potential slides to be calculated using conventional limit 

equilibrium techniques. Furthermore, by revisiting a site at regular intervals, measured changes in 

the slope geometry can give valuable indications of the failure mechanisms at work in the slope 

(e.g. Prokop and Panholzer, 2009)  

1.1.3 Characterization of Landslides 

 Air photos have proven to be a highly valuable tool to observe changes in slope geometry in 

landslide studies. Due to the large number of historical air photos in urban areas it is possible to 

examine air photo records to observe landslide behaviour over many years. From this data set, the 

landslide type, evolution in size, and timing of landslide events can be determined to within a few 

months to years, depending on the frequency of the photo record (e.g. Hugenholtz and Lacelle, 

2004). With the use of advanced image scanners and increases in computing power it is possible 

to apply analytical photogrammetry techniques to historical air photos to the point where digital 
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terrain models, or DTM, can be generated (Walstra, 2007; Dewitte 2005). For DTMs created 

from historical air photos accuracies of up to 0.5 m are typical (Baldi, 2008; Dewitte, 2005).  

 

An alternative technology for the characterization of the three dimensional geometry of ground 

surfaces is Light Detection and Ranging (LiDAR). LiDAR measures the time required for 

thousands of light pulses to reflect off the ground surface to determine the distance from the 

instrument (e.g. Prokop and Panholzer,  2007). By changing the direction of the laser pulse a 3D 

point cloud of surface locations can be generated (e.g. Wang et al, 2009; Lato et al., 2010).  

Although these technologies are very useful in creating DTMs to monitor landslides they are not 

practical for all applications. By their very nature, airborne LiDAR and digital photogrammetry 

of aerial photos both require aircraft to collect data, this comes at a significant cost. Whereas this 

cost may be acceptable in an industrial slope monitoring setting (i.e. field monitoring of 

deformations in slopes used for mining applications), it effectively prohibits high frequency (i.e. 

monthly) surveys of small riverbank slopes. Also, the typical 1 m resolution of the DTM provided 

by conventional airborne data has the potential of being too coarse to perform meaningful slope 

change detection in small sized landslides (<5,000 m2) in which the slope length is perhaps only 

several tens of meters. Whereas terrestrial LiDAR or digital photogrammetry can be readily 

deployed to monitor a small sized landside at monthly intervals, a highly undulating topography 

or access constraints resulting in a poor vantage point may lead to occlusion, where objects in the 

foreground block the view of surfaces or objects behind them, and cause discontinuities in the 

DTM (Sturzenegger, 2009). 
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1.2 Objectives 

The cost of conventional airborne LiDAR or aerial photogrammetry places a practical limit on the 

frequency of monitoring landslide movement through these techniques. It is unlikely that budgets 

would permit data to be acquired to capture monthly or even quarterly rates of movement on all 

but the most high-risk slopes. The aim of this work is to develop an alternative low-cost air photo 

platform (i.e. a helium-filled blimp) from which high resolution aerial photographs can be 

acquired and Digital Elevation Models (DEMs) models of landslides be generated at a much 

higher frequency. The specific objectives of this research are: 

 To develop a method by which accurate DEMs can be consistently generated from low 

altitude, high resolution aerial photography images captured from a single digital camera 

attached to a helium-filled blimp; 

 To quantify of the accuracy of the DEMs generated through this method and to 

investigate potential sources of error; 

 To evaluate the performance of the landslide monitoring system at a river bank landslide 

in sensitive clay.  In other words, how well can the system track changes? Can the system 

be used to track erosion rates at the toe of the slope and capture the resulting slope 

movements, if any?  

 To initiate a long-term monitoring program at three additional landslide sites in sensitive 

Champlain Sea clay with the long-term objective of producing detailed records of the 

linkages between toe erosion and rates of slope movement required to better understand 

these complex landslide systems. 

  



 

5 

 

 

1.3  Organization of Thesis 

This thesis is presented in manuscript format as outlined by the School of Graduate Studies at 

Queen’s University. Chapter 1 provides a general introduction to the problem of sensitive clay 

landslides and presents the objectives of the work. Chapter 2 discusses the method by which the 

high resolution low altitude aerial photos are captured and how DEM can be created from these 

photo sets. Chapter 2 then examines how DEM of sites, taken over time can be used to quantify 

and characterize the changes in a landslide along Mud Creek in the Ottawa area. The inherent 

accuracy of the technology is examined through the comparison of stable regions of the site 

between multiple surveys over time. Chapter 3 shows how DEMs created from high resolution 

low altitude photos can be combined with historic aerial photos as well as historic LiDAR DEMs 

to develop a detailed site history as well as quantify the changes to a site allowing for the 

determination of the movements and mechanisms that are active for the given landslide event. A 

comparison of the DEMs generated from LiDAR and aerial photograph is also given. And finally, 

Chapter 4 presents a summary and general discussion of the findings from the work undertaken 

and the conclusions that can be drawn from the research. 
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Chapter 2 

Development of low altitude digital photogrammetry techniques for 

monitoring erosion-triggered landslides in sensitive clay 

2.1 INTRODUCTION  

2.1.1 Sensitive Clay and Landslides in the Champlain Sea Valley 

Sensitive clay landslides pose a significant geohazard risk in Canada, Sweden, Norway as well as 

parts of Alaska (Khaldoun et al., 2009). Landslides in sensitive Champlain Sea clay are a 

reoccurring issue along watercourses and other slopes in the Ottawa/Gatineau region. Champlain 

Sea clay (also called Leda clay) is a glacial marine clay that was deposited in the Champlain Sea 

located in the St. Lawrence Lowlands between 12,500 and 10,000 years BP (Quigley, 1980). As 

the sea was bounded by the retreating Laurnetide ice sheet (Russell et al. 2011), silt and clay 

sized quartz, feldspar amphibol, illite and chlorite minerals were deposited in a marine 

environment over a freshwater rhythmic (varved) clay (Brooks and Aylsworth, 2011). After the 

glacier retreated, the area was subject to isostatic rebound exposing the clay to the atmosphere 

and to erosion as watercourses began to cut through the deposits (Paul,1970). 

 

Slopes in Champlain Sea Clays are particularly susceptible to retrogressive landslides due to the 

brittle structure of the clay that formed under the low sedimentation rates and microbial 

environment provided by the Champlain Sea (Quigley, 1980). This clay is often referred to as 

having a 'card house' structure as it is characterized by a structure of cemented clay platelets 

aligned perpendicular to one another. Due to this open structure, this clay is able to maintain its 

undisturbed strength at water contents higher than the liquid limit. However, if the soil is 
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sufficiently sheared, the bonds maintaining the card house structure have the potential to be 

destroyed. As a result, the material behaviour of these clays upon shearing shows a highly brittle 

response with a significant drop in strength as the material becomes remolded (Quigley and 

Thompson, 1966, and Quigley, 1980). This potential for large drops in remolded strength is 

quantified by the term sensitivity, which is defined as the ratio of the soils undisturbed shear 

strength over its remolded shear strength (Quigley, 1980). While most locations of Champlain 

Sea clays have a reported sensitivity between 30 and 60, some extreme cases have exhibited 

sensitivities up to 100 and 200 (Yafrate et al., 2009). This loss of shear strength is so dramatic 

that the failure of sensitive clays in this fashion is sometimes referred to as liquefaction. This may 

potentially lead to retrogressive lateral spreading with little warning provided (Quinn et al. 2007).  

 

In the Champlain Sea deposits of sensitive marine clay in Eastern Canada, landslides can range in 

size from less than 10 m2 to upwards of  252 000 m2 (Brooks and Mendioli, 2011). Some well 

documented landslides in the region include: the 1971 St. Jean-Vianney landslide (Tavenas et al. 

1971), the 1993 Lemieux landslide (Brooks et al., 1994) and the 2010 Binette Road earth flow 

(Perret et al. 2011). These three landslides are excellent examples of the significant distance of 

retrogression possible in this material, with the St. Jean-Vianney landslide retrogressing 750 m 

from the point of its initial failure (Tavenas et al. 1971), the Lemieux landslide propagating a 

distance of 680 m before is coming to rest (Brooks et al., 1994), and the Binette Road Earth flow 

retrogressing 420 m after an initial localized failure triggered by a small earthquake (Perret et al. 

2011).  
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Riverbanks are particularly susceptible to landslide geohazards as these slopes have the potential 

for erosion at the toe (Hugenholtz and Lacelle, 2004). Landslides in sensitive clay pose a 

significant risk because they are often located in regions of habitation (i.e. along riverbanks) and 

are particularly susceptible to retrogression significant distances from their point of initial failure. 

Urban development in these locations has the potential to increase runoff intensities and peak 

flow conditions within a watercourse, which could have significant impact on the bed profile of 

the watercourse leading to erosion at the toe of sensitive clay slopes. With the potential for these 

slopes to experience retrogressive failure, it therefore becomes more important to be able to 

monitor possible landslides to assess these hazards. 

 

One of the most important aspects of monitoring landslides relates to quantifying the surface 

geometry of the potential slide. At the most basic level, this allows potential slip surfaces to be 

generated and factors of safety for potential slides to be calculated using conventional limit 

equilibrium techniques. Furthermore, by revisiting a site at regular intervals, measured changes in 

the slope geometry can give valuable indications of the failure mechanisms at work in the slope 

(e.g. Prokop and Panholzer, 2009). 

 

Toe erosion has been attributed as the primary cause of 65% of all riverbank failures recorded 

along watercourses in sensitive Champlain Sea clay since 1840 (Perret et al. 2011). Figure 2.1 

shows how toe erosion can trigger retrogressive landslides. Recognizing that the flow velocity is 

at a maximum at the outside of a bend (Figure 2.1a), this area is subject to a faster rate of erosion. 

As a result, material is removed from the base of a slope through undercutting and small localized 

failures (Figure 2.1). When the bank is sufficiently over steepened compared to its internal shear 
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strength, a shear zone develops and a toe failure occurs (Figure 2.1c). Because the sensitive clay 

has little residual strength after shearing, the sheared soil is highly mobile and is unable to 

support the soil within the slope causing failures to retrogress into the slope, Figure 2.1d. 

 

Depending on the degree of remolding and the channel size and geometry, one of two possible 

scenarios could occur. If the channel is sufficiently large and the soil sufficiently high mobility 

then the spoil will flow into the channel leaving a large flow scar as can be seen in Figure 2.1e. If, 

however, the channel size and geometry is small and the soil exhibits a higher residual strength 

then the landslide debris may regain stability and a higher percentage of mass remains in the 

failure area. If this debris significantly fills the watercourse, subsequent overtopping of the spoil 

will cut a new channel with the result of changing the location of the creek from its pre-landslide 

location (Figure 2.1f). From Figure 2.1 it can be seen how tension cracks and back scarps indicate 

a past failure. The existence of these features, however, does not necessarily indicate that the 

slope remains unstable. By definition landslide motion is arrested once it reaches a sufficiently 

stable configuration. The presences of tension crack are therefore not an indicator of a slope 

currently in distress but rather a slope that was in distress at some point in the past. The presences 

of tension cracks indicate a past failure and therefore suggest the location of a possible 

reactivation. Landslides, both initial and reactivations may take a long period of time to develop 

(Mitchell and Markell, 1974). 

2.1.2 Retrogression  

The mechanism of retrogression described in Figure 2.1 is controlled by successive rotational 

slides and represents the commonly accepted explanation for retrogression (e.g. Bjerrum 1955). 

However, other mechanisms have been proposed in the literature. Quinn et al. (2007) suggests 
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that rather than the landslide propagating through successive rotational failures until a stable 

configuration can be reached, the failure surface instead develops completely prior to any 

movement at which point retrogressive failure occurs. The difference between these two 

mechanisms is significant, for if  the latter is true, it is potentially possible for pre-failure 

deformations to give an indication of potential retrogression distance. Deep rotational failures 

tend to form in homogeneous materials. In cases where there are horizontal layers of weaker 

material, other types of landslides tend to occur. One such case observed in sensitive clay 

landslides is lateral spreading along a horizontal weak layer.  Mitchell (1978) and Carson (1977) 

have presented two interpretations of a wedge failure mechanism consisting of alternating 

prismatic and inverted prismatic spoil blocks. In this special case the inverted prisms subside as 

the prisms spread into the failure bowl.   

2.2 Remote Sensing Techniques for Quantifying Landslide Deformation 

2.2.1 Aerial Photogrammetry 

Air photos have proven to be a highly valuable tool to observe changes in slope geometry in 

landslide studies. Due to the large number of historical air photos in urban areas it is possible to 

examine air photo records to observe landslide behaviour over many years. From this data set, the 

landslide type, evolution in size, and timing of landslide events can be determined to within a few 

months to years, depending on the frequency of the photo record (e.g. Hugenholtz and Lacelle, 

2004). With the improved resolution of advanced  scanners and increases in computing power it 

is now possible to apply analytical photogrammetry techniques on historical air photos to the 

point where digital elevation  models (DEM), can be generated (Walstra et.al, 2007; Dewitte and 

Demoulin 2005). DEMs are models of the surface of a given area containing the spatial 

coordinates of the surface referenced to an industry accepted datum (e.g. MTM or UTM). These 
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models allow for the complexity of the 3D ground surface to be captured in greater detail 

compared to traditional surveying (Prokop and Panholzer, 2009). DEMs are useful tools for 

monitoring landslides, they allow for the quantification of slope movements (Prokop and 

Panholzer, 2009; Jaboyedoff et al., 2009).  By definition DEMs created using photogrammetry 

include high resolution pictorial record of the site, aiding in the identification of changes between 

the DEMs. For DEMs created from historical air photos accuracies of up to 0.5 m are typical 

(Baldi, 2008; Dewitte and Demoulin, 2005). 

2.2.2 Light Detection and Ranging (LiDAR) 

An alternative technology for the characterization of the three dimensional geometry of ground 

surfaces is Light Detection and Ranging (LiDAR). LiDAR measures the time required for 

thousands of light pulses to reflect off the ground surface to determine the distance from the 

instrument (e.g. Prokop and Panholzer,  2009). By changing the direction of the laser pulse a 3D 

point cloud of surface locations can be generated (e.g. Wang et al, 2009; Lato et al., 2010). 

Depending on the instrument used and the distance to the surface being modeled, LiDAR can 

return point clouds with densities between 0.5 and 50 points/m2 for aircraft based LiDAR (Wang, 

2009) and upwards of 500 points/m2 for terrestrial LiDAR (Prokop and Panholzer, 2009). LiDAR 

does allow for the acquisition of data with acquisition rates in the range of 8000 points/sec 

(Prokop and Panholzer, 2009).  When scanning vegetated surfaces it is common to receive 

multiple reflections from a single light pulse. This occurs because a portion of the pulse is 

reflected by the vegetation while the remaining pulse passes beyond the vegetation and is 

reflected by lower vegetation or the ground surface. Most LiDAR instruments are able to record 

the intensity of the multiple pulses. Many filters have been designed to extract a bare earth model 

from this data, as it is assumed that the last pulse returned is that of the ground surface (Sithole 



 

14 

 

and Vosselman, 2004). Both LiDAR and photogrammetry have been used to create DEM 

(Sturzenegger and Stead, 2009) 

2.2.3 Disadvantage of Traditional Remote Sensing Techniques 

Although these technologies are very useful in creating DEMs to monitor landslides, they are not 

practical for all applications. By very nature, airborne LiDAR and digital photogrammetry of 

aerial photos both require aircraft to collect data at significant cost. Whereas this cost may be 

acceptable in an industrial slope monitoring setting, it effectively prohibits high frequency (i.e. 

monthly) surveys of small riverbank slopes to capture the interdependency of erosion rates and 

landslide deformations. Also, the typical 1 m resolution of the DEM provided by conventional 

airborne data has the potential of being too coarse to perform meaningful slope change detection 

in small sized landslides (<5,000 m2) in which the slope length is perhaps only several tens of 

meters. Terrestrial LiDAR or digital photogrammetry can be readily deployed to monitor a small 

sized landside at monthly intervals. However, a highly undulating topography or access 

constraints, resulting in a poor vantage point, may lead to occlusion, where objects in the 

foreground block the view of surfaces or objects behind them. This causes discontinuities in the 

DEM (Sturzenegger and Stead, 2009). In this Chapter, the potential viability of an alternative 

method for creating DEMs using a high resolution camera mounted to a helium blimp is 

investigated for the frequent characterization of small sized landslides. 

2.3 Low Altitude Digital Photography System 

2.3.1 Camera Platform 

A 6.4 m long, 2.1 m diameter tethered helium blimp was used to provide a stable low altitude 

aerial photography platform from which high resolution digital images of the landslide surface 
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could be taken (Figure 2.2). The blimp was selected as the camera platform because it allows the 

camera to be safely lifted above the site and moved about the site via a tether. This platform has 

been proven effective for examining wrinkle in landfills (Take et al., 2007).  A Canon EOS 5D 

was attached to a tilt/pan array to enable images of the landslide site to be remotely captured from 

the operator on the ground (Figure 2.3). The Canon 5D was selected because of its high quality 

full frame CCD (12.8 megapixels) and the high degree of control over lens and camera settings 

the camera provides. Based on a flight altitude of 25 m to 30 m, a 50 mm fixed focal length lens 

photos can cover between 214 m2 and 308 m2, with 1 pixel corresponding to approximately 6 to 7 

mm.  For a site 85 m by 69 m, a total of 23 to 34 photos would be required to uniformly cover the 

entire site assuming a 20% overlap. However, as the quality of stereo photogrammetric analysis 

increases with higher degrees of overlap (e.g. 60- 80%) (Linder, 2009), up to 800 images were 

taken of the site to maximize the data quality. 

2.3.2 Acquiring Low Altitude Aerial Images 

The desired air photos were then taken while the blimp was maneuvered into position by moving 

the tether around the site, hundreds of images capturing the ground from multiple angles could 

then be taken to ensure that there are no discontinuities in the DEM. The maneuverability and 

positional stability of the blimp was observed to be optimal under low but constant wind 

velocities between 5 and 10 km/h. This constant breeze provided a consistent alignment of the 

blimp into the prevailing wind direction. In contrast, the occurrence of gusts or high winds were 

observed to cause the blimp to fly more erratically thereby increasing the difficulty of capturing 

images with the intended field of view. Similarly, in completely still wind conditions, 

uncontrolled blimp rotation provided equal difficulty in acquiring images with the intended field 

of view.  
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Once the high resolution digital images of the landslide surface have been captured, digital 

photogrammetry techniques were used to extract a 3D point cloud of positional data describing 

the slope surface. The software selected to perform the photogrammetric calculations was 

PhotoModeler Scanner by EOS Systems. Without complex control systems and precise Global 

Positioning System (GPS) and Inertial Navigation System (INS) equipment it is difficult to 

determine the exact location and orientation of the camera over the site, for any given photo. If on 

the other hand a sufficient number of points of known location can be identified in the image and 

the optical geometry of the camera are known, the location and orientation of the camera can be 

solved as only a unique camera location will be able to produce the given image geometry.  

Linder (2009) lists some of the optimal relationships between camera location and orientations 

when determining locations of points. Figure 2.4 shows that the co-ordinate of points can be 

calculated using the intersection of rays passing through the lens of cameras from different 

locations. Errors in a point location are amplified when the angle between the rays () is low. At 

low angles any error in the ray vector will cause more error in the co-ordinate then that same ray 

error when the angle is large. To increase  there are two options, either the distance between the 

camera stations, known as the base, can be increased or the camera angle () can be increased by 

taking convergent photos.  

2.3.3 Photogrammetry Analysis 

The first step of the photogrammetric analysis process was to calibrate the camera used to take 

the aerial photographs of the landslide. The objective of camera calibration is to quantify the 

radial and tangential lens distortion parameters so that a reverse distortion model can remove 

camera distortion from the captured images of the landslide field site. 
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Distortions are primarily caused by imperfections in the lens, in the case of multi-lens systems, 

error in the centering of the lenses. Early work in photogrammetry required precisely crafted 

metric cameras (Clarke and Fryer, 1998). With developments in models for decentering 

distortion, Brown (1966) showed that it was possible to model and remove the distortions of 

lower quality lenses and still achieve excellent photogrammetric results. With improved bundle 

adjustments and computing power it then became possible to simultaneously determine the 

calibration parameters as well as the co-ordinates of the targets (Clarke and Fryer, 1998).   

 

In the current study, camera calibration was performed in the laboratory using a self-calibrating 

bundle adjustment on a field of three dimensional coded targets captured in 12 or more images 

covering the full field of view of the camera. Further details on the calibration of the Canon 5D 

digital camera used in the present study are included in Appendix B. 

 

Once the photographs of the landslide ground surface had been captured from the blimp camera, 

the images were sorted based on image quality criterion including sharpness of focus, lack of 

obstruction in the field of view (e.g. tether line) and degree of coverage of the intended landslide 

area. The next step of the photogrammetric process was to infer the position of the camera using 

known locations on the ground surface, or ground control points (GCP). To this end, GCP were 

placed throughout the site and were identified in all of the images used to create the surface.  The 

3D location of the point was calculated as the point of intersection of rays, through the calibrated 

camera lens, from multiple cameras. A minimum of 8 GCP are required in each digital image to 

solve for the camera location and the location of the GCP. When more than 8 points have been 

selected the locations calculated with each point are weighted to determine the probabilistic 
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location of the points and camera.   The residual error in these calculated locations is defined as 

the distance in pixels between the points’ location as identified in the digital image compared to 

the best fit location from the photogrammetric analysis.  Photos with individual points with high 

residuals or photos with high mean residuals of all points may have erroneous points and should 

be excluded from further analysis. In this study, two limits on point residuals and mean photo 

residuals where used. Initial studies of the creation of point clouds used photos with point 

residuals less than 3.0 pixels, and photos whose root mean square residual error is less than 1.5 

pixels. After the initial study of the point cloud these limits were refined to 2.0 pixels for point 

residuals and root mean square residual error of 1.0 pixel for DEM creation. Once all the camera 

locations and ground control points had been verified, the same photogrammetric principles were 

used to determine point and camera location can be used to generate the point cloud. This was 

done by comparing smaller pixel subsets between photo pairs to determine the location of the 

pixel group in 3D space. These raw point clouds were then combined with point clouds from 

other image pairs to increase the density of the total point cloud. This final point cloud could then 

be filtered to remove outliers and points representing erroneous surface data due to vegetation 

height to create DEM (e.g. Walstra et al., 2007; Qianxiang et al., 2009).   

 

The choice of images selected for use in the photogrammetric analysis is an important factor in 

the overall quality of the DEM. In this analysis there are two competing optimizations regarding 

the angle between each image pair. Firstly, in order to locate the camera as accurately as possible 

from the locations of the GCP, higher angles () are preferred (25 to 90) (PhotoModeler, 2011). 

This phenomenon is shown graphically in Appendix D. However, higher angles () reduce the 

ability of the system to generate the photogrammetric point cloud. This is because the subset 
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comparison used to generate the photogrammetric point cloud relies on the visual appearance of 

the pixel subset in both images of the image pair to be recognizable. Large viewing angle 

differences induce significant distortions that can render these subsets unrecognizable. As a result 

camera stations with low angles () (less than 10) are advantageous during this stage of 

processing (PhotoModeler, 2011). In the present study, image pairs with large  and small  were 

included in the analysis in an attempt to maximize the quality of the DEM. Using only photos 

with mean error residuals less than 1.0 pixels and maximum point residuals less than 2.0 pixels, 

photo pairs with angles less than 10° where chosen to generate surface point clouds. The point 

clouds from the photo pairs where then visual examined and any cloud which had not be solved 

properly (i.e. presence of significant visual outliers) was removed. The remaining point clouds 

were merged for further processing to create the DEM of the site.  

2.4 LANDSLIDE TEST SITE  

2.4.1 Site Selection 

Based on Hugenholtz and Lacelle (2004) which found 52 landslides that have occurred in the 

Mud Creek and Green's Creek watershed between 1928 and 2001, Mud Creek in Ottawa ON was 

examined for potential test site locations for the evaluation of the tethered helium blimp low 

altitude aerial photography platform.. The 52 landslides were divided into 4 based on their failure 

mechanism: 39 simple rotational failures, 7 retrogressive rotational failures, 4 flow slides, and 2 

translational failures. Hugenholtz and Lacelle considered simple rotational slides as having a 

single, concave up, slip surface. They ranged in area between 625 m2 – 2400 m2. Retrogressive 

rotational slides had multiple/successive rotational slip surfaces and ranged in area from 2820 m2 

to 4512 m2. Flow slides are slides in which there is evidence of liquefaction. Sizes of flow slides 

ranged from 2000 m2 to 5130 m2. Translation slides are considered shallow slides with planar of 
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undulatory geometry, they had areas of 990 m2 and 1680 m2. Widths for all of the landsides were 

observed to range between 25 m and 50 m (Hugenholtz and Lacelle, 2004; Kenney, 1968). In the 

Green’s Creek and Mud Creek valleys landslides are annual events with significant slides 

occurring every 5 to 10 years (Hugenholtz and Lacelle, 2004). 

 

Based on field reconnaissance, a simple rotational slide on the south bank of Mud Creek (Figure 

2.5) was chosen as the test site to evaluate the blimp system. This site consisted of a slope 11 m 

high, with visual evidence of distress including tension cracks (Figure 2.6), a back scarp of 

approximately 1m in height (Figure 2.7), and local failures at the toe of the slope (Figure 2.8) at 

creek level. As shown in Figure 2.8, the slope is located along an outside meander of the 

approximately 1.5 – 2 m wide Mud Creek.  The region of interest of the ground surface is 

approximately 75 m long by 35 m wide which encompasses the crest of the slope, the slope itself, 

and the creek valley floor.  

2.4.2 Site Preparation 

To aid in determining the location of the camera station, 108 ground control points (GCP) where 

installed in the site. Each ground control marker consisted of a 1 m long piece of size 10M rebar 

placed vertically into the ground such that approximately 5 - 10 cm  of the rebar remained 

exposed Figure 2.9. Do to the sensitive nature the underlying clay the rebar were able to be 

pushed in by hand. To increase the visibility of the rebar the exposed end was painted florescent 

orange and topped with a plastic rebar cap also painted orange. A total of 83 rebar were placed on 

the potentially active landslide on the south side of the creek in 5 rows across the width of the 

site. Rebar were spaced approximately 3 to 5 m apart going down the slope. Within these rows 

pairs of markers were placed on either side of visible tension cracks to allow for the monitoring 
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of any changes in the crack widths. Around the edges of the site not all areas were accessible or 

visible from the air due to small trees and shrubs so GCP where place around the edge of the site 

where possible and by features of interest. In preparation for a survey the grass covering the site 

was mowed to a few centimeters in height to ensure all GCPs were clearly visible in the photos. 

On the opposite side of the creek to the landslide, the remaining rebar were distributed along the 

valley bottom and up the opposite bank. These rebar allow for the characterization of the 

topography of the valley which is required to calculate the volume of spoil if the landslide were to 

fail at some time in the future. And finally, four of the GCP located in regions of higher stability 

on both sides of the creek were selected to be local benchmarks. These benchmarks consisted of 

the rebar encased within a 15cm diameter concrete post embedded to a similar depth as the other 

GCPs. 

2.4.3 Field visit Schedule 

The site was visited 13 times between September 2008 and June 2011.  During each visit a total 

station survey of all the ground control points was undertaken. GPS surveys of the GCPs were 

taken in October 2009 and June 2011. The site was surveyed with the blimp five times over the 

monitoring period, with surveys occurring in: October 2009, November 2009, April 2010, June 

2010 and June 2011. A complete schedule of the surveys conducted can be found in Appendix A 

2.5 Results  

2.5.1 Aerial Images 

An example image taken from an approximate elevation of 30 m above the landslide test site is 

shown in Figure 2.10. This image, taken near the crest of the landslide, shows the significant back 

scarp clearly indicating a past history of landslide movement at the site. Displacement on the 
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scarp is greatest near the east side of the landslide (i.e. the left hand side of the image) and 

gradually reduces to a small crack on the west side of the landslide, indicating a complex history 

of 3D deformation. The image also shows the visual appearance of the short grass vegetation on 

the table land behind the crest and the old stalks of the previous growing season’s raspberry 

bushes in the foreground. In both of these vegetation cases, the resolution of the image is 

sufficient to identify individual stalks or blades of grass, thus creating significant image texture 

(i.e. variations in colour intensity) for subsets of the digital image to be located in multiple 

camera views, and therefore, enable the 3D locations of the subsets to be calculated. Also visible 

in the image are the rebar control markers. On the day of the blimp aerial survey, these markers 

were highlighted with larger spray paint outlines for the sake of easier visual identification during 

the image processing phase of the work.  

 

Along with the ability to generate dense DEMs, knowing the location and orientation of the 

camera stations allows for a more fundamental use of the images. If the orientation of a camera is 

known then the image can be corrected such that the object in the image is displayed from a given 

perspective. Using multiple cameras, larger areas can be corrected while reducing the distortion 

of the image required to map the object correctly. Orthorectified photos are images processed to 

provide an accurate representation of the ground surface as viewed vertically above the surface. . 

By creating orthorectified images at each survey, it is possible to accurately compare minor 

changes in the site.  Figure 2.11 shows a composite orthophoto of the site with key features 

highlighted. 
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2.5.2  Initial Point Cloud Data 

Using a selection of 117 images from the April 2010 survey, raw point cloud data was calculated 

across the site capturing the 3D surface of the landslide. Whereas small height vegetation such as 

grasses can increase the image texture of the slope and can be beneficial for image processing, 

taller vegetation such as raspberries (Rubus strigosus) and goldenrod (Solidago canadensis) can 

grow to heights over 1 m above the ground surface. As a result, the point cloud of ground surface 

locations would represent the top of the vegetation cover rather than the ground surface. It is 

therefore important to ensure that site is either free of tall seasonal vegetation (i.e. perform the 

blimp survey at the site in early spring after the winter snow pack has naturally removed the tall 

seasonal vegetation), regularly mow the grassy surface of the landslide, or use point cloud 

filtering techniques to attempt to remove the impact of vegetation and create a bare earth model.  

 

With the recent development of LiDAR technology, numerous point cloud filters have been 

developed to deal with the challenges of correcting large volumes of point cloud data (e.g Sithole 

and Vosselman, 2004). Most of these filters are based on the fundamental assumption that the 

furthest/lowest data points collect are at the true ground elevation. Because of the early spring 

timing of the blimp survey, a simple mean value filter was applied as the height of the remaining 

seasonal vegetation was a maximum of only a few centimeters. 

The density of the point cloud data is shown in Figure 2.12. As some portions of the site occurred 

in more of the photos used in processing the raw DTMs, the point cloud DTM has a non-uniform 

point density. The largest point densities occur in the middle of the site as this portion appears in 

more portion of photos as sufficient overlap is needed to ensure accurate processing of camera 
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station from one side of the site to the other. The point cloud density in this trial varied from 0 to 

127 points per 0.10 m2 with an average point density of 1935 points/m2.  

 

The surface elevation contours derived from the point cloud data are shown in Figure 2.13. In the 

local coordinate system used, the creek is at an elevation of 5 m whereas the crest is at an 

elevation of 16 m. Also included in Figure 2.13 is a highlighted 1 m wide section of the point 

cloud data. This profile of point cloud data is shown in Figure 2.14 as black dots. Also shown in 

this profile are a selection of 17 GCP locations in which spot measurements of height were 

measured with a total station. A comparison of the elevations of the total station and 

photogrammetric analysis at these locations indicate that the GCP are on average 50 mm higher 

than the mean of the photogrammetric results with a standard deviation of 160 mm. This bias 

towards higher GCP is expected as the rebar caps are located up to 100 mm higher than the 

surrounding ground surface. Also visible in the profile view, are two locations in the point cloud 

data in which considerable scatter exists along the 1 m wide slice. This scatter is due to vegetation 

at the toe of the slope and poor coverage (i.e. low number of images and camera angles greater 

than 10 due to access constraints) on the valley floor of the creek.  

2.5.3 Creation of the DEM 

Using information gathered during the creation of the initial point could, the process used to 

create the subsequent points clouds was modified. As noted above limits on the point residuals for 

photos used were reduced. This creates a point cloud with fewer outliers and more precise point 

clouds (i.e. point clouds form in a more consistent location). Caution should be taken when 

selecting these limits as setting limits too high reduces the density of the created point clouds 
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which subsequently limits the ability to do probabilistic analysis and can potentially increase the 

weight of errors any particular point cloud has on the final DEM. 

 

The merged point clouds were then filtered to a rastered 0.5m by 0.5m grid. The elevation of each 

grid square was then taken as the mean elevation of all the points within each grid creating a 

DEM with a point density of 4 pts/m2. Unlike the centre areas of the site which have excellent 

photo coverage from all sides the edges of the site are limited due to images being taken primarily 

from one side. This limits the number of photo pairs available to generate point cloud data. These 

point clouds will also likely contain more noise as the angle () between the cameras will be 

much less. With these edge effects, the edges of DEM will likely with be defined by fewer nosier 

points which will lead more erroneous points around the edges. 

2.6 Site Monitoring 

The network of GCPs was monitored between September 2008 and June 2011 using a total 

station. The site was surveyed periodically during the spring, summer and fall. Figure 2.15shows 

the plan movement of GCPs between the initial total station survey, September 2008, and the 

latest survey in June 2011overlain on a composite orthophoto from the June 2011 photo survey. 

The profile movements along cross A-A' can be seen in Figure 2.16. The DEM surface 

corresponding to the June 2011 survey was added for reference. As can be seen in Figure 2.15 

movements increase in magnitude the closer a point is to the toe of the slope. It can be seen that 

significantly more movement occurs beginning at the tension crack which aligns with the back 

scarp.  The downward movement near this tension crack, seen in Figure 2.16, with the outward 

movement at the toe might indicate the formation of an initial rotational slide. The movement of 

three representative points, one from the relatively stable top of the slope, one selected mid-slope 
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and the third at the very toe of the slope, are seen in Figure 2.17. The rates of movement are not 

consistent from year to year. Instead, large movements appear to punctuate with little to no 

movement between site visits.  This corresponds to an episodic reactivation of landslide 

movement (Leroueil, 2001) that could be the result of either high seasonal groundwater pressures 

and/or seasonal oversteepening of the toe due to episodic erosion events. 

 

The advantage of GCP data is that the user has the benefit of knowing exactly where a particular 

point existed at each survey. However this is a very labour intensive and time consuming 

monitoring method. The addition of large numbers of GCPs to increase the spatial coverage of 

landslide movements increases the time required for each survey and the amount of the site that 

has been altered (which may change the mechanics of the site as these 1 m long rebar act as 

reinforcement if placed with significant density). In contrast, DEMs created using remote sensing 

techniques such as photogrammetry allow detailed DEMs to be created without directly 

impacting the site. This detail is at the cost of trackability, while a point may exist at the same 

coordinates between two surveys but it does not mean that the ground they represent is the same 

between the two surveys.  

2.7 Error Analysis of Low Altitude Digital Photogrammetry 

2.7.1 Error Analysis  

With the growing popularity of DEMs, ensuring that they are being used responsibly becomes an 

emerging issue. Reporting the accuracy and precision of the DEM is crucial step in assuring that 

the DEM is not used beyond its means. Measures of the quality of a DEM must consider the error 

of the variability of a DEM (precision) and the error between the DEM and the true surface 

elevation (accuracy).  



 

27 

 

 

The variability of a DEM, error between repeated survey of a stable area with no change, 

characterizes the repeatability of any particular survey using the given method. The American 

Society for Photogrammetry and Remote Sensing (ASPRS) in their guide to vertical accuracy 

reporting for LiDAR (ASPRS, 2004) recommend that different types of topography and ground 

cover should be considered separately when determine the accuracy. This Guide can serve as a 

reference when determining the accuracy of DEMs derived from photogrammetry as they provide 

a similar product to LiDAR.  

 

Two regions, both 10 m x 10 m, with minimal change in elevation over time were selected, 

Figure 2.18.  The flat area of interest shows <0.001m of mean elevation change in the GCPs 

between the time of the initial DEM (October 2009) and the final DEM (June 2011).  The sloped 

area of interest has <0.01 m of mean elevation change in the GCPs within the area. The flat area 

was selected to determine the ultimate accuracy of the current method on vegetated slopes as the 

flat terrain is the most consistent of the two terrains and is not susceptible to the additional errors 

that occur on slopes (Su and Brok, 2006). The slope area is believed to be a more representative 

sample of the errors of this site.  

2.7.2 Precision of the DEM 

To determine the distribution of error between repeated DEMs, the first photogrammetric survey 

taken in October 2009 was arbitrarily selected as the datum or true surface against which all later 

surveys would be compared. The DEMs were compared at every grid point. The distribution of 

errors between the DEMs is then shown in Figure 2.19. Of the four surveys, three show near 

normal distribution in error. The mean error and standard deviation of error in each survey is 
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shown in Figure 2.20. The November 2009 survey shows a much wider distribution with a larger 

mean error, both in the flat terrain and sloped terrain, compared to the latter surveys. Upon 

inspection it was found that the November 2009 DEM did not cover the same area as the 

remaining surveys. Due to limited photo coverage of this survey, large portions of the DEM in the 

flat area of interest were missing, Figure 2.21. Along with data not being available in the areas of 

interest, the lack of points moves the edge of the November 2009 DEM closer to the areas of 

interest which will likely be the cause of the increased error in the complete sloped area of 

interest.  

 

Excluding the November 2009 data, mean values of error and standard deviation can be seen in 

Table 2.1. ASPRS (2004) suggests that errors should be reported to the 95 percentile, confidence 

region around the mean error is also reported in Table 2.1. 

Table 2.1: Error distribution between surveys (Excluding November 2009) 

 Mean Error Standard Deviation 95% Confidence Region 

Flat Area of Interest 0.013 m 0.15 m  0.39 m 

Sloped Area of Interest -0.075 m 0.18 m  0.35 m 

2.7.3 Accuracy of DEM  

While Table 2.1summarized the precision of the photogrammetrically generated DEMs, the 

absolute error of any DEM relative to the true elevation must also be quantified. Along with the 

GCP and additional 112 points were surveyed along the ground surface using a total station in 

October 2009. The location of these surface points are shown on Figure 2.18. To determine how 

well the DEM matched the true elevation surface the error between the DEM and the surface 

check points was compared. The error was calculated by subtracting the mean elevation of the 
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check points from elevation of the DEM square in which they occur. The elevation of the DEM 

was determined by the elevation of the GCP. Both the distribution of error between the DEM and 

the surface checkpoints and between the DEM and the GCPs can be seen in Figure 2.22.  

 

Figure 2.22 shows that the DEM overestimates the ground surface but underestimates the height 

of the GCPs. This indicates the DEM lies between the ground surface and the GCP, most likely 

on top of the vegetative cover. This photogrammetric technique relies on unique texture patches 

to estimate the surface between the GCP. In this case that texture is created by the colour and 

shadow of the vegetative cover. This means that when locations of the points used create the 

DEM are calculated, they are calculated on the surface of the vegetation rather than the ground 

surface. So long as height of the vegetation is kept low and of equal magnitude throughout the 

site the change in elevation of the vegetative can be assumed to be analogues to the changes in 

elevation of the ground surface. 

 

ASPRS (2004) defines a systematic error as 'Errors [that] follow some fixed pattern and are 

introduced by data collection procedures and systems. Systematic errors may occur as vertical 

elevation shifts across a portion or all of a dataset'. This definition could therefore be applied to 

the error due to the vegetative cover. By translating the DEM elevations such that they have a 

mean error of 0 meters with the surface points the distribution of error can be translated to be 

normally distributed error centered about 0 meters. This would result in a standard deviation of 

error of, 0.25m and a 95% confidence interval of 0.49m for the vegetative areas on this given 

survey. This error may be due to the variability of the terrain within each DEM as well as the 



 

30 

 

limited experience with this technique. Through greater experience, better vegetation removal and 

a finer DEM that can better map the subtleties of site, a high accuracy may be achieved.  

2.8 Monitoring River Movements over Time 

DEMs created using photogrammetry have the advantage of providing a complete photo record of 

the site. The extents of the creek where monitored along 3 lines to measure the movement to the 

creek limits as it cut into the slope. The three lines selected are shown in Figure 2.23. The 

location of the creek was then measured along these lines in the orthographic photos (Figure 2.24 

to Figure 2.28). The movements are shown in Figure 2.29, where displacement towards the 

outside bend is positive. The outside bend shows a consistent expansion into to the slope, with the 

east line showing a greater rate of displacement then the west line. The inside bend is much less 

consistent as the center and west line move both inward toward the slope and outward away from 

the slope. Because this metric was based on the location of the water's edge, changes in the water 

table could cause the inside bend to appear as if it has moved away from the slope, this likely 

cause of the 'decrease' in displacement at the April 2010 survey. Secondly any failure of the slope 

adds debris to the river causing the river to alter its path (Hugenholtz and Lacelle, 2004). The 

larger failure at the toe prior to June 2011 would have moved material into the creek changing the 

creek’s profile as it eroded away the new material. This data indicates that erosion at the toe is 

occurring at an annual rate of 1 m per year. A higher frequency of monitoring times would be 

required to capture the episodic nature of the erosion rate and to correlate this with hydrodynamic 

forces.  

2.9 Discussion 

There are many factors that contribute to the accuracy of the DEM. Poor camera calibration can 

cause errors in the point cloud as these points may be improperly located in 3D space because of 
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an erroneous solution for the position of the camera. As shown in Appendix D, errors in 

positioning tend to be largest in the vertical direction as this is the camera direction. The quality 

of the photo sets and individual photos can have a large impact on the quality of the DEM. It has 

already shown that poor photo coverage can lead to increased error as seen in the November 2009 

survey. Poor camera settings may lead photos to be blurry or out of focus which will decrease the 

accuracy of the point cloud. Higher contrast GCPs would allow GCPs to be marked with sub-

pixel accuracy and ensure that GCPs are marked consistently. With more accurate GCPs it would 

then be possible to determine the camera position and orientation with greater precision allowing 

for better point clouds to be generated. 

 

The point cloud was then filtered and rastered which can introduce large quantities of error 

(Aguilar and Mills, 2008). A mean filter was used to raster this data because of its simplicity. 

More complex filters may provide more accurate models by better removing noise and erroneous 

points. ASPRS (2004) recommends that checkpoints should not be selected near breaks in the 

slope. The surface check points used in the error analysis where originally taken to help 

characterize the tension cracks and back scarp at the site. These points therefore are located on 

both sides of a vertical discrepancy. The use of GCP which are offset from the ground surface 

will also likely cause larger than normal errors in DEM, when compared to the true elevation of 

the surface. This error can however be quantified and corrected for. Vegetation will still impact 

the accuracy of the survey and effort must be taken to ensure that the site is consistently prepared 

prior to surveys.  

Movement in the terrain can still be identified and with improvements in the method with greater 

accuracy, it will be able to capture the movement in greater detail. The detailed movements will 
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be able to better our understanding of how landslides in sensitive clays developed. Increasing the 

temporal resolution by increasing frequency of surveys will provide a more complete model of 

these slides. Increasing the temporal resolutions allows changes in the site to be more accurately 

attributed to environmental changes.  

2.10 Conclusion 

Sensitive clay landslides are a problem along watercourses that cut through the sensitive 

Champlain Sea deposits. Their danger lies in their ability to retrogress great distances from their 

initial slide. Despite various models proposed, the mechanics of the retrogression are not fully 

understood. The use of a blimp mounted camera in combination of GCPs allows photogrammetric 

to be used to generate point cloud density up to 7000 points/m2 which can be used to generation 

of high resolution DEMs of the site. An examination of errors associated with low altitude 

photogrammetry has shown  that DEM can achieve vertical accuracies of 0.5 m.  With further 

work to reduce the residuals of the camera calibration on this dataset, significant improvements 

could be made to reduce the error in vertical positioning. However, even at the current level of 

accuracy, changes in the site can be calculated and quantified between repeat surveys. Through 

the use of photogrammetry to create DEMs, any changes detected can be compared to the photo 

record to ensure that the cause of the changes can be correctly identified. Because this method of 

landslide deformation monitoring also inherently provides a visual record of erosion, it is a highly 

promising technique for the long term monitoring of this particularly complex coupled 

hydrotechnical / geotechnical process. 
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Figure 2.1: Toe Erosion Causing Retrogressive Slides 

a) Clay slope in the outside bend of the river 

b) Base of slope in eroded causing slope to become unstable 

c) Initial slope failure, shear zone begins to form 

d) Shear zone propagates in the slope causing the landslide to retrogress. River 
becomes impounded causing the water level to rise. 

e) If the material flows then it is easily removed flowing with the river leaving a 
large depletion with some remolded material remaining 

f) If the material does not flow then the impounded over tops changing the 
location of the river. Tension cracks and scarps remain indication that a 
failure has occludes previously at this site.
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Figure 2.2: Blimp used to gather low altitude aerial photos 
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Figure 2.3: Tilt Pan Camera Mount 
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Figure 2.4: Camera station and point location are determined based on the intersection of 

the projected rays through the camera lens. The angle between the cameras α is determined 

by the angle between the center rays of the cameras 
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Figure 2.5: Location of the selected field site in the Ottawa area. 
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Figure 2.6: Tension crack in upper portion of the site indicates a history of failure at this 

location. 
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Figure 2.7: Main Scarp at top of hill. Photo is looking to the East 

 



 

43 

 

 

Figure 2.8: Deterioration of toe. Image looking towards the West
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Figure 2.9: Rebar used for ground control point. Approximately 10 cm is left exposed so 

that it is visible above the vegetation
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Figure 2.10: Example of detail in images that can be achieved from blimp. 
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Figure 2.11: Composite air photo of site with key features highlighted  
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Figure 2.12: Point density contour plot (Points/ m2) 
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Figure 2.13: Local elevation contour plot (m) 
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Figure 2.14: Profile of 1m point cloud section. GCPs show good agreement with point cloud. 
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Figure 2.15: Movement of GCP between Sept 2008 and June 2010. Site in MTM Zone 9 

coordinates 
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Figure 2.16: Profile of GCP movements between September 2008 and June 2010. Elevation in relation H2 datum 
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Figure 2.17: Movements over time of select GCP at a) top of slope b) mid slope c) toe of slope 
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Figure 2.18: Areas of DTM examined to determine variation of between surveys. Areas are 

both 100m2 and were selected for limited movement over time. Flat area of interest is 

outlined in black and sloped area of interest is outlined in white. 
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Figure 2.19: Distribution of DTM error between Site Visits. a) Flat Terrain b) Sloped 

Terrain. November 2009 photo set did not have the ground coverage than the other photos 

had, so the selected area is along the error prone edge of DTM. The November Data set also 

had fewer unique camera stations which means that fewer meshes were generated, 

therefore erroneous points had a greater effect on the mean surface. 

  



 

55 

 

 

Figure 2.20:  Mean difference and Standard distribution between DEM over time. 

November 2009 DEM Error due to zone of interest being close to edge of DEM. 

  

Year 
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Figure 2.21: Limited photo coverage of site leading to holes in DEM and increased error 
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Figure 2.22: Distribution of error between DEM and Total Station (TS) readings in same 

area. Surface points are TS points taken directly on the surface. GCP points are points 

taken on top of the rebar ground control markers. 
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Figure 2.23: Location of monitoring lines for bank movements (April 12th 2010) 



 

59 

 

 

Figure 2.24: October 2009 orthophoto of slope toe. Visual record aids in identifying changes between DEMs 
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Figure 2.25: November 2009 orthophoto 
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Figure 2.26: April 2010 orthophoto 
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Figure 2.27: September 2010 orthophoto 
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Figure 2.28: June 2010 orthophoto 
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Figure 2.29: Movement of Mud Creek at measurement cross-sections at the toe of the landslide site. Positive displacement indicates 

movement into the slope. (i.e. towards the outside bank) 
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Chapter 3 

Field monitoring of surface movement patterns in four sensitive clay 

landslides using low altitude photogrammetry 

3.1 Introduction  

The Ottawa/Gatineau region (Figure 3.1a) contains extensive deposits of Champlain Sea (Gadd, 

1962; Paul, 1970). Champlain Sea clay, also known as Leda clay, is a sensitive marine clay 

deposited in the Champlain Sea between 12 000 and 10 000 BP as the Wisconsin continental 

glaciations retreated (Sangrey and Paul, 1971). After the Champlain Sea retreated, the clay 

deposits began to be incised by the various rivers and creeks of the area. As these watercourses 

eroded deeper into the soil, the over steepening of the banks led to regular failures along the water 

courses in the area (Sangrey and Paul,1971).  

 

Hugenholtz and Lacelle (2004) have shown that banks of Green's Creek and its tributary Mud 

Creek in Ottawa, Ontario are active landslide areas, identifying 52 landslides over a 73 year 

period (Figure 3.1b). These researchers also identified the proportions of four different types of 

landslide failure within the creek system: simple rotational (75%), retrogressive rotational slides 

(13%), flow slides (8%) and translational slides (4%).  All but two of the landslides identified by 

Hugenholtz and Lacelle (2004) were observed to occur on the outside meander of the creek, 

suggesting that erosion is likely a primary triggering factor in these instabilities. Hugenholtz and 

Lacelle (2004) also observed that retrogressive failures did not necessarily always occur 

immediately in the days after initial failure. Of the 36 landslides observed in detail, 30 showed 

reactivation, some taking decades to reach their current metastable form.  
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The variation of rates of landslide movements has been discussed by Leroueil (2001) in which 

four stages of landslide movements have been suggested: pre-failure, first-time failure, post-

failure and reactivation (Figure 3.2). Pre-failure movements include: creep, progressive failure 

and deformation due to stress. The initial failure occurs once the shear surface has formed 

throughout the soil mass. Post failure includes all moments from the initial failure until the 

landslide until the sliding mass comes to rest. If the processes that led to the initial instability are 

still present, a landslide may reactivate and accumulate slope movement along pre-existing shear 

surfaces in response to episodic seasonal ground water fluctuations or erosion events. Within the 

Champlain Sea basin, some reactivation failures manifest as failures of the sidewalls of the initial 

failure scar. These sidewalls are tens of meters away from the active erosion face implying that 

progressive failure is also active in these slopes (Petley et al., 2005).   

 

The Green Creek watershed, and in particular its Mud Creek tributary provides a unique 

opportunity to investigate landslide processes as significant proportions of these watercourses 

remain in a largely natural setting protected from development within the Greenbelt around the 

City of Ottawa. This watershed therefore presents a unique opportunity to monitor landslides at a 

variety of stages of slope movement as well as a variety of possible failure types. 

 

A novel blimp-based aerial photogrammetry system was developed in Chapter 2 (Foster and 

Take, 2011) to generate high-resolution Digital Elevation Models (DEMs) of the ground surface 

of potential landslides. The objective of this Chapter is to apply this photogrammetric monitoring 

system to initiate a long-term monitoring program at select locations along Green’s Creek and 
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Mud Creek in order to investigate the long term pattern of movement of landslides in soft 

sensitive clays at various stages of development. In this Chapter, the first two years of monitoring 

data obtained at four specially selected landslide sites within the Green’s Creek watershed are 

presented – one deep rotational failure with evidence of recent movement and active erosion at 

the toe, one flowslide that has experienced enlargement within the past five years but not due to 

erosion, a site where the primary landslide movement occurred in 1968 and is now thought to be 

dormant, and one rotational failure that occurred in the past five years. 

3.2 Selection of Field Monitoring Sites 

3.2.1 Overview of Landslides in the Green’s Creek Watershed 

The location of the four sites selected for long-term monitoring are shown in Figure 3.1b – Sites 

“A” and “B” on Mud Creek, and Sites “C” and “D” located on Green’s Creek. These two clusters 

of monitoring locations are shown in greater detail in the shaded relief LiDAR DEM maps in 

Figure 3.3 and Figure 3.4for the sites at Mud Creek and Green’s Creek, respectively. In each 

figure, the high level of landslide activity on the banks of these watercourses is shown by the high 

spatial frequency of landslide scars along the length of both valleys.  

 

Mud Creek, being a tributary of Green Creek, is a much smaller, younger and more active river 

system (Hugenholtz and Lacelle, 2004).  Green’s Creek has limited changes in elevation in the 

lower reach with a low river gradient. The large flood plain reduces the amount of erosion 

affecting the slope. As one moves upstream the flood plain narrows and the creek banks steepen. 

Mud Creek has a dominantly V-shaped profile, and is subject to significant erosion causing 

convex, over steepened slopes. Hugenholtz and Lacelle (2004) have identified several ‘kick 

points’ along Mud Creek, where there is a sudden change in the river bed slope. These locations 
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mark the location along the creek where the creek bed is actively adjusting to a new base 

elevation, and is therefore subject to an increased frequency of landslide events. In contrast, the 

bed profile of Green’s Creek shows a much more gradual change in gradient along the length of 

the creek with very few landslides above its confluence with Mud Creek despite having much 

higher river flow velocities.  

3.2.2 Site A (Occasionally Reactivated Landslide with Erosion at the Toe) 

The first site chosen for surface deformation monitoring (Site A) consists of a deep rotational 

failure located on an outside bend of Mud Creek with active erosion occurring at the toe. Site A is 

located on the south bank of Mud Creek approximately 2.6 km upstream of its confluence with 

Green's Creek. A close-up isometric view of the LiDAR DEM of the site is shown in Figure 3.5 

based on the bare earth LiDAR data of the site captured in 2006 and provided by the National 

Capital Commission (NCC). This data shows that Site A consists of a region of creek bank that is 

bounded by two earlier failures and is currently being strongly eroded at the toe of the slope by 

Mud Creek. Site A shows signs of distress including several tension crack running parallel to the 

direction of the creek and an approximately 1 m high back scarp.  

 

An air photo history of Site A covering the years 1965 through 2007 is presented in Figure 3.6. 

The first of these six historical air photos, Figure 3.6a was taken in 1965 when most of the table 

lands in the vicinity of Site A was still being used for agriculture. This air photo shows a 

significant landslide scar which was free of vegetation, indicating that it occurred in a window of 

time not long before the picture was taken. Also visible in the photograph is a small bridge 

located on the downstream side of the slide, it was used to access additional farm lands on the 

North side of the creek. Once the land was acquired by the National Capital Commission (NCC) 
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as part of the Greenbelt, farming activities at this location ceased and the land slowly began to 

return to a more natural vegetated state (Figure 3.6b). During the entire period of the air photo 

record in Figure 3.6, erosion at the toe of the slope was observed to cause a series small failures 

with the river channel slowly migrating towards the south at the location of Site A. Due to the 

limited resolution of the photos and the masking effect of vegetation and by the presence of 

shadows, it is difficult to make quantitative measures of rates of surface slope movements from 

these historical air photos. However, the air photo record does indicate a long history of erosion 

and landsliding at the site. As it is highly likely that triggering factors are still present, this site 

was chosen for surface displacement monitoring using high resolution photogrammetry as this 

site represents a landslide subject to occasionally reactivation. 

 

To achieve this monitoring objective, a total of 107 GCP markers where placed throughout the 

site. The majority (81) of these points where placed on the south side of the site on the potentially 

reactivating landslide mass with the remaining 26 were placed on the opposite bank the creek. On 

each side of the creek two GCP were selected to act as monuments. These monuments are similar 

to GCP; however rather than being pushed directly into the ground they were installed in a 15 cm 

diameter 1 m long shaft and encased in concrete. These monuments were used to local 

benchmarks for the analysis of the total station survey data. On the potentially reactivating 

landslide mass on the south bank of Mud Creek, GCPs were placed in 6 rows running 

approximately North-South. The number of points in each row and their placement depended on 

the terrain, features of interest (e.g. GCP placed on either side of a tension crack) and maintaining 

line-of-sight visibility during total station surveying.  Where possible, additional points were 

placed within the tree line around the edge of site with an effort made to maximize visibility. For 
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the North side of the creek GCPs were arranged in and east-westerly direction, with the majority 

of points are located in the flood plain. The GCP on the North side of the site were installed to 

help define the surface geometry prior to any landslide events in order to aid in the calculation of 

landslide volume if the landslide were to reactivate and slide into the valley.  Figure 3.5 shows 

the location of the GCPs overlain a DEM of Site A created from the 2006 LiDAR data.  

3.2.3 Site B (Flowslide with Episodic Retrogression) 

The second site chosen for long-term monitoring, Site B, is approximately 300 m downstream 

from Site A and consists of an episodically retrogressing flowslide. The site experienced 

retrogressive episodes on a minimum of three separate occasions with failures occurring in the 

windows of time between air photos taken between 1952-64, 1995-2001 and 2002-04. As shown 

in the historical air photo record (Figure 3.7a-f)), it can be seen that in 1965 the area of Site B was 

used as farm land. In the 30 years between Figure 3.7a and Figure 3.7b, the tree line expanded 

into the area limiting both edges of the extensive flow slide. Figure 3.7c and d show the slow 

expansion of the slide as the flanks of the bowl slowly fail into the depression. Tension cracks 

and multiple scarps can be seen parallel to the crest. Between 2001 and 2004 a lobe retrogressed 

from the crown of the slide approximately 15 m further into the table land. This retrogression 

occurred well back of the river and was therefore likely the result of elevated pore water pressures 

and the possible action of delayed progressive failure. The presence of a high water table is 

supported by field observations of persistent ponded water that is present in all seasons of the 

year at two locations within the bowl that are sufficient to support the presence of Bulrushes 

(Typha Latifolia). Site B was therefore chosen for surface displacement monitoring to attempt to 

observe the phenomenon of episodic retrogression of a flowslide in sensitive clay. 
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To achieve this monitoring objective, a total of 66 GCP where placed around the site. The 

majority of the markers where placed around the edge of the failure to monitor the stability of the 

side walls of the landslide scar. Multiple scarps can be seen on the west side of the site, while the 

east side of the site has a steep slope into the failure bowl with visible tension cracks at the top of 

the slope and in the tableland. These two sections were therefore chosen to have an increased 

density of GCP to capture the deformations (if any) observed at these key locations. Additional 

GCP were placed within the failure bowl to monitor any movement in the remoulded soil and to 

define the current surface of the spoil (i.e. required to calculate the volume of remoulded soil if 

one of the banks of the landslide scar would fail again). The topography of the site B and location 

of the GCP can be seen in Figure 3.8 placed on a DEM of LiDAR data. 

3.2.4 Site C (Occasionally Reactivated Landslide with Erosion at the Toe) 

Site C is located on Green's Creek approximately 8.6 km upstream from the Ottawa River and 

just upstream of the confluence with Mud Creek. Site C is impacted significantly by the effects of 

erosion from Green's Creek as the deposition of landslide material from past failure events has 

had the result that the creek flows directly into the toe of slope at this particular location. 

The history of instability at this location is captured in the air photos presented in Figure 3.9a-f. 

In 1965 small failures along the toe of the slope can be observed. From Paul 1970, it is known 

that the area south west of the Site C failed in 1967 although this area had revegetated by the time 

of the next photo in 1995 making it difficult to distinguish, given the lighting conditions of Figure 

3.9b. A separate failure is visible in Figure 3.9b which forms the initial failure of Site C. This 

initial failure intersects the lower portion of the 1967 failure. A further failure in site C occurred 

between 1995 and 1998, Figure 3.9c, a larger quantity of the exposed soil is visible downstream 

suggesting that the photo was taken not long after the failure. Large tension cracks become visible 
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in the Northwest corner of Figure 3.9d and remain visible to present day. Between 1998 and 2007 

several small failures occurred within the slope at Site C. The lighting and resolution of the 

Figure 3.9d-f make it difficult to determine an exact time line of events for these minor slides.  

 

To monitor the further changes in Site C, a total of 28 GCP were placed around the site. Of these 

GCP, 5 were placed behind the crown in the table land of the slide to define the ground surface 

and to help orient the various surveys, 11 GCP were placed down the ridge on the south west side 

of the site which separates Site C from the slide detailed by Paul, 1970, and 6 markers were 

placed parallel to this line running northwest to southeast, along the perceived centreline of the 

slide. The remaining 7 GCP were spread throughout the site around features of interest.  A 

LiDAR DEM of Site C with the location of the GCP is included as Figure 3.10 

3.2.5 Site D (First Time Failure) 

Site D is located roughly 200 m upstream from Site C. This particular site is not located with the 

Creek at the toe; instead Site D has been chosen to investigate the bank stability of one particular 

side slope with a small unnamed tributary at the toe. This drainage feature is fed by surface water 

runoff from a golf course.  The air photo record for Site D (Figure 3.11a-f) indicates very little in 

the way of notice of an impending first time failure. However, a simple rotational failure occurred 

at this location between 2007 and 2008. This particular site was chosen for monitoring as it is an 

example of a delayed failure in the absence of significant erosion at the toe. 

 

 At this location, the primary objective of the GCPs was to provide a geo-referenced coordinate 

system to tie-in the photogrammetry data for comparison with the 2006 LiDAR data (i.e. pre-

failure).  A total of 9 GCP where placed in two parallel lines running roughly north south along 
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the failure scar.  A pre-failure LiDAR is shown in Figure 3.12 along with the location of the GCP 

which were installed post failure. 

3.3 Point Cloud Data  

3.3.1 Digital Photogrammetry 

Point cloud data of the ground surface at each landslide location was calculated using digital 

photogrammetry. High-resolution digital images used as input for this analysis were obtained 

using a Canon 5D Mark 1 digital SLR camera mounted to a 6.4 m long tethered blimp flying at an 

elevation of 30 m. Images of the landslide surface were then captured from numerous locations 

and angles across each site using the tether line and remote pan-tilt array to move the camera’s 

location and to adjust the camera’s viewing angle. Once the images where retrieved from the 

camera, high quality images with sufficient overlap were selected so that the images covered the 

extents of the site being surveyed. Using the tools provided by EOS System’s Photo Modeller 

Scanner, the centre of all ground control points visible in each of the overlapping images was 

identified. These locations were then used to solve for the position and orientation of the camera 

in each image. In the cases where portions of the site might not have a sufficient density of GCPs 

to accurately solve for the camera locations, additional temporary GCPs were placed on the 

ground surface prior to image capture. These temporary GCPs consisted of a visual mark (e.g. 

natural landscape feature such as a rock, or artificial features such as a spray paint mark with an 

identifiable spray painted border to make them readily distinguishable from the regular GCPs). 

All permanent GCPs were surveyed at the time of installation with a differential GPS survey to 

measure their spatial location and with a total station prior to each blimp survey. In contrast, the 

temporary GCPs were used only for orientation of the camera position and were not surveyed 

with the total station.  
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Once all the camera locations and ground control points had been verified, the same 

photogrammetric principles were used to determine the ground surface location. This was done 

by comparing smaller pixel subsets between photo pairs to determine their location in 3D space. 

The subsets used in this validation had a radius of 10 pixels and were defined every 0.5 m in each 

photo pair. As a result, a point cloud of 3D surface locations every 0.5 m was generated for each 

image pair. These raw point clouds were then combined with point clouds from other image pairs 

to increase the density of the total point cloud. The final point cloud was then filtered to remove 

outliers and points representing erroneous surface data due to vegetation. A DEM with a 1 m grid 

spacing was then generated on the point cloud data using a simple mean surface filter.  Further 

details of the survey including horizontal and vertical accuracies have been calculated in Chapter 

2 and are given in Table 3.1. 

3.3.2 LiDAR 

Point cloud data for the four landslide monitoring sites was obtained from the National Capital 

Commission in the form of a LiDAR survey performed in 2006. Since this data predates the 

photogrammetric DEM data generated in this study, this additional point cloud data allowed for 

changes in landslide geometry to be examined over a 3 to 4 year period rather than the 1 to 2 

years available from the current study alone. The 2006 LiDAR survey was performed with an 

average point spacing of approximately 1.25m and was obtained as a bare earth point cloud. Full 

details of the survey, including horizontal and vertical accuracies are given in Table 3.2. In order 

to have common DEM coordinates to compare the LiDAR and photogrammetry data, each data 

set was interpolated to a grid with 1 m cell size.  
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Table 3.1: Accuracy of Photogrammetric DEM 

Vertical Accuracy, Flat Area +/- 39 cm 
Vertical Accuracy, Sloped Area +/- 35 cm 
Point Spacing 0.5 m 

Table 3.2: Reported accuracy of 2006 airborne LiDAR survey 

Point Collection Rate 100 000pts/s 
Horizontal Accuracy +/- 20 cm 
Vertical Accuracy, Clear Area +/- 10 cm 
Vertical Accuracy, Vegetated area +/- 20 cm 
Calculated average point spacing 1.25m  

 

3.4 Surface Displacement Monitoring Results 

High resolution photos of the four landslide sites were obtained at various times between 2009 

and 2011 using a tethered blimp. This allowed a photogrammetric DEM to be constructed for 

each site visit. In this section, the photogrammetric DEM with the best coverage was select to be 

compared with the 2006 LiDAR DEM to observe changes occurring at each landslide site. The 

simplest measure of change detection is the simple difference in elevation between the grid points 

of each DEM to quantify the changes over the site. A contour plot showing the areas of elevation 

difference between the LiDAR DEM and aerial photo DEM were generated for all four sites at a 

contour interval of 0.5 m. Areas of depletion over time are shown as negative contours where as 

areas of accumulation are shown as positive contours. These contour plots were placed over the 

orthorectified composite images created from the aerial photos used to generate the DEM. 

3.4.1 Site A 

An orthorectified photo of Site A (landslide with active erosion at the toe) assembled from the 

June 2011 blimp survey is presented in Figure 3.13.  The landslide is oriented in a roughly North-

South direction, with the landslide located on the south bank of Mud Creek. Visible in the image 
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is the large 1 m high back scarp and the active erosion face at the toe of the slope. Also shown on 

this figure are vectors of GCP displacement observed between the initial total station survey at 

the time of GCP installation in September 2008, and the final total station survey in June 2011. 

This data indicates that the toe of the slope is moving at a faster average velocity compared to the 

rear of the slope. The displacement data also indicates that the displacement is confined to an area 

downslope of the back scarp. The profile A-A' highlighted in Figure 3.13 is included as Figure 

3.14. This figure shows the measured displacement vectors of the GCP superimposed on the 

cross-section through the DEM generated from the low altitude aerial photogrammetry. These 

data indicate that the slope is experiencing either a deep-seated rotational or a two-block wedge 

deformation mechanism.  

 

A comparison of the April 2010 photogrammetric DEM to the reference 2006 LiDAR DEM is 

shown in Figure 3.15 as contours of vertical elevation change. While a large portion of the site 

shows little to no movement between the surveys there are two major locations of change. The 

first location of significant elevation change is the active erosion face at the toe of the slope. The 

loss of material at the toe is shown by contours of negative elevation change on the south bank of 

the creek and the deposition of material on the flood plain on the north bank of the creek (positive 

elevation change). Erosion is occurring along the full length of the bend of the creek as the 

depletion contour runs parallel to the current location of the creek. The second location of 

significant elevation change is located at the east side of the landslide mass. At this location, an 

elevation drop of 0.5-1m has occurred. As this is the majority of the crest height, it is likely that 

the crest has grown significantly if not entirely since the 2006 LiDAR survey. It is interesting to 

note that Site A shows a distinct asymmetry in movements between the active east side and the 
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apparently more stable west side of the landslide scar. The remaining changes in elevation are due 

to growth of vegetation. 

3.4.2 Site B 

An orthorectified image of the historical flow slide at Site B is presented in Figure 3.12. At this 

site the landslide occurs along the south bank of Mud Creek, and consists of a flow slide bowl 

with monitoring points located along the sidewalls of the landslide scar.  The GCP at Site B were 

installed in November 2009. The movement of the GCP at this site between the time of 

installation and the most recent total station survey in June 2011 are shown in plan and profile in 

Figure 3.16 and Figure 3.17 respectively. These data indicate that in contrast to Site A, there has 

been little to no movement at Site B in the past two years.  

 

A comparison of the April 2010 photogrammetric DEM to the reference 2006 LiDAR DEM is 

shown in Figure 3.18 as contours of vertical elevation change.  This figure indicates that there has 

been little overall change at site B between the 2006 LiDAR DEM and the 2010 photogrammetry 

DEM. The few exceptions are some small regions of erosion at the toe, and a small flow failure 

on the east side of the crest. The spoil from this failure flowed south west into the bowl then north 

within the bowl. A large number tension cracks are visible in a slope on the east side of the site 

and the contours of elevation change indicate that this is an active area of movement. The 

remaining changes in elevation are due to growth of vegetation. 

3.4.3 Site C 

Similarly to Site A, Site C consists of a landslide scar with an active erosion face located at the 

toe. At Site C, the slope height and slope inclination are higher than at Site A. A composite 

orthophoto of Site C displaying the displacement vectors for site C can be seen in Figure 3.19. 
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The profile C-C' can be seen in Figure 3.20, showing the ridge which separates the 1967 Green's 

Creek golf course slide (Paul, 1970) to the southwest from the more recent slides to the northeast.   

The initial site survey was carried out in June 2010 and the most recent survey was taken June 

2011, meaning the displacement vectors only show one year of movement at the site. This data 

indicates, however, that the landslide was dormant during the monitoring period. 

 

A comparison of the June 2010 photogrammetric DEM to the reference 2006 LiDAR DEM is 

shown in Figure 3.21 as contours of vertical elevation change.  The effect of trees on the 

photogrammetric DEM is clearly visible in the north and east portion of the site, as contours 

outline changed occur on the trees rather than the ground surface. The contours of change in 

vertical elevation show significant change in elevation throughout the area downslope of the back 

scarp indicating that despite the lack of recent annual movement, the site is still very much 

experiencing active slope movements.   

3.4.4 Site D 

An orthophoto of the first-time failure at Site D is shown in Figure 3.22. The landslide is aligned 

in a roughly North-South direction with the crest located at the North side of the image with slope 

movement occurring in a southerly direction. This image clearly shows fresh scarp areas as 

locations of non-vegetated Champlain Sea clay (grey colour). Also visible in the image is a region 

of tension cracks above the scarp at the crest. To increase the visibility of these cracks the grass 

was cut in this region. This region can be identified in Figure 3.22 due to the change in the colour 

of the vegetation. Superimposed in Figure 3.22 are the vectors of displacement from the time of 

GCP installation (in June 2010 – after the first time failure had occurred between 2007 and 2008) 

and June 2011. This data indicates that little additional displacement occurred at this location 
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during this period of time. Profile D-D' can be seen in Figure 3.23, and shows that there is little 

vertical movement over the observation period of the site. Of particular note at this landslide is 

the location and orientation of Green's creek in relation to site D.  The failure as site D occurred 

over 80 meters away from the river at the top of a slope which was perpendicular to the creek. 

Therefore the failure of site D was likely not due to active erosion from the river, but rather from 

the action of progressive failure. 

 

The first-time failure at Site D occurred between 2007 and 2008. As a result, this failure occurred 

during the window of DEM data available to this study. A comparison of the June 2010 

photogrammetric DEM to the reference 2006 LiDAR DEM is shown in Figure 3.24 as contours 

of vertical elevation change. Site D shows the most dramatic change between the DEM surveys, 

as the simple rotational slide occurred between the two surveys. The contours show over 2 meters 

drop in elevation at the main crest of the slide and still a significant drop of 0.5 m as what is now 

the toe of the slope.  For this slide areas of significant movement, change in elevation > 0.5m 

were examined and it was found that over 1300 m3 of soil were lost from the deletion zone. The 

accumulation zone however shows only a gain of 500m3 at the same limit of significant 

movement. If the limit for significant accumulation is reduced to changes in elevation larger than 

0.25m, acknowledging that spoil is typically deposited over a larger area at a reduced thickness, 

then we still only see 630 m3 of accumulation. Figure 3.25 shows the difference in profiles 

between the LiDAR DEM and photogrammetric DEM. The most likely cause of the lack of mass 

balance between the zones of depletion and accumulation is that a significant proportion of the 

zone of accumulation is unavailable for analysis due to tree cover. Unlike the sites A, B and C, 

site D is not located along a significant water course but rather in the upper portion of the side 



 

80 

 

slope of a small cut in field caused by preferential drainage of runoff from a large field and 

adjacent golf course.  

3.5 Discussion and Conclusions 

The Green Creek watershed in Ottawa, Ontario, and in particular its Mud Creek tributary are 

particularly active landslide areas in the sensitive Champlain Sea clay. Field monitoring of 

landslide deformations along the banks of these creeks presents a unique opportunity to 

investigate the failure mechanisms of these complex systems at a variety of stages of slope 

movement as well as a variety of possible failure types. Using a novel blimp-based aerial 

photogrammetry system developed in Chapter 2, high-resolution DEMs of the ground surfaces of 

potential landslides were used to initiate a long-term monitoring program at four specially 

selected landslide sites within the Green’s Creek watershed– one deep rotational failure with 

evidence of recent movement and active erosion at the toe, one flowslide that has experienced 

enlargement within the past five years but not due to erosion, a site where the primary landslide 

movement occurred in 1968 and is now thought to be dormant, and one rotational failure that 

occurred in the past five years.  

 

The preliminary results of the long-term monitoring program indicate complex movements and 

triggering factors at each landslide and at each stage of development. Slope movements were 

observed to be episodic in nature with some years the slope remaining dormant and others with 

increments of downslope movement. Erosion was observed to play a significant role in the 

instability of landslides with an active erosion face at the toe. However, as demonstrated by 

landslide movements at other sites in the absence of significant erosion at the toe (e.g. the side 

walls of the flow slide site at Site B and the failure at Site D), erosion was observed to be not 
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necessary to initiate failure. Instead, at these locations, the complex process of delayed 

progressive failure is likely active. In this alternative failure mechanism, it is the accumulation of 

seasonal damage that slowly degrades the stability of the slope until failure occurs (e.g. Take and 

Bolton, 2011). The results presented in this Chapter are the initial preliminary observations of 

slope movement that will be used as a baseline for the long-term monitoring of slope movements 

at these four sites with the objective to observe the patterns of slope deformation that will 

eventually lead to future instability.    
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Figure 3.1: Location of landslide scars along the Green's creek and Mud creek banks, as 

identified by Hugenholtz and Lacelle (2004) 
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Figure 3.2: Stages of slope instability (redrawn from Leroueil, 2001)
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Figure 3.3: DEM of Mud creek, generated from 2006 LiDAR, numerous landslide scars can be seen all along the creek. Scars vary in size 

and shape
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Figure 3.4: DEM of Green's Creek, generated from 2006 LiDAR provide by the NCC. 

Location of field sites C and D as well as the landslide studied by Paul, 1970 are shown 
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Figure 3.5: LiDAR DEM of site A. GCP throughout the site are shown. Vertical Scale 

exaggerated by a factor of 3
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Figure 3.6: Aerial photos of site A over time, showing changes in river and slope
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Figure 3.7: Aerial photos of Site B over time. Showing regression of landslide over time 
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Figure 3.8: LiDAR DEM of Site B, showing GCP. Vertical Scales exaggerated by a factor of 

3 
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Figure 3.9: Aerial photos of Site C. Showing expansion of site over time 
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Figure 3.10: LiDAR DEM of Site C, GCP of site are shown. Vertical scales exaggerated by a 

factor of 3 
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Figure 3.11: Arial photos of Site D. Showing little change in site over time. Not that failure 

does not occurs along the river but on a slope of minor tributary 
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Figure 3.12: LiDAR DEM of site D, showing GCP. Vertical scales exaggerated by a factor of 

3 
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Figure 3.13: Movement of GCP: Plan view. Movements shown are the difference between 

earliest survey, Sept. 2008 and the most recent survey, June 2011



 

96 

 

 

Figure 3.14: Movement of GCP: Profile. Slope angle approximation of overall slope
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Figure 3.15: DEM Difference contours. Elevation differences between 2006 LiDAR DEM 

and April 2010 photogrammetry DEM. Elevation differences in meters. 
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Figure 3.16:Movement of GCP : Plan view of Site B. Movements show are the differences 

between earliest survey, November 2009, and the most recent survey, June 2011.
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Figure 3.17: Movement of Ground Control Points (GCP): Profile of Site B. Little to no movement is visible along the profile 
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Figure 3.18: Difference contours between 2006 LiDAR DEM and April 2010 

photogrammetry DEM.
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Figure 3.19: Movement of GCP: Plan view of site C. Movements show are the differences between earliest survey, June 2010, and the most 

recent survey, June 2011. 
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Figure 3.20: Movement of GCP: Profile of Site C. Little to no movement is visible along the profile
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Figure 3.21: Contours of difference between 2006 LiDAR DEM and July 2010 photogrammetry DEM.
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Figure 3.22: Movement of GCP: Plan view of site D. Movements show are the differences 

between earliest survey, June 2010, and the most recent survey, June 2011.
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Figure 3.23: Movement of GCP: Profile of Site D. Little to no movement is visible along the profile. 
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Figure 3.24: Difference between 2006 LiDAR DEM and June 2010 photogrammetry DEM
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Figure 3.25: Comparison of profiles of DEMs at site D showing depletion and accumulation of material. 
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Chapter 4 

General Discussion and Conclusion 

4.1 General Discussion 

Detailed discussions and analysis of results were presented within Chapter 2 and 3. An overall 

discussion is presented in this chapter. Chapter 2 presented the methods and techniques used to 

generate the 3D point cloud of a potential landslide surfaces from which the DEMs used in 

Chapters 3 were created. Chapter 2 also examined the accuracy of DEMs made when compared 

to traditional surveying techniques. Chapter 3 studied the changes over time of a potential 

landslide site. Chapter 3 further examined a variety of landslide types, comparing both traditional 

survey and low altitude aerial survey to ones from external sources including aerial photos and a 

LiDAR DEM. This chapter will provide an overall discussion on the method compared to other 

available methods for studying landslide movement.  

4.1.1 Camera Calibration 

The camera calibration parameters for digital cameras can be affected by a variety of sources:  

lens quality, image plane flatness, temperature and focal distance (Clarke and Fryer, 1998; Fryer 

1986). While the user has little control over the lens quality and image plane flatness other than 

purchasing higher quality equipment, most software packages allow field calibrations to be 

performed. While lab calibration uses patterns of targets to calculate the distortion parameters, 

field calibrations us the a priori knowledge of point locations to perform the calibration.  For the 

case of the landslides presented it would be possible to use the GCPs to perform a field 

calibration, allowing for more precise parameters to be determined. To achieve the level of detail 
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required would also require the GCPs to be marked at the sub-pixel level. This has been found to 

be difficult as the florescent rebar caps to not provide an adequate target for sub pixel marking. 

Therefore the lab calibration was used for these projects. An alternative method could be to use a 

photogrammetry package that allows regions of unique image texture (and not discrete GCP 

targets) to perform a field bundle adjustment. The vertical accuracy of the point clouds generated 

in the present study could therefore be significantly improved by a more robust calibration. 

4.1.2 Point Cloud Density 

The main point cloud used in the creation of the DEM is the combination of the regularly spaced 

sub-point clouds generated from the point matching between specific photo pairs. Therefore, if 

one photo or region of the site is used in more photo pairs than others, then that area will have 

more sub-point clouds and a larger point density. As shown in Chapter 2, point densities of 7000 

pts/m2 are possible depending on the sampling interval. This compares to point densities ranging 

from 0.64 pts/m2 to 50 pts/m2 for LiDAR (Wang, 2009) and 0.04 pts/m2 to 0.25 pts/m2 for other 

methods of photogrammetry (Dewitte and Demoulin, 2005, Baldi et al., 2008). 

 

4.1.3 Effects of Vegetation 

One of the key advantages of the LiDAR method is the ability to separate vegetation from the 

ground surface. LiDAR measures the time of flight of a single LASER beam to determine the 

distance to an object, recording the intensity of the LASER beam after it is reflected by the target. 

For a simple object, such as rock cut or clear round surface, the LASER pulse is reflected as a 

single beam.  When vegetation such as a deciduous tree or grass is scanned, it is possible that 

multiple returns are registered as a portion of the beam was reflected by a leaf or branch while the 

remainder was able to pass through and be reflected by the ground. Most LiDAR systems record 
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the time and intensity of each return laser pulse and it is common practice within the LiDAR 

community to use this information to separate the returns from the vegetation from that of the 

ground (typically assumed as the last point returned). Photogrammetry is unable to reliably find 

points below vegetation as it relies upon two separate view points to define a point location. With 

the exception of extremely sparse vegetative cover, such as trees in the late fall or early spring 

with minimal foliage cover, it is difficult to get sufficient visuals of the ground below vegetation 

to create a reliable point cloud using photogrammetry. 

 

For both LiDAR and photogrammetry, the ability to identify the ground surface decreases as the 

density of the foliage increases. Consider a dense deciduous forest. For LiDAR, the increased 

density reduces the probability that a portion of the LASER pulse is first able to pass through the 

vegetation and second, able to reflect back to the instrument without being hindered by other 

vegetation. For photogrammetry, the ground surface will only be visible thought small portions of 

the canopy. This limits the amount of visual context available to compare to visible ground in 

other photos. At each camera station, the ground visible through each foliage gap will change as 

the camera rays will enter the gap at a different angle making it almost impossible for a point on 

the ground surface to be correctly matched between photos. The aerial photos of the forest will 

show the vegetation with small darker areas where the shaded ground surface is visible. This 

contrast may cause the photogrammetry software to interpret these gaps as dark objects at the 

same level as the vegetation, not capturing the elevation of the ground. These same principals 

exist as the vegetative canopy approaches the ground surface.  However, the probability of 

ground points being correctly matched under the foliage increases when the photos used are  

taken directly over the gap, rather at an angle to that particular gap.   
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As a rule, point clouds created from low height surface vegetation (e.g.  grasses) follow the 

changes in the ground surface more closely than those created from tall vegetation. Low height 

vegetation by definition only grows to a limited height, meaning any elevation change greater 

than that height will be due to a change in the ground surface. Whereas the growth and height of 

tall vegetation (e.g. trees) is not directly related to the changing ground elevation below, but 

rather is supported by the plant super-structure which grows independently of changes in the 

ground surface below it. The smaller the low vegetation height, the closer to the true surface 

elevation the point cloud will be. 

 

When examining slopes to determine their stability, it is the relative elevation changes across the 

site that are important rather than the absolute elevation of the points in the site. In other words it 

is more important that there is a drop of 10 m between the crest of a slope and its toe than the toe 

is 245 m above sea level. Therefore if the height vegetation is both consistent and sufficiently 

small, then all key features of the site can be identified and the DEM of the vegetation will serve 

as a slightly elevated DEM of the ground surface. If the elevation difference between the ground 

surface can be quantified, such as in Figure 2.22 then the DEM can be shifted to match the 

absolute elevation of the ground DEM. 

4.1.4 Filtering of point cloud 

While low vegetation can be used as a proxy for the ground surface elevation, points due to high 

vegetation and erroneous points need to be removed from the data so that they are not included in 

the surface DEM.  This can be done through manual selection and deletion of erroneous points, 

however this process takes a large amount of user time and effort.  A more realistic option is to 
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use automated filters that reduce the processing time, and if done correctly can provide an 

acceptable model with few errors. 

 

Numerous filters are presented in the literature (Kraus and Pfeifer, 1998 and 2001; Axelsson, 

2000; Jingjue et al., 2008; and Pfeifer et al. 2001) with most focusing on LiDAR derived point 

clouds. Each filter presents a unique method of separating the ground points from those of 

vegetation or buildings in the case of urban DEMs. Some filters examine each point individually 

while others look at groups of points. Some consider the geometry between points while others fit 

surfaces to groups of points. Some filters will eliminate raw data points until only those that meet 

the requirements are left whereas others interpret new points from the raw data.  Most have 

iterative processes and they all require different levels of interaction from the user. Filtering of 

data is an area of current research (e.g. Sithole and Vosselman, 2004). In this work a simple mean 

filter was used to remesh the photogrammetric DEM. Considerable scope therefore exists to 

improve this aspect of the processing in the future to increase the precision and accuracy of the 

results.  

4.1.5 Error of measurement 

With all methods of measurements throughout history there has always been a question of 

certainty. All models are based on some form of measurement, all of which have some type of 

error. Great lengths have been undertaken to prove the certainty one can have in various methods 

of measurements (e.g. Hodgson and Bresnahan, 2004). There are typically two methods through 

which the certainty of a method can be determined. The first is done by the repetition of the 

measurement over time in a controlled environment.  This data is then analyzed statistically to 

determine the repeatability of the measurements (e.g. Aguilar and Mills, 2008, Aguilar et al. 
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2007). The second, and the one more common in the literature, is to compare the results of a new 

method to those of an established method of measurement. The established method should have 

an accepted accuracy of three times the expected accuracy to the method being evaluated 

(ASPRS, 2004), thus ensuring that any errors in the base measurements are not transferred to the 

new technology.  

 

An important point to note is that errors reported on established techniques, such as a total station 

surveying method, are typically reported under ideal conditions and may not reflect the accuracy 

of the method in the field. The total station used for this study reported an accuracy of 2.0 mm 

(Leica, 2012).  An examination of multiple total station readings, taken of the monuments on Site 

A, show a 95% confidence interval of 7.0 mm in the horizontal direction and 1.5 mm in the 

vertical direction (Figure 4.1). This discrepancy, between the reported and apparent accuracy of 

the total station, is due to human error during surveying (i.e. prism rod not vertical or the total 

station optical axis tilting as the operator moves around the instrument on the unstable ground).  

Error is not solely a product of the measurement but also of each step in the processing of the 

data. Hodgson and Bresnahan (2004) presented an error budget examining the various sources of 

error such as: surveying error, observed elevation error of point cloud point; Horizontal error due 

to terrain slope and interpolation error. Fisher and Tate (2006) also examined errors in point 

clouds, presenting four main types: errors with bias, systematic errors, spatially auto correlated 

errors and random errors. Errors with bias and systematic errors are typically easy to identify (e.g. 

vegetation or mechanical quirks in the surveying technique). Once identified, these errors can be 

removed. Spatially auto correlated errors and random errors are much more difficult to identify, 

which in turn make them harder to correct. While it is not economical to undertake a confirmation 
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of accuracy for every photogrammetric survey undertaken, further study should be undertaken to 

understand the sources of error and to quantify the error so that an accurate approximation of the 

error can be presented.  

 

The final models are rarely only used by the creator of the model, they are typically purchased by 

various third parties to be used in a variety of applications. Along with determining the accuracy 

of a model it is also important to convey the limits of the models accuracy to the end user. It is 

very easy for inexperienced users to access the high level tools available in most DEM software 

packages, and creates a false sense of accuracy. A common example is applying a dense 

interpolation of sparse data. While the software is capable of manufacturing points at high 

resolution, they are not based on any additional information than points for a sparse interpolation, 

but yet would provide the sense that high precision results are possible. 

With uncertainty introduced at each step of processing, it becomes important to reduce the 

amount of manipulation a DEM under goes. This can best be accomplished by, whenever 

possible, to use data that matches the original data as closely as possible. If, for example, DEMs 

at different resolutions are required, each DEM should be made from the initial point cloud rather 

another DEM. When photogrammetric point clouds are used, the resolution of the point cloud 

also needs to be considered when making DEMs. Further study into the effect of point cloud 

resolution and the accuracy of the DEM are required to better understand the uncertainty of the 

DEMs. 

4.1.6 GCP vs. DEM : Quality vs. Quantity 

GCP and DEM provide two complimentary methods of site monitoring. GCP are discrete points 

which can be uniquely identified between surveys. This allows complete 3D monitoring to the 



 

115 

 

point. If the point moves then one can be certain of the magnitude of displacement. DEM on the 

other hand are continuous sets of points. In this paper DEMs are created using a rastered grid over 

a point cloud which arbitrarily selects the horizontal co-ordinates. DEM created in similar 

methods lose the tractability of individual points leaving only elevation available for monitoring. 

Some work has been done into using the geometry of positions of the DEM to approximate 

horizontal movements of the DEM (Teza et al. 2007).  

 

A future advantage of using photogrammetry would be the ability to use the image texture to 

visually track unique points in the horizontal plain. White et al. (2003) have been able to track 

movements in successive images using particle image velocimetry (PIV). By applying PIV to 

DEMs textured with the image of the ground surface it would be theoretically possible to create 

unique visual control points allowing for complete 3D monitoring of the entire ground surface.  

However further study is needed to determine the practicality of this application before this 

method could be readily used.    

4.1.7 Application of Blimp Based Monitoring Program 

The blimp provides a reliable platform from which to capture high resolution aerial photo of a 

site.  Because the blimp does not require special licensing and limited maintenance compared to 

its fixed wing and helicopter counterparts it is significantly more cost effective to own and 

operate. It is therefore possible for to generate a greater frequency of DEM data for users they are 

not limited to the schedules and costs of highly specialized operators. 

 

This frequency lends itself especially well to the monitoring of river erosion and the associated 

landslide movements. It is possible to perform a blimp survey at very short notice (within hours 
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or days), this allows for the isolation of rainfall events as surveys can be conducted prior to and 

soon after the event. Blimp based DEM have been shown to be accurate to at least 0.49 m, and 

with further study this error will be greatly reduced. This accuracy allows changes in the site to be 

characterized in detail. By performing these details survey frequently, such as to isolate 

significant meteorological events it would be possible to determine the exact effects that certain 

events have on the site. This would allow for better predictions on how a site might change given 

a hypothetical event. This kind of information is invaluable when assessing risk and planning for 

possible hazards. 

4.1.8 Current Limitations and Future Work 

The current limitations of low altitude photogrammetry lie within the certainty of the models. 

While it is possible to create extremely high resolution models using the described techniques, 

more work is required to generate models at higher levels of accuracy. Factors such as site 

vegetation and camera location and orientations affect the final accuracy of the model, but these 

factors have not been fully quantified. It has been shown that the error due to small vegetation can 

be accounted and corrected for, but further work into the amount and type of vegetation 

permissible should be considered.  

 

The blimp provides an excellent platform of low altitude aerial photos; however its position over 

the site cannot be controlled with sufficient accuracy. The recent advances in remote controlled 

helicopters shows promising potential for providing similar photos of a site but with greater 

control over the camera location and orientation. This would provide better user control over the 

photo set used in generating point clouds, allowing for photos of better quality to be used in the 

generation of DEM. 
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4.2 General Conclusion 

In Chapter 2, it was shown that it is possible to generate high resolution DEM of landslides in the 

Ottawa area with accuracies of 0.49 m. Chapter 3 applied the methods discussed in Chapter 2 to 

four landslides of various types along Green's and Mud Creek. By comparing the 

photogrammetric DEMs to LiDAR DEMs, it was shown that it is possible to detect and quantify 

slope movements using photogrammetry. From the slope movements and field observations it is 

possible determine failure mechanisms and environmental factors that are affecting a slope. By 

further characterizing the changes on the slope, areas of interest can be identified for more 

intensive monitoring.  

 

With the ability to capture high resolution DEM using a mobile platform it is possible to monitor 

landsides at higher frequencies than those typical of other methods. This allows a more detailed 

temporal resolution when examining movements. Movements can then be compared to 

environmental factors affecting the landslides, allowing for greater certainty in determining which 

environmental factors triggered which reaction. With greater understanding of how landslides 

behave it is possible to develop more accurate models of failure which can lead to better 

predictions on the probability of failure. This allows for the better management of risk associated 

with landslide events. 
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Figure 4.1: Distribution of error of monument measurements with the total station.
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Appendix A: Survey Dates 

Table A.4.1: Dates and Type of Site Surveys Conducted 

Site A  Site B  Site C  Site D 

Date 
Total 
Station Blimp GPS

Total 
Station  Blimp  GPS

Total 
Station  Blimp  GPS 

Total 
Station Blimp GPS

September 30 2008  X                                  

June 3 2009  X                                  

August 12 2009  X                                  

September 30 2009  X                                  

October 12 2009  X  X  X                            

November 22 2009  X  X     X  X                      

April 12 2010  X  X     X  X                      

May 25 2001  X        X                         

June 15 2010                    X        X       

June 29 2010  X        X                         

July 29 2010                    X  X     X  X    

August 31 2010  X        X                         

September 8 2010  X  X     X                         

November 29 2010  X        X                         

June 6 2011  X  X  X  X  X  X  X  X  X  X  X  X 
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Appendix B: Camera Calibration Properties 

Table B.1: Canon 5D with 50mm fixed focal length lens, Calibration performed using 

PhotoModeler V. 2011.0.3.376 

Camera Property Value Units 

Focal Length 52.3436 mm 

Format Size (W:H) 35.8803: 23.9668 mm : mm 

Principal Point 
(X,Y) 

17.9728, 12.0110 mm 

K1 3.114 e-5 mm-2 

K2 2.053 e-8 mm-4 

K3 0.000 mm-6 

P1 -8.605 e-6 mm-2 

P2  2.801 e-6 mm-2 

 

Table B.2: Camera settings at time of survey  

Photo Survey Aperture Exposure (sec) ISO 
Calibration F/8 1/30 320 
October 2009 F/5 1/400 400 
November 2009 F/5 1/320 400 
April 2010 F/8 1/1000 400 
September 2010 F/5 1/320 400 
June 2011 F/8 1/1600 640 
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Figure B.1: Image of Camera Calibration Layout.
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Appendix C: Precipitation Data 

 

Figure C.1: Monthly Precipitations, from Ottawa Macdonald-Cartier International Airport (Approximately 13 km from sites)

Year
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Appendix D: Effects of Camera Angle on Accuracy of Points 

 

Figure D.1:  Effect of camera angle and ray error on point location 

a) Distortion in lens may cause error in ray marking the point location 

b) For camera with low angles, error in ray location can cause large errors in 
point location, shaded region indicates possible location of point  

c) For cameras with high angles, error in ray location will cause less error in 
point location then low angle pairs 

d) Error in point placement occurs in the direction between the cameras. This 
approaches the direction of the cameras as the angle decreases. 


