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Abstract 

Champlain Sea Clay, also known as Leda Clay, is a glaciomarine clay that was deposited between 12,500 

and 10,000 BP within the limits of the Champlain Sea transgression during the retreat of the Laurentide 

ice sheet.  Isostatic rebounding of the region raised the deposits above sea level, leading to the 

development of deep river valleys throughout watersheds in the Ottawa region.  The river banks 

comprised of Champlain Sea Clay have been shown to be highly susceptible to retrogressive failures due 

to the soil’s sensitivity.  A long term monitoring campaign was conducted to quantify slope deformation 

prior to the  initial failure and successive retrogressive failures of a slope in the Ottawa region.  Digital 

photogrammetry (DPG) was selected to create five 3D models of the site with varying temporal 

resolutions.  A helium filled blimp unmanned aerial vehicle (UAV) followed by a Cinestar8 octocopter 

UAV were used as low altitude camera platforms to carry a digital single lens reflex (DSLR) camera for 

image acquisition of the slope. A total station was used for the collection of ground control point (GCP) 

coordinate information.  A unique dataset detailing the evolution of a retrogressive failure was obtained 

and orthographic images, site cross sections, GCP displacements and digital elevation models were 

created.  The results displayed how monitoring methods capable of accurately capturing sub 10cm ground 

surface movements can be used to capture the onset of progressive failure in sensitive soils such as 

Champlain Sea Clays.  With the addition of subsurface soil layering geometry, soil layer properties and 

hydrogeological monitoring data to the DPG data, a full investigation into slope failure can be conducted 

to further understand the development of retrogressive landslides in Champlain Sea Clay slopes. 
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Chapter 1 

Introduction 

1.1  Champlain Sea Clays 

1.1.1 Landslides of the Ottawa/Gatineau Region in Sensitive Clay 

Champlain Sea Clay, also known as Leda Clay, is a glaciomarine clay found throughout the 

Ottawa Valley.  Deposition of Champlain Sea Clay occurred between 12,500 and 10,000 BP 

during the transgression of the Champlain Sea (Sangrey and Paul, 1971).  The Champlain Sea 

phase of soil deposition ceased after isostatic rebound of the region raised the deposits above sea 

level.  The retreat of the Laurentide ice sheet caused the isostatic rebound allowing discharge 

from the Great Lakes to rework the upper layer of clay (Potvin, 2013).  The reworked soil was 

then deposited into channels which were scoured out by discharge from the ancient Ottawa River 

(Crawford, 1968; and Sangrey and Paul, 1971).  Reduced discharge from the Great Lakes and 

continued rebound of the ground led to the end of soil deposition and progressive erosion into the 

well-defined river systems seen today (Paul, 1970; and Gadd, 1986). 

 

Slopes comprised of Champlain Sea Clay are susceptible to failure due to their high sensitivity. 

This sensitivity is related to the bonded nature of the soil (Eden and Mitchell, 1970), and has been 

described as a ‘house of cards’ (Penner, 1965; Crawford, 1968; and Foster, 2012).  Numerous 

landslides witnessed in the Ottawa Valley have led to several studies to investigate the strength of 

the soil, nature of the failures, and potential for future failures (Sangrey and Paul, 1971; Mitchell 

and Eden, 1972; Williams et al, 1979; and Foster, 2012).  An extensive inventory of landslides in 

the Green’s Creek watershed in Ottawa was conducted by Hugenholtz and Lacelle (2004) 

cataloguing slope activity for a 73 year period.  A total of 52 landslides were identified in the 

study.  The majority of these were simple rotational slides (75%), with the remaining comprising 
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of retrogressive rotational slides (13%), flows (8%), and translation slides (4%).  The Champlain 

Sea Clay comprising the slopes of the Green’s Creek watershed is the same soil of the large and 

more prominent Saint Jean-Vianney landslide (Tavenas et al, 1971), Lemieux landslide (Evans 

and Brooks, 1994) and Saint Jude landslide (MTQ, 2011).  Champlain Sea Clay slopes which 

experience retrogression typically retrogress over the timespan of hours to days.  In contrast, 

failures in the Green’s Creek watershed retrogress from years to decades after the initial failure 

(Hugenholtz and Lacelle, 2004).  This episodic nature of the retrogression is a unique opportunity 

to observe progression of failure in sensitive clay slopes. 

1.1.2 Characterization of Landslides 

Slope monitoring campaigns are useful for tracking pre-failure ground deformation between 

surveys.  In sensitive soils, such as the Champlain Sea Clay found at Green’s Creek watershed, 

peak strength of the soil can be reached at strains as small as 1% (Crawford, 1968; and Eden and 

Mitchell, 1970).  Understanding the soil movement prior to a failure is important in the 

development of landslide prediction methods.     

 

Spot measurements of surface ground control points (GCP) or natural features using a total 

station (Malet et al, 2002; Bitelli et al, 2004; Sturzenegger and Stead, 2009; and Foster, 2012) or 

differential GPS (Mora et al, 2003; Bruckl et al, 2006; and Peyret et al, 2008) have been used 

extensively in slope monitoring.  Such surveys provide x, y and z-coordinate for each surveyed 

feature and are useful in tracking movements of select objects  with millimeter accuracies (Mora 

et al, 2003; and Foster, 2012) . However , they offer sparse coverage of a site unless highly 

laborious extensive surveys are conducted (Keim et al, 1999) and lack a visual record of slope 

movement.    
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Displacement data beneath the ground surface can be recorded with the use of slope inclinometers 

(Lollino et al, 2002; Malet et al, 2002; and Seno and Thurring, 2006) and ShapeAccelArrays 

(Griffith et al, 2010).  These devices are installed within casings drilled into the soil, with their 

base anchored into a stable soil.  Use of these devices can provide displacement data with varying 

frequency ranging from days between readings to continuous readings depending on monitoring 

requirements. A challenge is that each monitoring location requires a separate installed device 

and they are susceptible to failure at the large displacements witnessed during a slope failure.  

Detection of subsurface movement rates can be accomplished with the use of acoustic emissions 

sensors which may act as an early warning device. 

 

Light ranging and detection (LIDAR), digital photogrammetry (DPG) and interferometry 

synthetic aperture radar (InSAR) are methods for obtaining distributed measurements across a 

site.  LIDAR offers the ability to penetrate vegetation on site generating point cloud data of the 

true ground surface (Jaboyedoff et al, 2012).  Airborne LIDAR requires an aircraft or helicopter 

for use, thus increasing the cost of data acquisition and terrestrial LIDAR is not suitable for all 

sites because local geometry can create occlusions.  Point cloud generation can also be completed 

using DPG, with site coverage and ground pixel size dependent of camera platform and flying 

height.  Airborne and ground based InSAR devices are available depending on monitoring 

requirements and are capable of producing change detection, but only in the devices line-of-sight 

(Tomiyasu, 1978).  InSAR is incapable of creating a point cloud like LIDAR and DPG. 

1.2 Previous Work 

Mud Creek is a tributary of Green’s Creek located in the Ottawa Valley in eastern Ontario.  A 

portion of Mud Creek and Green’s Creek are located near Innes Rd, and were investigated in 

2008 to locate slopes with potential for future failure (Potvin, 2013).  After the investigation four 

sites, Site A, B, C and D, were selected for long term monitoring (Foster, 2012). The work of 
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Potvin (2013) and this thesis focused on Site A.  Site A is referred to as the Mud Creek field site 

within this thesis.  The Mud Creek field site is located approximately 300m north of the 

intersection of Renaud Road and Maurice Street and encompasses an area 75m in length and 40m 

in width.  Mud Creek is positioned in the northern portion of the site with an 11m high slope on 

the outward bend of the southern bank.  The initial state of the Mud Creek field site exhibited 

features common in pre-failure such as oversteepening of the toe of the slope from creek erosion 

and tension cracks located on the slope indicating deformation beneath the ground surface (Eden 

and Mitchell, 1970). 

 

The long term monitoring campaign was initiated by Foster (2012) in June 2009.  Rebar with 

rebar caps were installed throughout the site and GCP with coordinate information was collected 

by total station (TS) surveys to allow for surface displacement calculations.  Along with GCP 

survey data, low altitude aerial images of the site were captured with the use of a helium filled 

blimp camera platform and a full frame digital single lens reflex (DSLR) camera.  Digital 

photogrammetry techniques were used on the aerial images and GCP coordinate information to 

create five 3D models of the field site with varying temporal resolution.  

 

Potvin (2013) continued the monitoring campaign collecting GCP survey data and aerial images 

of the field site.  The use of Cinestar8 octocopter unmanned aerial vehicle (UAV) as the camera 

platform was developed by Potvin (2013), which improved control of the camera position during 

image acquisition compared to the blimp camera platform.  Further investigation of the site was 

conducted by Potvin (2013) to infer soil stratigraphy and properties using cone penetration testing 

along with implementation of a long term hydrogeological monitoring program.  In March 2012 

the first major landslide event occurred at the Mud Creek field site and a second major landslide 
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event occurred in April 2013. These events offered a unique opportunity to monitor the evolution 

of a retrogressive landslide in sensitive soil.    

1.3 Objectives 

The overall goal of the research program is to observe the evolution of a retrogressive failure in a 

sensitive Champlain Sea Clay slope.  Prolonged retrogression of failures in the region, occurring 

between months and years (Hugenholtz and Lacelle, 2004) compared to hours and days of other 

failures, will provide a unique observation into the failure. To achieve this goal two objectives 

were set for the research: 

 

1. Extend the monitoring campaign that was initiated by Foster (2012) and continued by 

Potvin (2013) at the Mud Creek field site.  Low altitude UAV camera platforms and 

high image sensor resolution DSLR cameras will be used to capture images of the 

site at high ground pixel resolution and surveys of GCP will be conducted to collect 

coordinate information.   

 

2. Create high accuracy DPG models from the data collected during the Mud Creek 

monitoring campaign for the creation of orthographic images, colourized point 

clouds, digital elevation models and GCP displacement data.  The creation of data 

from high accuracy models will allow for the detection of small movements on site 

prior to and after failure.  Analysis of the data will help further the understanding of 

Champlain Sea Clay slope failures in the Ottawa Valley. 

 

1.4 Organization of Thesis 

This thesis has been prepared in Traditional Format as outlined in the regulations of the School of 

Graduate Studies at Queen’s University.  Chapter 2 of this thesis presents a review of potential 
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methods available for slope monitoring, classified as either spot or distributed measurement 

methods. Chapter 3 describes the methodology used to collect data throughout the long term 

monitoring campaign. Chapter 4 presents the results of a long term monitoring campaign from 

2009 November to 2014 May.  The evolution of the failure was observed as localized toe failures 

developed into the 2012 March and straining of the soil upslope of the failure led to the 2013 

April failure.  A summary of the thesis is presented in Chapter 5 along with conclusions on the 

effectiveness of the monitoring campaign and recommendations for future monitoring to improve 

accuracy and reduce operator input.  
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Chapter 2 

Landslide Monitoring Review 

2.1 Introduction  

Landslide monitoring is essential to the understanding of how landslides occur, how they can be 

predicted and how their effects can mitigated or prevented.  From simple spot measurements of 

displacement, monitoring has developed to complex systems comprised of numerous 

measurement devices capable of high accuracies (Malet et al, 2002).  Rotational, retrogressive 

rotational, translational and flow landslides can all be monitored.  Current monitoring methods 

are capable of measuring surface movements, tracking profiles of soil displacement with depth, 

detecting surface elevation changes and acting as early warning devices of potential failure.  

 

This chapter provides a summary of the state of the art in landslide monitoring. For the purpose of 

this review, landslide monitoring methods are classified as either a spot measurement or as a 

distributed measurement.  Spot measurements generate data at predetermined locations on a site, 

whereas distributed measurements generate data over large areas of a site. 

2.2 Spot measurements 

2.2.1  Total Station 

 A Total Station (TS) is a common surveying tool, used extensively in civil and geological 

engineering (Malet et al, 2002; Bitelli et al, 2004; and Sturzenegger and Stead, 2009), that is 

capable of obtaining accurate coordinate data of surveyed objects.  With properly trained TS 

operators, a TS is capable of rapid data collection with minimal disturbance to a site (Scherer and 

Lerma, 2009).  Their use in many fields (e.g. Potter et al, 1998; Moss et al, 1999; Brock et al, 

2000; and Kaab and Reichmuth, 2005) is due to their portability, accuracy and ease of use. 
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A TS system comprises of a theodolite used to accurately measure vertical and horizontal angles 

to the target and an electronic measurement device used to determine the distance from the TS to 

the surveyed object.  The electronic measuring device emits a laser beam originating from the TS, 

which travels to a survey reflector and back to the TS.  By recording the time of flight for the 

beam and knowing the speed of light, the distance from the TS to the reflector can be determined.  

Using this distance along with the angles measured by the theodolite, the 3D coordinates of the 

surveyed reflector can be calculated.  Most TS provide survey data without visual records of a 

site, although select models attempt to integrate the TS with photogrammetry through the use of 

cameras (Scherer and Lerma, 2009).  TS generally produce survey data in a local coordinate 

system relative to the TS position for each survey.  Some models are available with integrated 

GPS features allowing for the position of the TS to be determined.  With the TS position known 

the location of surveyed points can be expressed using GPS coordinates (Scherer and Lerma, 

2009). 

 

In landslide monitoring TS surveys gather information of site specific markers and natural 

features (Foster, 2012).  Measuring markers in multiple surveys allows for the tracking of marker 

displacements with accuracy in the millimeter range (Bitelli et al, 2004). For example, Figure 2.1 

shows the displacement of four points, caused by a cut at the toe of the slope, in the Gallego 

River valley during a four month period (Herrera et al, 2009).  TS survey data can also be used to 

generate 3D models of landslides.  Extensive TS surveys of sites have been used to monitor 

stream morphology with 3D models (Keim et al, 1999), though the labour intensive process, up to 

six days, limits most applications to cross sections or low density 3D models.  TS survey data can 

be incorporated as ground control points (GCPs) in photogrammetry models (Foster, 2012).  
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Limitations of TS use arise from the line-of-sight nature of the electronic measurement device.  A 

clear line-of-sight between the TS and the reflector is required as obstructions between the two 

can prevent the marker from being surveyed.  In heavily vegetated areas the inability to survey 

markers due to broken lines of sight is a major problem.  TS also require a stable base on site for 

operation.  The presence of soft ground can cause the TS to settle during a survey, reducing the 

accuracy of the data (Moss et al, 1999) or preventing a survey from being completed (Malet et al, 

2002). 

 

The low temporal resolution between surveys of standard TS units limits their use for high 

frequency surveys, which require the use of automated TS.  Automated TS can be programmed to 

automatically search for a survey reflector within a predetermined area and survey its current 

position (Malet et al, 2002).  Without a human operator manually searching for each reflector, an 

automated TS can complete surveys in less time increasing temporal resolution.  The frequency 

of an automated TS survey is set by the operator and allows for surveys to be completed without 

an operator present.   

 

A limitation of automated TS use occurs when a reflector’s displacement moves it outside of the 

search area.  This prevents the automated TS from surveying the marker and causes a loss of data. 

Landslides with very high movement rates create this problem.  An automated TS also has to be 

onsite for the duration of surveying, limiting its use at locations where the public can gain access 

to the site, where the cost cannot be justified, or where the weather can damage the TS.  

2.2.2 Global Positioning System 

The Global Positioning System (GPS) is a satellite navigation system used to determine the 

location of a receiver on or near the surface of the Earth.  Developed in the 1970s by the United 

States Department of Defense, GPS overcame two drawbacks of the previous Transit system: it 
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provided continuous coverage to users, and did not require the user velocity to be known (Daly 

and Misra, 1995).  By 1993 the GPS was capable of limited use and full operational capability 

was achieved in 1995. 

 

The position of the GPS satellites in orbit allow users to have at least four satellites in line-of-

sight, the minimum number of satellites required by a receiver to determine its location, in most 

conditions.  Typically users receive signals from eight to nine satellite signals.  GPS satellites 

broadcast the Coarse Acquisition Code for civilian use at 1.57542 GHz.  The Precision Code, 

which is encrypted to prevent unauthorized access, is broadcast for military use at 1.2276 GHz 

(Daly and Misra, 1995).   

 

When the GPS first launched, the Coarse Acquisition Code’s signal was deliberately degraded in 

a process known as Selective Availability.  This limited civilian GPS accuracy to 100m.  Due to 

the degradation of the Coarse Acquisition Code, methods to improve the accuracy of civilian GPS 

receivers were developed (Mueller et al, 1994).  Differential GPS (DGPS) represents one strategy 

for improving the accuracy of civilian GPS.  DGPS uses a base station receiver whose location is 

accurately known in tandem with a second GPS receiver.  With the true location of the base 

station known it is possible to determine and broadcast the offset in the Coarse Acquisition Code 

to the second GPS receiver to improve its accuracy (Parkson and Enge, 1995).  A simplified 

diagram of how DGPS functions is shown in Figure 2.2. 

 

Selective Availability of the Coarse Acquisition Code was turned off in the year 2000 because 

DGPS enabled users to achieve similar accuracies to the original non-degraded Coarse 

Acquisition Code.  DGPS systems saw continued use after the removal of Selective Availability 

because DGPS achieved higher accuracies than non-DGPS systems.  This occurred because 
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DGPS corrected for several sources of error inherent to the GPS such as ionospheric delays, 

satellite clock drift and orbit ephemerides (Mueller et al, 1995). 

 

The millimeter accuracy possible with DGPS systems and its ability to provide real-world 

coordinates of surveyed GCPs make it an attractive option for landslide monitoring.  DGPS can 

be used to monitor a landslide through the use of a receiver that is moved from GCP to GCP 

(Squarzoni et al, 2005), known as a kinematic survey, similar in execution to a TS survey.  

Receivers can also be used in static surveys to provide continuous data on slope movement (Mora 

et al, 2003).   

 

In a static survey a ‘rover’ GPS receiver is securely fastened at a location of interest on site.  A 

base station is setup at a nearby location on stable ground, a DGPS system will not perform well 

if the base station is moving (Bradford and Per, 1995) or if there is a large difference in altitude 

between the receivers.  Multiple ‘rover’ GPS receivers may be setup to gather data across a site 

(Peyret et al, 2008).  The ‘rover’ receivers continuously record their position as they move with 

the landslide.  The receivers may wirelessly transmit data, allowing for real time tracking of 

landslide movement and their use as an early warning device.  An application of DGPS 

technology to monitor landslide movement is shown in Figure 2.3.  

 

The accuracy of a ‘rover’ receiver is affected by the velocity of the landslide.  A slow moving 

landslide allows for longer surveying periods, lengthening the averaging and leading to higher 

accuracy results.  A faster moving landslide reduces the surveying period, shortening the 

averaging and leading to lower accuracy results.  It is important to consider landslide velocity 

when selecting an appropriate surveying period due to the effect of ground velocity on survey 

quality.  Movements of 3.5mm can be detected over a 24 hour period but detection decreases to 
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8mm for an hour period (Malet et al, 2002).  The installation of ‘rover’ receivers also affects the 

accuracy of the results.  Line-of-sight from ‘rover’ receivers to satellites is important when 

choosing their location.   A large field of view from the ‘moving’ receiver’s location allows for 

reception of the maximum number of satellites.  Locations with a poor field of view have reduced 

access to satellite signals and may be in danger of dropping below the four satellite minimum, 

resulting in data loss or a significant reduction in accuracy. 

 

A kinematic survey differs from a static survey with the ‘rover’ GPS receiver being attached to a 

survey pole and manually moved across a site to survey locations.  A kinematic survey can either 

survey ground control points in a ‘stop and go’ survey, similarly to a TS survey (Quedraogo et al, 

2014), or survey continuously as the survey pole is traversed across the site (Mora et al, 2003).  

 

In a ‘stop and go’ survey a surveyor traverses the site with the survey pole and collects coordinate 

information at each GCP.  These GCPs are often the same surveyed by a TS and are placed on 

site for the purpose of determining their location (Bitelli et al, 2004; Bruckl et al, 2006; 

Niethammer et al, 2012; and Lucieer et al, 2014).  Markers are typically surveyed from 2-10 min 

depending on the equipment and desired level of accuracy.  With advances in DGPS technology 

and the post processing of data, extended survey lengths are generally not needed and accuracies 

in the millimeter range are possible.  A ‘stop and go’ survey does not provide continuous data like 

a static survey, but it provides a single set of coordinates for each ground control point similar to 

a TS survey.  In a continuous survey a surveyor traverses a site with the survey pole, capturing its 

3D shape (Mora et al, 2003).  The data generated from a continuous survey is often used to create 

a coarse Digital Elevation Models (DEM) of a site.  Due to the constant motion of the GPS 

receiver the data generated from a continuous survey is always less accurate than the other DGPS 

survey techniques described in this chapter. 
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Though static DGPS survey techniques offer high accuracy results with continuous data it can 

only generate data for one location at a time.  For static surveys one receiver is required at each 

surveyed location along with the permanent base station.  The need for additional receivers for 

each survey location increases the cost of using DGPS for landslide monitoring.  There is the risk 

that field equipment will be damaged or stolen if the site is not secure.  At Mud Creek both 

trespassing and vandalism were problems, rendering static DPGS monitoring an unattractive 

option.  

2.2.3  Slope Inclinometer  

Slope inclinometers have been used extensively in slope monitoring to measure the displacement 

profile of a landslide (Lollino et al, 2002; Seno and Thuring, 2006; and Simeoni and Mongiovi, 

2007).   Consisting of a flexible casing, slope inclinometers are installed to a depth that intersects 

all potential failure surfaces and terminates in stable soil.  The displacement of the casing is 

calculated by measuring the inclination and position of the probe as it traverses the casing.  Their 

ease of installation and use make them attractive choices for tracking movements.  Figure 2.4 

shows a diagram of a typical probe and casing used in a slope inclinometer (Stark and Choi, 

2008). 

 

The casing for the inclinometer is fabricated to have low flexural stiffness, allowing the casing to 

deform with the soil.  Two sets of grooves on the interior of the casing are used to control the 

alignment of the probe as it traverses the casing.   For accurate readings the casing must be 

properly installed and secured at its base by a casing anchor or grouting the base of the pipe 

(Stark and Choi, 2008).  Data obtained after a casing anchor moves or becomes ungrouted will 

have error introduced by the casing movement. 
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The inclination of the casing in the soil is measured with the use of probes.  There are two types 

of probes: uniaxial probes containing one accelerometer and biaxial probes containing two 

accelerometers.  A uniaxial probe requires four traverses of a pipe to determine displacements, 

whereas a biaxial probe requires two.  The difference in the number of traverses is due to the 

increased number of accelerometers a biaxial probe has compared to a uniaxial probe.  Biaxial 

probes are commonly used as their operation require less time at each slope inclinometer casing. 

 

Slope inclinometers use portable or in-place probes to measure casing displacement.  A portable 

slope inclinometer uses a portable probe that is lowered into casings when measurements are 

taken, providing data for each visit to a casing.  The time between measurements limits how well 

movement rates can be determined.  A limitation of portable slope inclinometers occurs at high 

soil displacements.  As the soil displaces the casing also displaces causing it to bend.  Large 

movements may bend the casing beyond the point in which the probe can traverse through the 

casing, ultimately preventing measurements from being taken.  Another limitation is that portable 

slope inclinometers only provide data where casings are installed requiring a casing to be 

installed at each monitoring location. 

 

An in-place slope inclinometer uses a series of probes strung together which are lowered into the 

casing and permanently installed into the ground.  Benefits of an in-place probe is its ability to 

continuously monitor the slope and act as an early warning device if high movement rates are 

detected.  Similar to portable inclinometers, in-place slope inclinometers are susceptible to probe 

damage or a loss of probes if there are large casing deformations.  Similar to portable slope 

inclinometers, in-place slope inclinometers only provide data for where they are installed, 

requiring an additional casing and string of probes for each monitoring location. 
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Slope inclinometers are useful in landslide monitoring and there are numerous examples of their 

ability to track landslides (Malet et al, 2002; Petley et al, 2004; and Barla et al, 2010).  They are 

also used as a benchmark when new monitoring equipment is being developed (Abdoun et al, 

2007).  An application of slope inclinometers in landslide monitoring is show in Figure 2.5 where 

portable inclinometers were used to track slope displacements over a 370 day monitoring period 

(Sass et al, 2008). 

2.2.4  Acoustic Emissions Sensor 

Soils generate acoustic emissions during deformation caused by their loading and unloading.  The 

deformation creates stress waves which originate from a source and propagate outward 

throughout the soil.  Acoustic emissions are also known as rock noise, stress wave emission and 

microseismic activity (Hardy, 1994).  With an acoustic emission sensor it is possible to detect and 

track the emissions generated in an area of interest and infer the rate of soil movement (Dixon et 

al, 2003). 

 

The use of acoustic emissions in landslide monitoring was based on work using microseismic 

activity to monitor hard rock mines (Hardy, 1994).  The noise generated by rocks fracturing was 

recorded (Shiotani, 2006; Cheon et al, 2011; and Girard et al, 2012) and used to observe hard 

rock mines for the risk of rock bursts.  These hard rock monitoring techniques expanded to cover 

soft rocks and fine and coarse grained soils.  This led to acoustic emissions monitoring being used 

to monitor landslides (Amitrano et al,2006; and Dixon et al, 2014) and as an early warning 

system (Dixon and Spriggs, 2010). 

 

A typical monitoring system consists of a transducer to capture the events, amplifiers to increase 

the signal strength, filters to limit the range of frequencies being recorded, and data processing 

units to generate useful data from the emissions.  High and/or low pass filters are used to filter 
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emissions outside of selected frequencies reducing noise in the signal (Dixon et al, 2003).  

Acoustic emissions generated by soil strains cover a broad frequency range, from 10Hz to 500 

kHz.  Lower frequency emissions (<15Hz) have lower attenuation in the soil but can be 

contaminated by background noise caused by traffic or construction.  High frequency ( >100kHz) 

emissions contain less noise from contamination but are generally more attenuated in soils.  The 

monitoring system developed by Dixon and Spriggs  (2007) filters out emissions lower than 

100Hz and higher than 10kHz.  The attenuation rate of the soil determines the maximum distance 

a transducer can be from an emission and record the event.  Soils have different attenuation vales 

for the acoustic path of the wave.  Hard, brittle, noisy soils tend to have lower attenuation of the 

acoustic emission in the soil and soft ductile soils tend to have higher attenuation of the acoustic 

emission (Dixon et al, 2003).  Rock and coal have an attenuation value ranging from one to two 

orders of magnitude lower than fine and coarse grained soils, as shown in Figure 2.6.  High 

attenuation soils can require acoustic emission sensors to be located 100mm of the source (Dixon 

and Spriggs, 2007) making detection difficult.   A typical acoustic emission monitoring system 

used in landslide monitoring is shown in Figure 2.7 (Dixon and Spriggs, 2007). 

 

To overcome the high attenuation in soft soils, a waveguide is used to increase the ability of the 

system to capture acoustic emissions (Spriggs, 2005).  A waveguide is a piece of equipment used 

to capture the straining of a mass of soil with high attenuation.  Waveguides can be either active 

or passive.  A passive waveguide has a waveguide tube driven into the ground or placed in a bore 

hole and back filled.  The waveguide tube allows the transducer to detect emissions generated in 

the native soil along the length of the tube.  It is important to avoid selecting a backfill material 

that will generate emissions because a passive waveguide should only detect acoustic emissions 

generated by the host material. 
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An active waveguide system uses the waveguide tube along with the backfill material, selected 

for its ability to generate acoustics emissions, to monitor the soil strains.  Gravel or sand are 

typically used as backfill material because their particle size and shape generate emissions that 

are easy to detect (Michlmayr et al, 2012).  As the host soil strains, the waveguide tube strains.  

This causes the deformation of the backfill material generating the acoustic emissions used to 

monitor the landslide.   

 

The location and depth of the installed waveguide, for both passive and active waveguide 

systems, is important for collecting acoustic emissions.  A waveguide must be installed to a 

sufficient depth to ensure it penetrates current or expected shear surfaces in the soil.  Failure to do 

so would prevent detection of acoustic emissions generated at the shear surface (Dixon et al, 

2003).  Identifying the depth of a shear surface is possible by analyzing the waveforms generated 

by the acoustic emissions.   

 

The development of the active waveguide was a key advancement in acoustic emission 

monitoring (Springs, 2005).   The change from a qualitative guide for slope activity (Koerner et 

al, 1981) to a quantitative guide (Dixon and Spriggs, 2007) allowed movement rates of the soil to 

be inferred.  Detecting a significant change in movement rate is desirable for early warning 

devices.  Despite the progress made in acoustic emissions sensors, they are not capable of 

providing displacement data, only displacement rates.  If a monitoring setup requires absolute 

displacements an acoustic emissions sensor would need to be coupled with an additional 

monitoring method. 

2.2.5  ShapeAccelArray 

ShapeAccelArrays (SAA) are used to track soil displacement beneath ground surface (Yeow et al, 

2014), similar to a slope inclinometer, to generate displacement data relative to depth. A SAA 
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does not require the special grooved casing of slope inclinometers.  Arrays are comprised of a 

series of individual segments linked together.  Individual segments are typically 300mm in 

length, although segments as short as 250mm are not uncommon (Abdoun et al, 2007).  Each 

segment contains small micro-machined electromechanical sensors (MEMS) to measure the 

inclination of the segment (Griffith and Dare, 2010).  Each MEMS sensor only provides data for 

the inclination along one axis.  This requires multiple MEMS sensors to be installed on each 

segment to determine the orientation.  Segments are connected together with a joint allowing 

them to pivot relative to each other while simultaneously preventing rotational movements.  The 

bending characteristic between SAA segments and the SAA during installation are shown in 

Figure 2.8 (Dasenbrock et al, 2011).  Error in displacement data can be caused by damage to 

segment joints allowing rotation and temperature change in MEMS.  The spatial resolution of the 

SAA is determined by the segment length.  Short segments allow for higher spatial resolution, 

whereas long segments allow for lower spatial resolution (Danisch et al, 2008). 

 

Installation of a SAA is similar to a slope inclinometer.  A borehole is drilled into the soil and a 

flexible casing is installed within.  The SAA is lowered into the casing and an appropriate backfill 

material, typically sand, is placed in the pipe.  As the casing is displaced by the soil the SAA will 

deform along with it.  The ground movement is measured by a SAA relative to its base.  By 

knowing the length of each segment and the angle between each segment, the shape of the SAA 

within the ground can be calculated (Danisch et al, 2008).    A SAA can be installed in a vertical 

or horizontal borehole up to lengths of 100m (Abdoun et al, 2007).  Installed SAAs collect data 

on site and transmit it wirelessly.  During normal operation the SAA collects data at lower rates to 

converse battery capacity.  If movement is detected the SAA will adjust the collection rate to a 

higher frequency (Abdoun et al, 2007).  Ground deformation from a levee failure measured with a 

SAA is shown in Figure 2.9. 



21 

 

 

SAA overcome two limitations of traditional slope inclinometers: failure of data collection at 

high displacements and data collection frequency.  At large displacements inclinometer casings 

can bend enough to prevent inclinometer probes from traversing them.  SAA overcomes this 

problem because it remains in the casing for the duration of monitoring.  This allows for 

significant casing deformation without preventing data collection or the ability to remove the 

sensor after monitoring is completed (Barendse, 2012).   Though a SAA can collect data at larger 

displacements than traditional inclinometers, problems may still occur.  During testing on full 

scale levies, Bennett et al (2011) found very large displacements pulled the SAA out from its 

anchor and introduced error into the data, a slip surface to appear higher in the soil than its actual 

location.  Portable slope inclinometers collection rates are determined by the frequency an 

operator visits a casing to traverse a probe, whereas permanently installed SAA continuously 

collect data without the need of an operator. The low operator input of SAA allow for long 

periods of data acquisition at lower costs than inclinometers (Barendse, 2012). 

2.3  Distributed measurements  

2.3.1  LIDAR 

Light detection and ranging (LIDAR), also referred to as laser detection and ranging (LADAR), is 

a distributed monitoring method capable of creating a point cloud of a scanned area.  Terrestrial 

laser scanning (TLS) and airborne laser scanning (ALS) are the two main implementations of 

LIDAR scanners (Jaboyedoff et al, 2012).  A LIDAR scanner consists of a ranging unit, opto-

mechanical scanner, control unit and processing unit, a typical TLS is shown in Figure 2.10.   The 

ranging unit uses a laser to generate a highly directional, powerful beam of light (Wehr and Lohr, 

1999) at wavelengths between 500 and 1,550 nm (Jaboyedoff et al, 2012).  LIDAR scanners use 

one of two methods to determine the distance from the scanner to an object; the pulse method and 

continuous wave method.  A pulse method LIDAR scanner sends out individual pulses from the 
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laser.  The time between the pulse being transmitted and received is recorded and used to 

calculate the distance from the scanner to the object.  Continuous wave LIDAR scanners utilize a 

continuously emitted light beam.  By modulating the intensity of the beam in a controlled pattern, 

the distance from the scanner to the object can be calculated (Wehr and Lorh, 1999).  Continuous 

wave scanners can provide higher accuracies with limited range whereas pulse scanners offer 

greater range (Jaboyedoff et al, 2010). 

 

TLS are setup on and operated from the ground.  Alignment of point clouds is accomplished with 

the use of GCP or using a previously aligned point could.  Multiple scans of the same site may be 

completed and aligned through post processing for greater coverage of the site (Lato et al, 2009).    

Point density for TLS varies from 50 to 10,000pts/m
2
 with accuracies below 1 cm possible 

depending on scanner and site conditions (Jaboyedoff et al, 2012).  Higher point densities 

increase the cost and time required for acquisition (Lovell et al, 2005).  

 

ALS are mounted in aircraft and flown over the area of interest.  As the LIDAR scanner is flown 

over the site, the optic system within the scanner directs the laser beam in a specific pattern which 

can be adjusted to obtain a desired swath width.  Different optic system scanning mechanisms 

include rotating polygons, Palmer scanners, oscillating mirrors and fiber scanner which produce 

zig zag, parallel or elliptical line patterns for the scans (Wehr and Lorh, 1999).  The swath width, 

in combination with the forward movement of the plane allows for coverage of the site in strips.  

Aircraft flying speed , altitude and LIDAR scanner laser specifications, such as pulse repetition 

frequency (Wehr and Lohr, 1999) determine the point density of the scan.  ALS have point cloud 

densities varying from 0.5 to 100 pts/m
2
 and accuracies down to 15cm depending on scanner and 

site conditions (Jaboyedoff et al, 2012).   Aircraft movement relative to the ground can generate 

errors in the height of slopes which TLS do not generate (Hodgson and Bresnahan, 2004).  ALS 
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surveys can be oriented through the use of onboard GPS and an inertial measurement unit (IMU) 

(Wehr and Lorh, 1999).     

 

LIDAR scanners have been used in vehicles other than aircraft, with helicopters also utilized 

(Jaboyedoff et al, 2012; and Kasi et al, 2009). Helicopters allow for increased point density over 

ALS due to lower flying height.  They also permit greater control over the LIDAR scanner 

position above the ground, which is due to the maneuvering capabilities of a helicopter (Corsini et 

al, 2007).  The increased control of the LIDAR scanner position decreases the amount of 

occlusions in the point cloud compared to aircraft ALS. 

 

Automatic or manual filtering of the point cloud data is necessary independent of the acquisition 

method.  Some scanners are setup to record the last return of the beam, dismissing all others, and 

typically yielding points on the true ground surface.  However, at heavily vegetated sites this is 

not always the possible and care is needed while filtering to ensure only the desired points are 

filtered out.  Short vegetation poses a special problem for filtering as it increases the difficultly of 

differentiating between ground surface returns and vegetation returns (Wang et al, 2009).  

Filtering unwanted points reduces point cloud size, allowing for easier data manipulation in post 

processing (Lato et al, 2009) which is important for large data sets or when using older work 

stations.   

 

The higher point density possible with TLS is advantageous within investigations of smaller 

landslides where monitoring is the primary concern.  Multiple scans of a site are performed and 

the point clouds are compared yielding landslide movement and volume changes (Du and Teng, 

2007; and Jaboyedoff et al, 2009).  It is possible to track the displacement of unique points 

between scans, movements in the x, y or z axis, or volume changes in specified areas (Monserrat 
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and Crosetto, 2008; and Ventura et al, 2011).  The change detection limit is dependent on the 

accuracy of the point clouds compared.  The point cloud of a slope created from a TLS is shown 

in Figure 2.11.  TLS perform poorly when collecting data below the water surface (Olsen and 

Stuedlein, 2010) or where the scanner’s beam creates a smaller angle with the ground surface.   

 

The lower point density and larger scanning area of ALS has been used in hazard mapping of 

slopes and for the detection of mass movements in landslides (Jaboyedoff et al, 2012; and Schulz, 

2007).   ALS enables the study of active landslides and determining the mechanics behind their 

movements (Glenn et al, 2005) without the risk of collecting data on an unstable slope.   ALS and 

TLS do not collect colour information of points, which prevents creation of a colorized point 

cloud or DTM. 

 

2.3.2  InSAR 

A radar (radio detection and ranging) system uses radio waves emitted by a transmitter.  The 

waves travel through the air and reflect off objects to travel back to the radar system where a 

receiver detects the returning waves.  It is possible to determine the range, direction or speed of 

an object by using the information gathered from the returned radio wave.   Figure 2.12 shows a 

simplified diagram of a radar setup (Tomiyasu, 1978). 

 

Adjusting parameters of a radar system allows a user to tailor a setup for a specific need.  For 

example, by increasing the size of the aperture length of the antenna, the radar system can achieve 

higher resolutions than a similar system with a smaller aperture length (Tomiyasu, 1978).  

Attempting to achieve very high resolutions requires increasingly large apertures which are not 

practical with a single physical antenna.  Synthetic aperture radar (SAR) overcomes this problem 

by synthesizing the radar aperture by combining many small elemental radiators spaced closely 
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together.  In practice numerous radiators are not placed one after the other but a single unit is 

installed in an appropriate vehicle and moved on a predetermined path to create the SAR. 

 

A single SAR system image provides data in 2D (Burgmann et al, 2000).  To generate data in 3D, 

a second SAR image must be used (Rosen et al, 2000).  The difference in the wave phase can 

calculated if two images are taken in very similar conditions.  By knowing the frequency of the 

wave and the difference in phase, the elevation difference of pixels between the two images can 

be inferred (Smith, 2010).  This technique is known as interferometry synthetic aperture radar 

(InSAR).  When using InSAR it is important to select a radar frequency that is appropriate to site 

displacements in order prevent phase ambiguity.  If the phase difference between images is too 

high there may be phase ambiguity in the displacement data (Tomiyasu, 1978). 

 

There are three different methods of InSAR use: airborne, spaceborne and ground based.  In 

airborne an InSAR system is placed within an airplane and flown over the desired location.  The 

use of airplanes allows for flexible scheduling of flights and the ability to adapt to changing site 

situations (Rosen et al, 2000).  The lower flying height compared to spaceborne InSAR allows for 

high resolution images to be generated.  A downside of airborne InSAR is the inability to 

precisely fly the same path in repeat scans due to a smaller critical baseline and high cost of 

aircraft flight.  Changes in vehicle speed during a survey caused by weather conditions are also 

problematic and require post processing data correction.   

 

Spaceborne InSAR is similar to airborne, though executed at significantly higher altitudes.  The 

higher altitude allows for larger areas to be covered at the cost of image resolution.  The increased 

altitude also allows for a larger critical baseline, increasing the tolerance for how closely repeat 

scans must be to the original path.  The satellites used for spaceborne InSAR are generally on 
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fixed orbits severely restricting the time intervals of when repeat scans can be completed (Rosen 

et al, 2000).  

 

The third InSAR method, ground based InSAR (GB-InSAR), uses a SAR system mounted to a 

fixed rail at a stationary location.  A typical GB-InSAR system is shown in Figure 2.13 and line-

of-sight displacement results generated from GB-InSAR monitoring of a slope are shown in 

Figure 2.14.  The SAR system is translated on the rail to create the desired synthesized aperture 

length, typical lengths are approximately two meters (Herrera et al, 2009).  A GB-InSAR has the 

advantage that the InSAR system is in the same location between scans.  This  simplifies data 

processing because topographic effects do not need to be corrected for, as they do in air and 

spaceborne InSAR system.  Ground based systems can complete scans from between less than an 

hour (Pieraccini et al, 2003; and Barla et al, 2010) to four hours (Tarchi et al, 2003), allowing 

flexibility in adjusting to changing site conditions.  Ground based systems are limited by their 

fixed locations preventing use at more than one location at a time and their requirement for a 

secure site. 

 

Displacement detection in space and airborne InSAR systems is in the centimeter range, whereas 

GB-InSAR is able to detect movement in the millimeter range (Rosen et al, 2000).  Detection of 

small movements make InSAR a useful tool in detecting and monitoring landslide movements.  

Herrera et al (2013) used spaceborne InSAR for monitoring slow moving landslides and were 

able to detect movements of 15mm/yr in their study area.  Bozzano et al (2010) used the 

increased temporal frequency of GB-InSAR to track the evolution of a slope failure over a three 

day period. Despite the high displacement accuracies possible with InSAR it only provides 

displacement data in the line-of-sight of the radar system (Tomiyasu, 1978).  This prevents the 
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tracking of horizontal displacements of a slope and does not provide any colour information of 

the area. 

 

2.4 Photogrammetry 

Photogrammetry is the process of using two or more photographs and extracting surface 

information (Mora et al, 2003).  Digital photogrammetry (DPG) reduces the amount of operator 

labour with the introduction of a computer.  DPG identifies common features, tagged manually or 

automatically by computer, between images and uses known camera parameters (such as focal 

length, principal point and radial distortion) to calculate the 3D location of these points by solving 

the bundle adjustment.  During a bundle adjustment the position of the camera for each image is 

also determined (ADAM Technology, 2010). 

 

Unmanned aerial vehicles (UAVs) have been increasingly used in landslide monitoring, where 

they are used as camera platforms.  With the development of open source software and UAV 

platforms (Niethammer et al, 2011) the cost of UAV use for image acquisition is decreasing.  

Fixed winged, helicopter, multi-rotor and blimp UAVs have all been used for image acquisition.  

Fixed winged UAVs offer long flight times and simpler operation over other remote controlled 

UAV platforms, however their requirement for an open takeoff and landing site limits their use.  

Helicopter and multi-rotor UAVs take off and land vertically requiring a small footprint however 

a skilled pilot for operation.  Both systems offer a high degree of control over UAV position 

above site allowing for proper camera placement.  Blimp UAVs offer stable camera platforms 

with long flight endurance (Foster, 2012) but do not offer the high level of control over camera 

placement on site.    
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Advances in software have led to a reduction in the time required to create models, while 

simultaneously maintaining sub pixel model accuracy.  Translating the pixel error of the model 

into a real world distance error is dependent on the size of the pixels on the ground.  Together the 

lens, camera and the elevation of the camera determine the ground pixel size.  Using the ground 

pixel size the theoretical accuracy of the model is found.  There are two types of accuracy in 

DPG, plane accuracy and depth accuracy.  Plane accuracy is the accuracy of points in the plane of 

the image (ADAM Technology, 2010) and is determined by the ground pixel size and the 

accuracy the model.  Ground pixel size is given by: 

                                        𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒 = (
𝑑

𝑓
) (𝑖𝑚𝑎𝑔𝑒 𝑝𝑖𝑥𝑒𝑙 𝑠𝑖𝑧𝑒)    (2.1) 

Where d is the distance to the ground, f is the focal length and image pixel size is the size of a 

pixel on the camera sensor.  As an example: if d, f and the image pixel size are 40m, 50mm and 

6.25 microns respectively, the resulting ground pixel size in the image will be 0.5 cm.  Plane 

accuracy is then estimated by: 

                                                    σplane= (σpixel)(ground pixel size)     (2.2) 

Where σpixel is the image accuracy of the model.  With a ground pixel size of 0.5cm, as 

determined above, and a σpixel of 0.2 pixels, the plane accuracy of the model is 0.1cm.  To 

estimate the depth accuracy of the model the following formula is used: 

                                                            𝜎𝑑𝑒𝑝𝑡ℎ = (
𝑑

𝑏
) 𝜎𝑝𝑙𝑎𝑛𝑒     (2.3) 

Where d is the distance from the camera to the ground and b is the distance between camera 

locations, with d:b known as the height to base ratio.  The plane accuracy is multiplied by the 

height to base ratio to obtain the depth accuracy. If a camera is 40m above the ground and camera 

stations are 10m apart the height base ratio is 4 and depth accuracy would be 0.4cm. 

 

GCP of known coordinates are used to bring scale into the model.  Total station surveys (Bitelli et 

al, 2004) and DGPS (Mora et al, 2003) are commonly used to survey GCPs.   It is important to 
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consider how accurate the control information is compared to the models accuracy.  If a model is 

made to a higher level of accuracy than the control data, future considerations should be made to 

reduce the ground pixel size, which will reduce the number of images required for site coverage 

and lower the time required for image acquisition and model creation.   

 

Redundancy in an image set is important for creating robust models, allowing for multiple 

consecutive low quality images to be discarded without affecting image overlap in the models.  

This is accomplished by taking a high number of images when using a camera platform with low 

control.  Camera platforms with precise control over camera location allow for images to be 

captured in strips.  A 90% overlap between photos in a given image strip is desired for 

redundancy in image sets (ADAM Technology, 2010). 

 

From a DPG model orthographic images and colourized point clouds can be created.  

Orthographic images are valuable for inspecting and monitoring landslides (Niethammer et al, 

2010).  By using orthographic images from different models, the movement of common objects 

can be tracked (Bruckl et al, 2006).   Figure 2.15 shows two orthographic images generated using 

historical aerial photos by Bruckl et al (2006) of the Gradenback landslide from 1962 and 1996.  

Point clouds are comprised of numerous points containing x, y and z coordinates and colour 

information (Stumpf et al, 2013).  From the point cloud information digital elevation models 

(DEMs) (Mora et al, 2002) and digital terrain models (DTMs) can be created (Niethammer et al, 

2011).  Figure 2.16 shows a DTM created by Niethammer et al (2011) of a landslide slope.  The 

creation of point clouds, DTMs and DEMs allows for further analysis of sites and provides 

information on erosion, deposition, slope volume change (Mora et al, 2002) and site evolution 

between models (Bari et al. 2011). 
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2.5 Summary 

Previous work has explored the use of TS, DGPS, slope inclinometers, acoustic emissions 

sensors, SAA, LIDAR, InSAR and DPG to monitor landslides.  Slope deformations, mass change 

and volume calculations using point cloud information have proven useful.  DGPS campaigns 

have demonstrated that in place receivers can accurately track slope movement (Malet et al, 

2002) and act as early warning devices, historical aerial photos have been used to track historical 

movements  at low ground pixel resolutions (Bruckl et al, 2006) and slope inclinometers can 

detect subsurface soil movement. 

 

The following chapters investigate the use of high resolution low altitude DPG techniques to 

monitor and track the evolution of a retrogressive landslide in sensitive soil within the Ottawa 

Valley.  A digital single lens reflex (DSLR) camera mounted to a blimp as well as a multi-rotor 

UAV were used to capture low altitude high resolution images for the creation of DPG models.  

GCP coordinate information was obtained using TS surveys.  The UAV was chosen for its precise 

control of camera position to allow for optimal model geometry.  The results from the DPG 

modeling will provide continuous colourized point cloud coverage of the site for each model.  

Orthographic images will be generated from the point clouds to provide a visual representation of 

the evolution of the landslide.  Ground surface movement rates disturbed across the site (DEMs) 

or at specific locations (GCPs) will be calculated to enable a unique analysis of retrogressive 

failure at high ground pixel resolution. 
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Figure 2.1: GCP displacement b) generated from TS data and GCP location overlaid on site 

topography b) (Herrera et al, 2009). 
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Figure 2.2: Simplified diagram of landslide monitoring using DGPS. 
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Figure 2.3: Map of La Valette landslide with receiver locations a) and the plane 

displacements of the receivers b) over a two year monitoring period (Squarzoni et al, 2005). 
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Figure 2.4: Typical casing and probe used in a portable slope inclinometer (Stark and Choi, 

2008). 
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Figure 2.5:  Slope inclinometer displacement data relative to depth over a 370 day period b) 

and an image of the monitored landslide a) (Sass et al, 2008).  
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Figure 2.6: Attenuation rates of select materials (Dixon et al, 2003). 
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Figure 2.7: Equipment setup for acoustic emission landslide monitoring (Dixon and Spriggs, 

2007). 
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Figure 2.8:  The bending characteristics of a SAA demonstrated during installation 

(Dasenbrock et al, 2011). 
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Figure 2.9: SAA used to monitor a levee a) during testing.  The deformation of the SAA 

within the failure b) shows increasing displacements up to failure (Bennett et al, 2011). 
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Figure 2.10: Overview of a typical TLS (Jaboyedoff et al, 2012). 
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Figure 2.11: The site a) and point cloud b) generated using TLS (Du and Teng, 2007). 

  



48 

 

 

 

Figure 2.12: Simplified diagram of a radar (Tomiyasu, 1978). 
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Figure 2.13:  GB-InSAR system showing how the transmitting and receiving antenna are 

moved along a track to synthesize the aperture (Tarchi et al, 2003). 
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Figure 2.14: Line-of-sight displacement results generated from GB-InSAR data overlaid on 

an image of the landslide (Bozzano et al, 2011). 
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Figure 2.15: Orthographic photos created using historical aerial photos (Bruckle et al,  

2006). 
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Figure 2.16:  DTM of a portion of the Super-Sauze landslide (Niethammer et al, 2011). 
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Chapter 3 

Methodology 

3.1 Introduction 

Potential methods of slope monitoring were reviewed in Chapter 2, in which methods were 

classified as either spot measurements or distributed measurements.  A description of each 

method’s operation principles, along with their benefits and deficiencies was presented.  After 

considering available monitoring methods, low altitude high resolution digital photogrammetry 

(DPG) was selected for the creation of 3D models of the Mud Creek field site, whose location is 

shown in Figure 3.1.  A total station (TS) was selected to acquire ground control point (GCP) 

coordinate information at the Mud Creek field site.  The implementation and execution of the 

selected monitoring methods is presented within this chapter. 

3.2 Photogrammetric Design 

3.2.1  Blimp 

Image acquisition from October 2009 to April 2012 was executed using a blimp camera platform.  

Foster (2012) was the first to capture images of the Mud Creek field site beginning in October 

2009, with Potvin (2013) taking up monitoring in April 2013 and the author continuing 

monitoring since May 2014.  Image sets from October 2009 to April 2012 were captured for use 

with the digital photogrammetry software Photomodeler Scanner by EOS Systems.  Initial 

photogrammetric design was completed specifically for use with the software.  Images of the site 

were acquired in convergent pairs.  Camera locations with Photomodeler Scanner were ideally 

convergent images with a camera angle between 25
o 
and 90

o
 (Photomodeler, 2011), however, 

point cloud generation preferred images with camera angles less than 10
o
.  As such, image 

acquisition with the blimp was conducted to capture convergent images with both high and low 

camera angles to fit the above criteria (Foster, 2012).  Initial designs specified a flying height 
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between 25m and 30m, yielding a ground pixel size between 6mm and 7mm. Actual flying 

height, however, varied between 40m and 55m above ground level.   

3.2.2  Cinestar8 

From November 2012 to April 2013 a Cinestar8 unmanned aerial vehicle (UAV) was used as the 

camera platform during image acquisition.  The Cinestar8’s increased camera position precision 

compared to the blimp allowed for true strip photogrammetry design.  For strip photogrammetry, 

images of the site were taken in strips with multiple strips parallel to each other.  Overlap 

between image strips, referred to as vertical overlap, is recommended to be 20% (ADAM 

Technology, 2010). Overlap within image strips, horizontal overlap, is recommended to be 60% 

or greater.  Using the aforementioned recommendations allows for optimal camera position, 

ultimately yielding more accurate results when creating models with fewer images than poor 

designed photogrammetric models.  The increased model accuracy is due to a lower height-base 

ratio caused by the improved image overlap.   

 

The number of image strips and images within each strip is determined by site geometry, camera 

height and the lens used during acquisition.  The Mud Creek field site was 75m by 40m.  The 

Canon 5D Mark I and Mark III digital single lens reflex (DSLR) cameras used a 50mm lens at a 

flying height of 40m, covering an area 28.8m by 19.2m in each image.  Inputting these values 

along with the 22.1 megapixel image resolution of the 5D Mark III into Equation 2.1 yields an 

expected ground pixel size of 0.5cm. Equation 2.2 and Equation 2.3 predict a plane accuracy of 

0.1cm and depth accuracy of 0.4cm respectively.   With these parameters, three image strips of 

seven images per strip were required for full ground coverage of the site at 60% horizontal 

overlap within strips and 20% vertical overlap between image strips.  For redundancy within the 

image set horizontal overlap was increased to between 80% and 90%.  The increase in horizontal 
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overlap allows for consecutive low quality images to be discarded without affecting ground 

coverage on site. 

3.3 Camera Set-Up 

High quality images were required for the creation of photogrammetric models at the desired 

accuracy of two tenths of a pixel.  A high quality image set contained images that were in focus, 

sharp, had low noise and were not affected by blur (Birch, 2006).  This was accomplished by 

selecting appropriate camera settings for blimp and Cinestar8 flights.  Three settings- lens focus, 

f-stop and ISO- were adjusted to achieve a desired shutter speed.  Figure 3.2 shows the difference 

between a high and low quality image of the same GCP at the Mud Creek field site.  Different 

versions of the same model of camera- 5D Mark I and 5D Mark III- were used throughout 

monitoring, but they required the same process for determining the camera settings used during 

image acquisition. 

 

Setting the focus for the flying height was the first step in adjusting cameras settings.  Using a 

50mm lens at a flying height of 40m caused objects located at a distance of 15m and further from 

the camera to be in focus.  Setting the focus for the 40m flying height was accomplished by 

pointing the camera at an object greater than 15m away and depressing the shutter button halfway 

down with the lens in Automatic Focus mode.  At the Mud Creek field site, a grouping of trees 

45m north from the crest was used to set the lens in focus.  With the lens focus set, a piece of tape 

was placed on the focus ring and lens body, and the lens was set to Manual Focus to prevent the 

focus from changing during the image survey.  It was important to apply the piece of tape to the 

lens before changing the lens to Manual Focus in order to prevent the setting from changing 

during tape application. The focus ring should not be manually rotated to focus at infinity because 

it can set the focus to the incorrect position, ultimately introducing blur to the images. 
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The f-stop and ISO settings were selected after the camera focus was set to provide a sufficiently 

fast shutter speed while simultaneously preventing the introduction of excess noise within the 

image.  Setting the camera to Aperture Priority mode fixed the f-stop at a desired setting while 

shooting.  Rotating the Mode Dial to Av set the camera in Aperture Priority mode.  The f-stop 

was initially set to f/8. This typically allowed enough light to reach the camera sensor while 

maintaining a crisp image, however, the f-stop was adjusted to f/7.1 on overcast days because of 

issues related to the reduction in light illuminating the ground, causing insufficient shutter speeds.  

The ISO was set after the f-stop.  For image acquisition with clear skies an initial ISO of 200 was 

used, whereas for overcast skies the initial ISO was 400. 

 

After the focus, f-stop and the initial ISO were set, the camera was elevated to the desired flying 

height over the darkest section of the site, and test images were taken.  Settings were selected 

based upon the darkest area of the site to ensure that the shutter speed was never too slow during 

image acquisition.  This prevents motion blur because lighter areas of the site reflect more light to 

the camera sensor, causing the camera shutter speed to increase.  The test images were inspected 

to ensure they were crisp and in focus.  Image data were inspected to view the shutter speed.  If 

the shutter speed was too slow, the ISO was increased and the test process was repeated until the 

shutter speed was high enough to produce high quality images.  The use of a field laptop was 

essential for image inspection as it allowed for the whole image to be inspected at once, rather 

than panning across small portions with the camera screen.  Once the focus, f-stop and ISO were 

determined, image acquisition of the entire site could be completed. 

3.4 Image acquisition 

3.4.1 Blimp 

Images acquired from 2009/11 to 2012/04 used a helium filled blimp 6.4m in length and 2.1m in 

diameter as the camera platform (Foster, 2012).  Figure 3.3 shows the blimp with the two 
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required operators.  A Canon 5D Mark I was used for all blimp surveys.  The 5D is a DSLR 

camera with a 35.6x23.9mm CMOS image sensor capturing 12.8 mega pixel images 4,368 by 

2,912 pixels in size.  A 50mm lens was selected for use with the 5D for the lower distortion 

compared to wider angle lens.   

 

Blimp inflation was conducted approximately 300m away from the site at a staging location on 

Maurice Street.  The weight of the metal cylinders used to transport the helium prevented the 

cylinders from being manually transported to the site.  The uninflated blimp was tethered to a 

weighted backpack, which acted as an anchor providing control over the blimp during unforeseen 

situations.  Extreme care was taken during the transportation of the blimp from the staging 

location to the site due to hazards.  The requirement for blimp inflation at a separate location than 

the site due to the helium tanks increased the risk of damage to the delicate outer skin of the 

blimp during transport through vegetation. 

 

With the blimp on site, the procedure for determining camera settings, as discussed above, was 

completed and the camera was attached to the gimbal (Figure 3.4).  With the blimp and camera 

equipment prepared the tether was let out allowing the blimp to rise to an altitude between 40m 

and 50m above the ground surface.   

 

Image acquisition required two operators with the first operator controlling the blimp and the 

second operator controlling the image trigger remote.  The first operator wore the blimp tether 

controlling the blimp position by traversing the site.  Constant observation of blimp movement 

and wind patterns prevented the tether and outer skin of the blimp from contacting trees on the 

perimeter of site.  The second operator captured the images by triggering the infrared remote 

based on the position of the blimp over the site.  Images were taken when the blimp was properly 
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oriented in the air as it swayed back and forth.  It was common for one set of images to be taken 

with the gimbal orientated in one direction and a second or third set of images to be taken with 

adjusted camera orientations in order to achieve the desired camera angle between images 

(Foster, 2012).  The erratic movement of the blimp in response to wind necessitated an increase in 

the number of images captured than required for full site coverage under ideal conditions.  It was 

important the additional images were captured during one survey because images taken at a later 

date under different conditions could not be utilized in models.  Memory cards with sufficient 

capacity allowed for the necessary quantity of images to be taken for full site coverage. 

 

The simple preparation and setup before image acquisition and minimal training required for 

blimp use made it easy to use with inexperienced operators however ease of use was offset by the 

inability to precisely position the camera over the site and complications during high temperature 

use.  During surveys the blimp operator would position the blimp as best as possible, and the 

remote trigger operator would time the capturing of images with the sway of the blimp.  While it 

was typically possible to cover the site with this method it was not possible to capture images 

with the camera in a desired position.  Blimp use in high air temperature had an impact on the rate 

of helium loss within the blimp.  In cool conditions the blimp could be filled with helium once 

and flown for the duration of the day without requiring additional helium.  On hot days the blimp 

would slowly lose helium until the blimp’s lifting capacity would drop below that required for 

camera use, requiring additional helium to return its full lifting capacity.  It is thought the higher 

temperatures increased the helium loss through the numerous repairs made to the outer skin of the 

blimp. 

3.4.2 Cinestar8 

Photos acquired from 2012/11 to present used the Cinestar8 (Figure 3.5) as the camera platform 

(Potvin, 2013).  The Cinestar8 is an octocopter with eight rotors attached to eight symmetrical 
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booms extending outwards from the central chassis.  The Cinestar8 has a diameter of 100cm, a 

height of 45cm and a mass of 3.1kg without batteries.  It is constructed from carbon fiber for a 

decreased weight compared to metal construction, allowing for increased payloads or longer 

flight duration.  The rotors are powered by eight counter-rotating brushless electric motors 

operating at 14.8 volts.  The brushless motors, known as 3328 motors, have an outer diameter of 

33mm and a length of 28 mm.  The Cinestar8 is powered by two 14.8v lithium polymer batteries 

wired in parallel for a combined capacity of 10 amp hours.  A motorized camera gimbal attached 

to the bottom of the central chassis and allows for precise control of camera orientation during 

flight and stabilizes the camera against movements of the Cinestar8.  The Cinestar8 features a 

navigation system which when used with the onboard GPS, compass and flight software, can 

guide the Cinestar8 on pre-determined routes while completed specified tasks. 

 

During surveys with the Cinestar8 a Canon 5D Mark III was used for capturing images.  The 

Mark III is a full frame DSLR camera capable of capturing 22.1 megapixel images resulting in an 

increase in image resolution from 4,368x2912 pixels to 5,760x3,840 pixels.  The screen on the 

5D Mark III is larger at 3.2 inches compared to the 2.5 inch Mark I screen allowing for ease in 

inspection of photos on site when a field laptop was not available.  The same 50mm lens used 

with the 5D Mark I was used with the 5D Mark III for continuity between image sets. 

 

Once on site the field laptop, generator, battery charging station, live display and landing pad 

were set up.  Due to the ground vegetation at the Mud Creek field site a 1.5m by 1.5m piece of 

geomembrane was placed over the grass at a flat and level location for use as a landing pad for 

the Cinestar8.  The geomembrane prevented vegetation from interfering with the landing gear of 

the Cinestar8 and the camera.  The contrast between the black landing pad and green vegetation 

allowed for rapid identification by the operator during landings.  The landing pad was positioned 



60 

 

seven meters away from the field electronics to allow for precise control of the Cinestar8 during 

takeoff and landing while remaining a safe distance away from personel and equipment on site.  

A portable table was used to place the field electronics on and pre-flight preparation work 

commenced after the electronics and landing area were set up.  Using Mikrokopter Tool flight 

software the flight information, flight path, altitude, way point activities and flying speed, were 

uploaded from to the Cinestar8.  Flight information was determined prior to the survey and 

discussed in the Photogrammetric Design section.   

 

The camera attached to the Cinestar8 was controlled via the camera gimbal beneath the central 

chassis (Figure 3.6) and a live display from the camera to the ground was setup.  The live display 

permitted real time inspection of image coverage on site during flights and was useful when 

determining the flight path for surveys.  Fine adjustments to the flight path were also made for 

surveys to cover the intended area on site.  The ability to inspect images and refine survey 

position during flights was a significant advantage over the blimp camera platform. 

 

After preparation work was completed the pre-flight inspection of the Cinestar8 completed to 

ensure the octocopter and camera systems were in proper working order before surveys.  All bolts 

and fasteners were checked for correct installation.  The booms, motors, camera gimbal and 

landing gear were checked for proper orientation to the chassis.  Wires throughout the Cinestar8 

were checked to ensure none were frayed, cut, or pinched.  Lastly the propellers were inspected 

for cranks or damage.  If an item was found to be deficient the flight was delayed until the issue 

was corrected. 

 

The Mikrokopter Tool software allowed for the Cinestar8 to fly the predetermined flight paths 

with high accuracy compared to previous camera platforms.   Pilot input was required for taking 



61 

 

off and landing the Cinestar8 on the landing pad.  Care was required during take offs and landings 

as gusting winds moved the octocopter creating difficult landing conditions.  After flights the 

image sets were visually inspected on the field laptop to ensure the whole site was covered with 

high quality images.  If areas were not captured in images as intended the Cinestar8 was flown 

manually to those areas for additional image acquisition.  During a site visit at least two image 

sets were taken for redundancy. 

 

A spotter worked in tandem with the pilot during Cinestar8 flights and was essential for 

operation.  The spotter was responsible for providing the pilot with updates on flight information 

from Mikrokopter Tool and observing the sky for overhead hazards.  Cinestar8 flying speed, 

altitude, direction, battery use and flight progress were all relayed by the spotter to the pilot.  

Having a properly trained spotter was crucial to safely complete flights. 

 

Between flights the pilot and spotter worked together to promptly complete the tasks required 

before a second flight.  The limiting factor between flights was the time required to charge to 

depleted battery packs.  Since all other tasks could be completed in the 20 minutes required to 

charge the used batteries, priority was given to connecting them to the charger as soon as the 

Cinestar8 had safely landed.  During the time required for charging the Cinestar8 was inspected 

for any damage sustained during the previous flight.  It was common for booms, landing gear and 

the camera gimbal to shift during a landing requiring adjustment and retightening of fasteners 

before the next flight.  The images were also inspected while the batteries were charging allowing 

for image coverage of site and image quality to be monitored throughout surveying. 

3.5 Ground Control 

GCPs were installed at the Mud Creek field site to provide control data for the DPG models and 

allow for monitoring of surface displacements.  A total of 108 one meter long 10M rebar stakes 
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were installed in the soil on site.  This number of GCPs creates redundancy in the DPG models 

and allows for inspection of GCP quality (Walstra et al, 2007).  Rebar were installed vertically 

into the soil with 100mm of rebar remaining above the ground surface (Foster and Take, 2011).  

Rebar caps were placed on the ends for safety and enhanced visual identification in images (i.e. 

larger diameter compared rebar).  A typical GCP used during monitoring consisting of rebar and 

cap is shown in Figure 3.7.  The initial 108 GCP on site decreased in number during the 

monitoring campaign to just 50 by the 2013/04 survey due to slope failure on the outward bend of 

the creek and soil deposition on the inward bend.    

 

Since September 2009, TS surveys have been completed in conjunction with aerial image 

acquisition of the site.  A Leica TCA-2003 TS was used in conjunction with a 360 degree 

reflector prism mounted on a survey pole to capture x, y, and z coordinate information of the 

GCP.  The TCA-2003 total station was capable of accuracies of 1mm+1ppm and 0.15 arc seconds 

however accuracies achieved in the field surveying undamaged GCPs were on the order of 7mm 

(Foster, 2012).   

 

The TCA-2003 was set up at the top of the slope to allow for full coverage of the site from one 

shooting location.  While shooting select rebar caps, vegetation had to be repositioned to maintain 

the line-of-sight between the TCA-2003 and the prism.  Two operators were required to complete 

surveys of GCPs; one operator at the TS while a second operator handled the surveying pole.  The 

surveying pole operator navigated the site visiting each GCP.  Once at a rebar cap, the survey 

pole was placed on top and the survey pole operator verbally communicated with the TS operator 

to capture the survey information.  Due to noise on site verbal communication between operators 

was difficult requiring a simple, robust communication method between both operators was 

required to execute timely and accurate surveys.  
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After survey completion the data was transformed into the local coordinate system.  This 

coordinate system used GCPs three and five as benchmarks as they were assumed to be stable 

because of their installation into concrete and distance away from the slope (Foster and Take, 

2011).  The translation and rotation of each survey into the same coordinate system allowed direct 

comparisons of locations between models. 

3.6 Digital Photogrammetry Software 

The digital photogrammetry software 3DM CalibCam by ADAM Technology was chosen for the 

creation of the 3D models from image sets and survey data due to the high accuracies attainable 

with the software (Birch, 2006) and user control over model data.  Previous work by Foster 

(2012) with the monitoring data used EOS Systems Photomodeler, which allowed for model 

creation with image residuals greater than 1.0 pixel.  With the selection of 3DM CalibCam the 

error within models was expected to be significantly lower, on the order of 0.2 pixels. 

 

3DM CalibCam does not match image pairs well if the fields of view are rotated between the two 

images at angles other than 90, 180 or 270 degrees.  The requirement to have images at right 

angles in relation to each other caused difficulty in creating models from blimp acquired images, 

making image selection from the 2009/11 to 2012/04 image sets a tedious manual process.  

Several areas of the site were covered by images in the incorrect orientation due to the movement 

of the blimp during image acquisition.  The motion of the blimp over the site was visible in 

repeated patterns of image orientation within image sets.  Poor image orientation was infrequently 

corrected for through manual digitization of common points between images.  With enough 

common points manually digitized 3DM CalibCam could recognize poorly orientated images and 

generate relative only points between them however that was not the norm with most poorly 

orientated images not suitable for use in models.  If models created with blimp acquired image 
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sets did not cover most of the Mud Creek field site due to image orientation the model was 

abandoned and attempted again with images of a different orientation from the image set.  The 

initial images used in model creation determined the possible orientation of future images brought 

into a model.  Choosing initial images with proper alignment to as many images within the image 

set as possible was important for creating models with full coverage of the site.  Figure 3.8 shows 

the inconsistent camera orientation caused by variable orientation of the blimp due to variable 

winds. 

 

Model creation with image sets captured using the Cinestar8 as the camera platform were more 

efficient compared to the blimp image sets because of the constant orientation of the images.  A 

subset of high quality images were brought into 3DM CalibCam at the same time allowing the 

software to match points between all the images without the intensive operator input required 

with blimp image sets.  Figure 3.9 shows the consistent camera orientation from UAV image sets. 

 

Low quality images had to be removed in both blimp and Cinestar8 image set models.  Long 

exposure times, poor focus or high camera platform speeds could cause low quality images 

reducing the accuracy of point matching between images.  A low quality image could have points 

matched at 1 pixel with the rest of the images at 0.2 pixel introducing error throughout the model.  

Removing the low quality images from models was essential to reducing error.  Images taken 

with different camera settings also led to increased errors within models.  Image sets with varying 

settings were sorted based on the settings used.  It was typical for the majority of images to utilize 

the same settings while a select few had different settings.  Identifying the variance in image 

settings was critical in lowering error for the blimp models as it was initially assumed image sets 

had uniform settings and the source of error within models was not easily identifiable. 
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Control data was brought into the models with the use of the GCPs on site.  Survey data 

transformed into the local coordinate system were uploaded as control data files to their 

respective models.  From the GCPs seven were selected for use as control points with the 

remaining GCPs used as check points. Due to the spray paint used to highlight the GCPs and 

periodic partial occlusion from ground vegetation, the automatic centroiding and drive-back tools 

within 3DM CalibCam could not be used on any of the rebar caps.  All GCPs were therefore 

manually digitized.   

 

Erroneous points within the models were removed after control data was brought in by setting 

error limits within 3DM CalibCam to remove relative only points from images over the error 

threshold limit.  Removing erroneous points on trees, vegetation and the creek surface was vital 

to creating models with low error.  Control point and check point residuals were checked to locate 

poorly digitized GCPs which required additional work.  Inspection of control and check point 

residuals was important in identifying GCPs that had been incorrectly identified during 

digitization.  After erroneous points were removed and GCP digitization correction was 

completed, data generation from the models could be completed. 

 

After, model refinement point cloud generation was completed using images from the models 

with the desired height to base ratio.  As discussed in Chapter 2, the lower the height to base ratio, 

the smaller the depth error.  Image pairs were limited to a 4:1 ratio except in situations where 

using higher ratio image pairs were necessary for ground coverage on site.  The point clouds were 

manipulated and filtered within 3DM Analyst to remove outliers, spikes and vegetation (ADAM 

Technology, 2010). 
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Orthographic images were created using the filtered point cloud data in 3DM Analyst.  Point 

clouds from each image pair were brought into 3DM Analyst and their overlap were compared 

for continuous coverage of the site while minimizing overlap between image pairs.  Orthographic 

images with this technique at a 2cm pixel resolution. 

 

The Exterior Orientation Control Network Report was used to gather information on the GCPs.  

3DM CalibCam determined the x, y and z locations, the difference between the 

photogrammetrically determined location and the supplied TS survey location and pixel residual 

from manual digitization.  This data was used for tracking rebar movement at the Mud Creek 

field site and accessing the quality of manually digitizing GCPs. 
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Figure 3.1: Location of Mud Creek field site (Potvin. 2013). 
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Figure 3.2: Comparison between a) a low quality image and b) a high quality image.  The 

high quality image has a faster shutter speed due to an ISO properly selected for site 

conditions.  
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Figure 3.3: Inflated blimp with tether and camera gimbal attached prior to flight. 
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Figure 3.4: DSLR camera and gimbal used during blimp surveys. 
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Figure 3.5: Cinestar8 octocopter mid-flight. 
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Figure 3.6: DSLR camera and stabilizing gimbal used during Cinestar8 surveys. 
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Figure 3.7: GCP installed into the soil.  The spray paint was initially used to aid in visual 

identification but was omitted in later surveys due to the difficulties introduced during 

manual digitization. 
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Figure 3.8: Camera location and orientation for blimp UAV in a) profile and b) plane view 

from the 2012/04 model. 
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Figure 3.8: Camera location and orientation for blimp UAV in a) profile and b) plane view from the 

2012/04 model.  
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Figure 3.9: Camera location and orientation for Cinestar8 UAV in a) profile and b) plane 

view from the 2012/11 model. 
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Figure 3.9: Camera location and orientation for Cinestar8 UAV in a) profile and b) plane view from 

the 2012/11 model. 
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Chapter 4 

Results of Photogrammetric Monitoring 

4.1 Initial State 

The high level of landslide activity in the Green’s Creek watershed of Ottawa Ontario is well 

documented (Sangrey and Paul. 1971; Mitchell and Eden, 1972; Williams et al, 1979; and 

Hugenholtz and Lacelle, 2004).  These landslides are particularly interesting because failure often 

happens episodically with retrogression occurring at intervals of a few years (Hugenholtz and 

Lacelle, 2004).  To further investigate the evolution of failure in these slides, Foster (2012) 

selected four candidate sites for long term monitoring.  Monitoring of the Mud Creek field site 

commenced in September 2008 with total station surveys of an initial network of ground control 

points (GCP) and by September 2009 the GCP network was fully installed (Foster, 2012).  The 

on-site GCPs not only allow for surface displacements of the slope to be tracked, but they also 

bring scale information into the photogrammetric models (Bitelli et al, 2004).  Low altitude aerial 

images have been captured using an unmanned aerial vehicle (UAV) camera platform since 

October 2009 (Foster, 2012).  It was not possible to build Digital Photogrammetry (DPG) models 

for every image set because of either inappropriate temporal differences (in some cases this was 

less than a week) or low model accuracy resulting from excessive vegetation on the slope in the 

summer months. 

 

The initial state of the Mud Creek field site is shown through a series of orthographic images 

created from the November 2009 model (2009/11) at a 2cm pixel resolution with select features 

highlighted in Figure 4.1.  The site is located on an outward bend of Mud Creek as it flows to the 

west towards Green’s Creek.  Over time, Mud Creek has been eroding the toe of the site’s slope 

resulting in an oversteepening of the slope.  There are several small failures visible at the toe of 
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the slope, which are typical of slopes in the area and are often a precursor to future larger failures. 

(Eden and Mitchel, 1970).  The most recent toe failure to the 2009/11 model is highlighted in the 

bottom half of Figure 4.1.  Down slope of the scarp are several tension cracks oriented in an east-

west direction indicating deformation in the soil beneath the ground surface (Eden and Mitchell, 

1970). 

 

A total of 108 GCPs were initially installed on site for slope monitoring.  However, over the years 

erosion, deposition, slope failures and debris flow have reduced the number of GCPs to 50 in the 

2013/04 model.  In Figure 4.1 the orange rebar caps used as GCPs are visible with an orange 

circle painted around each.  GCP locations were determined using a local coordinate system with 

GCP three representing the origin and the y-axis passing through GCPs three and five as used by 

Foster (2012).   

 

A cross section of the initial state of the site (Figure 4.2) was n through A-A’ from the 2009/11 

model.  The profile A-A’ was chosen because it is in-line with a column of GCPs and crosses the 

center of the 2012 and 2013 slope failures.   The profile view of the Mud Creek field site shows 

the creek’s water level approximately 11m below the top of the slope.  The average inclination of 

the slope was approximately 3:1 over its 27m length with creek erosion resulting in a steeper 

inclination towards the bottom of the slope.  At the top of the slope is a scarp with a 1.2m 

difference in elevation.  The elevation of the northern portion of the site, shown on the left hand 

side of Figure 4.2, remains relatively constant to the road north of the site. 

 

The soil layers of the site, inferred by Potvin (2013) with cone penetration testing, consist of four 

distinct layers as shown in Figure 4.2.  The bottom layer, Unit I (Gadd, 1986) is till/glaciofluvial 

material located approximately 14m below ground surface.  This bottom layer was deposited 
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during the retreat of the Laurentide ice sheet in Eastern Canada over the exposed bedrock.  

Deposition of the Champlain Sea clay occurred between 12,500 and 10,000 years ago  during the 

Champlain Sea transgression and regression (Sangrey and Paul, 1971),  The clay consists of a 

lower less fissured clay layer, Unit II/III (Gadd, 1986), and an upper clay layer, Unit IV/V (Gadd, 

1986), with increased fissuring (Sangrey and Paul, 1971).  The boundary between these two Units 

is clear in Figure 4.2 where the sharp drop in tip resistance occurs.  The uppermost layer of soil, 

Unit A (Gadd, 1986) consists of oxidized fissured clay 3m thick which allows water infiltration 

into the lower soil layers (Eden and Mitchell, 1971).   

4.2 Evolution of Failure Observed in Orthographic Images 

Monitoring of the Mud Creek field site has been executed since June 2009 by Queen’s 

University.  At each site visit GCPs were surveyed, high resolution low altitude aerial images 

were acquired and the slope was inspected for failure or deformation.  From October 2009 to 

April 2012 aerial images were acquired using a helium filled blimp UAV as a camera platform 

(Foster, 2012; and Potvin, 2013).  Since November 2012 a multirotor Cinestar8 UAV replaced 

the blimp.  The high temporal frequency long term monitoring of the Mud Creek field site 

enables a unique perspective to be obtained on the failure mechanism of the episodic 

retrogressive failure. 

 

DPG models of the site were created by combing information from the high resolution low 

altitude images and survey data of GCPs.  The five models presented in this chapter were selected 

for their low error and proximity to key events such as the 2012 and 2013 slope failures.    

Although the TS survey data could have be used to calculate GCP movement and create low 

density digital elevation models (DEM), a visual record of the evolution of the site and high 

density colourized point clouds would be absent.  Using DPG, orthographic images of the Mud 

Creek field site were generated at a 2cm per pixel resolution covering a 1,980 m
2
 area extending 
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from -7m to 23m on the x-axis and from -3m to 63m on the y-axis.  Figure 4.3 shows the five 

orthographic images illustrating the evolution observed during the long term monitoring from 

2009/11 to 2013/04.  Complete point cloud coverage of the site within these boundaries, required 

for orthographic image creation, was not possible due to overhead trees and poor image overlap 

in the blimp UAV image sets.  The trees located at the fringe of the site caused gaps in the point 

cloud preventing orthographic image generation in those areas as seen on the right hand side of 

Figures 4.3b, 4.3c, 4.3d and 4.3e. 

 

During the 24 months between the 2009/11 and 2011/11 orthographic images (Figures 4.3a and 

4.3b) the Mud Creek field site experienced several minor localized failure events.  The tension 

cracks located at the top of the slope increased in width indicating possible movement beneath the 

ground surface and allowing water infiltration into the lower clay layers (Eden and Mitchell, 

1970).  Between the two models at least two small toe failures occurred.  A smaller toe failure 

occurred downstream at the toe and resulted in visible soil deposition into Mud Creek.  A second, 

larger toe failure occurred at the center of toe of the slope which caused the loss of one GCP.  The 

soil deposited upstream into the creek from this failure altered the path of the creek causing it to 

incise a new path through the deposited soil.  Vegetation growth rate on failed soil is 

demonstrated on a previous toe failure located on left side of Figures 4.3a and 4.3b.  During the 

time between orthographic images vegetation completely covered the soil exposed from the 

failure.  Observation of the toe failures is important as they often initiate larger retrogressive 

landslide in the Ottawa Valley (Eden and Mitchell, 1970; and Williams et al, 1979). 

 

A large slope failure at the Mud Creek field site occurred in March 2012 as illustrated in Figure 

4.3c.  A portion of the slope, extending 20m upslope from the creek, approximately 240m
2 
in area 

failed flowing across Mud Creek.  The deposited soil altered the creek’s location causing a new 
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path to be incised through the landslide debris.  New tension cracks at the top of the slope 

developed while existing cracks increased in length.  Over the following seven months (Figure 

4.3d) the slope experience significant movement with several tension cracks developing around 

the perimeter of the 2012 failure indicating continued slope movement post failure. 

 

On April 10 2013 the second large slope failure occurred (Figure 4.3d) retrogressing 10m upslope 

to the scarp.  The 2013 failure extended approximately 30m upslope of the creek.  The western 

edge of the failure bowl remained in the same location while the eastern edge moved eastward 

increasing the width of the failure bowl to 15m.  Changes in creek level and water flow due to 

snow melt and season rain fall are also visible.  Soil from the 2013 failure slid across Mud Creek 

similarly to the 2012 failure altering the creek’s location.  In May 2014 the slope had not 

retrogressed further despite the 60˚ incline of the scarp.  

 

A qualitative analysis of erosion at the toe of the slope was completed (Figures 4.4a-4.4f) due to 

the importance of toe erosion initiating larger failures in the Green’s Creek watershed (Eden and 

Mitchell, 1970; Williams et al, 1979; and Hugenholtz and Lacelle, 2004).  The banks of the 

creeks are highlighted in each figure with the original bank locations from 2009/11 superimposed 

for direct comparison of toe erosion.  A partial model only covering the slope (Figure 4.4b) from 

2010/04 was used for creek erosion analysis but not in other results.  Between 2009/11 and 

2011/11 the recession rate at the toe of the slope was found to be 1m/year (Foster, 2012).  The 

creek’s ability to rapidly remove deposited soil is shown in Figures 4.4d and 4.4e where the creek 

incised a new path into the soil after the 2012 failure.  The jagged and rough bank present directly 

after the 2012 failure is smoothed by the creek as soil is eroded.  After the 2013 failure (Figure 

4.4f) the creek’s banks are once more altered by landslide debris causing the creek to incise a new 

path. 
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4.3 Photogrammetric Analysis 

Utilizing the aerial images and GCP coordinate information from the Mud Creek field site 

monitoring campaign, five DPG models were created between 2009/11 and 2013/04.  A full 

description of estimated model accuracy, and number of images and GCPs used are shown in 

Table 4.1.  The number of control points used in each model was kept constant at seven for 

continuity between models.  A control point is an object in a model with known coordinates and 

is used in model orientation.  Comparatively, a check point is similar to a control point, point 

coordinates and residuals are determined, however it is not used for model orientation.  Check 

points are useful for inspecting models for error. The number of check points in each model 

varied from a maximum of 85 in the 2011/11 model to a minimum of 40 in the 2013/04 model.  

The variation in check points can be attributed to vegetation and snow cover obstructing rebar 

caps in images, soil deposition on the inward bend of the creek covering rebar caps and slope 

failures removing them completely from the site. 

 

Surveyed rebar caps were used as GCPs in the DPG models however vegetation and spray paint, 

used in early surveys to aid in identification of GCPs, prevented the use of automatic centroiding 

necessitating manual digitization.  Despite the need for manual digitizing rebar caps were 

digitized at similar level of error as compared to the relative only points within each model.  

Table 4.1 contains the residual RMS pixel error in the x and y directions of the GCPs used in each 

model with the x residuals within the range of 0.189 to 0.231 pixels and the y residuals within the 

range of 0.212 and 0.263 pixels.  A residual is the difference between where a point is placed in a 

model and where the model predicts the point’s location.  Manual digitizing GCPs to 0.2 pixels 

brings them to the same level of error as the models, which were all made to 0.2 pixel accuracy. 
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The image point residuals of the GCPs in the 2009/11 model for the x and y directions are shown 

in Figure 4.5a and 4.5b respectively.  The residual’s normal distribution shows manual digitizing 

was executed correctly without systematic error allowing for confidence in the results obtained 

from the DPG models.  The image point residuals of the remaining models shows a similar 

distribution of error.  Figure 4.6 shows the histogram of the residuals of both control and check 

points in the x, y, and z directions for the 2009/11 model.  The distribution of the error, similar to 

that seen in Figure 4.5, implies the survey data and models do not have systematic or operator 

errors. 

 

The seven control points used in each DPG model were selected for their high quality and 

distribution across the Mud Creek field site.  Properly distributed control points should bracket 

the area of interest.  Concentrating control points over small portions of site will increase errors in 

the model (Birch, 2006).   Table 4.2 shows the RMS residuals of the seven control points in the x, 

y, and z directions as well as the total RMS residual.  The plane error in the x and y directions is 

lower than the depth error in the z direction across all models, as expected.  Total RMS residuals 

of the control points were between 0.75cm and 1.48cm. 

 

The residuals for the check points from each model are shown in Table 4.3 with total RMS 

varying from 1.8cm to 3.0cm.  It was expected that check point residuals would be larger than 

control point residuals as the control points were selected from all GCPs for model orientation 

due to their high quality removing them from the lower quality check points. 

 

The apriori estimated accuracy is the maximum accuracy possible for a model created in ideal 

conditions.  This value was calculated for each DPG model using Equations 2.1, 2.2 and 2.3 and 

is reported in Table 4.1.  Models from 2009/11 to 2012/04 have an estimated accuracy of 0.5cm 
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whereas models from 2012/11 onward have an estimated accuracy of 0.4cm.  The increase in 

apriori estimated accuracy is due to the increase in image resolution from 4368x2912 to 

5760x3840 pixels yielding a smaller ground pixel size caused by changing from the Canon 5D 

Mark I camera to a Canon 5D Mark III.  Despite this enhanced image resolution the residuals of 

the control points (Table 4.2) and check points (Table 4.3) indicate that none of the five models 

achieved the estimated accuracy.  Since Table 4.1 indicates that manual digitizing of GCPs was 

executed at level consistent with model accuracies of 0.2 pixels, an alternative explanation for the 

reported GCP residual values lies with the GCP rebar caps and survey error. 

 

The GCP rebar caps likely contributed error to the DPG models because of damage received 

during monitoring and their design.  There were three types of damage to GCPs witnessed during 

the monitoring campaign; two of which created difficulty in manual digitization because of 

physical distortion of the GCPs shape while the third type of damage caused movement of GCPs 

during surveys.  The least common type of damage was the rebar being driven through the rebar 

cap (Figure 4.7a) thought to be caused by trespassers stepping on top of the GCPs.  This type of 

damage was highly visible during site inspection before image acquisition would typically be 

identified and corrected   Damage to the circular top of portion of a rebar cap was another type 

encountered during monitoring.  Figure 4.7b shows a typical example of this type of damage 

which causes the GCP to appear as an irregular shape within DPG model images.   

 

The most common type of damage to GCPs was damage to one or more of the four internal fins.  

Rebar caps have four internal fins used to secure and center the cap on the top of each rebar.  

Animals and trespassers on site impacting a rebar cap cause one or more of the internal fins to 

break off allowing a degree of freedom.  Fin damaged caps are capable of resting on a rebar 

without an applied force,  as undamaged caps do, however once a survey pole is placed on they 
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rotate about the top of the rebar causing movement in the surveyed GCP location compared to the 

observed image location (Figure 4.7c).  This type of damage is typically not visible as it is 

internal requiring rebar cap removal for fin inspection of each GCP.  

 

The design of the GCP rebar caps, specifically the geometry of the cap where survey poles are 

placed,  may have caused error in the surveys.  In the center of the top of the rebar cap is a 

circular recess approximately 10mm in diameter which contains a small protrusion (Figure 4.7b).  

This recess limits how far the survey pole can move away from the center of the cap however the 

protrusion increases the difficultly of placing the pole at the center of the cap.  Future monitoring 

using rebar is attempting to correct for GCP rebar cap flaws by utilizing specifically made survey 

caps.  These new survey caps are more resistant to damage, allow for increased contrast with the 

ground surface during manual or automatic digitization and have a specifically designed recess in 

the center to secure a survey pole during surveying. 

 

Execution of the surveys may also have contributed error in the survey data due to site conditions.  

The TS was required to be setup on site at one location near the crest in order to have a clear line-

of-sight to all GCPs limiting adaptation to changing site conditions.  Surveys completed during 

high ground water levels were prone to TS settlement due to unstable ground caused for walking 

around the survey instruments.  Some surveys were incomplete due to unstable ground causing 

TS movement while others are comprised of several partial surveys brought together to form one 

survey data set.   Despite the difficulties encountered during the surveying process, the error of 

control points across surveys in the DPG models were similar.  The standard deviation in the x, y, 

and z directions of the surveyed control points are shown in Figure 4.8.  Small variation is seen 

across surveys however the standard deviation is below 1cm in all directions across every model.   
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DEMs created from the point clouds generated from each model are shown in Figure 4.9.  The 

evolution of the site is shown as creek erosion oversteepens the toe of the slope leading to the 

2012 failure.  Continued slope movement at the top of the slope and the retrogression of the 

landslide to top of the slope after the 2013 failure is shown in the Figures 4.9d and 4.9e 

respectively.  Mud Creek’s ability to remove material is demonstrated in the volume of soil 

removed from site between 2012/04 and 2012/11 DEMs.  Due to the high resolution images and 

low altitude of the camera platform during image acquisition small details, such as tension cracks 

and the shape of failed soil, are visible in the DEMs.  The DEMs do not provide coverage over 

the entire site with large triangular surfaces indicating an inability to create an accurate DEM 

surface.  Point cloud generation in the affected areas was hindered by occlusions created by large 

trees located on the perimeter of the site and smaller trees and vegetation at the base of the slope. 

The dynamic nature of the water in Mud Creek also prevented point cloud generation on the 

surface of the water though the regular pattern created allowed for identification of the creek’s 

location.  Without point cloud data at the affected areas DEMs could not be generated. 

 

Using two DEMs a differential elevation map of the elevation change of grids between models 

can be calculated (Mora et al, 2003).  A differential elevation map uses distributed data allowing 

for the detection of movement across an entire model compared to spot measurement which only 

allows for detection of movement at each surveyed location.  The results of the differential 

elevation maps are shown in Figure 4.10 where a decrease in elevation is shown by blue shift in 

surface colour and an increase in elevation shown by red shift.  Models of the DEM with flat 

surfaces represent an interpolated surface where point cloud data is absent and is not 

representative of the actual ground surface. 
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The toe failure between 2009/11 and 2011/11 models is shown as the light blue region at the toe 

of the slope in Figure 4.10 a) and soil deposition on the inward bend of the creek is shown as the 

yellow region opposite of the toe with the remainder of the site showing elevation differences 

from ground vegetation growth.  The soil movement caused by the 2012 failure is clearly shown 

in Figure 4.10 b).  Landslide debris deposited at the toe of the slope where ground elevation 

increased as much as 2m and the altered path of Mud Creek is shown as the light blue.  The 

failure bowl had elevation decreases as large as 4m and immediately upslope of the failure the 

slope surfaced displaced.  The expansion of the 2012 failure bowl and creek erosion of landslide 

debris is shown in Figure 4.10 c).  The 2013 failure (Figure 4.10 d) removed and deposited soil 

similarly to the 2013 failure.  The failure bowl experienced elevation decreases up to 4m and 

landslide debris deposited at the toe of the slope.  The variation of creek level is visible as the 

yellow band at the toe of the slope   

 

GCP displacement data between successive DPG models were plotted over orthographic images 

of the site (Figure 4.11) to give a visual representation of ground movement relative to site 

features.  The scale of the movement vectors is constant between plots.  The displacement vectors 

between 2009/11 and 2011/11 (Figure 4.11a) show the slope experienced only small movements 

with the exception of three GPCs located at the toe of the slope.  GCP 72 saw 10cm of movement 

due to a local toe failure.  Local toe failures also removed points 81 and 83 from the site.  The 24 

month period between models displayed a lack of movement on site except at the toe of the slope 

typical of landslide progression in the Ottawa area (Eden and Mitchell, 1970; and Williams et al, 

1979). 

 

Large movement occurred on site during and after the 2012 failure as shown in Figure 4.11b.  

The largest movements on site, up to 60cm, were experienced by GCPs closest to the top of the 
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failure on the slope with all GCPs on the slope showing movement towards the creek and the 

center of the failure.  The soil beyond the crest did not show movement of any of the GCPs.  

Between the 2012 failure and the 2013 failure (Figure 4.11c) there was movement of GCPs 

upslope of the failure of 5cm with GCP 61 moving the most in that period displacing 18cm.  The 

western edge of the failure expanded causing the loss of point 64 from the site while the eastern 

edge of the failure remained in the same location. 

 

After the 2013 failure GCPs beyond the crest experience movement for the first time during 

monitoring as the three rows of points closest to the failure moved between 2cm and 7cm towards 

the failure.  GCPs further away from the crest than the third row of GCPs did not experience 

movement.  The remaining GCPs on the slope adjacent to the failure, GCPs 49, 54, 62 and 63, 

displaced the most on site moving between 7cm and 15cm downslope. 

 

A cross section was taken through the site at A-A’ (Figure 4.1) in each model to illustrate the 

movements of GCPs and the evolution of the slope profile throughout the monitoring campaign 

(Figure 4.12).  A-A’ was chosen for its location along the center of the failure and the number of 

GCPs along it.  The arrows show movement vectors in the y and z direction.  Scaling of the 

vectors was done to emphasize displacements while keeping vectors within the image axis in 

contrast to the constant scale used in Figure 4.11.  Cross sections and movement vectors between 

2009/11 and 2011/11 are plotted in Figure 4.12a.  The horizontal and upward displacements at the 

toe of the slope in GCPs 65, 66 and 76 suggest movement along the lower clay layer and in 

combination with the horizontal and downward displacements of GCPs 55, 59 and 60 suggest a 

possible wedge failure mechanism for the 2012 failure.  The downward instead of the expected 

upward movement of GCP 83 is believed to be attributed to the local toe failure which occurred 

between 2009/11 and 2011/11 is shown as the difference in the cross sections of Figure 4.12a.  
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The 2012 failure caused significant movement of GCPs and altered the slope profile (Figure 

4.12b).  The downward and horizontal movement of points 55, 59 and 60 increased after the 

failure with their movement parallel to the inclination of 2013 failure surface..  The location of 

the creek migrated 5m northwards due to deposition of failed soil.  The movement triggered by 

the 2013 failure (Figure 4.12e) only affected four GCPs along A-A’ due to the loss of GCPs 

during the failure.  The failure retrogressed fully up to the crest.  Prior to the 2013 failure the 

largest displacement of a GCP beyond the crest was 5.4cm however after failure it increased to 

11.5cm.  The movement of GCPs 33, 34, 35 and 36 is further discussed in Section 4.4.   

4.4 Potential for Future Retrogression 

Soil straining  in Champlain Sea clay slopes in the Ottawa Valley can lead to failures due to the 

high sensitivity of the soil (Penner, 1965; Crawford, 1968; and Sangrey and Paul, 1971).  The 

movement of the GCPs in-line with the center of the failure along A-A’ were determined using 

DPG (Figure 4.13a) and TS data (Figure 4.13b).  The location of GCP 31 was furthest from the 

crest with each successive GCP located closer to the slope than the previous.  The TS data in 

Figure 4.13b shows the soil furthest away from the slope experienced no movement as GCP 

displacements hovered near the detection limit capable with the models.  Beyond GCP 33 up to 

the crest each GCPs movement increased after every survey. 

 

The DPG displacement data (Figure 4.13a) closely matches the TS data despite gaps in the data 

due to poor visibility and coverage in the model images.  Increased displacement was seen 

between each model and displacements increased with proximity to the crest.  The difference 

between the TS and DPG data at GCPs 31 and 32 during 2012/11 was thought to be caused by TS 

settlement during high water levels on site necessitating multiple surveys in 2012/11. 
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For each TS survey displacement of GCPs 33, 34, 35 and 36 were plotted against their y-position 

on site showing a linear increase in displacement (Figure 4.14).  With linear displacement it is 

reasonable to assume a constant strain across GCPs within the given area.  The strain of the soil 

was determined by the slope of a line fitted to the displacement data.  GCP 36 was excluded from 

the data from 2012/11 forward as it was assumed the soil it was installed in was post peak.  DPG 

displacement data was also plotted (Figure 4.15) and closely matches the trends seen in the TS 

data. 

 

The cumulative strain between GCPs 33 and 36 from Figures 4.14 and 4.15 were plotted in 

Figure 4.16.  The plot indicates the soil experienced minor movement from 2009/11 to 2010/05 

but remained stationary until the 2012 failure.  After the 2012 failure the strain increases with 

time until the most recent survey.  The plot clearly shows a stationary period where little to no 

strain is experience by the soil and a period after the 2012 failure where the strain in the soil 

increases with time.  The last TS survey from 2014/05 shows an average strain of almost 1.5% 

beyond the scarp.  Mitchell (1970), Eden and Mitchell (1970) and Crawford (1968) completed 

soil testing of Champlain Sea Clay samples for eastern Canada with samples reaching peak 

strength at strain values of approximately 1%.  After the 2012 failure, the soil beyond the crest at 

the Mud Creek field site has seen movement sufficient to cause strains as 1.4% suggesting that 

the soil is post peak and there is a high possibility of future retrogression of the slope. 
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Table 4.1: Key model parameters. 

 
  

Model # of Control Points # of Check Points Total # of Control/ Check Points Estimated Accuracy (cm) # of Active Images RMS X (pixel) RMS Y (pixel)

2009/11 7 73 81 0.5 18 0.2285 0.2203

2011/11 7 77 85 0.5 22 0.2228 0.2420

2012/04 7 55 62 0.5 22 0.2272 0.2116

2012/11 7 61 68 0.4 46 0.2312 0.2634

2013/04 7 33 40 0.4 33 0.1886 0.2237
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Table 4.2: Control point residuals. 

 

  

Model Platform RMS X (m) RMS Y (m) RMS Z (m) Total RMS (m)

2009/11 Blimp 0.0046 0.0054 0.0056 0.0091

2011/11 Blimp 0.0059 0.0032 0.0105 0.0125

2012/04 Blimp 0.0045 0.0079 0.0108 0.0142

2012/11 Cinestar8 0.0075 0.0089 0.0092 0.0148

2013/04 Cinestar8 0.0052 0.0035 0.0041 0.0075
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Table 4.3: Check point residuals. 

 

  

Model Platform RMS X (m) RMS Y (m) RMS Z (m) Total RMS (m)

2009/11 Blimp 0.008 0.009 0.014 0.018

2011/11 Blimp 0.013 0.012 0.024 0.030

2012/04 Blimp 0.007 0.012 0.023 0.027

2012/11 Cinestar8 0.013 0.022 0.013 0.029

2013/04 Cinestar8 0.007 0.008 0.019 0.022
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Figure 4.1: Mud Creek field site with select features highlighted. 
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Figure 4.2: Cross section of Mud Creek field site from 2009/11 model with corrected tip resistance from CPT 13-01. 
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Figure 4.3: Evolution of the failure of the Mud Creek field site captured in orthographic images from a) 2009/11 b) 2011/11 c) 2012/04 d) 

2012/11 and e) 2013/04. 

 



101 

 

 

 

Figure 4.4: Mud Creek movement from 2009/11 to 2013/04. 
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Figure 4.5: Image point residuals of control and check points in the a) x direction and b) y direction 

for the 2009/11 model.  
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Figure 4.6:Control and Check point error in the a) x direction b) y direction and c) z direction for 

2009/11 model. 
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Figure 4.7: GCP damage experienced during Mud Creek monitoring campaign. 
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Figure 4.8: Standard deviation of control points for photogrammetric models. 
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Figure 4.9: DEM of Mud Creek field site from the a) 2009/11 model, b) 2011/11 model, c) 2012/04 model, d) 2012/11 model and e) 2013/04 

model.  
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Figure 4.9: DEM of Mud Creek field site from the a) 2009/11 model, b) 2011/11 model, c) 2012/04 model, d) 2012/11 model and e) 2013/0 

model.  
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Figure 4.9: DEM of Mud Creek field site from the a) 2009/11 model, b) 2011/11 model, c) 2012/04 model, d) 2012/11 model and e) 2013/0 

model. 
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Figure 4.9: DEM of Mud Creek field site from the a) 2009/11 model, b) 2011/11 model, c) 2012/04 model, d) 2012/11 model and e) 2013/0 

model. 
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Figure 4.9: DEM of Mud Creek field site from the a) 2009/11 model, b) 2011/11 model, c) 2012/04 model, d) 2012/11 model and e) 2013/0 

model .  
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Figure 4.10: Differential elevation map between a) 2009/11 and 2011/11 models, b) 2011/11 and 2012/04 models, c) 2012/04 and 2012/11 

models and d) 2012/12 and 2013/04 models. 
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Figure 4:10: Differential elevation map between a) 2009/11 and 2011/11 models, b) 2011/11 and 2012/04 models, c) 2012/04 and 2012/11 

models and d) 2012/11 and 2013/04 models.   
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Figure 4:10: Differential elevation map between a) 2009/11 and 2011/11 models, b) 2011/11 and 2012/04 models, c) 2012/04 and 2012/11 

models and d) 2012/11 and 2013/04 models.  
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Figure 4:10: Differential elevation map between a) 2009/11 and 2011/11 models, b) 2011/11 and 2012/04 models, c) 2012/04 and 2012/11 

models and d) 2012/11 and 2013/04 models.  
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Figure 4.11: Ground control point plane between a) 2009/11 and 2011/11 models, b) 2011/11 and 

2012/04 models c) 2012/04 and 2012/11 models and d) 2012/11 and 2013/04 models.  
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Figure 4.11: Ground control point plane between a) 2009/11 and 2011/11 models, b) 2011/11 and 

2012/04 models, c) 2012/04 and 2012/11 models, and d) 2012/11 and 2013/04 models.   
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Figure 4.11: Ground control point plane between a) 2009/11 and 2011/11 models, b) 2011/11 and 

2012/04 models, c) 2012/04 and 2012/11 models and d) 2012/11 and 2013/04 models.  
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Figure 4.11: Ground control point plane between a) 2009/11 and 2011/11 models, b) 2011/11 and 

2012/04 models, c) 2012/04 and 2012/11 models and d) 2012/11 and 2013/04 models.  
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Figure 4.12: Movement in the y and z direction of a cross section of GCP along A-A’ between a) 2009/11 and 2011/11 models, b) 2011/11 

and 2012/04 models, c) 2012/04 and 2012/11 models and d) 2012/11 and 2013/04 models. 
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Figure 4.12: Movement in the y and z direction of a cross section of GCPs along A-A’ between a) 2009/11 and 2011/11 models, b) 2011/11 

and 2012/04 models, c) 2012/04 and 2012/11 models and d) 2012/11 and 2013/04 models. 
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Figure 4.12: Movement in the y and z direction of a cross section of GCPs along A-A’ between a) 2009/11 and 2011/11 models, b) 2011/11 

and 2012/04 models, c) 2012/04 and 2012/11 models and d) 2012/11 and 2013/04 models.  
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Figure 4.12: Movement in the y and z direction of a cross section of GCPs along A-A’ between a) 2009/11 and 2011/11 models, b) 2011/11 

and 2012/04 models, c) 2012/04 and 2012/11 models and d) 2012/11 and 2013/04 models. 
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Figure 4.13: Displacement of select GCPs determined from a) photogrammetric data and b) TS 

data. 
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Figure 4.14: Progressive accumulation of displacement towards the creek (Y direction) in the table 

land behind the crest from the 2009/11 model to the a) 2012/04 model, b) 2012/11 model, c) 2013/05 

model and d) 2014/05 model from TS data. 
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Figure 4.15: Progressive accumulation of displacement towards the creek (Y direction) in the table 

land behind the crest from the 2009/11 model to the a) 2011/11 model, b) 2012/04 model, c) 2012/11 

model and d) 2013/04 model from photogrammetric data. 
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Figure 4.16: Acceleration of strain accumulation of soil behind landslide crest after 2012 failure. 

\
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Chapter 5 

Summary and Conclusions 

During the transgression of the Champlain Sea deposition of a soil known as Champlain Sea Clay 

occurred from 12,500 to 10,000 BP (Sangrey and Paul, 1971).  Champlain Sea Clay, formerly 

referred to as Leda clay, is a sensitive glaciomarine clay found throughout the Ottawa valley and 

is prone to retrogressive failure (Crawford, 1968; and Tavenas, 1981).  The numerous failures 

witnessed in Champlain Sea Clay slopes (Hugenholtz and Lacelle, 2004) led to studies 

investigating the strength of the soil, nature of the failures and potential for future failures 

(Sangrey and Paul, 1971; Mitchell and Eden, 1972; Williams et al, 1979; Foster, 2012; and 

Potvin, 2013).  The inventory of landslides along the Green’s Creek watershed conducted by 

Hugenholtz and Lacelle (2004) showed the slides were comprised of simple rotational slides 

(75%), retrogressive rotational slides (13%), flows (8%) and translation slides (4%).  The 

Champlain Sea Clay found in the Green’s Creek watershed is the same soil of the Saint Jean-

Vianney (Tavenas et al, 1971), Lemieux (Evans and Brooks, 1994) and Saint Jude (MTQ, 2011) 

landslides.  Typical Champlain Sea Clay slopes experience retrogressive failure occurring over 

the timespan of hours to days.  However failures in the Green’s Creek watershed retrogress from 

years to decades after the initial failure (Hugenholtz and Lacelle. 2004) allowing for unique 

observation into the failure of those slopes.  Small localized toe failures are often observed before 

slope failure (Mitchel and Eden,1972).  To improve the understanding of how retrogressive 

failure develops in these slopes it is necessary that small failures and deformation prior to and 

after landslides are investigated further. 

 

In order to investigate retrogressive failure in sensitive Champlain Sea Clay slopes a long term 

monitoring program was initiated at a site along Mud Creek.  The Mud Creek field site, located in 
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the Green’s Creek watershed near Innes Rd, was selected in 2008 for its potential for failure due 

to tension crack distributed across the slope and erosion causing localized toe failures (Foster, 

2012).  The tension cracks and toe erosion are typical features present in pre-failure slopes and 

indicated deformation beneath the ground surface (Eden and Mitchell, 1970).  Long term 

monitoring was initiated in 2009 and focused on the slope located on the outward bend of the 

southern creek bank (Foster, 2012).  The Mud Creek field site is located approximately 300m 

north of the intersection of Renaud Road and Maurice Street and encompasses an area 75m in 

length by 40m in width.     

 

The monitoring campaign consisted of collecting low altitude aerial images of the site and point 

coordinate information of ground control points (GCP).  Low altitude aerial images were acquired 

with a full frame digital single lens reflex camera fitted with a 50mm lens attached to an 

unmanned aerial vehicle (UAV) camera platform.   The use of a low altitude UAV allowed 

complete control over the temporal resolution of the data. From October 2009 to April of 2012 a 

helium blimp was used as the camera platform (Foster, 2012; and Potvin, 2013).  The imprecise 

control over camera position while using the blimp lead to unsatisfactory results requiring 

increased redundancy in image sets and unnecessary operator input during digital 

photogrammetry (DPG) model creation.  To overcome the deficiencies of the blimp UAV camera 

platform the multi-rotor Cinestar8 was used for image acquisition from November 2012 to 

present.  The flight navigation system and stabilizing camera gimbal of the Cinestar8 allowed for 

precise control of camera position during image acquisition.  Improvements in camera position 

allowed of proper model geometry to be used for increases in model quality.  Strip DPG models 

were created where overlap between images was improved providing continuous ground on site.  

 



 

129 

 

Coordinate information of GCP position was collected during each site survey with a total station 

(TS) in conjunction with 360
 
degree reflector prism mounted to a survey pole.  To mitigate the 

errors experienced during previous surveys each GCP rebar cap was inspected for damage prior 

to the survey.  If a cap was found to be detrimentally damaged it was replaced with a new 

undamaged rebar cap.  The highlighting of GCPs with spray paint was discontinued due to the 

increased error it introduced during manual digitization of GCPs in DPG models.  The TS survey 

of GCPs provided valuable coordinate information used for calculating GCP displacements and 

providing control data in each DPG model. 

 

The high resolution low altitude aerial images collected during surveys were used along with 

GCP coordinate information to create DPG models from data collected in November 2009, 

November 2011, April 2012, November 2012 and April 2013.  The models were made with total 

RMS residuals ranging between 0.75cm and 1.48cm.  From the DPG models orthographic images 

at 2cm pixel resolution, digital elevation models (DEM) at 10cm resolution, GCP displacements, 

site cross sections and colourized point clouds were created.  The image data used to create DPG 

models captures specific data, such as tension cracks, the presence of surface water and 

vegetation type, better than alternative monitoring methods such as Light Detection and Ranging 

(LIDAR) and Interferometry Synthetic Aperture Radar (InSAR).  The DPG models allow for both 

qualitative and quantitative analysis of the site evolution prior to and after the 2012 and 2013 

failures.   

 

The archive of images captured at Mud Creek used to create the digital photogrammetry (DPG) 

models offer a unique visual history of the evolution of the slope failures.  The orthographic 

image created from the 2009/11 model documents the tension cracks initially present on site 

which indicated soil deformation and slope instability (Eden and Mitchell, 1970).  Successive 
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orthographic images show the small local toe failure caused by creek erosion, often seen prior to 

slope failure (Mitchel and Eden, 1972), develop into the 2012 and 2013 failures.  The 

enlargement of tensions cracks upslope of the failure and the erosion of soil at the toe of the slope 

by Mud Creek are clearly shown in the orthographic images. 

 

GCP movement between models was plotted against cross sections of the site created using point 

cloud data.  Displacement of GCPs located on the lower half of the slope indicated movement 

along the lower clay unit, often seen at slopes with extensive toe erosion (Mitchell and Eden, 

1972).  GCPs on the upper half of the slope experienced movement parallel to the 2013 failure 

scarp possibly suggesting a double wedge failure. 

 

The coordinate information of select GCPs was used to calculate strain in the soil beyond the 

crest.  GCPs experienced small incremental increases in strain prior to the 2012 failure.  After the 

2012 failure the movement rate of GCPs increased leading to an acceleration of the strain.  The 

increased strain rate was witnessed past the 2013/04 DPG model in GCP survey data collected in 

May of 2014.  The extension strains observed beyond the scarp indicate the soil is underlain by a 

growing failure surface.  The failure surface will likely reactivate during the spring when ground 

water levels are at their maximum (Crawford, 1968; Eden and Mitchell, 1970; Tavenas, 1981; 

and Potvin, 2013).   

 

Advancements in equipment used for data acquisition and refinement of collection methods could 

yield increased accuracy with similar operator input in future models.  DSLR cameras routinely 

have newer models released with increasing sensor resolution.  Current DSLR cameras increased 

resolutions compared to the cameras used in this thesis allowing for increased ground pixel 

resolution leading to higher model accuracies.  The largest increases in model accuracy would be 
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accomplished through changing the rebar cap GCPs to specifically designed survey caps.  The 

survey caps feature a central recess for consistent positioning of a survey pole between surveys 

and a robust design that is more resistant to damage than the current rebar caps.   

 

The use of a differential GPS (DGPS) should be considered to remove the dependence of survey 

orientation on stable GCPs.  The retrogression of the failure upslope is decreasing in distance to 

the stable GCPs.  Completing GCP surveys using DGPS will allow for coordinate collection 

independent of GCP movement.  Overhead obstructions restricting the line-of-sight resulting in 

poor DGPS results (Mora et al, 2003) was observed at Mud Creek where vegetation on the 

perimeter of site prevented accurate surveys with the previous DGPS system. 

 

The use of low altitude high resolution DPG has been a powerful tool for recording the 

progressive failure processes observed at the Mud Creek field site.  This unique data set captured, 

for the first time, the pre failure deformation associated with progressive failure in sensitive clays.  

The data indicates that the monitoring methods developed are capable of accurately capturing sub 

10cm ground surface which can be used to capture the onset of progressive failure in slopes 

comprised of brittle materials such as Champlain Sea clays for slope heights and clay sensitivities 

in which retrogression occurs episodically rather than rapidly over large distances.  The 

marginally retrogressive slopes of Mud Creek therefore provide a unique opportunity to 

investigate the process of retrogression in a controlled environment, in which marginal stability is 

regained between retrogressive episodes, to enable quantitative monitoring of the process. 

 

Further analysis of the model data and investigation into soil properties is recommended to 

understand the 2012 and 2013 slope failure mechanisms.  Advancements in the understanding of 

sensitive clay slope failures may help predict future failures preventing the damages and losses 
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experienced from past failures   (Tavenas et al, 1971; Evans and Brooks, 1994; and MTQ, 2011).  

Cone penetration testing by Potvin (2013) inferred the geometry of the soil layers on site which 

are present throughout the region (Gadd, 1986).  Piezometers were also installed by Potvin (2013) 

in 2012 and 2013 during the implementation of a long term hydrogeological monitoring program 

to collect pore water pressure.  The seasonal variation of the ground water level can be observed 

as well as the effects of the 2013 failure on pore water pressure.  Soil sampling at the Mud Creek 

field site is recommended for the analysis of key soil parameters.  Combining the 3D site 

geometry prior to and after failures along with pore water pressures and soil parameters for each 

soil unit will allow for a full investigation into the failures observed at Mud Creek. 
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